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Welcome from the Chairs  
 
Welcome to the 22nd ACM SIGPLAN International Conference on Generative Programming: Concepts 
& Experiences (GPCE’23). GPCE is the premiere venue for researchers and practitioners interested in 
techniques that use program generation to increase programmer productivity, improve software quality, 
and shorten the time-to-market of software products. In addition to exploring cutting-edge techniques of 
generative software, GPCE seeks to foster cross-fertilization between the programming languages 
research communities. 
 
Following the past several years, GPCE 2023 is co-located with SPLASH (the ACM SIGPLAN Conference 
on Systems, Programming, Languages, and Applications: Software for Humanity), which includes 
OOPSLA 2023, SLE 2023, as well as several other events in Cascais, Portugal. GPCE participants are 
invited to visit other sessions on the same day and vice versa, which provides the attendees of all events 
with an overview of current research at the intersection of programming languages and software 
engineering. 
 
The call for papers attracted 27 abstract submissions among which 24 papers were submitted in three 
categories: full papers, short papers, and tool demonstrations. Each submission was double-blind and 
except for one paper with three reviews, all submissions were reviewed by four PC members with the 
help of external reviewers. The authors had 72 hours to provide a response to preliminary reviews. During 
a 10-day long period of electronic meeting, the PC members intensively discussed all the submissions, 
and selected 10 full papers and one short paper for presentation at the conference, covering all the topic 
areas of the call for papers. The conference program also includes a keynote presentation shared with 
SLE, by Julia Lawall and a tutorial by Jeremy Yallop. We are also delighted to have two presentations 
from the Most Influential Papers of GPCE 2012 and GPCE 2013.  
 
Putting together GPCE'23 was a collaborative effort. We would like to thank the authors for providing 
the content of the program, and the program committee and external reviewers for their hard work in 
reviewing the papers and contributing to the online PC discussions. We would also like to thank the 
GPCE steering committee and the Chair Sebastian Erdweg in particular, as well as the previous chairs 
and various colleagues for their invaluable advice. Special thanks to Youyou Cong for helping with 
publicity and announcements. We are also grateful to SPLASH for the general organization, and ACM 
SIGPLAN for their continued support of this conference. We hope that the program we have crafted for 
GPCE 2023 serves as a source of inspiration, fostering novel ideas within the domain of generative 
programming for the future. 
 
 

Amir Shaikhha 
GPCE 2023 Program Chair 

Coen De Roover, Bernhard Rumpe  
GPCE 2023 General Chairs 
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Abstract
Abstract syntax tree (AST) interpreters allow implementing
programming languages in a straight-forward way. How-
ever, AST interpreters implemented in object-oriented lan-
guages, such as e.g. in Java, often suffer from two serious
performance issues. First, these interpreters commonly im-
plement AST nodes by leveraging class inheritance and poly-
morphism, leading to many polymorphic call sites in the
interpreter implementation and hence lowering interpreter
performance. Second, widely used implementations of these
interpreters throw costly runtime exceptions to model the
control flow. Even though Just-in-Time (JIT) compilation
mitigates these issues, performance in the first stages of the
program execution remains poor.
In this paper, we propose a novel technique to improve

both interpreter performance and steady-state performance,
lowering also the pressure on the JIT compiler. Our technique
automatically generates AST supernodes ahead-of-time, i.e.,
we automatically generate compound AST-node classes that
encode the behavior of several other primitive AST nodes be-
fore the execution of the application. Our technique extracts
common control-flow structures from an arbitrary, given set
of ASTs, such as e.g. the functions of popular packages. It is
based on matchmaking of AST structures, instantiation of
matching supernodes, and replacement of the corresponding
AST subtrees with the instantiated supernodes at load-time.
We implement our technique in the GraalVM JavaScript
engine, showing that our supernodes lead to an average in-
terpreter speedup of 1.24×, an average steady-state speedup
of 1.14×, and an average just-in-time compilation speedup
of 1.33× on the web-tooling benchmark suite.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies
are not made or distributed for profit or commercial advantage and that
copies bear this notice and the full citation on the first page. Copyrights
for components of this work owned by others than the author(s) must
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© 2023 Copyright held by the owner/author(s). Publication rights licensed
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1 Introduction
Abstract syntax tree (AST) interpreters allow implementing
programming languages in an elegant and straight-forward
way. However, AST interpreters frequently suffer from se-
rious performance issues. AST interpreters are often imple-
mented in object-oriented languages, such as e.g. in Java or
C++, and exploit features such as class inheritance and poly-
morphism. Even though these features improve code main-
tainability, polymorphic call sites in the interpreter imple-
mentation lower interpreter performance. Moreover, widely
used implementations of AST interpreters rely on costly
runtime exceptions to model the control flow of the inter-
preted language. For instance, exceptions are used to break
the execution of a loop iteration or to return from a function.

To mitigate these performance issues, research has mostly
focused on the development and improvement of just-in-
time (JIT) compilers. The JIT compiler—executed at runtime
and usually concurrently with the application—transforms
the ASTs into optimized machine code that the system can
execute without the need for interpretation. After the JIT
compiler has compiled all relevant ASTs, the system can
reach a steady state, i.e., a state where the system internals
have stabilized and the system executes predominantly JIT-
compiled code. JIT compilation aims at high steady-state
performance, but does not solve the problem of poor startup
performance of AST interpreters.
In this paper, we make a first step towards the investi-

gation of a new technique to improve both interpreter per-
formance and steady-state performance, lowering also the
pressure on the JIT compiler (i.e., feeding the JIT compiler
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with input code that can be more easily optimized). We base
our work on the concept of AST supernode [7] (also known
as superoperator [16] in the context of bytecode interpreters),
i.e., compound AST-node classes that encode the behavior
of several other primitive AST nodes. In particular, we aim
at answering the following research questions:
RQ1. Can supernodes speed up interpreter performance?
RQ2. Can supernodes help the JIT compiler produce better

optimized machine code?
RQ3. Can supernodes reduce the pressure on the JIT com-

piler?

Contributions. To answer RQ1, RQ2, and RQ3, we pro-
pose a new technique to improve virtual-machine perfor-
mance by exploiting AST supernodes. Our technique lever-
ages automatic ahead-of-time generation of supernodes and
runtime installation of matching supernodes, exploring a
new point in the design space between ahead-of-time and
just-in-time compilation (Section 4). Our technique auto-
matically generates supernodes from a set of ASTs that ex-
ercise common control-flow patterns before building the
Virtual Machine (VM). At runtime, our technique performs
an efficient matchmaking of AST structures, instantiation of
matching supernodes, and replacement of the corresponding
AST subtrees with the instantiated supernodes. Despite the
ahead-of-time generation of supernodes, our technique does
not prevent the JIT compiler from exploiting profiling data
to fully optimize the emitted machine code [4].
We implement our technique in the GraalVM JavaScript

engine (also known as Graal.js [11]) and we evaluate our
implementation on the web-tooling benchmark suite [17],
showing that supernodes improve both interpreter and
steady-state performance. Moreover, we show that super-
nodes reduce JIT compilation time, at the cost of moderate
extra memory, increased VM building time, and some startup
costs for loading the supernode classes (Section 5).
We complement the paper by presenting background in-

formation (Section 2), a motivating example (Section 3), a
discussion of related work and our technique (Sections 6 and
7, respectively), and some concluding remarks (Section 8).

2 Background
In this section we present the required background on AST
interpreters (Section 2.1) and Graal.js (Section 2.2).

2.1 AST Interpreters
AST allows representing a program using a simple tree struc-
ture where each AST node represents a language operation.
For example, AST nodes may represent control-flow con-
structs, such as if and while, or primitive operations, such
as arithmetic expressions, memory accesses, function calls,
etc. We call AST nodes that represent control-flow constructs
control-flow nodes and AST nodes that represent primitive
operations non-control-flow nodes.

In an object-oriented implementation, AST nodes are often
subclasses of a common abstract class, and ASTs are created
exploiting composition—each AST node instance stores ref-
erences to its children (if any). Each AST node implements
the code to perform the behavior of the operation it encodes,
returning the produced result. Each AST node is responsible
for invoking the execution of its children.
The control-flow of the language to be interpreted is im-

plemented by exploiting the control-flow structures of the
language used to implement the interpreter. To implement
break, continue, and return statements that span multiple
AST nodes, AST interpreters often employ runtime excep-
tions [9, 27]. An AST node throws a runtime exception of a
specific type and an ancestor AST node catches and handles
that runtime exception. We note that control-flow nodes are
usually found in the lower tree levels of an AST (i.e., closer
to the root node), while non-control-flow nodes are usually
found in the higher levels (i.e., closer to the leaf nodes).

2.2 GraalVM JavaScript (Graal.js)
We implement our technique in Graal.js [11], an open-source,
high-performance implementation of the JavaScript pro-
gramming language built on top of GraalVM [26]. GraalVM
is a managed language runtime system based on the Java
Virtual Machine (JVM), capable of executing several differ-
ent programming languages such as Ruby, R, Python, and
JavaScript. GraalVM supports ahead-of-time compilation
thanks to native images [24] and yields high performance
thanks to the Graal compiler [4].
Graal.js is implemented using Truffle [25], a language

implementation framework that allows implementing self-
optimizing AST interpreters running on GraalVM [27], i.e.,
implementing AST interpreters using customAPIs that allow
the Graal compiler to partially evaluate [5] and efficiently JIT
compile ASTs. In particular, the goal of the partial evaluator
is to remove the AST-interpretation overhead by following
the execution path in the program ASTs, before other JIT-
compiler optimizations take place.
We define as VM startup the initial VM setup before pro-

gram interpretation begins, as warmup the initial stages of
program execution taking place after the VM startup that
include program interpretation, partial evaluation, and JIT
compilation, and as steady-state the stages of program execu-
tion where the system has stabilized and all the performance-
relevant ASTs have been compiled.

In Graal.js, AST nodes are subclasses of the abstract class
Node provided by the Truffle API. Each node class imple-
ments an execute method that defines the behaviour of the
node and declares the children the node accepts. To model
the control-flow, Graal.js exploits runtime exceptions, as
described in the previous subsection.
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1 function fibonacci(n) {
2 if (n < 2) {
3 return n;
4 }
5 return fibonacci(n - 1) + fibonacci(n - 2);
6 }

Figure 1. JavaScript implementation of function fibonacci.

function

if

n < 2
return
exception

n

return

fibonacci(n -1)
+

fibonacci(n -2)

Figure 2. Simplified AST of the JavaScript function
fibonacci (Figure 1). Collapsed nodes are represented us-
ing dashed borders.

3 Motivating Example
AST supernodes are compound AST-node classes that en-
code the behavior of several other primitive AST nodes.
While supernodes can help improving AST interpreter per-
formance, defining what nodes to aggregate in a supernode is
non trivial. In this section, we illustrate our technique, show-
ing how an example AST (consisting of primitive nodes only)
is transformed into an AST that contains an (automatically
generated) supernode.
Figure 1 shows a JavaScript implementation of the func-

tion fibonacci, i.e., a function that, given a number n as pa-
rameter, returns the n-th element of the fibonacci sequence.
A simplified AST corresponding to the fibonacci function is
shown in Figure 2. For a more compact presentation, we do
not show all the nodes of the AST; we collapse some subtrees
into single nodes (illustrated with dashed borders). We show
simplified implementations of the execute methods of the
function, if, return, and return exception AST nodes in
Figure 3.
In the example, the root function node has two children:

an if node and a return node. Unless a control-flow excep-
tion is thrown, these children are executed one after the
other, as reported in the execute method of Figure 3 at lines
2–17. The if node first evaluates the condition expression
n < 2 (line 21) and only if the condition evaluates to true,
the if node executes its body (line 23), i.e., the subtree with
the return exception node as root. The return exception

node in the body of the if statement throws an exception

1 // execute method of the `function ` node
2 public Object execute () {
3 try {
4 int childrenLength = children.length;
5 if (childrenLength == 0) {
6 return null;
7 }
8
9 for (int i = 0; i < childrenLength - 1; i++) {
10 children[i]. execute ();
11 }
12
13 return children[childrenLength - 1]. execute ();
14 } catch (ReturnException re) {
15 return re.getValue ();
16 }
17 }
18
19 // execute method of the `if` node
20 public Object execute () {
21 if (condition.executeBoolean ()) {
22 if (thenPart != null) {
23 return thenPart.execute ();
24 } else {
25 return null;
26 }
27 } else {
28 if (elsePart != null) {
29 return elsePart.execute ();
30 } else {
31 return null;
32 }
33 }
34 }
35
36 // execute method of the `return ` node
37 public Object execute () {
38 return child.execute ();
39 }
40
41 // execute method of the
42 // `return exception ` node
43 public Object execute () {
44 throw new ReturnException(child.execute ());
45 }

Figure 3. Simplified implementation of the function, if,
return, and return exception nodes of Figure 2.

that encapsulates the value produced by the evaluation of its
child node (line 44). This is because this return exception

nodemust break the interpretation loop of the function node
at lines 9–11. The function node catches the exception and
returns the value the exception encapsulates (lines 14–16).
Finally, the return node executes its child, returning the pro-
duced result (line 38). In this case, since the return node is
the last child of the function node, no exception to model the
control flow is required—the function node simply returns
the result produced by the last child (line 13).
To avoid the use of an exception (that can cause runtime

performance degradation), a supernode can be generated
that replaces all the control-flow nodes of the AST, as shown
in Figure 4. In particular, the control-flow supernode replaces
the function, if, return, and return exception nodes. For
the sake of exemplification, a simplified implementation of
the execute method of this control-flow supernode is re-
ported in Figure 5 (the details of the generated code will be
shown later in Section 4.2) and consists of a ternary operator

3
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control-flow supernode

n < 2 n
fibonacci(n -1)

+
fibonacci(n -2)

Figure 4. Simplified AST of the JavaScript function
fibonacci (Figure 1) with a supernode that encodes the
control-flow. Collapsed nodes are represented using dashed
borders.

1 public Object execute () {
2 return condition.executeBoolean ()
3 ? thenPart.execute ()
4 : fallThrough.execute ();
5 }

Figure 5. Simplified execute method of the control-flow
supernode of Figure 4.

where each expression calls the execute method of a child
node (lines 2–4). Child nodes are stored in the instance fields
condition (line 2), thenPart (line 3), and fallThrough (line 4).
To reduce the number of polymorphic call sites, the declared
type of these fields is not Node, i.e., the common ancestor
class of all the AST nodes. Instead, the declared types of
the fields condition, thenPart, and fallThrough are the leaf
classes LessThanNode, ParameterNode, and AddNode, respec-
tively. In the figure, dashed edges represent monomorphic
calls that can generally be better optimized, hence improving
performance.

4 Supernode Generation and Installation
In this section, we first give an overview of our technique
to automatically generate and install AST supernodes (Sec-
tion 4.1). Then, we detail the three steps of our technique,
namely Supernode Generation (Section 4.2), Lookup-Tree Gen-
eration (Section 4.3), and Supernode Installation (Section 4.4).

4.1 Overview
Figure 6 shows how our technique is integrated into the
VM building process and workload execution. The three
steps introduced by our technique are represented using
gray nodes with dashed borders.
The first step of our technique is Supernode Generation.

This step takes place at build time, before the building of the
production VM, and aims at generating a supernode for the
lower tree levels of each AST in a collection of functions, i.e.,
the part of the AST that contains the control flow of the func-
tion the AST encodes.1 We call this collection of functions
1For simplicity, in this paper, we refer to the ASTs of functions written in
the interpreted language, whereas our approach is applied to the root of

generation set, which will consist of the functions of popular
packages. Supernode generation is eager—it creates the max-
imal supernode that encodes the whole control-flow of the
provided AST. We do not create supernodes that encapsu-
late only part of an AST’s control-flow nodes. Moreover, we
do not create supernodes for non-control-flow AST nodes
(such as arithmetic operations, function calls, or memory
accesses). As detailed in Section 3, to avoid polymorphic call
sites within supernodes, we generate supernodes that store
their children in instance fields whose declared types are the
dynamic types of the children nodes. We assume that the
interpreter is implemented in a statically typed language, i.e.,
Java in the case of Graal.js.

After the supernodes have been generated, the supernodes
need to be organized for efficient matchmaking. This is done
in the second step of our technique, Lookup-Tree Genera-
tion. In our technique, each supernode is associated with a
sequence of unique IDs (henceforth called supernode struc-
ture or simply structure) that encodes the structure of the
supernode; the structure contains the types IDs of the AST
control-flow nodes that the supernode encapsulates (in a
fixed traversal order) and the types IDs of the children nodes
that the supernode accepts, e.g., the type IDs of the corre-
sponding non-control-flow nodes. At execution time, before
parsing the source code, we load the supernode classes and
use the supernode structures to generate a lookup-tree for
the subsequent supernode installation step.
Finally, after supernodes have been generated and orga-

nized for efficient matchmaking, suitable supernodes are
installed at runtime. The parser needs to be aware of their
existence and should instantiate them when appropriate.
This is achieved in the third step of our technique, Supernode
Installation. After the creation of each AST, we match AST
structures, instantiate matching supernodes, and replace the
corresponding AST subtrees with the instantiated super-
nodes. To do so, we traverse the lookup-tree generated in the
second step of our technique together with each parsed AST,
collecting children nodes that will be used to instantiate a
supernode, if a matching one is found.
After the supernode installation step, the VM executes

the user code by interpreting the optimized ASTs that con-
tain our supernodes (eventually JIT compiling the optimized
ASTs to machine code).

4.2 Supernode Generation
Before the VM building phase, we generate the supernodes
that will be included in a production build of the VM, e.g.,
by using the ASTs of the functions of popular packages.

Algorithm 1 depicts the pseudocode for generating super-
nodes. As input, the algorithm takes a set of ASTs for which
supernodes shall be created and produces the supernodes

any generated AST (i.e., for functions, procedures, methods, constructors,
etc.).

4
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Figure 6. Integration of the proposed technique into the VM building process and workload execution. White nodes with solid
borders represent baseline steps. Gray nodes with dashed borders represent the steps introduced by our technique.

Algorithm 1: Supernodes generation
generateSupernodes(𝐴): generate supernodes for

the provided ASTs
Input: 𝐴, the set of ASTs to be used to generate

supernodes
Output: Supernode classes dumped as Java files

1 𝑆 ← new 𝑆𝑒𝑡 ()
2 foreach 𝑎 ∈ 𝐴 do
3 𝑟𝑜𝑜𝑡 ← 𝑎.𝑟𝑜𝑜𝑡 ()
4 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒, 𝑐𝑜𝑑𝑒 ← 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑆𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒 (𝑟𝑜𝑜𝑡)
5 if 𝑒𝑥𝑐𝑒𝑒𝑑𝑠𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒) and

!𝑆.𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑠 (𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒) then
6 𝑐𝑜𝑑𝑒.𝑎𝑑𝑑𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝐹𝑖𝑒𝑙𝑑 (𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒)
7 𝑐𝑜𝑑𝑒.𝑑𝑢𝑚𝑝 ()
8 𝑆.𝑎𝑑𝑑 (𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒)

as output in the form of Java files. In particular, the algo-
rithm iterates over the provided ASTs (line 2), extracts the
root of each AST (line 3), and calls a subroutine that recur-
sively generates the supernode, returning the supernode
structure and the corresponding code. Then, our algorithm
checks whether the generated supernode should be saved
or discarded (line 5). We save supernodes whose structure
encodes a minimum number of control-flow nodes (in our
experiments, we set this threshold to 3) and whose structure
has not yet been encountered before, i.e., we save supernodes
that are sufficiently complex and we avoid duplicates. If a
supernode is saved, we store its structure in the supernode
class in a static final field (line 6), we dump the supernode
class as a Java file (line 7), and we update the set 𝑆 (declared
at line 8) that contains the already saved supernodes (line 1).
Algorithm 2 shows the recursive subroutine to generate

supernodes. As input, the algorithm takes an AST node for
which a supernode is to be created and returns a pair as out-
put. The first element of the pair is the supernode structure

Algorithm 2: Supernode generation
generateSupernode(𝑛): recursively generate a

supernode for the lower
levels of the provided AST
that contain the
control-flow nodes

Input: 𝑛, root of an AST subtree for which a
supernode may be created

Output: A pair that consists of:
(1) The supernode structure as a list
(2) The code of a supernode class encoding the lower
tree levels of the input AST

1 𝑐𝑜𝑑𝑒 ← new 𝐶𝑙𝑎𝑠𝑠𝐵𝑢𝑖𝑙𝑑𝑒𝑟 ()
2 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ← new 𝐿𝑖𝑠𝑡 ()
3 𝑖𝑑 ← 𝑛𝑜𝑑𝑒𝑇𝑦𝑝𝑒𝐼𝑑 (𝑛)
4 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒.𝑎𝑝𝑝𝑒𝑛𝑑 (𝑖𝑑)
5 if 𝑖𝑠𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝐹𝑙𝑜𝑤𝑁𝑜𝑑𝑒 (𝑛) then
6 𝐶 ← 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛(𝑛)
7 𝑐𝑜𝑑𝑒 += 𝑒𝑚𝑖𝑡𝑆𝑜𝑢𝑟𝑐𝑒𝐶𝑜𝑑𝑒𝐵𝑒 𝑓 𝑜𝑟𝑒𝐶ℎ𝑖𝑙𝑑𝑟𝑒𝑛(𝑛,𝐶)
8 for 𝑘 ← 1 to 𝑙𝑒𝑛𝑔𝑡ℎ(𝐶) do
9 𝑐 ← 𝐶𝑘

10 𝑐𝑜𝑑𝑒 += 𝑒𝑚𝑖𝑡𝑆𝑜𝑢𝑟𝑐𝑒𝐶𝑜𝑑𝑒𝐵𝑒 𝑓 𝑜𝑟𝑒𝐶ℎ𝑖𝑙𝑑 (𝑛, 𝑐)
11 𝑐𝑠, 𝑐𝑐𝑜𝑑𝑒 ← 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑆𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒 (𝑐)
12 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒.𝑎𝑝𝑝𝑒𝑛𝑑𝐴𝑙𝑙 (𝑐𝑠)
13 𝑐𝑜𝑑𝑒 += 𝑐𝑐𝑜𝑑𝑒

14 𝑐𝑜𝑑𝑒 += 𝑒𝑚𝑖𝑡𝑆𝑜𝑢𝑟𝑐𝑒𝐶𝑜𝑑𝑒𝐴𝑓 𝑡𝑒𝑟𝐶ℎ𝑖𝑙𝑑 (𝑛, 𝑐)
15 𝑐𝑜𝑑𝑒 += 𝑒𝑚𝑖𝑡𝑆𝑜𝑢𝑟𝑐𝑒𝐶𝑜𝑑𝑒𝐴𝑓 𝑡𝑒𝑟𝐶ℎ𝑖𝑙𝑑𝑟𝑒𝑛(𝑛,𝐶)
16 else
17 𝑐𝑜𝑑𝑒 += 𝑒𝑚𝑖𝑡𝐶ℎ𝑖𝑙𝑑𝐼𝑛𝑣𝑜𝑐𝑎𝑡𝑖𝑜𝑛(𝑛)
18 𝑟𝑒𝑡𝑢𝑟𝑛 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒, 𝑐𝑜𝑑𝑒

represented as a list, while the second element is the code
of a supernode that corresponds to the returned structure.
First, the algorithm creates a new code builder (line 1), a new

5



GPCE ’23, October 22–23, 2023, Cascais, Portugal Matteo Basso, Daniele Bonetta, and Walter Binder
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Figure 7. Lookup-tree encoding two supernodes. Nodes
containing a reference to a supernode class are represented
using double borders. For the sake of exemplification, each
illustrated node contains the AST node type name instead
of the unique ID of the corresponding node type.

structure (line 2), and appends the id of the input node to
the newly created structure (lines 3–4). Then, the algorithm
checks whether the input node is a control-flow node (line 5).

If the input node is not a control-flow node (lines 16–17),
the algorithm generates a field in the supernode class with
the same declared type as the dynamic type of the child node.
The dynamic node type is uniquely identified by 𝑖𝑑 and the
field will be used to store the child node. The algorithm then
generates code that invokes the execute method of the child
node (line 17).
If the input node is a control-flow node, the algorithm

emits Java source code that corresponds to the primitive
operations encoded by the input node (lines 7, 10, 14, and 15).
We provide more detail on the generated Java source code
in the next paragraph. The algorithm recursively traverses
the child nodes of this input node (line 11), generating the
corresponding structures and code. The algorithm merges
the generated structure and code into the current structure
and code (lines 12–13), allowing a recursive supernode gen-
eration. Finally, we return the structure and code as a pair
(line 18).

On the one hand, extracting supernode structures from the
generation set, creating the lookup-tree of supernodes, and
installing supernodes at runtime are interpreter-independent

1 public Object execute () {
2 boolean tmp1 = child1.executeBoolean ();
3 if (tmp1) {
4 Object tmp2 = child2.execute ();
5 return tmp2;
6 }
7 Object tmp3 = child3.execute ();
8 return tmp3;
9 }

Figure 8. Execute method of the control-flow supernode of
Figure 4 without simplifications.

algorithms and will work for any Truffle AST interpreter
out-of-the-box. On the other hand, the generation of the Java
source code of supernodes requires knowledge of the inter-
preter implementation and currently is a manual effort by the
developers of an AST interpreter. In our implementation, we
have dedicated source-code generation functions for 45 dif-
ferent control-flow node types (Graal.js contains more than
300 AST node types). Figure 8 shows the code emitted by our
generation functions that corresponds to the control-flow
supernode of Figure 4, without the simplifications reported
in Figure 5. Consider the if AST node encapsulated by the
supernode (Figure 2), the if generation function emits a Java
if statement (line 3) that accepts (as its condition) the re-
sult produced by the execution of the condition child node
(line 2) and (as its body) the code produced by the traversal
of the if-body subtree (lines 4 and 5). In supernodes, AST
return nodes that throw exceptions to model the control
flow are simply replaced by Java return statements (line 5).
Even though not present in this example, when generating
Java source code, we generate also Java labels that can be
later referenced by break and continue statements. In this
way, we can avoid the usage of exceptions to model the con-
trol flow. We are investigating techniques to automate code
generation and further reduce the burden on the interpreter
developer.

4.3 Lookup-Tree Generation
After the VM Initialization, we iterate over the structures of
all the generated supernodes and build a lookup-tree that
efficiently maps AST structures to supernodes. The lookup-
tree is a trie (i.e., a prefix tree), for which the alphabet is
the set of node IDs that occur in the supernodes’ structures.
Apart from the root, each node in the lookup-tree stores the
type ID of an AST node.
Algorithm 3 reports our pseudocode for generating the

lookup-tree. As input, the algorithm takes the supernodes
generated by the Supernode Generation step and returns the
root of the generated lookup-tree as output. In particular,
the lookup-tree has an empty root, where later the match-
making of AST structures will start (line 1). We iterate over
the input supernodes (line 2) and we extract the structure
of each supernode (line 4). Then, we iterate over the ids
that compose the structure of each supernode (line 5) and
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Algorithm 3: Lookup-tree generation using super-
node structures.
generateLookupTree(𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠): generates a

lookup-tree for
the provided
supernodes

Input: 𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 to register in the lookup-tree
Output: A lookup-tree that contains the provided

supernodes
1 𝑟𝑜𝑜𝑡 ← new 𝑁𝑜𝑑𝑒 ()
2 foreach𝑚 in 𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 do
3 𝑐 ← 𝑟𝑜𝑜𝑡

4 𝑖𝑑𝑠 ← 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 (𝑚)
5 for 𝑘 ← 1 to 𝑙𝑒𝑛𝑔𝑡ℎ(𝑖𝑑𝑠) do
6 𝑖𝑑 ← 𝑖𝑑𝑠𝑘

7 𝑡 ← 𝑐.𝑔𝑒𝑡 (𝑖𝑑)
8 if 𝑡 == 𝑛𝑢𝑙𝑙 then
9 𝑡 ← new 𝑁𝑜𝑑𝑒 ()

10 𝑐.𝑎𝑑𝑑𝐶ℎ𝑖𝑙𝑑 (𝑡)
11 𝑐 ← 𝑡

12 𝑐.𝑠𝑒𝑡𝑆𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒 (𝑚)
13 𝑟𝑒𝑡𝑢𝑟𝑛 𝑟𝑜𝑜𝑡

for each supernode we create a path in the tree. This path
starts from the root (line 3) and has an edge for each id in
the supernode structure (lines 6–7). When generating the
lookup-tree, the algorithm traverses the edges that already
exist and creates new edges only if one cannot be found
(lines 8–10). After the creation of the path for each super-
node, the algorithm associates the supernode class to the
last node of the path. This supernode class represents the
supernode whose structure is equal to the path that led to
that node. We note that each node, including non-leaf nodes,
potentially may contain a reference to a supernode class,
because a supernode may have a structure that is a prefix of
another supernode’s structure. Finally, the algorithm returns
the (empty) root (line 13).
Figure 7 shows an example lookup-tree that stores two

supernodes. The path that starts from the root and ends with
the add node on the left side of the Figure encodes the exam-
ple supernode reported in Figure 4. The path that starts from
the root and ends with the add node on the right side of the
Figure encodes a supernode that returns a constant (instead
of a function parameter) in the body of the if-statement. In
practice, the only difference between the two supernodes is
the declared type of the field storing a reference to a child
node.

4.4 Supernode Installation
After the source code parsing and the creation of each AST,
we match AST structures, we instantiate supernodes, and

we replace the matched subtrees with the instantiated super-
nodes. To do so, we traverse each AST and the lookup-tree at
the same time, accumulating children nodes and potentially
finding a supernode that replaces part of the AST.
Algorithm 4 reports the pseudocode for replacing AST

subtrees with supernodes. The algorithm takes (as input) the
root node of an AST subtree that may bemodified with super-
nodes and the root node of the lookup-tree that contains the
supernode classes. The algorithm returns (as output) the root
node of an AST subtree that contains the installed super-
nodes. If no supernode is installed, the algorithm returns the
root of the unmodified AST subtree provided as input.
The algorithm starts by searching for the matching AST

structure, using the recursive subroutine lookupTreeSearch

(line 1). This subroutine returns a pair that contains (1) a
node of the lookup-tree potentially containing the supernode
class matching the provided AST or an empty result if the
lookup-tree cannot be traversed due to missing edges, and,
(2) a list that contains the roots of the subtrees of the input
AST needed for supernode instantiation. We will describe
this subroutine in the next paragraph. After performing the
search, the algorithm checks whether the subroutine found
a lookup-tree node and whether this node is associated with
a supernode class (line 2). If not, the algorithm returns the
root of the unmodified AST subtree (line 6). Otherwise, the
algorithm extracts the supernode class associated with the
lookup-tree node (line 3) and returns a modified AST, i.e.,
an instance of the matched supernode class that takes as
children nodes the nodes contained in the list returned by
the recursive subroutine (line 4).

Algorithm 5 reports the pseudocode of the recursive
lookup-tree search subroutine. The algorithm takes (as input)
an AST node and a lookup-tree node to start the search, and
returns (as output) the aforementioned pair. The algorithm
first initializes a list that will contain the childen nodes to be
used for (potential) supernode instantiation (line 1). Then,
the algorithm extracts the unique id of the AST node pro-
vided as a parameter (line 2) and traverses the lookup-tree
using this id, updating the current lookup node (line 3). If an
edge for this id cannot be found in the lookup-tree (line 4),
the algorithm returns a pair of null values (line 5). Otherwise,
the algorithm checks whether the input node is a control-
flow node (line 6). If the input node is not a control-flow
node, the algorithm appends the input node to the children
list (line 15).
If the input node is a control-flow node, the algorithm

iterates over the children of the input node (line 8). In par-
ticular, the algorithm performs a recursive search for each
child, providing the current child and the current lookup
node as parameters (line 9). If the lookup node returned by
the recursive call is null (line 11), meaning that the lookup-
tree cannot be traversed, the algorithm terminates early by
returning a pair of null values (line 12). Otherwise, the algo-
rithm updates the current lookup node, assigning the lookup
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Algorithm 4: Supernode installation
installSupernode(𝑛, 𝑙): tries to install a supernode

in the provided AST
Input:
𝑛, root of an AST subtree for which a lookup-tree
node may be found
𝑙 , root node of a lookup-tree
Output: Root node of an AST subtree containing

installed supernodes. Otherwise, the input
root.

1 𝑐, 𝑣𝑠 ← 𝑙𝑜𝑜𝑘𝑢𝑝𝑇𝑟𝑒𝑒𝑆𝑒𝑎𝑟𝑐ℎ(𝑛, 𝑙)
2 if 𝑐 != 𝑛𝑢𝑙𝑙 and 𝑐.ℎ𝑎𝑠𝑆𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒 () then
3 𝑚 ← 𝑐.𝑔𝑒𝑡𝑆𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒 ()
4 𝑟𝑒𝑡𝑢𝑟𝑛 𝑚.𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑖𝑎𝑡𝑒 (𝑣𝑠)
5 else
6 𝑟𝑒𝑡𝑢𝑟𝑛 𝑛

node returned by the recursive call (line 10), and appends
the children list returned by the recursive call to the local
children list (line 13). After processing the input node and
potentially all its children nodes, excluding the case of early
termination, the algorithm returns the latest lookup-tree
node and the updated children list (line 16).
We note that we stop traversing the AST and we do not

install any supernode as soon as matching fails. This is be-
cause our supernode-generation algorithm is eager and each
supernode encodes a specific structure and accepts a specific
number of children nodes of exact types—a single failure
indicates a mismatch in the AST structure. Since the instal-
lation step is deterministic, there is only one match for one
supernode, the same AST cannot match two different super-
nodes. Moreover, if the algorithm does not stop because of
missing edges, the algorithm may return a non-leaf node of
the lookup-tree. This node may contain a supernode class.
We do not need to traverse the lookup-tree up to the leaves.
The complexity of the supernode installation algorithm is
𝑂 (𝑛) where 𝑛 is the number of nodes of the input AST.

5 Evaluation
In this section, we first present our experimental setup (Sec-
tion 5.1). Then, we present the interpreter speedups (Sec-
tion 5.2), steady-state speedups (Section 5.3), and compilation-
time speedups (Section 5.4) achieved by our technique. Fi-
nally, we discuss the memory overhead (Section 5.5) and
the VM build-time overhead (Section 5.6) introduced by our
supernodes, as well as the overhead of lookup-tree genera-
tion (Section 5.7).

5.1 Evaluation Settings
We run our experiments on a machine equipped with an 18-
core Intel i9-10980XE (3.00 GHz) and 256 GB of RAM running

Algorithm 5: Lookup-tree search
lookupTreeSearch(𝑛, 𝑙): tries to find a node in the

lookup-tree for the
provided AST

Input:
𝑛, root of an AST subtree for which a lookup-tree
node may be found
𝑙 , current lookup node in the lookup-tree
Output: A pair that consists of:
(1) A node of the lookup-tree potentially containing
the supernode class matching the provided AST or
𝑛𝑢𝑙𝑙 if the lookup-tree cannot be traversed further
due to missing edges
(2) A list that contains the roots of the subtrees of the
input AST needed for supernode instantiation

1 𝑣𝑠 ← new 𝐿𝑖𝑠𝑡 ()
2 𝑖 ← 𝑛𝑜𝑑𝑒𝑇𝑦𝑝𝑒𝐼𝑑 (𝑛)
3 𝑙 ← 𝑙 .𝑔𝑒𝑡 (𝑖)
4 if 𝑙 == 𝑛𝑢𝑙𝑙 then
5 𝑟𝑒𝑡𝑢𝑟𝑛 𝑛𝑢𝑙𝑙 , 𝑛𝑢𝑙𝑙
6 if 𝑖𝑠𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝐹𝑙𝑜𝑤𝑁𝑜𝑑𝑒 (𝑛) then
7 𝐶 ← 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛(𝑛)
8 for 𝑘 ← 1 to 𝑙𝑒𝑛𝑔𝑡ℎ(𝐶) do
9 𝑙𝑐, 𝑣𝑧 ← 𝑙𝑜𝑜𝑘𝑢𝑝𝑇𝑟𝑒𝑒𝑆𝑒𝑎𝑟𝑐ℎ(𝐶𝑘 , 𝑙)

10 𝑙 ← 𝑙𝑐

11 if 𝑙 == 𝑛𝑢𝑙𝑙 then
12 𝑟𝑒𝑡𝑢𝑟𝑛 𝑛𝑢𝑙𝑙 , 𝑛𝑢𝑙𝑙
13 𝑣𝑠.𝑎𝑝𝑝𝑒𝑛𝑑𝐴𝑙𝑙 (𝑣𝑧)

14 else
15 𝑣𝑠.𝑎𝑝𝑝𝑒𝑛𝑑 (𝑛)
16 𝑟𝑒𝑡𝑢𝑟𝑛 𝑙, 𝑣𝑠

Linux Ubuntu (kernel v. 5.4.0-58-generic). Frequency scaling,
turbo boost, and hyper-threading are disabled, CPU governor
is set to “performance”. We conduct our experiments on
Graal.js 22.3.0 community edition, based on OpenJDK 11
that uses the Graal compiler. In particular, we modify both
Graal.js and Graal to implement our technique. We perform
our experiments on the web-tooling benchmark suite [17],
consisting of 18 benchmarks.
To generate our supernodes, as generation set, we use a

collection of popular JavaScript packages for web develop-
ment. We set the supernode threshold to 3, i.e., we create
supernodes that encode at least 3 control-flow nodes. In this
setting, our supernode generation creates ∼6500 supernodes.

5.2 Interpreter Speedup
In this section, we answer RQ1 by evaluating the impact
of our technique on interpreter performance. To do so, we
force interpretation by disabling JIT compilation, we run 10
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Figure 9. Interpreter speedup factors achieved by the pro-
posed technique.

iterations of each benchmark, and we take the average of
the last five time measurements. In this way, we let cache
behaviors stabilize and we avoid the potential measurement
perturbations of the first iterations. Tomitigatemeasurement
noise, we repeat this process five times.

Figure 9 reports the interpreter speedup as
𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒/𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 , where 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 refers to the average
execution time obtained without using our technique and
𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 refers to the average execution time obtained
using our technique. The benchmarks are reported on the
x-axis of the plot, while the speedup factor is reported on the
y-axis. Above each bar, we report the exact speedup factor.
The black error bars represent the 95% confidence intervals
(CI) of the measurements. We note that the error bars are
narrow for most of the experiments thanks to the stable mea-
surements obtained, both with and without supernodes. The
last bar on the right represents the geometric mean of all the
other speedup factors.

We notice that our technique does not introduce any slow-
down for any benchmark. Interpreter speedups range from
1.04× (chai, coffeescript, and terser) to 1.55× (espree), 1.24× on
average.2 This is because the VM needs to traverse less AST
nodes upon interpretation—our supernodes reduce the size
of the ASTs with possible cache improvements. Moreover,
our supernodes help reduce the overhead of using expensive
exceptions to model the control flow as well as the number
of polymorphic call sites. Hence, we positively answer RQ1.

5.3 Steady-state Speedup
Here, we answer RQ2 by evaluating the impact of our tech-
nique on steady-state performance, i.e., we investigate the
impact of supernodes on JIT compilation, to understand
whether supernodes lead to better optimized JIT-compiled
code and consequently to speedups in steady state. We run

2Average speedup factors across multiple benchmarks are computed using
the geometric mean.
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Figure 10. Steady-state speedup achieved by the proposed
technique.

1 000 iterations of each benchmark (without disabling JIT
compilation) and take the average of the last 10 iteration time
measurements. In this way, we let JIT compilation stabilize
and we take our measurements only after all the relevant
ASTs have been compiled. We repeat this process five times.

Similarly to Figure 9, Figure 10 reports the steady-state
speedup as 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒/𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 , where 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 refers to the
average execution time obtained without using our tech-
nique and 𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 refers to the average execution time
with our technique.

Steady-state speedups range from 1.01× (source-map) to
1.36× (typescript), 1.14× on average. Our experimental re-
sults positively answer RQ2, confirming that supernodes im-
prove JIT compilation. As part of our future work, we plan
to conduct an in-depth study on the effect of supernodes on
JIT-compiler budget-driven optimization heuristics, which
may lead to better optimized JIT-emitted code.

5.4 Compilation-time Speedup
We evaluate now the impact of our technique on compila-
tion time, answering RQ3. We run 1 000 iterations of each
benchmark (without disabling JIT compilation) and take the
overall compilation time.

Figure 11 reports the compilation-time speedup as
𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒/𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 , where𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 refers to the compilation
time obtained without using our technique and 𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠
refers to the compilation time obtained using our technique.
Compilation-time speedups range from 0.62× (babylon)

to 2.86× (lebab), 1.33× on average. The benchmarks lebab
(2.86×) and typescript (2.76×) benefit the most from our
supernodes, because these benchmarks contain functions
with complex control flow that is captured by supernodes.
Our technique yields a compilation-time slowdown on the
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Figure 11. Compilation-time speedup achieved by the pro-
posed technique.

benchmarks babylon (0.62×) and coffeescript (0.98×). By in-
vestigating the root cause of the compilation-time slow-
downs, we find that in babylon supernodes lead to a sig-
nificant increase of compilations w.r.t. the baseline. When
using supernodes, the JIT compiler compiles the same func-
tions multiple times with different specializations, increasing
the number of compilations. We plan to conduct a thorough
investigation of this phenomenon as part of our future work.

Overall, we can positively answer RQ3, stating that super-
nodes reduce the pressure on the partial evaluator and the
JIT compiler. Since the ASTs contain fewer nodes, the par-
tial evaluator needs to traverse and partially evaluate fewer
nodes. Moreover, the JIT compiler does not need to opti-
mize runtime exceptions and polymorphic call sites in the
supernodes, saving compilation time.

5.5 Memory Overhead
We discuss now the memory overhead introduced by our
supernodes. For all our experiments, we install supernodes
generated by using a collection of the most commonly used
JavaScript packages. For this reason, we do not report the
overheads for each benchmark. Instead, we report a single
memory overhead factor computed as𝑀𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠/𝑀𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ,
where𝑀𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 is the size of a VM build that contains our
supernodes, and𝑀𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the size of a VM build without
supernodes, respectively.

Using a supernode threshold of 3 (i.e., the minimum num-
ber of control-flow nodes subsumed by a supernode, as de-
scribed in Section 4.2), our technique yields a memory over-
head of 1.09× (the sizes are ∼671MB and ∼615MB for the
VM build that contains our supernodes and the VM build
without supernodes, respectively).

Onmodernmachineswherememory consumption is often
not a major issue, we consider such a memory overhead
acceptable. Nonetheless, we note that memory consumption
may be reduced by performing a study to identify and keep

only the most commonly used supernodes (of the ∼6500
automatically generated supernodes from our generation
set).

5.6 VM Build-time Overhead
Here, we discuss now the VM build-time overheads intro-
duced by our supernodes. Similarly to Section 5.5, we do not
report the overheads for each benchmark but a single VM
build-time overhead factor computed as𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠/𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ,
where 𝑇𝑠𝑢𝑝𝑒𝑟𝑛𝑜𝑑𝑒𝑠 is the time required to build a VM that
contains our supernodes, and 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the time required
to build a VM that does not contain our supernodes, respec-
tively.
Using ∼6500 automatically generated supernodes, our

technique yields a VM build-time overhead of 1.73× (121
seconds with supernodes, versus 70 seconds without super-
nodes). We note that a high VM build-time overhead fac-
tor is a minor drawback of our technique, considering the
achieved runtime speedups. Indeed, once supernodes have
been generated, the VM needs to be built only once before
the production release, without any impact on the final user.

5.7 Lookup-Tree Generation Overhead
In this section, we evaluate the overhead of generating the
lookup-tree, i.e., the overhead that our technique introduces
upon VM startup. In our experiment, we measure the time
required to build the lookup-tree and to load and link the
Java class files of the supernodes in a fully sequential setting
without any optimization—we parallelize neither lookup-
tree generation nor supernode class loading, and we do not
run the lookup-tree generation concurrently with other VM
initialization steps.

Our implementation requires ∼3 seconds to generate the
lookup-tree and to load the code of ∼6500 supernodes. We
note that the startup is rather expensive in Graal.js and the
lookup-tree generation is not critical for performance. For
this reason, we have not optimized this phase yet. To lower
this overhead in the future, we note that the lookup-tree
can be built asynchronously and in a parallelized manner
(including the loading and linking of the supernode classes),
or serialized at VM building time and then deserialized upon
VM startup. Moreover, the supernode classes may also be
lazily loaded upon the first match in the process of supernode
installation. With such optimizations, one can hide (part
of) the costs of lookup-tree creation and supernode class
loading.

6 Related Work
Different techniques try to improve warmup performance
of managed language runtime systems by optimizing and
implementing efficient interpreters.
The concept of supernode was initially proposed in the

context of bytecode interpreters. In particular, Proebsting
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[16] reduce the cost of instruction dispatching in bytecode
interpreters by creating superoperators, i.e, compound oper-
ations composed of many smaller primitive operations that
avoid costly per-operation overheads. Larose et al. [7] apply
a similar technique to AST interpreters, manually generating
20 supernodes. Differently from their method, we automati-
cally generate and install supernodes, reducing the burden
on interpreter developers. Our technique requires only the
implementation of the interpreter-specific generation func-
tions. Moreover, we implement our technique in a more
complex Truffle implementation used in industry (Graal.js),
in contrast to the toy language TruffleSOM targeted in [7].
Sun’s JVM implementation [22] dynamically replaces oc-

currences of certain bytecode instructions—after their first
execution—with more efficient _quick pseudo-instructions.
The pseudo-instructions speed up the execution by taking
advantage of the work done the first time the associated
normal instructions are executed. In contrast to this method,
we perform supernode instantiation right after AST creation,
before an AST is executed for the first time.
Static compilation, also known as ahead-of-time (AOT)

compilation, improves warmup performance by compiling
applications before execution and hence removing interpre-
tation costs. This feature is available for widely used lan-
guages, such as Java [6, 14] and JavaScript [19, 20]. The main
issue of AOT compilation is the degradation of steady-state
performance—specifically in the case of dynamic languages—
since aggressive, speculative optimizations may not be per-
formed due to the lack of profiling data. While our super-
nodes are generated ahead-of-time, our technique does not
compile the source code of the application ahead-of-time. For
this reason, in contrast to static compilation, our technique
allows for steady-state performance improvements.

Other techniques try to improve the performance of either
bytecode or AST interpreters. Threaded code [2] solves the
branch prediction problem in bytecode interpreters. Savrun-
Yeniçeri et al. [18] speed up hosted interpreters on the JVM
by providing annotations that enable the generation of effi-
cient threaded code and avoid the insertion of unnecessary
runtime checks produced by the JIT compiler. Brunthaler
[3] illustrate inline-caching optimizations, a technique to
unfold code, a new reduced instruction format, a technique
to eliminate reference counting operations in interpreters,
and a technique to cache local variables of the host language
in the stack frame of the executing language. Sullivan et al.
[21] partially evaluate sequences of native instructions with
respect to the in-memory representation of the program
being interpreted by using instrumentation and a dynamic
optimizer. Truffle [25] applies AST specialization [23, 27]
during interpretation, enabling partial evaluation [5] and
hence the execution of highly optimized code.
Finally, related work proposes strategies to reduce the

runtime overhead of JIT compilation and hence improve
warmup performance. ShareJIT [28] is a technique to cache

and share JIT-compiled code across processes. Even though
this technique improves warmup performance, differently
from our technique, it leads to steady-state performance
degradation since the compiler cannot emit shared
JIT-compiled code that uses absolute addresses. To overcome
this limitation, instead of sharing JIT-compiled code, other
techniques [1, 8, 15] share profiling data that is used to JIT
compile the application either before or during the execu-
tion of the application itself. The main limitation of these
approaches is that the code for which no profiling data is
available is still interpreted.

7 Discussion
In this section, we first discuss use cases of our technique. In
particular, we detail how long-running programs can benefit
from our technique and how our technique can be employed
to speed up specific workloads. Then, we detail ongoing
work on native images and how our technique can be used to
analyze JIT compilers. Finally, we discuss the generation set
used in our experiments and the portability of our technique.

Long-running Programs. For long-running programs
where steady-state performance is more relevant than inter-
preter performance, our technique can be slightly modified
to dynamically generate supernodes at runtime. In particular,
we compile the generated Java source code and we link the
corresponding bytecode at runtime. In this way, we do not
separate the supernode-generation, lookup-tree-generation,
and supernode-installation steps as in Figure 6, but we per-
form them altogether after AST creation.

Workload-specific Supernodes. On server machines
that frequently execute the same workload, our technique
can be employed to generate workload-specific supernodes
and so create a dedicated and optimized VM. For instance, we
can create workload-specific supernodes for user-provided
cloud lambda functions that typically have a short lifetime,
which impairs the ability of the system to collect profiling
data and JIT-compile the lambda function.
Moreover, we can create workload-specific supernodes

for embedded systems with limited hardware resources and
power supply. These embedded systems usually cannot JIT
compile code due to significant runtime compilation over-
head. In both cases, our supernodes may help improve inter-
preter performance.

Native Images. We conducted our experiments on a
Graal.js VM based on OpenJDK, as discussed in Section 5.1.
In addition, we are currently investigating the use of our
technique for native images [24], i.e., our technique can be
employed also when compiling Graal.js to a standalone exe-
cutable. A Graal.js native image contains the VM internals
compiled to machine code ahead-of-time, including the in-
terpreter, the partial evaluator, and the JIT compiler (imple-
mented in Java). At runtime, the partial evaluator and the
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JIT compiler compile the input program to machine code,
but not the VM internals.
In this setting, our supernodes can still help in reducing

the number of polymorphic call sites and thrown control-
flow exceptions. When using native images, the lookup-tree
generation can take place at build time, the lookup-tree may
be serialized and stored in the executable, reducing startup
time. The supernode installation process remains unaltered
when using native images, i.e., the native image parses the
input program, creates the ASTs, and installs the supernodes.
Supernodes can be generated before the native image build-
ing from the same generation set we used in our experiments.
We plan to conduct an in-depth evaluation of our im-

plementation on native images as part of our future work.
Preliminary results show performance improvements similar
to those reported in Section 5. The main advantage of native
image w.r.t. our technique is that the extra startup overhead
associated with supernodes, i.e., class loading, linking, and
possibly JIT compilation of supernode classes, becomes a
cost of native-image building, but is avoided when the native
image is executed. The only remaining sources of overhead
are the loading of the lookup-tree (negligible) and supernode
installation (which already is a very efficient𝑂 (𝑛) algorithm,
where 𝑛 is the number of nodes in an AST).

Analyzing Compiler Optimizations. As shown in Sec-
tion 5.3, our technique yields speedups also in steady-state
performance. One could employ our technique to compare
the JIT-emitted machine code executed in the steady-state
between the original VM and a VM that uses our supernodes.
The JIT-emitted machine code can reveal inefficient code pat-
terns executed in the original VM, and hence shortcomings
in the JIT-compiler optimizations or in the heuristics the JIT
compiler employs.

Generation Set. In our experiments, we considered a
single generation set consisting of the functions of popu-
lar web-development packages to generate our supernodes.
We note that our supernodes could also be generated using
popular Node.js packages or characteristic workloads.

Portability. Our technique could be easily implemented
to speed up other Truffle languages such as Ruby, Python,
and R. Moreover, the algorithms depicted in Section 4 are
interpreter-independent and do not leverage any internal
AST-interpreter implementation details, increasing the porta-
bility of our technique.
As mentioned in Section 4.2, the Java code generation of

the supernodes is the only interpreter-specific part of our
technique. Interpreter developers implementing our tech-
nique may need to manually write and maintain generation
functions for the most common control-flow nodes. We con-
sider the implementation of the code-generation functions an
acceptable effort considering the performance gains thanks
to supernodes.

8 Concluding Remarks
To conclude, we summarize our contributions, discuss the
limitations of our technique, and outline our plans for future
research.

Contributions. In this paper we propose a novel tech-
nique to generate AST supernodes. Our technique automat-
ically improves the performance of AST interpreters, as it
helps reducing typical interpretation overheads related to
polymorphic call sites and control-flow-related exception
handling. Our technique employs ahead-of-time code gen-
eration to automatically create executable supernodes, and
runtime installation of matching supernodes.
We implement our technique in the GraalVM JavaScript

language runtime (also known as Graal.js), and evaluate our
implementation using the well-known web-tooling bench-
mark suite. Our evaluation shows that supernodes help re-
ducing compilation-time and improve both interpreter and
steady-state performance up to a factor of 1.33×, 1.24×, and
1.14×, respectively. Hence, the answers to our research ques-
tions RQ1, RQ2, and RQ3 are affirmative.
Our technique is specific to AST interpreters, and is im-

plemented targeting the Truffle language implementation
framework of GraalVM. Our technique could be easily ported
to other existing Truffle AST interpreters such as, e.g., Truf-
fleRuby [13], FastR [10], or GraalPy [12].

Limitations. The main limitation of our technique is that
runtime lookup-tree generation and supernode installation
increase VM startup time. We are investigating techniques
to serialize the lookup-tree and further reduce the overhead
of our technique during VM startup.
Even though our technique reduces the size of the code

emitted by the JIT compiler by removing exceptions that
model the control flow and several checks in polymorphic
call sites, our technique increases the size of the interpreter
source code and the VM build time (as shown in Section 5.5
and Section 5.6). For these reasons, when using our technique
to build a production VM, it is necessary to find a proper
trade-off between code size and performance improvement.
Finally, to generate effective supernodes, it is crucial to

select a generation set that contains functions that exercise
common control-flow patterns.

Future Work. As part of our future work, in addition to
providing an in-depth explanation of the sources of steady-
state speedups, we plan to expand our technique to create
supernodes that encode non-control-flow nodes as well as
supernodes that encode both control-flow and non-control-
flow nodes. Moreover, we plan to conduct a large-scale analy-
sis to identify the most frequently used supernodes that may
be included in a production build of Graal.js. Finally, we plan
to conduct an in-depth evaluation of our implementation on
native images.
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Abstract

An important aspect of type checking is name resolution—
i.e., determining the types of names by resolving them to a
matching declaration. For most languages, we can give typ-
ing rules that define name resolution in a way that abstracts
from what order different units of code should be checked
in. However, implementations of type checkers in practice
typically use multiple phases to ensure that declarations of
resolvable names are available before names are resolved.
This gives rise to a gap between typing rules that abstract
from order of type checking and multi-phased type checkers
that rely on explicit ordering.
This paper introduces techniques that reduce this gap.

First, we introduce a monadic interface for phased name
resolution which detects and rejects type checking runs with
name resolution phasing errors where names were wrongly
resolved because some declarations were not available when
they were supposed to be. Second, building on recent work
by Gibbons et al., we use applicative functors to composi-
tionally map abstract syntax trees onto (phased) monadic
computations that represent typing constraints. These tech-
niques reduce the gap between type checker implementa-
tions and typing rules in the sense that (1) both are given
by compositional mappings over abstract syntax trees, and
(2) type checker cases consist of computations that roughly
correspond to typing rule premises, except these are com-
posed using monadic combinators. We demonstrate our ap-
proach by implementing type checkers for Mini-ML with
Damas-Hindley-Milner type inference, and LM, a toy mod-
ule language with a challenging import resolution policy.
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1 Introduction

Most modern programming languages have a mutual depen-
dency between typing and name resolution. For example,
consider the following program in a language with modules:

1 module A {

2 import B

3 def f: Int = 1

4 def g: Int = h

5 }

6 module B {

7 def h: Int = A.f + 2

8 }

The named reference h (line 4) must resolve to the declaration
in B, and A.f (line 7) must resolve to the declaration in A.
This raises the question: in what order should we check the
modules A and B such that we can determine that all named
references indeed resolve to declarations of the right type?
For most type checkers in practice, the answer is to use

multiple phases. For the module language above we can first
analyze the overall module structure, associate types with
each declared name, and about which names are reachable
via declared imports. In a subsequent phase, this information
is used to verify that named references on the right hand
side of defs resolve to declarations of the right type.

In contrast, it is common for typing rules to abstract from
phasing concerns. For example, the typing rules for Feather-
weight Java [15] and related calculi [3, 10, 20, 29] use class
tables and abstract from how and when class table entries
are constructed.
However, for type checker implementations, it is impor-

tant to construct and query name binding information (e.g.,
in a symbol table [1] or a scope graph [28]) in the correct order.
Attempting to resolve a name in a wrongly phased manner
can lead to subtle bugs. For example, consider the following
program with a nested module, where the reference x can

This work is licensed under a Creative Commons Attribution 4.0 Interna-

tional License.
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be resolved to an imported definition and a definition in the
enclosing module:

1 module C {

2 def x: Int = 3

3 module D {

4 import E

5 def y: Int = x

6 }

7 }

8 module E {

9 def x: Int = 4

10 }

Since the nested module D imports E, the reference to x on
line 5 could resolve to either the declaration in C (line 2)
or E (line 9). Before we can resolve the right hand sides of
defs and the x on line 5, we should first resolve the E import
reference (line 4). This way, we know that the declarations
in E are reachable from D. However, a wrongly phased type
checker could fail to resolve imports before type checking the
right hand side of defs. In this case, x on line 5 would resolve
to the declaration on line 3. Since the intended semantics
of our language is that declarations from imports shadow
declarations from the lexical context, this silently resolves

names to the wrong declarations.
This paper presents abstractions for multi-phased type

checking that prevent such subtle errors. We contribute: (1) a
new interface of effectful operations for creating and query-
ing name binding information, using scope graphs [28, 33, 37,
38]; and (2) techniques that use applicative functors [9, 17, 24]
to map abstract syntax trees (ASTs) to compact, explicitly
phased, and effectful operations for type checking.
These contributions build on and extend previous work.

Our use of applicative functors builds on the work of Gibbons
et al. [9], and our scope graph operations are inspired by
Rouvoet et al. [33]. A key feature of our operations is that
they detect phasing errors during type checking and rule
out subtle phasing errors such as the one above. The Statix
language [33] provides this guarantee in a different way, via a
static ownership type discipline and a sound (but incomplete)
query scheduling algorithm. As we show in §5, our approach
supports language features which Statix does not.
Most programming language implementations resolve

names in multiple phases. For example, Haskell has a rela-
tively simple module system that uses two phases [11, §2.3.2].
Scala combines a range of sophisticated name binding fea-
tures such as inheritance, import statements, traits, type
members, dependent object types [2], and multi-staging [22]
in the MetaML tradition [35]. Languages such as Java, C#,
Kotlin, and Rust also have multi phase type checking.
Our operations also require computations to run in a

phased order. A naive approach to implementing this or-
dering is to traverse ASTs in multiple passes. However, such
passes add syntactic overhead compared to typing rules that
abstract from such phasing, as is common for typing rules

that use scope graphs [33, 38, 39]. We reduce the syntac-
tic overhead of type checker implementations by composi-
tionally mapping AST nodes onto monadic, multi-phased
computations, using generic combinators for implementing
the required phase ordering. This makes our type checker
implementations more compact than explicitly phased imple-
mentations, akin to how monadic parser combinators [14]
make parsers more compact than recursive descent parsers.

Our focus is on detecting phasing errors and on compact-
ness. We believe our approach is not fundamentally at odds
with efficiency but exploring this is left to future work. For
now, our type checker implementations are likely have a sub-
par performance compared with direct style type checkers.
We make the following technical contributions:

• Wepresent (in §3) amonadic interface of operations for
designing phased type checkers, using scope graphs.
The operations dynamically detect and report name
resolution phasing errors during type checking.
• Building on techniques for multi-phasing from Gib-
bons et al. [9] and Kidney and Wu [17], we present
(in §4) generic combinators for multi-phased compu-
tation where later phases may depend on values from
prior ones. In §4.5, we discuss how these techniques
make type checker implementations more compact
and more closely related to typing rules.
• We validate and evaluate our approach (in §5) by con-
sidering two case studies: a type checker for Mini-ML
that uses Damas-Hindley-Milner type inference, and
a type checker for a subset of the LM language due
to Neron et al. [28].

The paper is structured as follows. §2 gives an overview
of the problem and our solution. Then, §3 and §4 describe
the implementation of our scope graph operations and tech-
niques for phased computation using applicative functors.
§5 describes case studies, §6 related work, and §7 concludes.
The framework and case studies are available in an arti-

fact [32]. The abstractions in this paper are implemented in
Haskell, and familiarity with Haskell is assumed.

2 The Multi-phased Name Resolution
Problem and its Solution

Type checking generally requires producing name binding
information in multiple phases. How do we represent such
name binding information in typing rules and in compilers?
Typing rules most often use type environments that map

names to types. However, few such specifications model the
semantics of, e.g., modules or classes. In practice, compilers
traditionally use symbol tables [1]. The details of symbol
table implementations differ from language to language but
a symbol table generally represents a “scope”. It stores the
declared names of a scope, and (typically) the types of each
name. By linking symbol tables to other symbol tables [1,
§2.7], we can represent which scopes are reachable from the
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1 module F {

2 import G

3 def i: Int = j

4 }

5 module G {

6 import H

7 }

8 module H {

9 def j: Int = 5

10 }

B'F ∼ BF M

G ∼ BG

M

H ∼ BHM

BG

P

BF

P

BH

P

I I j : IntDi : Int D

query j (P∗ · I? · D) ord

Figure 1. Name reachability example

1 module C {

2 def x: Int = 3

3 module D {

4 import E

5 def y: Int = x

6 }

7 }

8 module E {

9 def x: Int = 4

10 }

B'C ∼ BC M E ∼ BEM

BC

P

BE

P

x : IntD x : IntDD ∼ BD M

BD

P I

y : IntDquery x (P∗ · I? · D) ord

Figure 2. Name shadowing example

current scope; for example, names in the lexical context or
names in imported modules. Compilers resolve names by
traversing reachable symbol table entries and links.
Scope graphs are a mathematical model of name binding

and name resolution that can be used as a stand-in replace-
ment for both symbol tables and and type environments.
A type environment typically represents the set of visible
names, whereas symbol tables represent the set of reachable
names and model visibility as a search through these. We
can think of a type environment as a “flattened” symbol table
resulting from applying the visibility search procedure. The
scope graph analogue to searching a symbol table is resolv-
ing a name resolution query. Thus scope graphs can replace
both symbol tables and type environments.
Following Visser and co-authors [28, 33, 37–39], we can

use scope graphs to define both typing rules and type checker
implementations. In this section we give an introduction to
scope graphs, the problem with phased name resolution,
and how we solve the problem using a new set of monadic
operations for scope graph construction.

2.1 Scope Graphs as a Model of Name Resolution

A scope graph is a data structure that represents the scopes
and declarations of a program. Scopes (nodes in the scope
graph) are conceptually similar to symbol tables, in that
each scope is associated with declarations, and each scope
may be connected to other scopes via directed, labeled edges.

Names are resolved by traversing edges in the scope graph
and inspecting declarations. With symbol tables, the name
resolution policy is given by a language specific algorithm
that traverses tables. Scope graph queries succinctly define
such traversals and name resolution policies. We illustrate
how scope graphs and queries provide a declarative model
of reachability and visibility (i.e., shadowing).

Reachability. A declaration is reachable if we can follow
directed edges through the graph to reach it. For example,
consider the program and scope graph in fig. 1. The program
(left) has three modules that transitively import each other:
F imports G and G imports H. On the right is its scope graph.
There are four scopes, denoted by circles. B' represents the
“root scope” of the program, which contains declarations
(labeled arrows from scopes) for each of the three mod-
ules. These declarations associate module names with their
scopes. For example, C ∼ BC associates C with scope BC . Mod-
ule scopes have declarations for each module member. Mem-
ber declarations associate names with types; e.g., i : Int

in BF . Labels on declaration edges indicates the kind of decla-
ration: D for module members (defs);M for modules. Labels
on edges between scopes indicates the scoping relation: P
for lexical parent relations; I for import relations.
Named references are resolved by querying the scope

graph. For example, the dashed blue box connected to BF

is a query for the named reference j (line 3). This name is

16



GPCE ’23, October 22–23, 2023, Cascais, Portugal Bach Poulsen, Zwaan, and Hübner

passed to the first argument of the query, which ensures only
declarations with name j are matched. As the dashed blue
edges show, it is possible to follow labeled edges to reach a j
declaration. However, this path does not reflect the intended
import semantics. The regex P∗ · I? · D of the query says that
a valid path has zero or more lexical parent edges, and at

most one import edge. The shown path has two import steps
so it does not match the query. The path would match if the
query allowed transitive imports; e.g., P∗ · I∗ · D. The third
argument of the query (ord) is an ordering relation on paths,
which defines the visibility semantics of queries.

Visibility. The example from the introduction is repeated
in fig. 2 (left). Its scope graph is on the right. The reference
to x on line 5 can resolve to either x on line 2 or line 9. Which
we prefer depends on the visibility semantics, given by an
ordering relation on paths. This ordering decides which of
the two blue paths (both valid according to the query reach-
ability regex) shadows the other. Any type of ordering is
possible, but a partial order on labels (−<− ⊆ Label × Label)
is sufficient for many languages.1 For the example in fig. 2:

1. If P < I then we prefer declarations reachable via the
lexical context over via imports. A step-wise compari-
son of the paths in the figure gives precedence to the
path through BC , and the declaration on line 2 shadows
the one on line 9.

2. If I < P then we prefer declarations reachable via
imports over via the lexical context. A step-wise com-
parison gives precedence to the path through scope
BE , and the declaration on line 9 shadows line 2.

3. If neither P ≮ I nor I ≮ P, then neither declaration is
preferred, and the x reference on line 5 is ambiguous.

2.2 The Multi-phased Name Resolution Problem

Scope graphs (like symbol tables) are data structures contain-
ing name binding information. The question is: how do type
checkers build this data structure in a way that guarantees
all relevant information is available before querying? A key
challenge of guaranteeing this is that, to build some parts of
the data structure, we need to query it (i.e., resolve names).
For example, to construct the import edge between BD and BE

in fig. 2, we must first resolve E (line 4). As discussed in the
introduction, failing to construct this import edge before
resolving x on line 6 causes our type checker to subtly fail.
The next section summarizes how we address this challenge.

2.3 A Monadic Solution to the Multi-phased Name

Resolution Problem

We introduce monadic operations for scope graph construc-
tion and querying that implicitly check that queries are sta-
ble; i.e., new edges and declarations do not change the results

1Some languages need a more general path ordering. For example, the

MiniStatix specification of Scala compares full paths: https://github.com/M

etaBorgCube/scala.mstx#scala-precedence-as-a-path-order

of previously executed queries. We illustrate query stability
by example shortly. First, using M as the type of our monad
for scope graph construction, our operations are:

new ::M Scope

edge :: Scope→ Label → Scope→ M ()

sink :: Scope→ Label → Decl → M ()

query :: Scope→ (Decl → Bool) → RegEx Label

→ (Path Label Decl → Path Label Decl → Bool)

→ M [Path Label Decl ]

Here new creates a new scope, edge s l s′ creates an l-labeled
edge between scopes, sink s l d creates an l-labeled edge
to a declaration (i.e., a node with no direct outgoing edges),
and query s dm re ord resolves declarations matching the
predicate dm starting in scope s, using the reachability regex
re, and ordering paths according to ord. The operations are
parameterized by the types of Label and Decl while a Path is
a sequence of labeled steps between scopes ending in a Decl.
To illustrate what it means for a query to be stable, con-

sider the following example and its scope graph:

1 example = do

2 s0 ← new

3 sink s0 D (Decl "x" intT )

4 s1 ← new

5 edge s1 P s0
6 r ← query s1 (isDecl "x")

7 (P∗ · D)

8 shortest

9 pure r

B0 x : IntD

B1

P

x

Here isDecl "x" matches a Decl named "x", and shortest

prefers shorter paths, ignoring labels. The function pure ::

∀a. a→ M a used on line 9 is a “pure” computation which
returns a value as result without any side effects.

Extending the program with the declaration on line 9 be-
low, the query on line 6 gives the same result. However, this
result is not a valid resolution in the final scope graph!

1 example′ = do

2 s0 ← new

3 sink s0 D (Decl "x" intT )

4 s1 ← new

5 edge s1 P s0
6 r ← query s1 (isDecl "x")

7 (P∗ · D)

8 shortest

9 sink s1 D (Decl "x" boolT )

10 pure r

B0 x : IntD

B1

P

x : BoolDx

In multi-phased type checkers, a query whose result changes
depending on when it is run may give rise to subtle name
resolution errors. Our operations avoid this by checking that
queries are stable and raising an error if they are not.
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The following law says that a query is stable if its or-
der of execution is independent from any (possibly graph
constructing) computation m:

©­
«

do m

query s dm re ord
ª®
¬
≡
©­
«

do xs← query s dm re ord

m

pure xs

ª®
¬

As example and example′ show, this law does not hold in
general. However, our operations do satisfy the following
law where −≡⊥− holds if both sides agree or if either side
raises a stability error, indicating that a query result may
have been violated:

©­
«

do m

query s dm re ord
ª®
¬
≡⊥

©­
«

do ys← query s dm re ord

m

pure ys

ª®
¬

§3 describes how our monad guarantees this property.
In summary, our monadic operations detect and reject

type checker runs with phasing errors but do not statically
guarantee their absence. Type checker engineers must there-
fore phase type checking in a way that avoids such errors.
One solution is to implement multiple phases using multiple
AST traversals. A more compact solution which we describe
in §4 is to use a single pass to map AST nodes onto phased
computations.

3 Monadic Scope Graph Construction

We consider how the operations discussed in the previous
section construct scope graphs, and how they detect and
reject programs with stability errors.

3.1 An Interface for Scope Graph Construction

Below is a type class that captures this monadic interface
discussed in §2.3:2

class Monad m⇒ SG l d m | m→ l d where

new ::m Scope

edge :: Scope→ l → Scope→ m ()

sink :: Scope→ l → d → m ()

query :: Scope→ (d → Bool) → RegEx l

→ (Path l d → Path l d → Bool) → m [Path l d ]

One of our core contributions is that we provide an instance
of this interface. The instance we provide in the code accom-
panying this paper [32] is defined using a Haskell embedding
of algebraic effects and handlers [30]. The benefit of defining
our instance in this way is that it is easy to compose the
effects summarized by the SG interface above with other
effects. For example, the case studies in §§5.1 and 5.2 make
use of auxiliary effects for unification (used for type infer-
ence), emitting errors and backtracking. However, the details
of embedding algebraic effects and handlers in Haskell are

2The | m→ l d part indicates a functional dependency. That means that

l and d should be determined by m. I.e., for any given m, there may be at

most one pair of l and d such that a type class instance of SG l d m exists.

beyond the scope of this paper. We summarize at a high level
how our code implements the operations and invite readers
to consult the code for further details.

Representing Scope Graphs. Our operations construct
new nodes, edges, and sinks in scope graphs given by the
following record type:

type Scope = Int

data Graph l d

= Graph { scopes :: Scope

, edges :: Scope→ l → [Scope ]

, sinks :: Scope→ l → [d ] }

We use integers to represent scopes such that we have an
infinite supply of fresh scopes. Edges in the graph are given
by a (curried) mapping from scope-label pairs to a (possibly
empty) list of target scopes. Declarations (or sinks) are simi-
larly defined. The implementation of the operations in SG

threads Graphs through in a stateful manner.
A naive implementation of new, edge, and sink would sim-

ply update the graph, and query would simply traverse the
current graph to findmatching paths. However, this naive im-
plementation would suffer from the query stability problem
discussed in the introduction and §2.2.

Detecting Stability Errors. Our implementation detects
and reports stability violations; i.e., additions to the scope
graph that cause an earlier query to give a different result. A
simple but expensive way (in terms of runtime) to implement
this check is to cache every querymade during type checking,
and then re-run every query when adding sinks or edges.
Our operations implement a less expensive approach.

We associate each scope with residual queries which pre-
cisely define the traversals that have started from that scope
in the past. When adding a new edge or declaration we ex-
ecute that traversal over the new edge, as though the past
query was run on the newly extended graph, and check
that the query result remains unchanged. To illustrate, con-
sider the scope graph on the left and the (truncated) residual
queries for s0 and s1 on the right:

B1 x : IntD

B0

P

query x (P+ · D) ord

s0 ↦→ . . .

s1 ↦→

[Residual

(isDecl "x") (P∗ · D) ord

(s0 · P · s1)

[ s0 · P · s1 · D · x : Int ] ]

The first three arguments of Residual represents the state of
the query that traversed scope s1 to resolve the blue path.
Since the query already traversed a P edge, the second argu-
ment is the derivative [4] of the original regex with respect
to P. The fourth argument (s0 ·P · s1) is the path leading from
the source scope (s0) to the current (s1). The last argument is
the final result of the original query at the time it was run.
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Say we extend scope 1 with a new P-labeled edge to a
new scope 2 , as shown below:

B2

B1

P

x : IntD

B0

P

query x (P+ · D) ord

s0 ↦→ . . .

s1 ↦→ . . .

s2 ↦→

[Residual

(isDecl "x") (P∗ · D) ord

(s0 · P · s1 · P · s2 )

[ s0 · P · s1 · D · x : Int ] ]

In doing so, we enact the residual queries of s1 which in turn
associates a new residual query with 2 . The residual for 2

is the same as for 1 except that the path leading from the
source scope to the current scope now has an additional step,
highlighted in gray.

Now say we extend 2 with a new x declaration. The sink
operation first adds this declaration to the scope graph and
then enacts the residual queries of 2 . This enactment yields
a valid path since s0 · P · s1 · P · s2 · D · x : Int matches the
(original) regex. This path is compared with the original set
of paths using the ordering ord. If the path is not shadowed
by any of the original paths in the residual, a changed query
result is detected, and we raise a stability error.

Over-Approximating Stability Errors. The stability er-
ror detection described above is precise. However, that can
make it hard to write tests that expose phasing errors. An
approach that over-approximates stability but detects com-
mon phasing anti-patterns is sometimes desirable. The code
artifact accompanying this paper implements both the pre-
cise stability error detection discussed above and the over-
approximation we describe next. Let us revisit the example
from before.

B1 x : IntD

B0

P

query x (P+ · D) ord

s0 ↦→ {P}

s1 ↦→ {P,D}

The head set (i.e., the set of characters that words accepted
by the regex start with) of the query regex P+ · D is {P}, so
all outgoing P edges of 0 are traversed by the query. If we
add a new P edge to 0 later, new declarations may become
reachable which may give rise to stability errors. Our over-
approximation of stability errors prevents this possibility by
“closing” scope 0 under P. 1 is closed under both P and D

because the head set of the query upon reaching 1 is {P,D}.
Attempting to add an edge or sink of a label that a scope is
closed under raises a stability error.

Discussion. The code accompanying this paper contains
implementations of both of the stability error strategies de-
scribed above. While the over-approximating approach is
more coarse grained, it enforces a certain programming dis-
cipline: we should only resolve names via a scope once all
of the edges that the query may traverse have been added.
Failing to follow this principle causes our interface to raise
(potentially over-approximate) stability errors. In our expe-
rience, this helpfully pinpoints dubious phasing patterns in
multi-phased type checkers.
Our implementation of both strategies satisfy the query

stability law discussed in §2.3; i.e., for any m, s, d, r, and o:

dom;query s d r o ≡⊥ do xs← query s d r o;m;pure xs (∗)

3.2 Explicitly Phased Type Checking

The previous section discussed how our monadic operations
detect and reject stability errors. Let us consider how we can
use these operations to define multi-phased type checkers
for a simple module language whose abstract syntax is:

data MDec = Import String | Def String Ty Expr

| Module String [MDec ]

data Expr = Ident String | Lit Int | Tru | Fals

data Ty = IntT | BoolT

MDec defines module member declarations (imports, defs,
and modules), Expr expressions, and Ty types. For simplic-
ity, expressions can only be identifiers, integer literals, or
Boolean literals.
We can define an explicitly phased type checker for this

language that uses three phases:

top :: SG Label Decl m⇒ MDec → m ()

top m = do s← new

(q1, q2) ← modules m s

imports q1
members q2

modules :: SG Label Decl m⇒ MDec → Scope

→ m ( [ (Scope, String) ], [ (Scope, (Ty, Expr)) ])

imports :: SG Label Decl m⇒ [ (Scope, String) ] → m ()

members :: SG Label Decl m⇒ [ (Scope, (Ty, Expr)) ]

→ m ()

Here top orchestrates three phases which do the following.
modules takes as input anMDec and its scope, and elaborates
it into two working lists. As part of this elaboration, def
declarations are added to their corresponding scopes, scopes
are created for nested modules, and lexical parent (P) edges
connect these module scopes to their lexical parents. The
first working list represents import to be added to that scope,
which is generally only possible once we know all module
names. The second represents expressions to type check in
that scope, which is generally only possible once all names

19



A Monadic Framework for Name Resolution in Multi-phased Type Checkers GPCE ’23, October 22–23, 2023, Cascais, Portugal

are imported. These working lists are processed in separate
phases, using the imports and members functions.
The explicit phasing in top above uses three traversals:

one over the abstract syntax to turn it into two working lists
which we traverse next. A more compact alternative that
does not use artificial intermediate working lists, is to map
abstract syntax nodes onto phased computations that check
well typedness, in a single traversal. We show how next.

4 Applicative Phasing and Its Application
to Scope Graph Construction

As recently demonstrated by Gibbons et al. [9] and Kidney
and Wu [17], applicative functors provides a useful abstrac-
tion for phased computation. In §4.1 we recall the concept of
applicative functors. Next (§§4.2 and 4.3), we describe how
and why we build on and adapt the techniques of Gibbons
et al. [9]. Then §4.4 shows how to implement type checkers
using applicative functors. Finally (in §4.5) we compare a
case from a type checker written in this style with its corre-
sponding typing rule.

4.1 Applicative Functors

Applicative functors are a standard feature in many Haskell
libraries. These libraries usually use the Applicative type
class [24].3 We use the following alternative but equivalent
category theory inspired interface [24]:4

class Functor f ⇒ Monoidal f where

unit :: f ()

(★) :: f a→ f b→ f (a, b)

As we will see, the Monoidal interface is well-suited for
defining phased computations, and we use that instead of
the Applicative interface. If we think of f as a computation,
the unit operation represents a pure computation return-
ing a unit value whereas ★ combines two computations.
The operations are subject to the following laws where
(f × g) (x, y) = (f x, g y) and assoc (a, (b, c)) = ((a, b), c):

fmap (f × g) (m1 ★m2) ≡ (fmap f m1) ★ (fmap g m2)

fmap snd (unit ★m) ≡ m

fmap fst (m★ unit) ≡ m

fmap assoc (m1 ★ (m2 ★m3)) ≡ (m1 ★m2) ★m3

Next, we consider how to use ★ to compose multi-phased
computations.

4.2 Functor Composition and Phasing

In the module language in §3.2, nested modules pose a phas-
ing challenge. The challenge is that, before we can resolve
imports, we need to know the names of all modules. Thus,
phase 1 first creates the scopes of all modules; and only then

3https://hackage.haskell.org/package/base-4.18.0.0/docs/Control-

Applicative.html
4In categorical terms, an applicative functor is a strong lax monoidal functor.

do we, in phase 2, resolve named imports. §3.2 used multi-
ple traversals to implement this phasing. With applicative
functors we can use a single traversal that returns a phased
computation directly. But what is a phased computation?
The answer that Gibbons et al. [9] give to this question

is Day convolutions. Briefly summarized, a Day convolution
Day f g a consists of a pair of two applicative functors, f
and g, which represent two distinct phases. The idea is to
construct phased computations using two functions:

phase1 :: (Monoidal f ,Monoidal g) ⇒ f a→ Day f g a

phase2 :: (Monoidal f ,Monoidal g) ⇒ g a→ Day f g a

Because Day convolutions are applicative functors them-
selves, computations can then be freely combined, in any
order, using the ★ operation. In particular, the following
holds for anym1 :: f a andm2 :: g b where f , g are applicative
functors:

phase1 m1 ★ phase2 m2 ≡ fmap twist ( phase2 m2

★ phase1 m1)

where twist (x, y) = (y, x)

An attractive property of Day convolutions is that, in order
to run a phased computation Day f g a, we only need to
assume that f and g are themselves applicative functors. This
means that Day convolutions can be used to phase a general
class of computations, including monads since (in Haskell)
all monads are applicative functors.

However, Day convolutions generally do not allow using
of results from prior computations in subsequent ones, which
is a common pattern in multi-phased type checkers. For
example, if we infer the module type (associating member
names to types, which we represent as a Scope) in a prior
computation, we want a subsequent computation to use this
module type to check that expressions in module members
are well typed. That is, for two applicative functors f and g,
we want to phase m :: f Scope and k :: Scope → g a where
the Scope to pass to k is the one that m computes.

Consider howwemight try to write this using only phase1,
phase2, and the applicative functor product ★:

canWeDo�is = phase1 m★ phase2 (k ?? )

This will not work: ★ combines m and k in a way that their

computations are independent, so we cannot fill in ?? with
the result ofm in this way. In fact, applicative functors gener-
ally do not allow the use of results from prior computations
in the definition of subsequent ones, so we cannot in general
write this program using only phase1, phase2, and ★.

Instead, we could use the operations of m and k to pass
information along from a prior computation to a subsequent
one. For example, if m has operations for outputting values
and k has operations that read such values as input, we can
wire the outputs fromm to inputs of k. For some applications,
such wiring is natural; for example, the phased solution to
the repmin problem considered by Gibbons et al. [9]. We
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might use a similar scheme for our type checkers, but then
we need to label the scopes produced in a prior phase so that
we can retrieve the intended module type by dereferencing
the correct label in subsequent phases.
Instead of relying on such a labeling scheme, we use

functor composition and monads. This lets us use Haskell
functions—specifically, the two combinators we introduce in
§4.3—to wire outputs to inputs such that (1) we do not have
to invent a labeling scheme for labeling outputs produced in
prior phases and unlabeling them in subsequent ones, and
(2) the underlying monads do not need to support operations
for output and input of labeled data. The downside is that we
rely on binding combinators other than monadic bind. On
the other hand, our combinators rely on standard machinery
(functor composition and monadic bind), and provide a typed
interface that helps enforce phase consistency.

The combinators we will introduce in the next section are
based on functor composition; i.e.:

newtype (f ◦ g) a = Comp {getComp :: f (g a) }

We use composed functors f ◦ g to represent phased compu-
tations where f computations run in the first phase, and g

in the second. We will exploit that g is nested inside f since
this makes it possible for the g computation to directly de-
pend on the values produced by the outer f computation. We
show how in §4.3. First, we define some auxiliary and stan-
dard5 functor composition helper functions. First, composed
functors are themselves functorial:

instance (Functor f , Functor g) ⇒ Functor (f ◦ g) where

fmap f (Comp x) = Comp (fmap (fmap f ) x)

Second, composed applicative functors are also applicative:

instance (Monoidal f ,Monoidal g)

⇒ Monoidal (f ◦ g) where

unit = Comp (fmap (const unit) unit)

Comp x ★Comp y = Comp (fmap (uncurry (★)) (x ★ y))

ThisMonoidal instance lets us compose phased computations
in any order, similarly to Day convolutions. In particular, the
functions below are analogous to phase1 and phase2:

here :: (Functor f ,Monoidal g) ⇒ f a→ (f ◦ g) a

here m = Comp (fmap (_x → fmap (const x) unit) m)

there ::Monoidal f ⇒ g a→ (f ◦ g) a

there m = Comp (fmap (const m) unit)

The following holds for any m1 :: f a and m2 :: g a where f
and g are applicative functors:

here m1 ★ there m2 ≡ fmap twist (there m2 ★ here m1) (†)

5https://hackage.haskell.org/package/base-4.18.0.0/docs/Data-Functor-

Compose.html

4.3 Chaining Phases

While here and there combine phased computations, they do
not allow us to define phases where later phases explicitly
depend on values produced by earlier phases. The following
functions do:

(◦>−) :: Functor f ⇒ f a→ (a→ g b) → (f ◦ g) b

m ◦>− k = Comp (fmap k m)

(◦>>−) ::Monad f ⇒ f a→ (a→ (f ◦ g) b) → (f ◦ g) b

m ◦>>− k = Comp (m >>= (getComp ◦ k))

Both functions define a two-phased computation where the
second phase may depend on the first. Both m ◦>− k and
m ◦>>− k assume that m is a phase 1 computation. The differ-
ence is that m ◦>− k assumes that the effects in k are phase 2
computations, whereasm◦>>−k allows k to have both phase 1
and phase 2 computations. The latter uses the monadic bind
of f to sequence m with the phase 1 computations in k. In
the next section we illustrate how the combinators above
can be used to phase computations in type checkers.

4.4 Implicitly Phased Scope Graph Construction

Using the machinery from sections 4.1 to 4.3 we can use a
single traversal over ASTs to construct a phased computation
representing the type checking constraints of a program.
Figure 3 (left) shows the cases of a type checker for the
MDec type of the module language from §3.2. On the right
in the figure are the corresponding typing rules which we
will discuss in §4.5. In addition to the SG monad type class
from §3.1, it uses the following error monad type class:

class Monad m⇒ Err m where err :: String → m a

The type signature on line 2 shows that the mdec function
produces a computation in three phases where each phase
has the same set of effects (m). The Module case of mdec

function on line 3-7 uses ◦>>− to create a module scope and
declaration in phase 1, and passes the created scope to the
computation which uses the traverse function to recursively
call mdec to check module member declarations where:6

traverse ::Monoidal f ⇒ (a→ f b) → [a] → f [b]

Here traverse uses Monoidal to compose the phased compu-
tations resulting from recursively calling mdec in a manner
that respects eq. (†) from §4.2. The use of ◦>>− composes the
phase 1 computation on line 4-6 with the phase 1 computa-
tions recursively created by mdec calls in line 7.
Lines 8-13 of fig. 3 use there (here . . .) on line 8 to insert

the computation on line 9-13 in phase 2. The computation
resolves a named import and creates an import edge be-
tween the current scope and the resolved module scope. For
simplicity, the module language and query on line 9 only

6https://hackage.haskell.org/package/base-4.16.0.0/docs/Data-Traversabl

e.html
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1 mdec :: (SG Label Decl m, Err m)

2 ⇒ MDec → Scope→ (m ◦m ◦m) ()

3 <342 (Module x mds) s
1
= void

4 ((do sm ← new
2

5 sink s M (ModDecl x sm)
3

6 pure sm) ◦>>− _sm →

7 (traverse (_m→ mdec m sm) mds)
4
)

∇B<
2

B M (G ∼ B<)
3

B< ⊢<3B ok
4

B ⊢ module G {<3B} ok
1

8 <342 (Import x) s
5
= there (here (do

9 ps← query s (isModDecl x) (P∗ ·M) pCompare
6

10 case map scOf ps
6
of

11 [Just si ] → edge s I si
7

12 → err "bad import"))

query B (isModDecl G) (P∗ ·M) pCompare ⇝ {(G ∼ B8 )}
6

B I B8
7

B ⊢ import G ok
5

13 <342 (Def x t e) s
8
= void

14 ( here (sink s D (DefDecl x t))
9

15 ★ there (there (expr e s t)
10
))

B D G : )
9

B ⊢ 4 : )
10

B ⊢ def G :) = 4 ok
8

Figure 3. Representative cases of a type checker for the module language from §3.2.

allows modules to be resolved via lexical scoping; i.e., by fol-
lowing P edges until an M-labeled edge leading to a module
declaration is found. Also for simplicity, themodule language
does not support qualified (module) names. Thus, module
import resolution in this language is relative (i.e., imports are
resolved starting in the scope where they occur), unordered
(imports can occur anywhere and will be in scope for the en-
tire module), glob (also known as wildcard—i.e., they import
all definitions from a module), and import insensitive (i.e.,
modules cannot be resolved via import statements; only via
the lexical context). In §5.2 we show how to support import

sensitive module resolution (i.e., modules can be resolved via
import statements) as well as type inference.

The final case in fig. 3 uses ★ to compose a phase 1 and a
phase 3 computation which, respectively, creates a declara-
tion for the Def in the current scope, and then checks the
expression of the Def .

4.5 Correspondence to Typing Rules

The code on the left in fig. 3 defines a type checker for the
rules shown on the right in the same figure. The typing
rules are written in a similar style as in the work of van
Antwerpen et al. [38]. The rules themselves are transcribed
from the MiniStatix specification of LM due to Rouvoet et al.
[33], except that the rule for imports only allows enclosing
modules to be imported. In contrast, the MiniStatix spec-
ification of LM due to Rouvoet et al. [33] has support for
import sensitive module resolution which we will show how

to type check in §5.2 The colors and numbers indicate how
each premise and conclusion of the typing rules is checked
in our type checker. Each case ofmdec corresponds with one
of the rules, and all premises correspond to an expression
within the case. Besides the standard do keyword, the un-
colored parts of the code either (1) phase the type checker
using here, there, ★, and ◦>>−, (2) perform error handling, or
(3) use void :: Functor f ⇒ f a → f () to discard return
values to match the type signature. In contrast, in the type
checker discussed in §3.2, the premises would be scattered
across different functions: declarations are created by the
modules function, whereas the right hand sides of defs are
type checked by the members function.

5 Case Studies

Wepresent two case studies (also included in the artifact [32])
that explore the expressiveness of our approach. First, §5.1
shows how Damas-Hindley-Milner type inference (i.e. Al-
gorithm W [7]) can be implemented using our approach.
Next, we extend the language from §§3.2 and 4.4 with im-

port sensitive module resolution. Both case studies could
not be operationalized in previous scope graph based frame-
works [33, 39].

5.1 Mini-ML with Damas-Hindley-Milner Inference

According to Zwaan and van Antwerpen [39], one of the
primary limitations of Statix is its lack of support for Damas-
Hindley-Milner-style type inference [6]. Here we present
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the first scope graph based type checker for MiniML [16],
a language with let polymorphism [26]. The language has
the usual _ calculus constructs, as well as let bindings and
number literals/addition. Its (truncated) syntax is:

data MiniML

= Ident String

| Let String MiniML MiniML

| . . .

To infer types for MiniML we will make use of operations for
generating new meta-variables and unify first-order terms
given by the following syntax:

data Term = Var Int | Term String [Term]

Here we use integer indices to distinguish different variables.
We use terms to represent types, and use the following smart
constructors for number and function types:

type Ty = Term

numT = Term "Num" [ ]

funT s t = Term "->" [ s, t ]

The operations of the type class below generate new meta-
variables (Vars) and unify terms:

class Monad m⇒ Unif m where

exists ::m Term

equals :: Term→ Term→ m ()

inspect :: Term→ m Term

Here exists creates a new meta-variable (e.g., Var x where x
is a fresh integer); equals t1 t2 either unifies t1 and t2 or raises
an error if they cannot be unified; and inspect t inspects a
term, applying all substitutions resulting from previously
performed unifications.

Polymorphic types (type schemes) in MiniML are given by
the Scheme data type.

data Scheme = Scheme { sbinds :: [ Int ], stype :: Ty }

Using schemes as the type of declarations, our type checker
uses a single phase and is given by the mml function whose
type is shown below:

data Label = P | D

data Decl = Decl String Scheme

mml :: (SG Label Decl m, Err m,Unif m)

⇒ MiniML→ Scope→ Ty → m ()

The function takes as input aMiniML expression, the current
Scope, and the Type that the input expression should be
checked to have. We use unification to infer the type. If the
type of the input expression is not known beforehand, the
Ty argument of mml is a unification variable.

The implementation ofmml follows Algorithm W [7]. We
consider two of the most interesting cases, starting with the
case for variables.

1 mml (Ident x) s t = do

2 ps← query s (isDecl x) (P∗ · D) pShortest

3 case map schemeOf ps of

4 [ sc ] → do dt ← inst sc; equals t dt

5 → err ("bad identifier: " ++ x)

6 inst :: Unif m⇒ Scheme→ m Term

The query on line 2 resolves the identifier. If the query
succeeds, we call inst to instantiate the type scheme, and
then unify the resulting term with the input type t (line 4).
The (elided) implementation of inst substitutes the variables
bound by the type scheme by fresh variables.
The other interesting case is for let bindings:

1 mml (Let x e body) s t = do

2 t′ ← exists

3 mml e s t′

4 t′′ ← inspect t′

5 st ← gen s t′′

6 s′ ← new

7 edge s′ P s

8 sink s′ D (Decl x st)

9 mml body s′ t

Lines 2-3 introduce a fresh unification variable t′ and use it
to infer the type of the let bound expression e. Next, on lines
4-5, we first inspect the inferred type, and then call gen to
generalize the type relative to the current scope s and create
a new type scheme st. This scheme becomes the type of x
declared in the sub-scope s′ used to check the body of the
let expression (line 6-9). Here gen is defined as follows:

gen :: SG Label Decl m⇒ Scope→ Term→ m Scheme

gen s t = do

ps← query s (const True) (P∗ · D) noOrd

let fvs = concatMap (fv ◦ stype ◦ schemeOf ) ps

pure (Scheme (fv t \\ fvs) t)

It first collects all declarations in scope, using (const True) to
match any and all declarations and noOrd to prevent shadow-
ing. Then, it projects all free variables of declaration types,
using the utility function fv :: Ty → [ Int ]. This is analogous
to how Algorithm W [7] inspects all free variables in a type
environment. Finally, it creates a scheme that quantifies over
the truly free variables in t; i.e., variables that do not occur
in types reachable from the current scope (fvs).

Discussion. This case study shows that the lack of sup-
port for Damas-Hindley-Milner type systems in Statix is not
a limitation of scope graphs. In fact, the generalize operation,
as traditionally defined on environments, maps rather natu-
rally to scope graphs, when given control over the order of
operations and the ability to inspect terms. While the defini-
tion of MiniML only uses lexical scoping, our mml, gen, and
inst functions can be extended to support non-lexical scoping
(e.g., modules and imports) without significant changes.
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1 module A {

2 module B {

3 def x = 42

4 }

5 }

6 module M {

7 import B

8 import A

9 def y = x

10 }

B'

BA BM

BB

A ∼ BA

M ∼ BM

B ∼ BB

y : Intx : Int

query B (P∗ · I? ·M) ord

P P

P

M

M

M

D

D

I

I

Figure 4. A program and scope graph with import sensitive
module resolution.

1 module A {

2 module A {}

3 }

4 module M {

5 import A

6 }

B'

BA

BM

B ′A

A ∼ BA

M ∼ BM

A ∼ B
′
A

query A (P∗ · I? ·M) ord

P

P

P

M

M

M

Figure 5.An ambiguous program and its partial scope graph.
The program has no model, as adding an import edge from
BM to BA contradicts its own resolution via the P edge to B' .

5.2 Language with Modules (LM)

Our second case study is LM, a proof-of-concept language by
Neron et al. [28]. LM is similar to the simple module language
that we gave a type checker for in §3.2, with two important
differences: (1) LM has optional type annotations and relies
on (monomorphic) type inference; and (2) LM uses import

sensitive module resolution (in contrast to the example in §4.4
and fig. 3).

Import Sensitive Module Resolution. Consider the ex-
ample in fig. 4. The imports on line 7 and 8 are unordered and
import sensitive, in the sense that module names can be re-
solved through other imports. The A import on line 8 resolves
via the lexical context, to the declaration on line 1. Because
of this, BM has an import edge to BA in the scope graph. The B
import is resolved using the query shown in the figure. The
regex of this query allows modules to be resolved via an
import edge (that is, it is import sensitive). Therefore, the
import edge to BA can be used to resolve module B, resulting
in an edge to BB .

The combination of unordered imports and import sensi-
tive module resolution has a subtle semantics in some cases.
For example, consider fig. 5 (borrowed from Hübner [13]). It
is possible to resolve the A import on line 5 to the A declara-
tion on line 1 along the shown path. Because of this resolu-
tion, we should add an import edge between BM and BA in
the scope graph. But, if we add this edge, then the query in

the figure becomes unstable. In LM, imports have precedence
over the lexical context, so the added edge would cause the
query in the figure to resolve to the (inner) A declared in BA

instead of B' . Because no graph exists where all names can
be stably resolved, the program has no model.

This subtlety illustrates a key challenge of type checking
LM programs. Because module resolution is unordered and
import sensitive, each import may depend on an arbitrary
sequence of other imports. So how do we decide which the
order imports should be resolved in?

Implementation. Figure 6 shows how we implement im-
port resolution. The highlights on the left summarize differ-
ences from §4.4, fig. 3. These differences stem from how we
deal with import resolution. Because of import sensitivity,
we use an Aggr functor to aggregate the list of all imports
to be resolved in phase 2. As shown in the type of lm on
line 3, this functor is inserted between phase 1 and phase 2.
Its definition and relevant Monoidal instance is:

data Aggr r a = Aggr r (r → a) deriving Functor

instance Monoid r ⇒ Monoidal (Aggr r) where

unit = Aggr mempty (const ())

Aggr xs m★Aggr ys n =

Aggr (xs <> ys) (_r → (m r, n r))

ThisMonoidal instance assumes that r is a monoid, and uses
the monoidal product (<>) for aggregation. In line 11 in fig. 6
we use Aggr to aggregate all imports, indexed by a scope. In
line 9, we bind the final aggregation to variable is and call
imps to perform import sensitive module resolution.

The imps function on the right in fig. 6 implements import
sensitive module resolution. The most challenging part of
this is that we do not know the correct order in which the
imports must be resolved. To compute that, we must be able
to speculatively add edges and do queries, backtracking if
an import fails. To implement this, we use the anyOrder

operation:

class Monad m⇒ AnyOrder m where

anyOrder :: [m (Maybe ()) ] → m () → m ()

This operation implements the following kind of error han-
dling behavior. The first parameter is a list of computations
that may fail (i.e., return Nothing). The operation tries to
find an order to execute these computations in which (1) all
computations succeed, and (2) there are no stability errors.
If no such order exists, the second argument is invoked to
handle the failure.
Lines 14-16 uses the anyOrder operation to search for a

stable import resolution order. The first argument is a list
of computations that resolve each import, given by is s, of a
module. If no stable order is found, the second argument is
run to raise an error.

The type checker in fig. 6 was validated using (1) 15/19 of
the test cases of Rouvoet et al. [33] (we excluded four because
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1 lm :: (SG Label Decl m, Err m,Unif m, AnyOrder m )

2 ⇒ LMDec → Scope

3 → (m ◦ Aggr (Scope→ [String ]) ◦m ◦m) ()

4 lm (Module x mds) s = void

5 ( (do s′ ← new

6 sink s M (ModDecl x s′)

7 pure s′) ◦>>− _s′ →

8 traverse (_m→ lm m s′) mds

9 ★ there (Aggr (const [ ]) id ◦>− _is→ here (imps is s′)) )

10 lm (Import x) s =

11 there (here (Aggr (_s′ → [x | s ≡ s′ ]) (const ())))

12 imps :: (SG Label Decl m, Err m,Unif m,AnyOrder m)

13 ⇒ (Scope→ [String ]) → Scope→ m ()

14 imps is s = anyOrder

15 (map (_i→ resolveMod i s) (is s))

16 (err "Could not resolve imports")

Figure 6. Representative cases of a type checker for LM.

they used qualified names, which are not included in our
language), (2) seven additional test cases from Hübner [13],
and (3) two new test cases for query stability corner cases.
Unlike Statix, all cases pass.

Discussion. Certain optimisations over this scheme are
conceivable. For example, failures can help to prune the re-
maining permutations. When an import query is invalidated
by another import, all permutations containing imports in
the same order can be filtered. Similarly, when an import
does not resolve, we only need to retain permutations that
have at least one unresolved import before the failing one.
While backtracking over all permutations seems expen-

sive, it is an improvement over other approaches found in the
literature. NaBL2 [37] re-resolves imports at every reference,
even variables inside a scope, while we perform import reso-
lution once per module. Apart from this, we are not aware
of any implementation for such a module system.

6 Related Work

We discuss related work on scope graphs and phasing.

6.1 Scope Graphs

Scope graphs were originally introduced by Neron et al. [28].
In their model, imports are first-class, whereas we model
them using queries and edges. Van Antwerpen et al. [37]
introduce NaBL2, a type system specification meta-language
using scope graph for name resolution. To cover more type
systems, van Antwerpen et al. [38] refined the scope graph
model, and embedded it in the logic language Statix [38].
We use this model in this paper. In contrast to Neron et al.,
this model allows interleaving of scope graph construction
and querying. Statix is a declarative language, in which a
model satisfying all constraints is found by constraint solving.
This gives rise to a scheduling problem: when can queries
be executed without later edge additions invalidating the
result. The answer given by Rouvoet et al. [33] is, whenever
the query does not traverse scopes that have critical edges;
i.e., edges that give rise to new paths for the query. Since

finding critical edges is as difficult as solving the constraint
program, Rouvoet et al. use weakly critical edges, an over-
approximation of critical edges which can be inferred by a
static analysis of Statix rules. In our approach, phasing is
done manually, as opposed to automatically by Statix. As our
case studies show, this lets us type check languages beyond
what Statix supports. On the other hand, Statix supports
dynamically scheduled scope graph construction which may
be difficult to support in our explicitly phased approach.
Our over-approximating stability error detection from

§3.1 implements the dual of weakly critical edges: instead
of scheduling queries after no edges are added anymore,
we prevent adding edges after a query traversed that edge.
Our precise stability error detection from §3.1 detects real
critical edges, which is not possible in Statix. A more in-
depth overview of the evolution and application of scope
graphs is given by Zwaan and van Antwerpen [39].
Casamento [5] uses scope graphs to write correct-by-

construction type checkers in Agda that yield intrinsically
typed syntax for languages where scope graph construction
does not depend on querying a partially constructed graph.

6.2 Phasing in Other Type Checkers

Rouvoet et al. [33] observe that the module system of Rust
has features comparable to our LM case study. A key differ-
ence is that enclosing modules are not reachable by default,
but must be brought in scope using (e.g.) a use super::* state-
ment. Hence, modules that are in (lexical) scope cannot be
shadowed by modules that are imported later. Thus, newly
resolved imports can only make other module references am-

biguous. As such, Rust’s module resolution does not require
backtracking, but is implemented with a fix-point computa-
tion instead. In addition, it has a ‘finalize’ phase that checks
whether the import resolution is stable.7 The anyOrder op-
eration from §5.2 performs similar checks.
The Scala 3 compiler also generalizes the notion of sym-

bol tables, but in a different way than scope graphs do [21].

7https://github.com/rust-lang/rust/blob/55e8df2b0e3c4494b77f2431b912c

51e6fe733ba/compiler/rustc_resolve/src/imports.rs#L466
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Internally, different phases have different contexts. Each con-
text carries meanings (denotations) for symbols. In this way,
information (such as types) can be changed between phases,
which is used to keep typing information accurate under
transformations. However, within the single type checking
phase, names are resolved in a way that looks like traditional
lookups in symbol tables. Thus, there appears to be no ex-
plicit stability checking, neither within the type checking
phase nor in the updates to a context that a transforma-
tion can introduce. In future research, we could investigate
whether our monadic scope graph framework could be ex-
tended to track stability under (controlled) transformations.
Another common framework to write type checkers in

is attribute grammars [19]. In this system, attributes can be
associated with productions in a grammar. Attributes are
evaluated using small ‘functions’ that can refer to attributes
of other nodes. Ironically, this paradigm has made the oppo-
site development regarding stratification as the scope graph
framework has. While canonical attribute grammar execu-
tion followed a statically determined ordering of multiple
traversals, later extensions (aiming to improve expressive-
ness) introduced dynamic scheduling to the paradigm. Some
of these extensions include reference attributes [8, 12], which
allow attributes to evaluate to references to other AST nodes;
parameterized attributes [8] which allow passing parameters
to attributes; and collection attributes [23] allow attributes
to be a “combination of contributions from distant nodes in
the abstract syntax tree”. Evaluation of each of these kinds
of attributes is usually done dynamically; i.e., on-demand.
This gives more flexibility than our approach, at the cost of
declarative appeal and (sometimes) termination guarantees.
Rouvoet et al. [34, §E.1] claim that Statix’ scheduling is more
precise than JastAdd’s collection attributes. This would im-
ply that our framework could be able to express phasing that
cannot be derived from attribute grammars using collection
attributes, although examples are still to be found.

Finally, an earlier version of our library has been used to
explore how to type check a Java subset [36], a Scala sub-
set [25], type classes [27], and substructural types [18]. Our
LM case study is based Hübner’s work [13], with two main
differences. First, we use applicative functors for phasing;
second, we use back-tracking to implement import sensitive
module resolution whereas Hübner uses a dedicated import
resolution algorithm.We conjecture that our implementation
is sound and complete w.r.t. the typing rules of LM whereas
Hübner’s algorithm is known to be incomplete.

6.3 (Higher-Order) Algebraic Effects and Handlers

In the code artifact accompanying the paper [32], we used
a Haskell embedding of effects and handlers [30] to provide
an implementation of the monad which the code examples
in this paper leaves abstract. This allowed us to separately
define and subsequently compose effects. For example, our

implementation of LM composes separately defined han-
dlers for unification operations (the Unif interface from §5.1)
and scope graph construction operations (the SG interface
from §3.1). To define higher-order effects (i.e., effects where
operations can have computations as arguments, such as the
anyOrder operation) in §5.2, we used hefty algebras [31] to
elaborate higher-order effects into algebraic effects.

7 Conclusion

Implementing type systems for languages with complex
(non-lexical) name binding features is challenging. A key
challenge is that all relevant name binding information must
be aggregated before a name is resolved. We showed how to
address this challenge using scope graph constructing opera-
tions which dynamically detect and reject programs that fail
to aggregate relevant name binding information before name
resolution. Scheduling queries correctly typically requires
multi-phased type checking. However, it is often possible
to define typing rules that abstract from such operational
phasing concerns. To make type checker implementations
more compact, we used recently developed techniques from
previous work on applicative functors to compositionally
map program ASTs onto computations representing phased
typing constraints. This yields an expressive framework for
sound name resolution of complex binding structures, and
reduces the gap between type checker implementations and
typing rules since type checker cases consist of computa-
tions that roughly correspond to typing rule premises, except
these are composed using monadic combinators.

Future Work. While our case studies show that our ap-
proach supports type systems that cannot be operationalized
using Statix, it is an open questionwhether the reverse is true.
We enforce a static number of phases, while (e.g.) constraint-
based approaches support more dynamic scheduling. To the
best of our knowledge, a precise characterization of static vs.
dynamic phasing, and a comparison of their expressiveness,
is yet to be made. For example, it is not yet clear whether a
type system with simple record inference (e.g. as presented
by Van Antwerpen et al. [38, §2.3]) can be ported to our
framework. In addition, scheduling schemes designed using
this framework might inform refinements of algorithms used
in automatically scheduling systems, such as Statix. While
our approach is expressive, our type checker implementa-
tions are currently not very efficient. In future work, we
would like to explore a more efficient implementation of
scope graph construction and querying, and explore fusing
phases similarly to Gibbons et al. [9].
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Abstract

Macro systems are powerful language extension tools for Ar-

chitecture Description Languages (ADLs). Their generative

power in combination with the simplicity of speci�cation

languages allows for a substantial reduction of repetitive

speci�cation sections. This paper explores how the introduc-

tion of function- and record types in a template-based macro

system impacts the speci�cation of ADLs. We present design

and implementation of a pattern-based syntax macro system

for the Vienna Architecture Description Language (VADL).

The macro system is directly integrated into the language

and is analyzed at parse time using a context-sensitive pred-

LL(*) parser. The usefulness of the macro system is illustrated

by some typical macro application design patterns. The e�ec-

tiveness is shown by a detailed evaluation of the Instruction

Set Architecture (ISA) speci�cation of �ve di�erent processor

architectures. The observed speci�cation reduction can be up

to 90 times, leading to improved maintainability, readability

and runtime performance of the speci�cations.
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1 Introduction

Macros and Domain-Speci�c Languages (DSLs) are two pro-

gramming concepts that contribute to faster development

of artifacts and code quality. Macros are used to simplify

repetitive code patterns by providing a shorter, more con-

cise expression. Domain-Speci�c Languages o�er a higher

level of abstraction than conventional General-Purpose Lan-

guages (GPLs) for a speci�c domain. DSLs allow for a wide

variety of applications, implementation techniques and de-

sign choices [18]. Macros and DSLs are strongly coupled.

Many DSLs are implemented as a collection of macro de�-

nitions, while on the other hand, macros can contribute to

the language extensibility for existing DSLs. A special form

of DSLs are Architecture Description Languages (ADLs). In

this article we present our experience with the development

of a macro system with special focus on ADLs. Through the

development of our Vienna Architecture Description Lan-

guage (VADL), see Section 2, we gathered valuable insights

regarding language extensibility for ADLs.

1.1 Architecture Description Languages

ADLs are computer languages used to describe the architec-

ture of hardware and software systems. Particularly interest-

ing for this article is the ADL subgroup of Processor Descrip-

tion Languages (PDLs). PDLs allow hardware designers to

describe instruction set, register set, memory hierarchy, and

other aspects of a microprocessor. We identi�ed a particular

need for macros regarding PDLs, especially when it comes

to the speci�cation of an instruction set architecture (ISA).

Section 2.2 will provide an overview of the fragment of VADL

used to describe ISAs and explain in more depth where the

repetitiveness comes from and how it in�uenced our macro

system design. Of course these observations are not limited

to us and can also be found in other description languages

like LISA [21], ISDL [10] or ArchC [2]. Additionally, we want

to clarify some key properties of VADL and PDLs in general.

A PDL is not, and should not be, an executable program. It

can be thought of as a complex con�guration for artifacts

like hardware, simulator or compiler. This is an important

concept as an error is no longer a programming error, which

can be debugged with the speci�cation alone. Debugging

a speci�cation requires specially generated tools and tech-

niques like co-simulation. Hence, it is most important to

reduce any other sources of errors, e.g. semantic errors, to

This work is licensed under a Creative Commons Attribution 4.0 Interna-

tional License.
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a minimum. In Section 1.2, we describe how speci�c macro

designs contribute to this desired property.

1.2 Macro Systems

Macro systems are one of the oldest forms of language ex-

tensions. In general, macros are user-de�ned procedures,

transforming one program sequence to another program se-

quence. This transformation is calledmacro expansion. Based

on the technique used the macro system is categorized into a

lexical or syntactical, and procedural or pattern-based macro

system [16]. Lexical macro systems, such as the C prepro-

cessor (CPP) [23] and Unix M4 [12], are language agnostic

and work on a lexical level, for example a token stream. In

contrast to lexical macro systems, syntax macros are aware

of syntactic structures. They are integrated into the core

language and usually perform AST (Abstract Syntax Tree) to

AST transformations. Representatives for example are LISP

[24], Scheme [1] or Racket [9]. If the macro system supports

algorithmic computations on their inputs, they are classi-

�ed as procedural macro systems. On the other hand, macro

systems that rely on pattern matching and substitution are

called pattern-based. The presented concepts are not mutu-

ally exclusive and may be present in all combinations. The

Rust programming language [13] incorporate both, proce-

dural and pattern-based techniques within its macro system.

Another interesting example is the Java Syntactic Extender

(JSE) [3], which supports full procedural macros and an ex-

tendable pattern-matching engine. Finally, a concept often

considered when talking about macro system is hygienic

macros [4, 8, 14]. The main idea of hygienic macros is to

prevent accidental capture of identi�ers during expansion.

When we started the design of our macro system, we an-

ticipated, that macro hygiene was of secondary importance

for us as we either want to capture identi�ers or we pass

the identi�ers as arguments providing us with more con-

trol over the used names. We will address hygienic macros

again in Section 3.6 together with our lexical macros. For

now, hygienic macros are part of our future work.

1.3 Macros for DSLs

When we were considering language extensibility for our

DSL, syntax type safety and termination were the top priori-

ties. We use the term syntax type safety in the sense that a

syntax type safe macro system is able to detect syntax type

errors. Hence, the system prevents the generation of syntac-

tically incorrect code. Furthermore, many macro systems

designed for DSLs have a feature-rich host-language or en-

vironment they can exploit [5].

VADL on the other hand is a standalone DSL/ADL with

no meta- or host-language available. This decision helps

us to develop the VADL syntax more freely and explore

di�erent design possibilities for PDLs without syntactical

restrictions or super�uous features of a host language. The

drive of keeping the speci�cation simple led us to investigate

a lightweight and language dependent implementation, i.e. a

syntactical pattern-based macro system. We also considered

a language agnostic approach, but decided against it due

to the lack of safety, available debug information and IDE

support.

While we were satis�ed with the choice of syntactical

type safety, the pattern-based templates felt very limiting

in expressiveness. Switching to procedural macros is for

us (and we believe also for many other DSLs with a non

Turing-complete speci�cation language as host language)

not bene�cial as it compromises the simplicity of the host

language. This inspired us to develop the higher-ordermodels

for our macro system discussed in Section 3.

A �nal aspect worth considering is computation time for

DSLmacro systems. Macro expansion becomes a prerequisite

for any DSL related analysis and task. Therefore, a main goal

should be to make sure that the macro system’s execution

time is as short as possible. We incorporated our macro

system directly into the language grammarwithout requiring

any preprocessor. This helped us to reduce unnecessary pre-

computations. Additionally, our LL(k) parsable host language

encouraged us to preserve the top-down parsing fashion. We

designed the built-in macro system to be pred-LL(*) parsable.

Contribution.

• A simple pred-LL(*) parsable syntactical pattern-based

macro system for speci�cation languages

• Syntax type safe higher-order macro templates using

models

• Composable syntax types using records and type aliases

• Demonstration of the presented macro system using

the Vienna Architecture Description Language

Additionally, we present a variety of smaller macro fea-

tures supporting a high con�gurability and usability in the

context of speci�cation languages. We found the following

implemented features particularly useful for our exploratory

language design of VADL.

• Inheritance of macro de�nitions across language de�-

nitions

• Lexical manipulation of identi�ers and strings

• Con�gurable and conditional macro expansions using

match and command line arguments

2 Overview

In this section we give an overview of the Vienna Architec-

ture Description Language (VADL) with special focus on the

instruction set architecture (ISA) section.

2.1 Vienna Architecture Description Language

VADL is a Domain-Speci�c Language in the domain of com-

puter architecture and compiler construction. It permits the

complete formal speci�cation of a processor architecture.
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Additionally, it is possible to specify the behavior of gen-

erators which produce di�erent artifacts from a processor

speci�cation like a compiler or an instruction set simulator.

VADL strictly separates the speci�cation of the instruction

set architecture (ISA), the micro architecture (MiA) and the

application binary interface (ABI). To provide a proof of

concept, we only implemented and evaluated our macro

language for the instruction set architecture speci�cation

section. However, the ideas and techniques presented can

be applied to the other sections as well as to any similarly

structured DSL.

2.2 ISA Syntax Elements

Presenting the whole syntax and semantics of VADL used

to describe ISAs, let alone the VADL language as a whole, is

out of the scope of this article. Therefore, we will focus only

on the relevant portion of the instruction set architecture

de�nition. First, we have to establish how instructions are de-

�ned. VADL separates the abstract concept of an instruction

into three parts. The instruction de�nition, the instruction

encoding and the textual representation, i.e. assembly. The

instruction de�nition is the core part of the three de�nitions,

holding information on the name, the used encoding format

and the instruction semantics. The instruction encoding spec-

i�es the values of the static encoded �elds. The instruction

assembly de�nition speci�es a pattern on how the assembly

string is computed. Figure 1 shows a speci�cation of an ADD

instruction, which adds two registers together and stores the

result in a third. The format �elds of the format de�nition F,

which are not assigned to a static value inside the encoding

de�nition, become dynamic �elds or operands. Inside the

instruction semantics, we can observe that rd, rs1 and rs2

are indeed used as operands. The call expressions to X(.)

represent indexing of a register bank X, de�ned somewhere

else in the ISA.

If we de�ne a new instruction, e.g. AND, that di�ers from

ADD in a single encoding bit and the binary operator, we

would need to create a completely new instruction de�ni-

tion, encoding and assembly. Which brings us to the down-

side of such element or block based speci�cation languages

like VADL. We designed VADL to be descriptive and simple,

which led us to a very small core language for the ISA sec-

tion. While we support functions, our core type system is

very simple and does not support these de�nitions as �rst

class citizens. During our language development phase we

also experimented with di�erent language built-in features

that could reduce code duplication, but we came to the con-

clusion that they only introduce a lot of complexity and

obfuscate the original code. This led us to the idea of de-

signing a template-based macro system speci�cally directed

towards speci�cation languages.

1 format F =

2 { f un c t 7 : B i t s <7 >

3 , r s 2 : B i t s <5 >

4 , r s 1 : B i t s <5 >

5 , f un c t 3 : B i t s <3 >

6 , rd : B i t s <5 >

7 , opcode : B i t s <7 >

8 }

9

10 in s t ruc t ion ADD : F = {

11 X ( rd ) : = X ( r s 1 ) + X ( r s 2 )

12 }

13

14 encoding ADD =

15 { opcode = 0 b011 ' 0 0 1 1

16 , f un c t 3 = 0 b000

17 , f un c t 7 = 0 b000 ' 0 0 0 0

18 }

19

20 assembly ADD =

21 ( "ADD"

22 , r eg i s t e r ( rd ) , " , "

23 , r eg i s t e r ( r s 1 ) , " , "

24 , r eg i s t e r ( r s 2 )

25 )

Figure 1. ISA Example Speci�cation for an ADD instruction

3 VADL’s Macro System

In this section we give a detailed description about the syntax

and techniques implemented for VADL’s macro system.

3.1 Syntax Models

At the core of our macro system are the so-called syntax

models. A syntax model can be seen as a parameterized and

well typed template. Figure 2 shows how such a syntaxmodel

can be de�ned.

1 model Ins tMode l ( op : BinOp , name : Id )

2 : IsaDefs = {

3 in s t ruc t ion $name : F = {

4 X ( rd ) : = X ( r s 1 ) $op X ( r s 2 )

5 }

6 }

Figure 2. Syntax Model De�nition

Every model has a name, a typed parameter list, a result

type and a body. Note how the use of the parameters are

indicated by a leading "$". This design decision has two ad-

vantages. First, it simpli�es parsing as it explicitly marks

the use of a macro element. Second, the "$" captures the

model parameter names, preventing name collisions with
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ISA de�nitions, which strengthens the hygiene of the macros.

Similarly to the parameters, we use the "$" for the instan-

tiation of de�ned syntax models. Figure 3 shows how the

model from Figure 2 can be instantiated. To separate the

syntax elements from each other we use ";" as separator in-

side an instantiation. Recall the dilemma of Section 2.2, the

introduction ofmodels provides us now with a mechanism to

e�ciently specify both instructions without code repetition.

1 $ Ins tMode l ( ADD ; + )

2 $ Ins tMode l ( AND ; & )

Figure 3. Syntax Model Instantiation

In the example of Figure 2 we only used the identi�er

(Id), binary operator (BinOp) and ISA element (IsaDefs) syn-

tax types. However, the syntax model de�nition supports a

variety of types discussed in the following sections.

3.2 Syntax Types

This section introduces all the available core syntax types.

We designed our syntax types to have a one-to-one relation

to parser rules. This already provides us with a partial order,

where the relation is a partially ordered subtype relation.

Table 1 gives an overview of all the available base types

with a short description and examples. Additionally, it is

important to note that the presented base types, function

types (Section 3.4), record types and type aliases (Section

3.3) can be arbitrarily nested. The resulting types can be

used everywhere a syntax type is expected with the only

exception being result types of models and function types.

Figure 4 displays the subtype relation between the presented

core types. The macro type system provides an implicit up-

casting of the value types. For example, if a model expects

a value of type Val, any subtype, i.e. Bool, Int or Bin will be

accepted as argument.

Table 1. Core Syntax Types

Type Description Examples

Ex Generic VADL Expression X(rs1) + X(rs2)

Lit Generic VADL Literal 1, "ADD"

Val Generic VADL Value Literal 1, 0b001

Bool Boolean Literal true, false

Int Integer Literal 1, 2, 3

Bin Binary or Hexadecimal Literal 0b1, 0x�

Str String Literal "ADD"

CallEx Arbitrary Call Expression MEM<2>(rs1)

SymEx Symbol Call Expression rs1, MEM<2>

Id Identi�er Symbol rs1, ADD, X

BinOp Binary Operator +, -, *

UnOp Unary Operator -

Stat Generic VADL Statement X(rd) := X(rs)

Stats List of VADL Statements X(rd) := X(rs) . . .

IsaDefs List of VADL ISA De�nition instruction ADD : F = { . . . } . . .

Encs Element(s) of an Encoding De�nition func = 0b000, . . .

⊤

IsaDefsEncs

Stats

Stat

Ex

BinOp UnOp

CallEx

SymEx

Id

Lit

Val

Int BinBool

Str

⊥

Figure 4. Syntax Type Relation

3.3 Type Alias and Composition

The VADL macro system provides a feature rich type inter-

face. Besides the basic types mentioned in Section 3.2, the

macro system also supports type aliasing and a form of type

composition to make the typed templates more readable. Fig-

ure 5 shows a type alias de�nition BinExprType, which from

now on can be used instead of the function type (Ex, Ex) ->

Ex. An application of BinExprType can be seen in Figure 8.

Figure 6 shows a record de�nition used for type composi-

tions. In this particular case the record de�nition composes

an Id and BinOp type to the new type BinInstRec. The body

of a record consists of a parameter list providing typed �elds.

Figure 7 shows how the record is initialized and the �elds

name and op are accessed. Passing a record type argument

can be either done by reference or by creating a syntax tuple.

A syntax tuple is speci�ed the same way a model argument

list is provided, i.e. syntax elements are separated by ";" and

enclosed inside brackets. Accessing the passed elements is

done using the record’s name followed by a "." and the de-

sired �eld. Accesses of sub-records can be arbitrary chained

together. The whole access may be wrapped inside brackets,

i.e. "$(...)", to better indicate what is part of the access and

what belongs to the VADL speci�cation. Furthermore, it is

important to note that records are treated as type tuples.

Their �eld names do not a�ect the type and are only used to

access the internal elements.

1 model− type BinExType = ( Ex , Ex ) −> Ex

Figure 5. Syntax Type Alias Example
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1 record B in I n s tRe c ( name : Id , op : BinOp )

Figure 6. Record Example

1 model Ins tMode l ( i n f o : B i n I n s tRe c )

2 : IsaDefs = {

3 in s t ruc t ion $ i n f o . name : F = {

4 X ( rd ) : = X ( r s 1 ) $ i n f o . op X ( r s 2 )

5 }

6 }

7

8 $ Ins tMode l ( ( SUB ; − ) )

9 $ Ins tMode l ( ( ADD ; + ) )

Figure 7. Record Application

3.4 Higher-Order Macros

To the best of our knowledge, we have not seen typed higher-

order macros in a pattern-based syntax macro system as pre-

sented in this paper. In this section we will shortly describe

how they are used in the context of our macro system. In

Section 3.8, we will further discuss why they are important

for ADLs and how we use them in VADL. A higher-order

macro is a statically evaluated function, mapping a list of

syntax types to a result syntax type. We chose the term

higher-order, to underline the capability of providing model

references as argument. In Figure 5 we have already de�ned

the type signature of a model in form of a function type. We

will reuse this type for the higher-order model BinExStat

in Figure 8. The instantiation of BinExStat in the presented

�gure, produces an assignment statement of X(rd) taking the

addition of X(rs1) and X(rs2) as argument.

A valid argument for a parameter with a function type

is either a model reference, as seen in the example, or a

parameter of function type from an outer model. In both

cases the types are evaluated and checked during parse time.

3.5 Conditional Expansion

A minor di�erence to some pattern-based approaches is our

conditional expansion. VADL macros provide an explicitly

typed match-statement shown in Figure 9. The entries are

processed from top-to-bottom and it uses the right-hand-side

of the �rst satis�ed left-hand-side for expansion. The match-

statement has the requirement of providing a default case

at the last position, indicated by the "_". Beside the default

case, each entry contains a condition that is either matching

equality ("=") or inequality ("!=") of a parameter and a syntax

element matching the type of the parameter. The comparison

is done on a lexical, i.e. token-based, level and performed

1 model B inExS ta t

2 / / ( Ex , Ex ) −> Ex

3 ( b inEx : BinExType ) : Sta t = {

4 X ( rd ) : = $b inEx ( X ( r s 1 ) , X ( r s 2 ) )

5 }

6

7 model AddExp ( rhs : Ex , l h s : Ex ) : Ex = {

8 $ rhs + $ l h s

9 }

10

11 $B inExS ta t ( AddExp )

Figure 8. Higher-Order Macro Example

on the expanded representation of the parameter. A match-

statement is only allowed inside a model. Therefore, it is only

evaluated if the parent model is instantiated, which is why

the argument-parameter pairs are always available for the

match-statement expansion. Figure 9 shows how it could be

used in con�guration management. More on con�guration

can be found in Section 3.7.

1 / / $ B i t S i z e ( Arch32 ) −> 32

2 / / $ B i t S i z e ( Arch64 ) −> 64

3 model B i t S i z e ( a rch : Id ) : In t = {

4 match : In t

5 ( $a rch = Arch32 => 32

6 ; $a rch = Arch64 => 64

7 ; _ => 0

8 )

9 }

Figure 9. Match Statement Example

3.6 Lexical Macro Functions

While most of the needs are covered by syntactical macros,

we came to the conclusion that string and identi�er manip-

ulation is best done using lexical macros. A lexical macro

acts on the abstraction level of token streams in contrast to

an already parsed AST. Through language exploration, we

narrowed the lexical macros down to two use-cases. These

use-cases are safely implemented using special macro func-

tions. Firstly, templates generating instruction behavior and

assembly used to require the instruction name once in form

of an identi�er (Id) and again in form of a string (Str). We

solved this issue by introducing the IdToStr function. This

function takes an Id typed syntax element and converts it to

a Str typed syntax element. Secondly, we encountered the

problem of not being able to e�ciently manipulate our iden-

ti�ers. This is especially tedious when dealing with di�erent
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con�gurations. To provide a type safe identi�er manipula-

tion, we introduced the ExtendId function. This function

takes an Id typed identi�er and an arbitrary number of Str

typed syntax elements, concatenates them together and re-

turns a single Id typed syntax element. Figure 10 shows a

small example of both functions with their typed result as

comment. It is important to note that the context of the lex-

ical macros generated identi�ers is strictly separated from

the context of the syntactical macros. Therefore, it is not pos-

sible to de�ne or refer to a model name or parameter using

a generated identi�er.

For VADL, the lexical macro functions are the "alternative"

to hygienic macros. Consider the ISA elements described in

Section 2.2. When de�ning a new instruction we either want

to capture identi�ers, e.g. registers or memories, or we want

full control over the identi�er name. From our experience,

VADL’s IdToStr and ExtendId are su�cient for this use-case.

1 ExtendId ( I , "Am" , "An " , " I d e n t i f i e r " )

2 / / −−> IAmAn Id en t i f i e r : I d

3 IdToStr ( IAmAStr ing )

4 / / −−> " IAmAStr ing " : S t r

Figure 10. Lexical Macros Example

3.7 Con�guration and Inheritance

VADL provides the possibility of passing con�guring infor-

mation to the macro system using the command line. Cur-

rently, this mechanism is kept very simple and is based on

Id elements. To prepare a con�gurable macro variable, one

has to create a simple model of type Id containing a default

value. Figure 11 shows such a variable of name Arch, with the

default setting Aarch32. Without any passed con�gurations

the instantiation of Arch results in the identi�er Aarch32.

However, if VADL receives the command-line option -m or

–model, followed by the string "Arch=Aarch64" the value of

Arch is overridden. If Arch is instantiated given the previous

command-line option, it would result in Aarch64. In com-

bination with conditional expansion, see Section 3.5 and

Figure 9, this simple mechanism already provides powerful

con�guration capabilities.

1 model Arch ( ) : Id = { Aarch32 }

Figure 11. Macro Con�guration Variable

Additionally, we want to shortly mention VADL’s inher-

itance in this section. Every ISA component in VADL can

inherit from an arbitrary other ISA component using the key-

word extending. Since we tightly coupled the macro system

into our language, the inheritance and visibility does also

a�ect the macro system. Figure 12 shows this mechanism in

action and provides additional information in the comments.

1 in s t ruc t ion se t arch i tec ture A = {

2 model ModelA ( ) : IsaDefs = / / . . .

3 }

4

5 in s t ruc t ion se t arch i tec ture B

6 extending A = {

7 $ModelA ( ) / / OK, d e f i n ed in ISA A

8 }

9

10 in s t ruc t ion se t arch i tec ture C

11 extending B = {

12 $ModelA ( ) / / OK, d e f i n ed in ISA A

13 }

14

15 in s t ruc t ion se t arch i tec ture D = {

16 $ModelA ( ) / / ERROR , not d e f i n ed

17 }

Figure 12. ISA Inheritance Example

3.8 Macro Application in Processor Speci�cations

The following macro application design patterns demon-

strate with simpli�ed examples the usage of macros for in-

struction set architecture speci�cations. The simpli�ed ex-

amples are based on a real speci�cation of the AAarch32

instruction set architecture from ARM. The most common

case is a simple argument substitution pattern shown in

Figure 13.

AArch32 has a register �le called R consisting of 16 reg-

isters which are 32 bits wide. Conditions are speci�ed by

boolean expressions on �ags of the status register APSR, e.g.

the zero �ag Z. Every instruction can be executed condition-

ally. There are 15 di�erent conditions which are described

by an enumeration in the speci�cation and encoded by the

cc �eld in an instruction word which is 32 bits wide. Arith-

metic/logic instructions which have an immediate value as

second source operand share a common instruction encoding

speci�ed in the ArLoImm instruction format. The ALImmIn-

str instructions themselves di�erentiate each other only by

the unique instruction identi�er, the assembly instruction

name, the binary operation to be executed and the instruc-

tion encoding. Therefore, a model with these four parameters

is de�ned which substitutes these four parts in the instruc-

tion speci�cation. Then with a single line macro call an

arithmetic/logic immediate instruction can be speci�ed. This

leads to concise instruction set architecture speci�cations,

34



A pred-LL(*) Parsable Typed Higher-Order Macro System for Architecture Description Languages GPCE ’23, October 22–23, 2023, Cascais, Portugal

1 r eg i s t e r f i l e R : B i t s <4 > −> B i t s <32 >

2

3 enumeration cond : B i t s <4 > =

4 { EQ / / equa l Z == 1

5 , NE / / not equa l Z == 0

6 / / . . .

7 , AL / / a lways

8 }

9

10 / / a r i t hme t i c / l o g i c immediate format

11 format ArLoImm : B i t s <32 > =

12 { cc [ 3 1 . . 2 8 ] / / c o nd i t i o n

13 , op [ 2 7 . . 2 1 ] / / opcode

14 , f l a g s [ 2 0 ] / / s e t s t a t u s r e g i s t e r

15 , rn [ 1 9 . . 1 6 ] / / s ou r c e r e g i s t e r

16 , rd [ 1 5 . . 1 2 ] / / d e s t i n a t i o n r e g i s t e r

17 , imm12 [ 1 1 . . 0 ] / / 12 b i t immediate

18 }

19

20 model ALImmInstr ( i d : Id , a s s : Str , op :BinOp ,

21 opcode : Bin ) : IsaDefs = {

22 in s t ruc t ion $ i d : ArLoImm = {

23 R ( rd ) : = R ( rn ) $op imm12

24 }

25 encoding $ i d =

26 { cc = cond : : AL , op = $opcode , f l a g s = 0 }

27 assembly $ i d = ( $ass , ' ' , r eg i s t e r ( rd ) ,

28 ' , ' , r eg i s t e r ( rn ) , ' , ' , decimal ( imm12 ) )

29 }

30

31 $ALImmInstr ( ADD ; " add " ; + ; 0 b000 ' 0 1 0 0 )

32 $ALImmInstr ( SUB ; " sub " ; − ; 0 b000 ' 0 0 1 0 )

33 $ALImmInstr ( AND ; " and " ; & ; 0 b000 ' 0 0 0 0 )

34 $ALImmInstr ( ORR ; " o r r " ; | ; 0 b000 ' 1 1 0 0 )

Figure 13. Instruction Speci�cation applying simple Macros

improves the maintainability and reduces the probability of

errors.

Most instruction set architectures are too complex to get

by with the substitution pattern. As in the AArch32 architec-

ture every instruction can be executed conditionally, a basic

instruction exists in 15 variants for 15 di�erent conditions.

This problem can be solved smartly by an extension macro

pattern using higher-order macros as demonstrated in Figure

14.

To reduce the number of macro arguments record types

are de�ned for an instruction and a condition. The Inst record

type de�nition groups the four arguments describing an

instruction from Figure 13 together. The Cond record type

de�nition consists of a string representing the extension of

the assembly name, the identi�er of the enumeration of the

condition encoding and a boolean expression for condition

evaluation.

In contrast to the previous example in Figure 14 now 15

di�erent instructions with a unique identi�er have to be

created. This can be handled with the lexical macro function

ExtendId by appending the extension string of the condition

to the identi�er.

The �nal problem is that there is a set of models which

describe di�erent kinds of conditional instructions and all

these models should be called 15 times for the 15 di�erent

conditions. This can be solved by the higher-order model

CondInstr, which takes the instruction model as �rst argu-

ment. The instruction model is then called 15 times with an

argument list, which has been extended by the conditions. In

the above example the 4 macro calls expand to 60 di�erent

instructions. The AArch32 architecture has instructions with

a lot of additional variants like setting the status register,

shifted operands or complex addressing modes. This leads to

a speci�cation with multiple higher-order macro arguments.

4 Implementation

In this section we give an overview of our macro system

implementation for VADL. VADL manages the macros in

two separated phases: parsing and expansion. It is important

to note that the parsing phase does only analyze the macros.

It guides the parser through the di�erent kind of macro ac-

tions while asserting their syntactical and partly semantical

correctness. Applications of the macro actions are done in

the expansion phase.

4.1 Parsing

Parser. The VADL frontend uses a modi�ed version of the

Xtext framework [6]. The Xtext framework is a Java based

DSL development tool. It takes a Xtext grammar �le as input

and generates a variety of useful artifacts, e.g. IDE integra-

tion, metamodel classes for the syntax-tree or a parser. We

have refrained from using any non LL(k) Xtext grammar

functionalities and disabled the backtracking feature of the

generated parsers to start our implementation from a true

LL(k) parser. A LL(k) parser is a top-down parser processing

the language from left to right. The k indicates a constant

lookahead, which may be performed by the parser. Addi-

tionally, we extended the implementation to allow semantic

predicates [20] and code actions. This grammar extension

lifts the parser to pred-LL(*). The pred pre�x indicates the use

of predicates in combination with grammar rules and the star

(*) lifts the lookahead requirement of a �xed constant k to

an arbitrary constant. The Xtext framework targets ANTLR

[19], which already supports code actions and semantic pred-

icates. Therefore, extending the grammarwas a quite straight

forward task for our simple purposes. In Sections 4.1 and 5.3

we will further comment on the context-sensitivity.

Concrete Syntax Tree. The Xtext framework automatically

creates classes for each non-terminal grammar rule that has

at least one labeled rule �eld. While parsing a source �le,

it uses these classes to build a concrete syntax tree (CST).

To keep the implementation e�ort manageable we kept this

35



GPCE ’23, October 22–23, 2023, Cascais, Portugal Christoph Hochrainer and Andreas Krall

1 record I n s t r ( i d : Id , a s s : Str , op : BinOp , opcode : Bin )

2 record Cond ( s t r : Str , code : Id , ex : Ex )

3

4 model ALImmCondInstr ( cond : Cond , i n s t r : I n s t r ) : IsaDefs = {

5 in s t ruc t ion ExtendId ( $ i n s t r . id , $cond . s t r ) : ArLoImm = {

6 i f ( $cond . ex ) then

7 R ( rd ) : = R ( rn ) $ i n s t r . op imm12

8 }

9 encoding ExtendId ( $ i n s t r . id , $cond . s t r ) =

10 { cc = cond : : $cond . code , op = $ i n s t r . opcode , f l a g s = 0 }

11 assembly ExtendId ( $ i n s t r . id , $cond . s t r ) =

12 ( $ i n s t r . ass , $cond . s t r , ' ' , r eg i s t e r ( rd ) , ' , ' , r eg i s t e r ( rn ) , ' , ' , decimal ( imm12 ) )

13 }

14

15 model− type CondInstrModel = ( Cond , I n s t r ) −> IsaDefs

16

17 model CondIns t r ( model id : CondInstrModel , i n s t r : I n s t r ) : IsaDefs = {

18 $model id ( ( " eq " ; EQ ; APSR . Z = 0b1 ) ; $ i n s t r )

19 $model id ( ( " ne " ; NE ; APSR . Z = 0b0 ) ; $ i n s t r )

20 / / . . .

21 }

22

23 $Cond Ins t r ( ALImmCondInstr ; ( ADD ; " add " ; + ; 0 b000 ' 0 1 0 0 ) )

24 $Cond Ins t r ( ALImmCondInstr ; ( SUB ; " sub " ; − ; 0 b000 ' 0 0 1 0 ) )

25 $Cond Ins t r ( ALImmCondInstr ; ( AND ; " and " ; & ; 0 b000 ' 0 0 0 0 ) )

26 $Cond Ins t r ( ALImmCondInstr ; ( ORR ; " o r r " ; | ; 0 b000 ' 1 1 0 0 ) )

Figure 14. Instruction Speci�cation applying Higher Order Macros

default behavior. VADL does not have a separate preproces-

sor, therefore performs the macro expansion directly on the

generated CST.

WrapperRules. Since the CST consists of Java classes based

on grammar rules, we decided to introduce additional wrap-

per rules. Each rule, which we would like to use as macro

type, is enclosed in an additional rule to create a clear loca-

tion for replacement later on. In most cases, such a wrapper

rule contains two alternatives: a generic macro replacement

rule guarded by a semantic predicate and the concrete value

rule. The semantic predicate is used to perform a minor

lookahead to see if the next tokens are part of a concrete

value or a macro action. Unfortunately, this introduces a

slight overhead as we have to create an additional wrapper

rule for each syntax type. Figure 15 shows a wrapper rule

StringRule and a concrete rule ConcreteStringRule to express

strings. Retrieving the current context with re�ections or

the parser itself was quite tedious, so we decided to simply

parameterize our isMacroAction predicate with the current

syntax type context (Str). The StringRule rule can now be

used anywhere as if it was a normal grammar rule for strings.

Inside the StringRule the value �eld is used as location for

replacement. We implemented all non-terminal rules used

as syntax types (see Section 3.2) in the same fashion.

1 S t r i n gRu l e :

2 $$ i sMac roAc t i on ( Str ) $$ ?= > / / sem−pred

3 va l ue =MacroAct ionRule

4 | v a l u e = Conc r e t e S t r i n gRu l e

5 ;

6

7 Conc r e t e S t r i n gRu l e : / / . . .

Figure 15.Wrapper Rule Example

Context Sensitivity. By using a context-sensitive parse

approach, we guide the parser in such a way that only syn-

tactically and semantically correct macro occurrences are

parsable. To manage the context sensitivity, we implemented

a parser state speci�cally for macros. It provides an API used

by semantic predicates and code actions to compare and up-

date symbols and macro information. The core of the parse

state itself consists of a symbol table containing information

on macro related de�nitions in the current scope. Moreover,

it holds a variety of type information on actively parsed

macro constructs. In the initial parse state only the core

syntax types listed in section 3.2 are registered. During pars-

ing, ISA namespaces, models, their parameters, records and

syntax type aliases are added. Figure 16 shows a simpli�ed
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version of our grammar rules handling a model de�nition.

The start of the ModelRule is straight forward by expecting

the model keyword, a name, a typed parameter list and a

syntax type. Before the parser enters the model body, the

parse state has to be updated. In the example this is done by

the code actions, indicated with an opening and closing "$$".

We feed the parse state the name, the syntax type and the

parameters. Note that the passed values are CST nodes and

therefore already Java classes, making it possible to access

type and name of the parameters. Inside the parse state, the

symbol table is extended by the model name and the infor-

mation on the parameters. The passed type is used to select

the correct rule to parse the model body. This is done using

syntax predicates, which can be seen in Figure 16 inside the

ModelBodyRule. They are similar to code actions but with an

additional "? =>" after the enclosing "$$". The predicates are

tested in-order from top to bottom. If a predicate is satis�ed,

the parser tries to apply the rule(s) on the right-hand side of

the current alternative. The ModelBodyRule reveals another

slight overhead as we have to manually implement the re-

lation between syntax type and desired rule. The presented

example was of course just a simpli�ed version of the ac-

tual implementation and should help to understand the main

idea. A similar approach was applied for all the other context-

sensitive tasks, e.g. managing ISA namespaces or checking

the correctness of syntax types of passed arguments.

1 ModelRule :

2 " model " name= I d e n t i f i e r R u l e

3 " ( " pa ramete r s +=ModelParameterRule ∗ " ) "

4 " : " type =SyntaxTypeRule " = "

5 " { "

6 $$ s t a t e . enterModel

7 ( name , type , pa ramete r s ) ; $$

8 body=ModelBodyRule

9 $$ s t a t e . l eaveMode l

10 ( name , type , pa ramete r s ) ; $$

11 " } "

12 ;

13

14 ModelBodyRule :

15 $$ s t a t e . isModelBodyOfType ( S t r i n g ) $$

16 ?= > S t r i n gRu l e

17 $$ s t a t e . isModelBodyOfType ( I n t e g e r ) $$

18 ?= > I n t e g e r Ru l e

19 / / . . .

20 ;

21

22 ModelParameterRule :

23 name= I d e n t i f i e r R u l e

24 " : " type =SyntaxTypeRule

25 ;

Figure 16.Model Grammar Rules

4.2 Expansion

The macro expansion is done in a separate pass after parsing

and works solely on the CST representation. This pass is

responsible to perform all macro related CST manipulations.

Note that at this stage the correctness of the macros were

already checked by the parser. The examples in Figure 17 and

Figure 18 show a textual representation of the CST before

and after the expansion pass. The expansion is executed in

two steps.

Setup. The �rst step is to remove all the macro nodes of

the CST that do not produce any new nodes. This includes

model, syntax type alias and record de�nitions. During the

removal, each de�nition is stored in a symbol table to pre-

serve its information. Additional to the parsed de�nitions,

the command line con�gurations are added to the symbol

table.

Execution. The second step is the actual execution and ex-

pansion of macro code. The expansion is done in a top-down

fashion and performs iterative replacements on wrapper

nodes. The �rst top level construct, or root node, the macro

expander encounters, is by design a model instantiation node.

The instantiation contains information on the model and the

passed parameters. Similar to function inlining, the expander

creates a copy of the referenced model body and replaces

each parameter occurrence with the respective argument.

The new body is now passed again to the expander to re-

solve nested macro actions. Afterwards, the macro node is

replaced by the newly created subtree of the updated copy of

the model body. Conditional macro expansions are also done

during the model instantiation. The implementation is very

simple and currently only uses a uni�ed symbolic equality

comparison. The match statement is symbolically executed

and replaced by the right-hand side of the �rst satis�ed left

hand side condition. If no condition evaluates to true, the

mandatory last wild card statement is used. Similar to the

model instantiation, the resulting node is again iteratively

expanded. The implementation of the lexical macro actions

(IdToStr, ExtendId) are also straight forward. We simply cre-

ate a new identi�er or string CST node and replace the old

macro node occurrence with the newly created node. Recall

that the newly created identi�er is only part of the expanded

program and not available during expansion. This means

that it cannot be used to refer to macro models or macro

parameters.

Termination. Finally, we want to emphasize again the fact

that the termination of our expansion is always guaranteed.

Although we allow for multiple nested model instantiations

and invocation of higher-order model parameters, the top-

down parsing and our conscious opposition to use-before-

de�ne, make recursive model calls impossible. Note that a

model is only considered to be de�ned after it is fully parsed,

which prevents a recursive call to itself or passing itself as
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argument inside its body. Therefore, it should be clear that

our iterative expansion is bounded by a �nite number of

steps.

1 model I n c ( v a l : Ex ) : Ex = { $ v a l + 1 }

2 model Dec ( v a l : Ex ) : Ex = { $ v a l − 1 }

3 model I n s t rBody

4 ( func : (Ex ) −> Ex ) : Sta t = {

5 X ( rd ) : = $ func ( X ( r s ) )

6 }

7

8 in s t ruc t ion A : F = { $ In s t rBody ( I n c ) }

9 in s t ruc t ion B : F = { $ In s t rBody ( Dec ) }

Figure 17.Model Instantiation Example (before)

1 in s t ruc t ion A : F = { X ( rd ) : = ( X ( r s ) + 1 ) }

2 in s t ruc t ion B : F = { X ( rd ) : = ( X ( r s ) − 1 ) }

Figure 18. Model Instantiation Example (after)

5 Evaluation

For the evaluation of the macro system’s e�ciency and ex-

pressiveness we used VADL ISA speci�cations of AArch64,

Aarch32,MIPS IV, RISCV and our RISCV-like toy architecture

TriLen. The following section is separated into a qualitative

evaluation and a runtime evaluation section. The qualitative

evaluation investigates a variety of source code properties

like amount of models, records or type-alias. The runtime

section provides an overview of the execution time.

5.1 Qualitative Evaluation

This section should provide an overview on the macro sys-

tem’s expressiveness with a particular focus on the presented

macro concepts, e.g. higher-order models or type composi-

tions. For evaluation, we implemented data collection passes

before and after the macro expansion pass. Lines of code and

lines of comments were collected manually. Lines of code

exclude any trailing empty lines in a �le. To determine the

comments only lines, we used following regex:

(ˆ[” ”]∗//.∗$) | (ˆ[” ”]∗/\∗ [\B\(\=]+? \∗/)

Firstly, we present the overall expressiveness by providing

a comparison between the original speci�cations and their

expanded, pretty-printed results. Table 2 contains data on the

lines of code, lines of comments, CST nodes and instruction

de�nitions before and after expansion for each architecture

respectively. The instruction de�nitions value includes all

instruction language elements (see Section 2.2) no matter

if it contains placeholders or if it is located inside a model

template. The concept of CST nodes are described in Section

4.1. We believe that instruction de�nitions and CST nodes

are a more accurate metric to demonstrate the actual gen-

erative capabilities of our system. Lines of code (including

comment lines) is a more tangible metric, which is why we

also provided them.

It is important to note that our pretty printer does not

insert new lines in-between an expression, which in case

of nested if-else-expressions could result in even more out-

put lines. Additionally, all the comments are not preserved

during the parse step and are therefore missing in the output.

Table 2. Expansion Statistics

AArch32 AArch64 MIPS IV RISCV TriLen

Original

Lines of Code 1273 2334 1131 635 521

Lines of Comments 101 177 108 99 113

CST Nodes 17158 36699 10156 6264 8557

Instr. Def. 53 52 45 17 20

Expanded

Lines of Code 110369 10227 1432 612 1301

Lines of Comments - - - - -

CST Nodes 1520796 134601 14123 7698 16066

Instr. Def. 8865 799 106 37 123

Our prime examples are the ARM speci�cations AArch64

and especially AArch32. Their speci�cations heavily use the

macro system to model the di�erent instruction variations.

This can be seen by their 52 and 53 initial instruction def-

initions, which expand to 799 and a tremendous 8865 in-

struction de�nitions. These big numbers can be explained

by the fact that the �nal speci�cation explicitly models each

hardware mode and conditional execution combination as a

separate instruction de�nition. Although the other examples

are not that impressive,MIPS IV, RISCV and TriLen still show

improvements regarding code size and especially instruc-

tion de�nition abstraction. RISCV ’s lines of code is a perfect

example why we chose to provide additional metrics to com-

pare the expanded speci�cations to the originals. The lines

of codes decrease after the expansion, indicating that the

macro system introduced more verbosity. However, when

we look at the CST nodes and the instruction de�nitions,

one can see that there actually was an increase in syntax

elements after the expansion. Additionally, the instruction

de�nition amount doubled, which is an indication that the

system provides a good abstraction. Overall, we are satis�ed

with the expressiveness of the macro system as the code

reduction measured by the CST nodes of our examples are

between the factors 1.2 and 90.

Furthermore, we were interested in the absolute frequency

of each macro element for each architecture speci�cation

respectively. Table 3 displays the overall amount ofmodel def-

initions, their placeholders inside the template, model instan-

tiations (macro invocations), record de�nitions, type-alias

de�nitions and the uses of our macro conditional (match).
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Table 3. Macro Element Statistics

AArch32 AArch64 MIPS IV RISCV TriLen

Models 90 142 64 4 21

Placeholders 1168 1270 311 30 178

Instantiations 225 322 163 24 56

Records 4 9 0 0 0

Type-Alias 4 8 0 0 0

Match 0 12 2 0 0

An interesting discovery when looking at Table 2 and

Table 3 is that more model de�nitions and model instantia-

tions do not necessary mean a higher increase in CST nodes.

This can be seen by comparing the properties for AArch32

and AArch64. In general, complex architectures like AArch32,

AArch64 and even MIPS IV seem to use the set of features

more than the simpler ones like RISCV and TriLen. Espe-

cially, when it comes to the use of type aliases and records,

the complex architectures bene�t more from it. The reason is

that their model templates are more complex. For the given

examples, the ratios of placeholders to models seem to give

a good indicator on this complexity. Furthermore, it is inter-

esting to see that records, type aliases and match-statements

have been used sparsely.

Finally, we decided to provide an overview of a variety

of parameter related statistics for model de�nitions. Table

4 shows the minimum, maximum, absolute and average

amount of arguments for:

• Normal Parameters: This includes all model param-

eters.

• Flattened Parameters: This includes all model pa-

rameters with a slight manipulation. All parameters,

which resolve to the type record or tuple are �attened.

This means that each element inside a record or tu-

ple is iteratively unpacked and moved to the outer

parameter list. The original type container is removed.

• Higher-Order Parameters: This includes all parame-

ters that are of higher-order, i.e. are of type, or contain

a subtype, of the function type.

Table 4. Model Parameter Statistics

AArch32 AArch64 MIPS IV RISCV TriLen

Normal

Min 0 0 1 4 2

Max 9 8 5 6 8

Abs 343 417 187 21 96

Avg 3.81 2.93 2.92 5.25 4.57

Flattened

Min 0 0 1 4 2

Max 14 15 5 6 8

Abs 738 886 187 21 96

Avg 8.2 6.23 2.92 5.25 4.57

Higher-Order

Min 0 0 0 0 0

Max 3 2 0 0 0

Abs 37 36 0 0 0

Avg 0.41 0.25 0 0 0

Table 4 presents statistics regarding the number of macro

arguments. It shows that for the two complex architectures

the usage of record types halves the maximum and average

number of arguments. Higher-order and record arguments

are only used by the complex architectures.

5.2 Runtime Evaluation

The runtime evaluation was done on an Apple Mac mini M2

Pro with 32 GB memory under macOS Ventura 13.4 using

OpenJDK 64-Bit Server VM Temurin-17.0.6 and the newest

version of the VADL tool. Figure 5 shows the runtime of the

source parsing and macro expansion pass in milliseconds on

the original source speci�cation and on the expanded source

code which is the result of the expansion of all macros.

Table 5. Runtime of the Macro System in milliseconds

Original Source Expanded Source

Parse Expand Parse

AArch32 542 1144 2415

AArch64 579 213 782

MIPS IV 520 28 514

RISCV 449 10 454

TriLen 453 24 462

Each speci�cation was executed 3 times and the minimal

time was selected. The variance between the 3 runs was very

low. The parse pass scans the text and generates the CST.

The expansion pass traverses the CST, does macro expansion

and generates an expanded CST. Additionally, we applied

the same approach to the already expanded speci�cations to

have a direct comparison between parsing with and without

macros. This provides an idea for how much time is actually

taken up by the macro system. Table 5 shows that the macro

expansion adds almost no additional runtime for speci�ca-

tions with sparse use of macros. More surprisingly is the

savings in runtime for AArch32. This can be explained by the

increased I/O and parsing e�ort, compared to much faster

in-memory expansion operations.

5.3 Re�ection

In this section we would like to give a brief overview on in-

teresting experiences we gained while investigating a macro

system design for VADL.

To use VADL’s existing IDE integration feature, the syntax

errors must be detected by the parser. While most de�nitions,

e.g. models, did not impose a real problem, we soon realized

that model instantiations, and parameter uses are not safely

parsable in LL(k) without some form of syntax type hints.

These hints were essentially the syntax types of parame-

ters or models written before an identi�er, e.g. "$(�3 0)" or

"$((C<C 1)". While this helped in the context of grammar

ambiguities, the identi�ers may still fail in the latter applied

expansion pass as they were never checked. Furthermore, we

ran into similar issues when it came to parsing instantiation

arguments, as they potentially allow a huge set of syntax
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rules. With the small extension to pred-LL(*) we were able

to not only remove the unwanted syntax, but also guide the

parser in a much cleaner manner. Now the parser guarantees

syntactic correctness even before the macro expansion, all

while preserving the IDE functionalities.

Another interesting realization was that a macro system

for PDLs does not necessarily require hygienic macros. Most

of the time, capturing identi�ers is a desired behavior. For

the remaining cases we preferred the control over the names

provided by our lexical macro functions.

In contrast to GPLs, VADLmacros aremainly used for code

generation instead of language extension. Lexical macros

have proven to be prone to errors, especially for larger spec-

i�cations. Procedural macros are very powerful, but we have

not yet discovered a use case where the resulting increase

in complexity would be pro�table. This is why we found

the pattern-based macro approach extended with our higher-

order macros a sensible compromise between complexity and

implementation e�ort for PDL speci�cation.

Finally, we would like to make a few comments about the

uses of our macro elements. The record element improves

the readability of our speci�cation greatly as it enables us to

group related parameters together. The models were mostly

used to express variance of instruction semantic. The match

statement together with the command line con�gurability

were mainly used to model the variance of processors.

6 Related Work

Most of the related work we found that �ts our class of

macro system, i.e. syntactical and pattern-based, were focus-

ing on syntactically rich GPLs and not simple DSLs. Our

work took inspiration from <bigwig> [7] and programmable

syntax macros [26]. We tried to capture some core ideas and

incorporate them in our higher-order, composable syntax

types in form of the presented VADL macro system.

One of the �rst approaches to bring syntax macros to

syntactically rich languages or even languages outside the

LISP family are programmable syntax macros for C [26].

The pattern-based macro system by Weise and Crew uses

an extended version of the C language as macro language.

Similar to our approach, a macro is de�ned by a meta con-

struct providing the resulting syntax type, typed parameters

and a template body with placeholders. Weise and Crew’s

macro headers enable parameter parsing in form of patterns,

providing more syntactic freedom than our approach. How-

ever, this freedom may lead to unparsable macros if it cannot

be deterministically parsed, which is always guaranteed by

our approach. Both approaches rely on a context-sensitive

parser to manage macros. Weise and Crew’s macro system

does not support such a rich type system as ours (e.g. higher-

order, records, type-alias). Furthermore, they do not support

alternatives in their templates.

The <bigwig> [7] is an extensible system for interactive

web service. Similarities to our approach can be found in the

usage of non-terminal grammar rules as syntax types and

the way their macros and our models are de�ned. However,

our approach di�er in fundamental design decisions con-

cerning the metamorphisms. Morphing new keywords into

the host language’s grammar would require costly rebuilds

of our parser. As a result, we decided to increase the ini-

tial complexity by making our parser context-sensitive, but

save ourselves the execution of a preprocessor. The <bigwig>

macro system has a similar approach to our higher-order

models by allowingmetamorph rules as arguments. However,

these rules are translated into grammar rules. They are not

instantiated with syntax typed arguments, but guide the way

on parsing the arguments. This allows for more syntactic

freedom, for example arbitrary arity.

Similar to the previous mentioned techniques, the ExJS

[25], a macro system for JavaScript, also splits its macro

into a pattern and template part. Instead of metamorph non-

terminals, it uses so called phantom patterns to establish

arbitrary length repetition. Compared to us the template

syntax types are rather poor, as it only supports expressions

or statements. The biggest di�erence to us and the other ap-

proaches is the implementation. ExJS uses a �rst stage parser

to build a second stage macro-aware parser to retrieve the

AST. While similar implementations exist [4, 7], they fur-

ther convert the AST to S-expression, feed them to a scheme

macro expander and convert the resulting S-expression back

to macro-free JavaScript.

The Honu [22] macro system follows a simpler approach

when it comes to macro patterns and templates. Although

the patterns are still syntactically more expressive than our

simple parameter list, they follow a much simpler more LISP-

like convention. The main idea presented is the enforestation

parsing step, which converts a �at stream of tokens into an

S-expression-like tree. It allows for LISP-style extensibility

while still providing enough syntactic freedom to supporting

macro in�x operators.

One of the newer macro systems that is used in various

�elds ranging from DSLs to symbolic veri�cation language

extensions is the one from the Rust programming language

[11, 13, 15, 17]. Speci�cally, the pattern-based macro_rule! is

of interest compared to our work. It shares the technique of

specifying a pattern with typed parameters that is rewritten

based on a template. What stands out is that it supports

more general and meta types, e.g. token-tree, pattern or item.

Furthermore, the macros are invoked using their identi�er

and a trailing "!". The de�ned pattern is then provided inside

parenthesis. This is closer related to our LISP-like macro

invocation, in contrast to the previousmentioned approaches.

As with the previous macro systems, Rust does not support

higher-order macros.
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7 Conclusion and Future Work

We have designed and implemented a type-safe higher-order

macro system, speci�cally designed for (computationally

weak) architecture description languages. Our presented

pattern-based syntax macros are pred-LL(*) parsable and

require no preprocessor or complex host language. The im-

plementation was based on a context-sensitive top-down

parser and an iterative expansion algorithm with termina-

tion guarantee. We demonstrated our approach using our

work-in-progress speci�cation language VADL. The evalu-

ation of our macro system was conducted with the help of

VADL based ISA speci�cations for the AArch64, AArch32,

MIPS IV, RISCV and TriLen, our RISCV-like toy architecture.

Our macro system has still shortcomings we want to ad-

dress in future work. First, the VADL module management

and import system is currently put after themacro expansion,

which limits the scope of a macro de�nition to a single �le.

Second, we would like to increase the syntactical freedom,

for example variable arguments or arbitrary patterns, to see

if they work well with our type system. Third, we want to

extend our work by some form of hygienic macros. Finally,

we want to continue our exploration of design possibilities

for ADLs using macros.
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Abstract
Domain-specific languages (DSLs) promise a significant per-
formance and portability advantage over traditional lan-
guages. DSLs are designed to be high-level and platform-
independent, allowing an optimizing compiler significant
leeway when targeting a particular device. Such languages
are particularly popular with emerging tensor algebra work-
loads. However, DSLs present their own challenge: they re-
quire programmers to learn new programming languages
and put in significant effort to migrate legacy code.
We present C2TACO, a synthesis tool for synthesizing

TACO, a well-known tensor DSL, from C code. We develop a
guided enumerative synthesizer that uses automatically gen-
erated IO examples and source-code analysis to efficiently
generate dense tensor algebra code. C2TACO is able to syn-
thesize 95% benchmarks from a tensor benchmark suite, out-
performing an alternative neural machine translation tech-
nique, and demonstrates substantially higher levels of accu-
racy when evaluated against two state-of-the-art existing
schemes, TF-Coder and ChatGPT. Our synthesized TACO
programs are, by design, portable achieving significant per-
formance improvement when evaluated on a multi-core and
GPU platform.

CCS Concepts: • Software and its engineering→ Source
code generation; Domain specific languages.

Keywords: Program Lifting, Synthesis, TACO, Tensor Alge-
bra
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1 Introduction
In the last decade, we have witnessed a dramatic increase
in machine learning (ML) use in applications ranging from
cloud computing to edge devices [45]. ML workloads are
dominated by tensor code [60], leading to large-scale ef-
forts aimed at improving its performance [67]. Dense tensor
algebra is highly parallel, allowing efficient hardware ex-
ploitation across platforms. However, extracting effective
parallelism from existing languages is difficult with current
compiler technology. This language/compiler failure has led
to the growth of domain-specific languages (DSLs) aimed at
efficient linear algebra e.g., Diesel [27], TACO [37]. These
DSLs deliver excellent cross-platform performance outper-
forming existing approaches [38].
Accessing such performance is straightforward for new

applications: just write your program in the appropriate DSL.
However, for legacy programs, it is more problematic with
the programmer responsible for both rewriting sections in
the new DSL and reintegration with the existing application.
As DSLs continuously evolve, this rewritingmust be repeated
several times throughout the lifetime of the application. This
is costly and error-prone, presenting a serious barrier to
existing applications to harness hardware performance.

1.1 Existing Techniques
Rewriting is a significant issue and there are a number of dif-
ferent approaches aimed at automatically porting programs
to access hardware performance without programmer effort.

API Matching: Rather than translate programs into high
level-DSLs, some techniques aim to match and replace sec-
tions of user code with fast libraries. For example, Ginsbach
et al. [30], De Carvalho et al. [24], and Martínez et al. [44]
propose schemes to discover specific code patterns, such
as matrix multiplication, and replace them with accelerator
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calls. However, these matching tools are often brittle and can-
not be extended. They require retooling whenever the target
API changes, which makes such approaches non-portable.

Program Lifting via Synthesis: There are several lifting
approaches based on program synthesis, i.e., algorithms for
generating programs from specifications. Synthesis is used
directly to lift legacy code in the work by Kamil et al. [34],
where the user defines the region of code to lift. However,
a compiler from the program source to the internal format
and a decompiler to the high-level DSL have to be provided,
limiting the applicability of this approach to new DSLs and
legacy software. The synthesis used in this lifting is reliant
on SMT solvers to guarantee correctness and drive search.
This means these techniques cannot be easily applied to the
benchmarks we tackle in our paper, which, owing to point-
ers, and unbounded tensors and loops, are too complex for
the state-of-the-art SMT-solver driven software verification
tools to reason about. We attempt to verify bounded correct-
ness for some of our synthesized code, but even for simple
benchmarks, we cannot verify correctness for tensors of size
more than 10 × 10 × 10 within a timeout of 1 hour. This
makes this verification impossible to embed into a synthesis
loop where we check thousands of candidates. Our synthesis
must use alternatives like observational equivalence [22] in
order to achieve the necessary scalability.

Neural Machine Translation (NMT): Language mod-
els have proved useful in translation/transpilation tasks. In
the work by Roziere et al. [55], an unsupervised Java to C#
model is learned using a sequence-to-sequence transformer.
It is shown to be reasonably accurate, however, like most
NMT techniques, it requires a large corpus of source and
target code which is not available for emerging DSLs where
most source programs do not have a corresponding domain-
specific representation.

1.2 Our Approach
This paper presents C2TACO, a synthesis tool for lifting
dense tensor code written in C to TACO. We propose a
guided enumerative synthesis method to generate TACO
programs based on automatically generated IO examples.
We use source code analysis to retrieve features from the
original programs and use them as search aids during syn-
thesis.

We compared the performance of C2TACO against a neu-
ral machine translation approach and two state-of-the-art
existing schemes, TF-Coder [59] and ChatGPT [48]. When
evaluated on a suite of tensor benchmarks, C2TACO is able
to synthesize 95% of the programs, demonstrating consider-
ably higher accuracy than the other techniques (10%, 32%
and 24% respectively). Because they are portable, our lifted
TACO programs achieve significant performance improve-
ments over the original implementation when evaluated on

for (i= 0; i<N; i++){
for (k = 0; k<N; k++){

sum = sum + X[i][k]*b[k];
}
a[i] = sum + c[i];

}

Figure 1. C implementation of matrix vector product and
summation.

a multi-core (geo-mean 1.79x) and GPU (geo-mean 24.1x)
platform.

This paper makes the following contributions:
• A guided program synthesis technique that discovers
and lifts legacy C code to TACO, a domain-specific
tensor language based on behavioral equivalence and
on the original program structure.
• An extensive evaluation against existing synthesizer
and neural machine translation models, showing that
our approach has higher coverage and is more accurate
than existing approaches.

2 Motivation
In this section we briefly introduce TACO and describe how
and why we lift C to TACO.

2.1 TACO
TACO [38] is a high-level programming language for ten-
sor contractions. A tensor is a generalization of a matrix
(order 2) to higher orders. It supports tensor expressions of
unbounded length and supports tensors of unbounded order.
The core TACO language is based on Einstein summation
notation (Einsum) allowing concise representation of tensor
computation using tensor index notation. It has been used
in other frameworks including TVM [19].
Consider the matrix-vector product and summation ex-

ample: 𝑎𝑖 = Σ𝑘𝑋𝑖,𝑘𝑏𝑘 + 𝑐𝑖 .∀𝑖 . In C a simple sequential imple-
mentation would result in the code shown in Figure 1. While
straightforward, targeting this code for different platforms
such as multi-cores or GPUs would require significant code
restructuring. Writing the example in TACO gives:

𝑎(𝑖) = 𝑋 (𝑖, 𝑘) ∗ 𝑏 (𝑘) + 𝑐 (𝑖).
This is nearer the original formulation and, crucially, does
not include any assumptions about whether the platform is
sequential or parallel. The TACO compiler takes this program
as input and generates platform-specific optimized code.

2.2 Example
We take existing legacy C code, lift it to TACO, and then
use TACO’s code generation abilities to target diverse, high-
performance platforms. Consider the program in Figure 2.
This is a C function from the DSPStone benchmark suite [72]
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void matrix1(int X, int Y, int Z, int* A, int* B, int* C)
{
  int* p_a = &A[0];
  int* p_b = &B[0];
  int* p_c = &C[0];
  int i, f;
  int k;
  for (k = 0; k < Z; k++) {
     p_a = &A[0];
     for (i = 0; i < X; i++) {
        p_b = &B[k * Y];
        *p_c = 0;
        for (f = 0; f < Y; f++)
           *p_c += *p_a++ * *p_b++;

        (void)*p_c++;
      }

}
  }
}

#pragma omp parallel for schedule(runtime)
for (int32_t i = 0; i < b1_dimension; i++) {
   for (int32_t j = 0; j < c1_dimension; j++) {
      int32_t ja = i * a2_dimension + j;
      int32_t tka_val = 0;
      for (int32_t k = 0; k < c2_dimension; k++) {
         int32_t kb = i * b2_dimension + k;
         int32_t kc = j * c2_dimension + k;
         tka_val += b_vals[kb] * c_vals[kc];
      }
      a_vals[ja] = tka_val;
    }
  }

__global__
void  matrix1(taco_tensor_t * a, taco_tensor_t * b,
              taco_tensor_t * c){

  int32_t i = blockIdx.x * 256 + (threadIdx.x % 256);
  if (i >= b1_dimension || threadIdx.x >= 256)
    return;

  for (int32_t j = 0; j < c1_dimension; j++) {
     int32_t ja = i * a2_dimension + j;
     int32_t tka_val = 0;
     for (int32_t k = 0; k < c2_dimension; k++) {
        int32_t kb = i * b2_dimension + k;
        int32_t kc = j * c2_dimension + k;
        tka_val = tka_val + b_vals[kb] * c_vals[kc];
     }
     a_vals[ja] = tka_val;
  }
}

C2TACO TACO
Compiler

CPU

GPU

a(i,j) = b(i,k) * c(j,k)
TACO Index Expression

C Code

CUDA Code

Optimized C Code

Figure 2. Lifting C code to TACO using C2TACO. Given a program implemented in C, C2TACO generates a equivalent program
written in TACO tensor index notation which the TACO compiler can use to produce high-performance code targeting a
variety of hardware platforms.

which makes use of post-increment pointer arithmetic to
target the addressing modes found in DSP processors. Al-
though the pointers are a hindrance to understanding, this
program is in fact matrix multiplication.
C2TACO uses automatically-generated input/output ex-

amples as a specification for an enumerative synthesis algo-
rithm. C2TACO uses information about the C program to
guide a search through the TACO grammar in a type-directed
template-based enumerative fashion and produces the TACO
code shown in Figure 2. As well as being higher-level and
easier to read than the original C code, the synthesized TACO
program can be optimized and targeted at different platforms.

Figure 2 shows the code generated from tensor index no-
tation for a multi-core CPU and an NVIDIA GPU. For the
CPU, the TACO compiler generates OpenMP code with a
dynamic runtime schedule policy. So in effect, lifting is an
automatic parallelization method for certain C programs. For
the NVIDIA GPU, the TACO compiler generates CUDA code
(also shown in Figure 2). Although, the code is syntactically
distinct from the OpenMP version, the TACO compiler again
exploits parallelism with implicit concurrence across all of
the threads executing the shown kernel.

2.3 Validity
Our synthesized TACO programs are demonstrated to have
observational equivalence with the original programs in

C. We also manually inspect the synthesized code. Proving
these programs are equivalent is a challenging task due to the
unbounded loops and data structures and pointers present in
the code. Using CBMC [39], a model checker for C programs,
we are able to verify three representative benchmarks using
very small loop bounds and tensors (in one case, we can only
verify up to a loop bound of 10 within a timeout of one hour).
Full verification of synthesized code is an open challenge
and out of the scope of this paper.

3 Overview
Figure 3 shows our overall approach. We summarize the
pipeline of C2TACO and describe the key components in
sections 4 and 5 followed by an extensive evaluation (Section
7).

Given a program 𝑃 written in C, we first detect the pro-
gram sections 𝐾 that are suitable for lifting using neural
program classification. Once we have extracted the candi-
date regions, we generate input-output (IO) examples which
are then used as a specification for our synthesis scheme. Our
system performs a series of static code analysis to extract
relevant features from 𝐾 . We then search the TACO gram-
mar for equivalent programs that satisfy the IO specification
using the features of 𝐾 to prune the program space. Once we
have identified a suitable equivalent TACO program 𝑇 , we
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Figure 3. Architecture of C2TACO.

lower it to the target platform and insert it into the original
program for execution.

3.1 Classification
We take as input general-purpose programs that perform
varied computations and perform lifting to a domain-specific
language for tensor contractions. Because we cannot express
general computation in TACO, there is a need to identify
the code regions that can be lifted and accelerated. We use
prior work in neural program classification [69] to determine
which parts of the program represent tensor operations.

3.2 IO Generation
Our synthesizer is driven by a specification of observational
equivalence (i.e., randomly generated input-output exam-
ples). We generate 10 input-output examples. Whilst this
means that we cannot guarantee absolute equivalence of the
synthesized and source code, it allows our synthesis to scale
to programs too complex to be reasoned about by the SMT
solvers that drive other lifting techniques [17].

3.3 Lifting via Synthesis
Once we have the IO examples of the code to lift, we ex-
plore the space of TACO programs using enumeration of
templates over TACO’s grammar to generate programs that
may be equivalent to the original C program. We execute
each candidate on the IO samples to see if it is equivalent.
The Enumerative Template Synthesis algorithm is described
in Section 4. Given the unbounded size of the TACO program
space, this can lead to excessive synthesis time. We, there-
fore, introduce a compiler tool that extracts a set of features

from the original C program and use it to guide search, as
described in Section 5.

3.4 Lowering
Once we have a suitable candidate TACO program, we then
compile it to the target platform using TACO’s platform-
specific optimizing compilation. In this paper, we investigate
multi-core and GPU targets. The generated code is then
patched into the original calling program and evaluated on
the target platform.

4 Enumerative Template Synthesis
The task of automatically lifting C to TACO can be defined as
a formal program synthesis problem. That is, given a source
program 𝑃𝐶 : ®𝑥 → ®𝑦, which is written in C, we wish to find
an equivalent program 𝑃𝑇 : ®𝑥 → ®𝑦, written in TACO, such
that the specification ∀𝐼 ∈ ®𝑥 .𝑃𝐶 (𝐼 ) = 𝑃𝑇 (𝐼 ), i.e., the TACO
program behaves identically to the C program on all possible
inputs.
We use a bottom-up enumerative synthesis algorithm to

enumerate template TACO programs, i.e., TACO programs
that use symbolic variables in place of all tensors and con-
stants. We then check whether there is a valid substitution of
inputs and constant literals for these symbolic variables that
satisfies the specification. The enumeration of our algorithm
is based on classic algorithms in the literature [9, 66], while
the use of a sub-procedure to instantiate concrete variable
names and constant literals is based on CEGIS(T) [3].
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4.1 The Grammar
Our synthesis algorithm enumerates through a grammar 𝐺 ,
shown in Figure 4, which defines a search space of possible
template TACO programs. The grammar 𝐺 is defined as
a set of nonterminal symbols 𝑁𝑇 , terminal symbols, and
production rules 𝑅. For each rule 𝑟 ∈ 𝑅, |𝑁𝑇 | indicates the
number of non-terminal symbols in the rule. We refer to
the nonterminal symbols on the right-hand side of a rule in
the order they appear as 𝑁𝑇0, 𝑁𝑇1, . . .. For example, for the
production rule ⟨PROGRAM⟩ ::= ⟨TENSOR⟩ = ⟨EXPR⟩, the
nontermimals are 𝑁𝑇0 = ⟨TENSOR⟩ and 𝑁𝑇1 = ⟨EXPR⟩, and
|𝑁𝑇 | = 2.
The grammar includes symbolic constants and symbolic

tensor IDs. When we test the program, we substitute these
IDs and symbolic constants with input variables and con-
stants from the source program and test all valid substitu-
tions until we find a program that satisfies the specification.
We limit our grammar to 4 index variables, which limits the
number of tensor dimensions we can reason about to 4.

⟨PROGRAM⟩ ::= ⟨TENSOR⟩ = ⟨EXPR⟩

⟨TENSOR⟩ ::= ⟨ID⟩ ( ⟨INDEX-EXPR⟩ ) | ⟨ID⟩

⟨INDEX-EXPR⟩ ::= ⟨INDEX-VAR⟩
| ⟨INDEX-VAR⟩, ⟨INDEX-EXPR⟩

⟨INDEX-VAR⟩ ::= 𝑖 | 𝑗 | 𝑘 | 𝑙

⟨EXPR⟩ ::= ⟨EXPR⟩ + ⟨EXPR⟩
| ⟨EXPR⟩ - ⟨EXPR⟩
| ⟨EXPR⟩ * ⟨EXPR⟩
| ⟨EXPR⟩ / ⟨EXPR⟩
| ⟨CONSTANT ⟩
| ⟨TENSOR⟩

⟨ID⟩ ::= 𝑇0 | 𝑇1 | 𝑇2 | . . .

⟨CONSTANT ⟩ ::= 𝐶0 | 𝐶1 | 𝐶2 | . . .

Figure 4. TACO grammar.

4.2 Specification
Given a source function 𝑃𝐶 : ®𝑥 → ®𝑦, we wish to find an equiv-
alent TACO function 𝑃𝑇 : ®𝑥 → ®𝑦 such that ∀𝐼 ∈ ®𝑥 .𝑃𝐶 (𝐼 ) =
𝑃𝑇 (𝐼 ). Checking this equivalence is undecidable in general,
however, due to the lack of data-dependent control-flow in
TACO programs, it is sufficient in almost all cases to check
observational equivalence.

We extend the method set out in FACC [69], where inputs
are randomly generated according to manually given con-
straints dictating the length of arrays and favoring smaller
values to make evaluation faster. We constrain arrays to be
of size 4096, and fix tensor-dimensions to be equal (e.g., a
2-dimensional tensor is of size 64 × 64).

A single input-output example 𝐼 ,𝑂 consists of a set of ran-
domly generated arguments 𝐼 = (𝑖1, . . . 𝑖𝑚), corresponding

to the input parameters ®𝑥 = (𝑥1, . . . , 𝑥𝑚), and an output 𝑂 =

𝑃𝐶 (𝑖1, . . . , 𝑖𝑚), We generate 10 input-output examples which
form a specification: 𝜙𝐼𝑂 = {(𝐼 ,𝑂)1, . . . , (𝐼 ,𝑂)10} A program
𝑃𝑇 satisfies the specification 𝜙𝐼𝑂 iff ∀(𝐼 ,𝑂) ∈ 𝜙𝐼𝑂 .𝑃𝑇 (𝐼 ) = 𝑂 .
To determine this in practice, we run 𝑃𝑇 using the TACO
Python API, checking if the behavior matches the corre-
sponding outputs.

4.3 Template Enumeration
We implement bottom-up enumeration i.e., we enumerate
templates starting with the shortest first. We define the
length of a template as the number of references to tensors or
constants in the template, e.g., the template 𝑇0 [𝑖] = 𝑇1 [𝑖] + 2
has length 3 because it refers to 𝑇0, 𝑇1 and 2.
We enumerate templates as shown in Algorithm 2, by

iterating through production rules until we have found all
possible complete templates of length 1 in the grammar. We
then increase the length and repeat the process, using the
previously enumerated templates as building blocks, until
we have hit the maximum user-given length. Each time the
length increases, we add a new tensor ID and a new symbolic
constant to the set of candidate templates. This is shown in
Algorithm 1.

We discard any invalid candidates during enumeration,
i.e., templates that do not type check or are unsupported
by TACO. More specifically we discard: any candidate that
iterates over two different dimensions with the same index
variable (e.g., 𝑇0 (𝑖, 𝑖)); any candidate where the same tensor
appears more than once in a program with different orders
(e.g.: 𝑇0 (𝑖) = 𝑇1 (𝑖) ∗ 𝑇1 (𝑖, 𝑗)); and any candidate where the
same tensor appears on both sides of an assignment (e.g.:
𝑇0 (𝑖, 𝑗) = 𝑇0 (𝑖, 𝑗) +𝑇1 ( 𝑗, 𝑘)).

4.4 Instantiating Templates
After we have generated all templates of length 𝐿, we check
whether any of these templates generate programs that sat-
isfy the specification, 𝜙𝐼𝑂 (see Section 4.2). To do this, we
enumerate through all substitutions that map all symbolic
constants in the candidate program to concrete values, and
all tensor IDs to inputs in the specification, until we find
a substitution that gives us a TACO program that satisfies
the specification. This is shown in Algorithm 2. We limit the
concrete constant values to constants present in the source
program.

We check all possible substitutions until we find a substi-
tution that results in a complete TACO program that satisfies
the specification, which is checked by the check procedure.
Although checking all possible substitutions has 𝐿! com-
plexity for a template of length 𝐿, 𝐿 is typically small (< 5).
We check the templates of length𝑀𝐴𝑋 before any shorter
templates, as this is the likely length of the target program.
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Algorithm 1: Enumerative Template Synthesis.
The subprocedures instantiate and completeRule are
shown in Algorithm 2.
input : source code 𝑃𝐶 , grammar 𝐺 , max length 𝐿
output :candidate program, or no solution
Algorithm synthesize(𝑃𝐶 , 𝐺 , 𝐿)

short ← ∅; // set of short candidates

long ← ∅; // set of long candidates

𝜙𝐼𝑂 ← generateSpec(𝑃𝐶 );
for 𝑙 in 1 . . . 𝐿 do

short ← 𝑠ℎ𝑜𝑟𝑡 ∪ newTensor () ∪ newCons();
while 𝑡𝑟𝑢𝑒 do

𝑛𝑆 ← ∅ ; // new short candidates

𝑛𝐿 ← ∅ ; // new long candidates

for 𝑅𝑢𝑙𝑒 ∈ 𝐺 do
for 𝑝 ∈ completeRule(𝑠ℎ𝑜𝑟𝑡, 𝑅𝑢𝑙𝑒) do

if 𝐿𝑒𝑛𝑔𝑡ℎ(𝑝) = 𝐿 ∧ 𝑣𝑎𝑙𝑖𝑑 (𝑝) then
𝑛𝐿 ← 𝑛𝐿 ∪ 𝑝;

else if 𝐿𝑒𝑛𝑔𝑡ℎ(𝑝) < 𝐿 ∧ 𝑣𝑎𝑙𝑖𝑑 (𝑝)
then
𝑛𝑆 ← 𝑛𝑆 ∪ 𝑝 ;

if 𝑛𝑆 ⊆ 𝑠ℎ𝑜𝑟𝑡 ∧ 𝑛𝐿 ⊆ 𝑙𝑜𝑛𝑔 then break;
if 𝑙 = 𝐿 then

long ← long ∪ 𝑛𝐿;
else

short ← short ∪ 𝑛𝑆 ∪ 𝑛𝐿 ;

for 𝑝 ∈ 𝑙𝑜𝑛𝑔, 𝑠ℎ𝑜𝑟𝑡 do
𝑃𝑇 , 𝑟𝑒𝑠𝑢𝑙𝑡 ← instantiate(𝑝, 𝜙𝐼𝑂 );
if result then return 𝑃𝑇 ;

return no solution

5 Synthesis Guided by Code Analysis
The search space of possible TACO templates is large, and
so, in C2TACO, we use program analysis to focus the scope
of the synthesis search, prioritizing candidates that are more
likely to be correct. In particular, we use heuristics to estimate
the correct TACO template length (section 5.1), the correct
dimensions (section 5.2) and the operators (section 5.3).

5.1 TACO Program Length
The length of a TACO program is related to the number
of array/pointer references and constants in the original C
code. However, temporary variables to capture common sub-
expressions and mutable arrays mean that there is no direct
correspondence. Fixing the size of the target TACO program
reduces the search space because we only have to enumerate
candidates once.
To determine the range of sizes C2TACO explores, we

focus on the definition of the output array and examine the
number of input arrays, or uses [23]. At each definition, we

Algorithm 2: Subprocedures. Note 𝑒.{𝑥 ↦→ 𝑦} de-
notes the result of the proper substitution of the ex-
pression 𝑥 by the expression 𝑦 in the expression 𝑒 .
Procedure completeRule(𝑠ℎ𝑜𝑟𝑡, 𝑅𝑢𝑙𝑒)

𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛𝑠 ← ∅;
for 𝑝 ∈ 𝑠ℎ𝑜𝑟𝑡 do

𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 ← 𝑅𝑢𝑙𝑒.{𝑁𝑇0 ↦→ 𝑝};
if |𝑁𝑇 | ∈ 𝑅𝑢𝑙𝑒 = 2 then

for 𝑞 ∈ 𝑠ℎ𝑜𝑟𝑡 do
𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 ← 𝑅𝑢𝑙𝑒.{𝑁𝑇1 ↦→ 𝑞};

𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛𝑠 ← 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛𝑠 ∪ 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒;
return 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛𝑠

Procedure instantiate(𝑝, 𝜙𝐼𝑂 , 𝑃𝐶 )
𝑋 ← getInputParams(𝑃𝐶 );
𝐾 ← getConstants(𝑃𝐶 );
𝑇 ← getTensors(𝑝);
𝐶 ← getConstantSymbols(𝑝);
for 𝑥, 𝑡 ∈ cartesianProduct (𝑋,𝑇 ) do

for 𝑘, 𝑐 ∈ cartesianProduct (𝐾,𝐶) do
𝑟𝑒𝑠𝑢𝑙𝑡 ← check(𝑝.{𝑡 ↦→ 𝑥}.{𝑐 ↦→ 𝑘}, 𝜙𝐼𝑂 )
if 𝑟𝑒𝑠𝑢𝑙𝑡 then return
𝑟𝑒𝑠𝑢𝑙𝑡, 𝑝.{𝑡 ↦→ 𝑥}.{𝑐 ↦→ 𝑘} ;

iteratively build a set of variables used by that definition. We
use reaching analysis to disambiguate between different ref-
erences to the same (mutable) variables. We then reduce the
constructed set in the presence of summations or reductions.
In C, when writing a reduction or summation, a variable
appears on both sides of an assignment but only once in
the TACO program. For this reason, we apply simple data
dependence analysis to check if there is a recurrence. If there
is, we do not count it twice.

For example, in Figure 1, we have the use set sum, X, b,
c for the the output array a. This is reduced to X, b, c after
detecting the reduction on sum to give 4 (a, X, b, c) as the
predicted number of tensors in the TACO program.

5.2 Tensor Dimensions
C programs frequently contain linearized arrays: where a
single pointer is used to represent a multi-dimensional tensor.
However, in TACO dimensions are explicit, and searching
over all possible dimensions is costly. To address this, we
apply the dataflow analysis defined in [29] to recover arrays
from pointer structures, and then apply delinearization [47]
and determine the highest dimension array.
As an example, consider the program in Figure 2. After

applying dataflow analysis to *p_c, we get p_c[𝑍 ∗ 𝑘 + 𝑖].
Let 𝑛 be the dimensionality of the recovered C array and
𝑚 be the dimension of the enclosing loop nest 𝐽 . Here 𝑛 =

1,𝑚 = 3. The loop iterators are represented by a column
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vector 𝐽 = [𝑘, 𝑖, 𝑓 ]𝑇 , and𝑈 𝐽 is the affine expression for the
array access [𝑍 ∗ 𝑘 + 𝑖]:

𝑈 𝐽 = [𝑍, 1, 0]

𝑘

𝑖

𝑓

 = [𝑍 ∗ 𝑘 + 𝑖]
We now delinearize by constructing a transformation 𝑆 , such
that 𝑆𝑈 gives a matrix of 1’s and 0’s. For our example 𝑆 =

[()/𝑍, ()%𝑍 ]. For details of this step, we refer the reader to
the paper [47]. We apply the transformation to give:

𝑆𝑈 𝐽 =

[
()/𝑍
()%𝑍

]
[𝑍, 1, 0] 𝐽 =

[
1 0 0
0 1 0

]
𝐽

This gives us a 2D delinearized array access 𝑝_𝑐 [𝑘, 𝑖], so
we begin our search for TACO programs using 2D tensors.

5.3 Operator Analysis
Finally, we use the source code to predict which operators are
likely to be included in the target program. We do this based
on a straightforward analysis of the Abstract Syntax Tree of
the source code, which counts the number of appearances
of each operator type. This effectively reduces the search
space of possible TACO programs by eliminating unlikely
combinations of operators.

6 Experimental Methodology
To evaluate C2TACO we compared its performance against
other techniques. We implemented a simple version of the
synthesis process described in Section 4 and an alternative
approach based on neural machine translation. In addition,
we consider an existing large language model ChatGPT and
IO-based synthesizer, TF-Coder.

6.1 Alternative Approaches
ETS. C2TACO uses the synthesis algorithm described in

Section 4 combined with the heuristics described in Section 5.
To evaluate the contribution of the heuristics in C2TACO, we
compare to the most basic enumerative template synthesis
algorithm described in Section 4 (without any heuristics),
which we refer to as ETS.

Neural Machine Translation. NMT converts text se-
quences from one language to another by means of a deep
neural network and has shown positive results on code tasks.
We therefore frame the task of lifting C to TACO as a neural
machine translation problem. We train a Transformer [68]
that given a C input sequence minimizes the edit distance be-
tween the predicted and ground-truth TACO. Once trained,
then, given an unseen C program, the model will generate
the most likely equivalent TACO program.
The main challenge for any new DSL is the availability

of training data. To overcome this, we generate a synthetic
dataset based on the TACO grammar shown in Figure 4.
We compile the synthetically generated TACO programs to
generate the equivalent C programs. We limit our synthetic

dataset to programs that contain a maximum of 5 tensors
of no more than 4 dimensions, and where all datatypes are
integers.

We enumerate this space in a bottom-upmanner, similar to
the enumeration performed by our synthesis algorithm, and
use testing to eliminate semantically equivalence programs.
Since TACO-generated programs contain details that are
unlikely to be present in real-world tensor kernels such as
memory allocation, we modify the clang compiler to extract
only the kernel signature and computation of the program
for our equivalent C program.
We generate 800K pairs of C program and TACO expres-

sions of which we separated 5K for validation, 5K for test,
and the remaining were used for training. The trained model
is a Transformer with 6 encoders and 6 decoders with 16
attention heads and an embedding size fixed at 1024.

6.2 Existing Approaches
TF-Coder. TF-Coder [59] is an open-source publicly avail-

able program synthesizer. It takes a single input-output ex-
ample as source and generates a corresponding TensorFlow
program. Although the search space of TF-Coder is not de-
fined by the same grammar we considered in our synthesis
methods, we compare C2TACO against TF-Coder because
both synthesize programs from IO examples and operate on
the domain of tensor computations. We use one of the IO
examples automatically generated by our synthesis scheme,
but limit it to less than 100 elements as required by TF-Coder.

ChatGPT. ChatGPT [48] is large-scale language model
based on GPT 3.5. It has been used for a wide number of
tasks including code generation. We used version 3.5 in our
experiments. As its accuracy depends on the quality of its
prompts, we experimented with various formats and found
the following to be the most effective, followed by the origi-
nal source code:

"Translate the following C code to an expression in

the TACO tensor index notation. The expression must

be valid as input to the taco compiler. Return the

expression and only the expression, no explanations."

6.3 Setup
Benchmarks. To evaluate C2TACO, we designed two

different suites of tensor algebra benchmarks. The first con-
tains C programs generated by the TACO compiler a distinct
subset of those used to train the NMT model. The second
contains programs from existing software libraries. We refer
to these suites as artificial and real-world respectively.
The real-world benchmarks originate from different ap-

plications. We selected a subset of the programs used by
previous synthesis work [22]:
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Table 1. Synthesis coverage of different approaches on the artificial dataset.

Correct
TACO Program TF-Coder ChatGPT NMT ETS C2TACO

a(i) = b(i) + c(i) - d(i) ✓ ✗ ✗ ✓ ✓
a(i,j) = b(i,j) + c(i,j) ✓ ✓ ✓ ✓ ✓
a(i) = b(i) * c(i) ✓ ✗ ✓ ✓ ✓

a(i) = b(i) + c(i) + d(i) + e(i) ✓ ✗ ✗ ✗ ✓
a(i,j) = b(i,j) * c(j) ✗ ✗ ✓ ✓ ✓
a(i,j) = b(i,k) * c(k,j) ✗ ✓ ✓ ✓ ✓

a(i,j) = b(i) ✗ ✓ ✓ ✓ ✓
a(i,j) = b(i) * c(i,j) ✗ ✗ ✓ ✓ ✓
a(i,j) = b(i,j,k) * c(k) ✗ ✓ ✓ ✓ ✓

a(i,j) = b(i,k,l) * c(l,j) * d(k,j) ✗ ✓ ✗ ✗ ✓

• blas: baseline implementation of functions from the
BLAS [18] linear algebra library as synthesized by
Collie et al. [20].
• DSP: signal processing functions adapted from the TI
[2] library.
• makespeare: programs that manipulate arrays of in-
tegers. Originally from Rosin [54].
• mathfu: mathematical functions from the Mathfu [1]
library.
• simpl_array: problems performing different compu-
tation on arrays of integers. Originally from the work
by So and Oh [62].

In addition to those, we extracted benchmarks from other
suites that contain tensor manipulations:
• darknet: neural network operations from the Darknet
[53] deep learning framework.
• DSPStone and UTDSP: kernels targeting digital sig-
nal architectures from theDSPStone [72] andUTDSP[56]
suites.

We gathered 71 benchmarks in total, of which 10 are arti-
ficial and 61 come from real-world code.

Software. ETS and C2TACO are implemented in Python
version 3.8.10. The NMT Transformer model is implemented
using Fairseq [49] 0-12.2 with Google’s SentencePiece [40]
as the tokenizer. The analyses described on Section 5 are
implemented as plugins for the clang compiler version 14.0.0.
Operating system is Ubuntu 20.04.6 LTS.

Hardware. We evaluate on a multi-core CPU and GPU
platform. The targeted CPU is an 8-core Intel i5-1135G7 at
2.40GHz with 16 GB of RAM (LPDDR4) at 4267 MT/s. The
GPU is an NVidia GeForce GTX 1080 Ti using driver version
535.54.03 and CUDA runtime version 12.2.

Metrics. We evaluated the performance of each approach
by executing its generated code 10 times and recording the
median. In our experiments, we saw little execution time
variance. We measure speedup as the ratio of the running

time of lifted programs over the original version. Programs
are compiled with gcc -O3 version 9.4. We also recorded the
time to produce a lifted TACO program with a timeout of 90
minutes for all approaches in all the experiments conducted.

7 Evaluation
In this section, we evaluate against four criteria: coverage
(Section 7.1), error rate (Section 7.2), synthesis time (Sec-
tion 7.3), and speedup (Section 7.4).

7.1 Synthesis Coverage
Figure 5 shows the lifting coverage of each of the five schemes
described in section 6 across the two benchmark suites: arti-
ficial and real-world.

Benchmark Suite: Artificial. As described in section 6,
these are C kernels generated by the TACO compiler guar-
anteed to have an equivalent in the TACO language. The
coverage of each scheme is shown in Table 1 and Figure 5.

C2TACO is most effective, lifting all benchmarks correctly.
ETS lifts 8 out of 10. In two cases it could not find the correct
program in time as the space of possible grows too large.
C2TACO overcomes this by using the code analysis infor-
mation to focus the search on parts of the grammar where
the programs are most likely to be the solution. TF-Coder is
able to synthesize 4 out of 10 benchmarks but is unable to
match the coverage of the other synthesis approaches. Like
ETS scheme, it times out for the more complex programs.
NMT achieves higher accuracy, translating seven of the

benchmarks. The Transformermodel was trained using TACO-
generated kernels, which have a similar structure to the
synthetic programs. Unlike synthesis methods, it always pro-
duces a result even though it may be inaccurate and does
not timeout. In the three cases where NMT fails, it correctly
guesses the number of tensors but misorders them in the
resulting programs.
ChatGPT is able to correctly predict 5 of the 10 bench-

marks, hallucinating the remainder. In four cases it produces
syntactic invalid programs. The syntax errors include wrong
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Figure 5. Overall lifting coverage across benchmarks suites.

indices, multiple assignments, and duplication. In one case
a tensor was treated as having different orders in the same
program. In another, ChatGPT produces a program that is
syntactically valid but incorrectly refers to the same tensor
twice.

Benchmark Suite: Real-World. Real-world benchmarks
are more challenging as shown in Figure 5. Both ETS and
C2TACO are able to achieve high coverage of 85% and 95%
respectively. ETS times out on 5 out of 61 while the sole in-
stance of failure for C2TACO is the presence of program fea-
tures not contemplated in our implementation of the gram-
mar 4. TF-Coder manages to correctly synthesize 31% of the
benchmarks. Along with timeouts, TF-Coder also produces
programs that are semantically incorrect. We further discuss
these in Section 7.2.

Real-world programs impose a harder challenge to neural
machine translation due to the diversity of their implemen-
tation. While artificial programs have a syntactic structure
identical to TACO-generated C programs, real-world ones
are written in several different fashions, which makes it diffi-
cult for sequence-to-sequence methods to recognize patterns.
NMT performs particularly poorly compared to the artifi-
cial case, generating no correct programs. This reinforces
the view that it may be over-specific to a particular style of
programming due to its training sample. ChatGPT also has a
weak performance, only translating 20% of the benchmarks
correctly. As well as in the artificial case, both approaches
produce varied hallucinations as we detail below.

7.2 Error Analysis
We identify several different reasons for failure: a large
search space causing time out; syntactic and semantically
wrong solutions. Figure 6 depicts a summary.

ChatGPT TF-Coder NMT ETS C2TACO

20

40

60

Semantic Syntatic
Large Search Space Unsupported features

Fa
ilu

re
s

Figure 6. Distribution of failure causes for the different
approaches evaluated.

Large Search Space. Enumerative synthesis techniques
explore a large search space, which grows as program length
increases. This causes 60.42% of TF-Coder’s failures and all
failures for ETS. Neural translation approaches, ChatGPT
and NMT, always find a solution in time due as they trans-
late a program in a sequence-to-sequence fashion and do
not perform an extensive search. Although C2TACO is also
based on enumeration, it never times out as program analysis
restricts the search space sufficiently.
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Figure 7. Lifting time on real-world benchmarks. Y-axis is on logarithmic scale.

Syntactic. TF-Coder, ETS, and C2TACO always produce
programs that are syntactically correct. On the other hand,
neural approaches frequently generate incorrect translations
or hallucinations. In addition, 90% of the wrong translations
produced by ChatGPT are syntactically incorrect. These hal-
lucinations often include explanations of the ranges of index
variables and use braces instead of parenthesis, which is the
symbol used for indexation in the TACO tensor index no-
tation language. Example 1 shows a syntactic hallucination
produced by ChatGPT.

Example 1. When given as input a program that computes
a dot product of two arrays 𝑏 and 𝑐 , the expected solution
expressed in TACO is

𝑎 = 𝑏 (𝑖) ∗ 𝑐 (𝑖)
However, ChatGPT produced the string below which is not
a valid TACO program.

sum(𝑎[𝑖] ∗ 𝑏 [𝑖] for 𝑖 in 0..< 𝑛)

Although NMT is also neural-based it always produces
well-formed programs. The difference is that NMT is trained
on a domain-specific dataset containing only programs gen-
erated by the TACO compiler while ChatGPT is trained on
more diverse data.

Semantic. These are programs that are syntactically cor-
rect, but produce the wrong output when executed. Almost
40% of TF-Coder failures are programs that are semantically
wrong. TF-Coder relies on just one IO example and often fails
to generalize. The majority of false positives produced by TF-
Coder include manipulations on the shape of tensors, which
is not present in any of the original benchmarks. Semantic
hallucinations also correspond to 9.26% of the incorrect an-
swers produced by ChatGPT. Example 2 shows an example of
a hallucination produced by ChatGPT and Example 3 depicts
one generated by TF-Coder.

Example 2. For a program that performs general matrix
multiplication, the solution can be expressed in TACO as

𝐶 (𝑖, 𝑗) = 𝐴(𝑖, 𝑘) ∗ 𝐵(𝑘, 𝑗)

ChatGPT generates a program that includes an extra summa-
tion and reference to the resulting matrix on the right-hand
side. Although that is equivalent according to C semantics,
the same is not true in TACO.

𝐶 (𝑖, 𝑗) = 𝐶 (𝑖, 𝑗) + ALPHA ∗𝐴(𝑖, 𝑘) ∗ 𝐵(𝑘, 𝑗)

Example 3. Given a program that computes the product of
an array arr with a scalar value 𝑣 , the correct TACO imple-
mentation is:

arr (𝑖) = arr (𝑖) ∗ 𝑣 .

TF-Coder synthesizes a solution that, although syntacti-
cally valid in TensorFlow, adds 𝑎𝑟𝑟 to itself, which is not
semantically equivalent to the original program:

tf.add(arr, arr)

TACO-generated programs have a particular code struc-
ture that does not reflect real-world programming styles,
which is why NMT fails to generalize. Semantic hallucina-
tions are the cause of all of NMT’s failures.

7.3 Generation Time
Artificial. NMT is by far the fastest approach with a geo-

metric mean of 0.36 seconds. NMT is faster because it does
not involve an extensive search and it does not checkwhether
the program is correct using IO examples, which represents
the largest part of the synthesis time for the program syn-
thesis approaches. ChatGPT is also fast for the same reasons
and translated artificial benchmarks within 1.14 seconds on
average.
Despite performing a search, TF-Coder is fast, taking an

average of 1.18 seconds to find the solution. Nevertheless,
TF-Coder is only able to correctly lift 40% of the artificial
benchmarks (Section 7.1). ETS is the slowest method with
an average of 238 seconds to find the solution. In contrast,
C2TACO takes an average of 21 seconds. That result shows
the impacts of the program features obtained by syntactic
analyses in guiding the synthesizer to find the correct answer.
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Figure 8. Speedup obtained by the synthesized TACO programs on different hardware platforms. The baseline is the average
running time of the original implementations when compiled with gcc -O3.

Real-World. Figure 7 shows the synthesis times for each
of the five approaches across the real-world collection. Num-
bers are on a logarithmic scale. As expected both the neural
approaches NMT and ChatGPT are fast and stable across
all programs. NMT always returns a program in less than 1
second and ChatGPT takes a maximum of 4 seconds to find a
solution. However, as shown in Section 7.1, this speed comes
at the expense of frequently generating wrong code.
TF-Coder performs well on the simpler program. It syn-

thesized a solution even faster than neural approaches in 15
cases. Nevertheless, the generation time of TF-Coder rose
sharply as the programs became less trivial and it timed out
in 42 out of 61 instances. ETS is slower on average however
it only times out on 13% of the benchmarks. We observed
that ETS particularly struggles with instances of length N ≥
3 and programs involving multiple multidimensional tensors,
where the number of possible index expressions increases
exponentially for each tensor. C2TACO is considerably faster
with an average synthesis time of 5.6 seconds and a max-
imum of 7 minutes. The only cases where C2TACO was
slower than ETS involve very simple programs that only
perform initialization of arrays with a constant value. For
all the other programs C2TACO was able to find a solution
faster than ETS and it kept stable across the whole suite.

7.4 Performance of Lifted Code
The main reason we wish to lift code to TACO is to exploit its
portable performance. We generated C and CUDA versions
of the programs generated by C2TACO and measured their
performance on a multi-core CPU and GPU respectively.
Figure 8 shows the speedup across the benchmark suite
achieved running lifted programs. Baseline is the original
implementation compiled with gcc -O3. Only the real-world
benchmarks are considered as the artificial ones are directly
derived from the TACO compiler and the synthesized version
corresponds to the original.

Lifted programs are faster than their original counter-
parts in both devices. On a multi-core device, the bench-
marks are on average 1.79x faster when lifted to TACO. That
speedup varies over different benchmark sources. The high-
est speedup is 5.33x on DSPStone benchmarks and the lowest
is 1.21x for the darknet programs. The main reason for the
better performance is that the kernels generated by TACO
optimize array access by linearizing index expressions and
exploit the parallel nature of a multi-core CPU by inserting
OpenMP pragmas on loops.

Speedup is even higher on the GPU. The lowest value was
1.23x on the makespeare set. However, it is worth emphasiz-
ing that makespeare contains only 1 program. We noticed
high speedups on the digital signal processing benchmarks:
DSP, DSPStone, and UTDSP, on which lifted programs are
54.46x, 40.96x and 53.81x faster than the original version. The
highest value occurs on the BLAS benchmarks, which run
105.7x faster when lifted. The overall speedup achieved on
GPU was 24.11x. Similarly to the multi-core kernels, TACO-
generated CUDA kernels are designed to leverage high-level
parallelism on GPU accelerators and are optimized aiming
to divide the workload uniformly among threads.

Speedup by Program Complexity. We further evaluated
the impact of lifting on the performance of programs when
such programs become more complex. In our domain, we
consider programs more complex as they manipulate tensors
with higher orders. We define the concept of dominant order
as the highest order among the tensors in a program. For
example, the program shown in Figure 1, manipulates tensors
of 3 different orders: vectors (order 1), a matrix (order 2) and
a scalar variables (order 0). The dominant order for that
program is therefore 2.

Table 2 shows the overall speedup obtained on programs
with different dominant orders. We observed two categories
of dominant orders in the real-world benchmarks, 1 and 2.
Programs that handle two-dimensional tensors benefit more
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Table 2. Speedup obtained given different tensor dominant
orders. We consider the highest order among the tensors in
a program as dominant.

Dominant order Multi-core Speedup GPU Speedup
1 1.41 20.19
2 3.20 36.97

from being lifted than the ones operating on one-dimensional
ones. The speedup goes from 1.41x to 3.20x on the multi-
core and from 20.19x to 36.97x on the GPU. These results
show that the impact of lifting is even higher for programs
that are more complex in the sense that they manipulate
multi-dimensional tensors.

7.5 Summary
Overall C2TACO was the most effective method in our eval-
uation, lifting 95% with an average time of 21 seconds on the
artificial suite and 5.6 seconds on the real-world programs.
C2TACO was considerably faster than its ETS counterpart,
which illustrates that the program analysis used by C2TACO
to guide the search shown have a large impact on its genera-
tion time. We shown that we obtain performance gains by
lifting programs to TACO, achieving an average speedup of
1.79x on a multi-core platform and 24.1x on a GPU.

8 Related Work
In this section we discuss how our work relates to the area
of program synthesis and other techniques to automatically
construct code.

8.1 Program Synthesis
Program synthesis is a well-studied area where programs
are generated based on an external specification. It is the
form of specification and the methodology used to generate
programs that characterize the different approaches.

Logic. In Syntax-Guided Synthesis(SyGuS) [10] approaches,
the program specification is provided in the form of first-
order logic. This type of specification allows SMT solvers
such as Z3 [25] to be used in a CounterExample Guided
Inductive Synthesis(CEGIS) [63] loop to rapidly synthesize
candidate programs. Recent work allows extension beyond
first-order logic [51], but SyGuS is not well-suited to tensor
computations due to the complexity of checking the cor-
rectness of a tensor computation using an SMT solver. Due
to this limitation, our work uses a testing-based procedure
to validate candidates. Our synthesis approach is similar in
style to CEGIS(T) [3], in that we enumerate programs with
symbolic constants and tensors, and then find the bindings
for these constants as part of the correctness check.

IO Examples. IO-based synthesis is part of the program-
ming by example style of synthesis, in which input/output

examples are used as the specification. Early work looked at
generating Excel commands from a few examples [31]. The
same concept and has been used for other tasks [21, 73], in-
cluding generating PyTorch or TensorFlow code from tensor
inputs [46, 59]. TF-Coder [59] takes as input a single user-
provided example to generate equivalent TensorFlow code
using type constraints and bottom-up enumerative synthe-
sis. Alternative schemes [16, 46] use deep learning models
trained on IO samples to guide the generation of code.

Verified Lifting. Using program synthesis to generate
programs from a specification is a long-studied area [28, 61].
Using a low-level program as the specification and a high
level-one as the target was tacked by Kamil et al. [34]. Here
appropriate stencil-like loops in FORTRAN are lifted to their
equivalent in Halide [52]. This has been extended to a more
generic LLVM framework [4] based on a common IR. While
this has the potential to allow lifting to multiple targets [5–
7], it requires the compiler writer to provide a compiler and
decompiler from each potential source and target into the IR
which is not scalable. Their technique also relies on being
able to formally verify the equivalence of the target and
source programs in order to give counterexamples to the
synthesis algorithm, which we have found is not possible
for programs in our benchmark suite. In contrast, whilst it
gives weaker guarantees of correctness, our approach is able
to synthesize programs based on observational equivalence,
and the scalability of our approach is not dependent on the
tractability of the equivalence checking problem.

8.2 Other Approaches
Neural Machine Translation. Since the advent of se-

quence to sequence models [64], neural machine transla-
tion has been applied to programming language translation
tasks [11, 12, 26], including unsupervised settings [13, 55, 65].
Training data is often extracted from coding websites [42].

Other tasks range from code style detection [50], generat-
ing accurate variable names [41], correcting syntax errors
and bugs [32, 57] code completion [36] and program syn-
thesis [14] to API recommendation [35], and specification
synthesis [43]. While powerful, such approaches are inaccu-
rate and are not mature enough for precise lifting.

API Migration/Matching. Replacing matched code/IR
to a fixed API call is a limited form of raising. KernelFaRer
[24] works at the program level and restricts its attention
to just GEMM API targets, but is more robust than IDL [30]
matching significantly more user code. This robustness is
extended further by Martínez et al. [44] which uses behav-
ioral equivalence to match code. Such approaches, however,
are intrinsically limited as they focus on fixed APIs rather
than the open-ended nature of DSLs and their IRs.
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Compiling TACO. TACO [37] is a popular DSL for ex-
pressing tensor computations. In addition to generating high-
performance CPU code [38], it has been extended to compile
to GPUs [58], CGRAs [33], high-performance libraries [15]
and distributed systems [70]. In addition to these target-
specific optimizations, work has been done for sparse ten-
sors [8, 71].

9 Conclusion
This paper presents C2TACO, a synthesis tool for lifting C
tensor code to TACO. C2TACO uses equivalence behavior
and program analysis to generate code and it is shown to
lift more programs in a shorter time with greater accuracy
when compared to an alternative NMT and simpler synthesis
approaches. C2TACO also outperforms existing techniques,
lifting 95% of the benchmarks, against 32% for TF-Coder
and 24% for ChatGPT. We demonstrate that the synthesis of
equivalent TACO programs is feasible for a range of C pro-
grams taken from software libraries and benchmark suites.
We also show that we can obtain significant performance
improvement over the original source. Using C2TACO we
are able to synthesize TACO programs that are 1.79x faster
when evaluated on a multi-core CPU and 24.1x when ported
to a GPU platform. Future work will explore methods to
further improve lifting applicability, by handling sparse ten-
sor algebra, and efficiency using neural-guided synthesis to
perform search.
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Abstract

Differential-Algebraic Equations (DAEs) are the foundation
of high-level equation-based languages for modeling physi-
cal dynamical systems. Simulating models in such languages
requires a transformation known as index reduction that in-
volves differentiating individual equations before numerical
integration. Commercial and open-source implementations
typically perform index reduction by symbolic differenti-
ation (SD) and produce a Jacobian callback function with
forward-mode automatic differentiation (AD). The former
results in efficient runtime code, and the latter is asymp-
totically efficient in both runtime and code size. However,
AD introduces runtime overhead caused by a non-standard
representation of real numbers, and SD is not always appli-
cable in models with general recursion. This work proposes
a new approach that uses partial evaluation of AD in the
context of numerical DAE solving to combine the strengths
of the two differentiation methods while mitigating their
weaknesses. Moreover, our approach selectively specializes
partial derivatives of the Jacobian by exploiting structural
knowledge while respecting a user-defined bound on the
code size. Our evaluation shows that the new method both
enables expressive modeling from AD and retains the effi-
ciency of SD for many practical applications.

CCS Concepts: • Computing methodologies → Sym-

bolic and algebraic manipulation; Representation of math-

ematical objects; Simulation languages; Simulation tools;
•Mathematics of computing→Differential calculus; Solvers;
• Software and its engineering→ Compilers; Domain

specific languages.
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1 Introduction

Equation-based Object-Oriented (EOO) modeling [15, 42]
is a well-established paradigm where dynamical physical
systems—such as aircraft, power plants, and vehicles—can
be rapidly modeled using reusable components. In such lan-
guages and tools (e.g., Modelica [42], Simscape [40], and
VHDL-AMS [6]), the fundamental underlying semantics of
the models are described using Differential-Algebraic Equa-
tions (DAEs) [38]. A common usage of such models is nu-
merical simulation, which involves a complex combination
of compilation and run-time tasks, including static analysis,
symbolic computations, and numerical approximation.
A key challenge when developing EOO language tool-

chains is achieving high-performance simulations. Specifi-
cally, this paper focuses on two parts of the simulation pro-
cess that are performance critical, both relating to differentia-
tion: (i) during index-reductionwhen a subset of the equations
needs to be differentiated to obtain a non-singular system,
and (ii) during evaluation of the Jacobian of the DAE, which
is performed in tandem with a numerical approximation
library.

In many EOO tools [20, 26], index reduction is commonly
done using symbolic differentiation (SD). In contrast, Jacobian
differentiation is typically performed using automatic differ-

entiation (AD) [9]. Symbolic differentiation and automatic
differentiation have, however, their pros and cons. Symbolic
differentiation admits highly efficient compiled code but can
lead to so-called expression swell with re-computations. More-
over, symbolic differentiation cannot easily be used when
differentiating arbitrary functions that contain loops, recur-
sion, and if-conditions. In contrast, AD works on arbitrary
functions and programs, does not result in an expression

This work is licensed under a Creative Commons Attribution 4.0 Interna-

tional License.
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swell, but introduces run-time overhead when real numbers
are lifted into so-called dual-number representation. A nat-
ural question arises: is it possible to find a middle ground
between SD and AD that keeps their strengths while miti-
gating their weaknesses?

State-of-the-art solutions for DAE solving either focus on
pure AD for Jacobians [27] or index reduction [30, 45], or
alternatively on pure SD for Jacobians [13] or index reduc-
tion [26]. There is, however, no existing unifying approach
on how to combine the strengths of AD and SD to solve DAEs,
for both Jacobians and index reduction.
This paper proposes a new approach for combining AD

and SD by applying partial evaluation (PE) [35] to AD, result-
ing in a residual program that may include both AD and SD
terms. Moreover, a key property is that we can parametrize

the specialization, thus enabling a tradeoff between code
size (which increases when the result is closer to SD) and
performance (which decreases with the overhead operations
in AD). In the general context of AD, surprisingly, only a
few attempts [23, 32, 55, 61] have been made to combine AD
and partial evaluation, and no previous work has done it in
the setting of index reduction and Jacobian calculation.

We call our approach PEAD, which combines PE and AD
in the context of solving DAEs. Specifically, we make the
following key contributions:

• We propose a new program transformation method,
called forward-mode PEAD for DAEs, that takes a model
encoding a high-index DAE as input and outputs a
residual function suitable for off-the-shelf numerical
DAE solvers. The combination of partial evaluation
and forward-mode AD allows models that include
general recursion combined with efficient code (Sec-
tion 3.2).

• We develop a novel approach to forward-mode PEAD
for generating system Jacobians for DAEs that allows
the end-user to control the tradeoff between code spe-
cialization and code size (Section 3.3).

• Besides developing a new theory, we develop an ef-
ficient implementation of the proposed approach in
the Miking framework [16], which is available as open
source1(Section 4). We evaluate the implementation on
a number of non-trivial equation-based object-oriented
models (Section 5).

2 Background and Challenges

This section explains the ideas of DAEs, DAE index, and
code generation for numerical DAE solving. Specifically, we
discuss key challenges related to differentiation of program-
ming languages containing DAEs as part of the language
semantics.

2.1 Differential-Algebraic Equations (DAEs)

DAEs consist of differential equations coupled with algebraic
constraints. Figure 1 depicts the classic hello-world example
for DAEs, a planar pendulum with a DAE model in Cartesian
coordinates. Given the DAE in Figure 1b, suppose we have
some initial values G (C0), ~ (C0), and g (C0), together with an
interval � = [C0, C5 ]. A solution (a simulation trace) is then a
set of sufficiently smooth functions G (C), ~ (C), and g (C), such
that the DAE holds for all C ∈ � .
However, in contrast to Ordinary Differential Equations

(ODEs), we cannot always directly solve a DAE. For instance,
in the DAE in Figure 1b, the Jacobian of the left-hand sides
is singular w.r.t. the dependent variables at the highest dif-
ferentiation order, ¥G , ¥~, and g . Note how the third equation
does not contain any dependent variable at the highest dif-
ferentiation order and cannot directly be used to solve the
system of equations. Therefore, in general, we need to differ-
entiate some equations of the DAE until the Jacobian w.r.t.
the dependent variables at the highest differentiation order
is no longer singular.
This transformation by differentiation is called index re-

duction. The DAE’s differential index (or just index) is the
largest number of times we need to differentiate an individ-
ual equation to transform the DAE into an implicit ODE [14].
The DAE in Figure 1b has index 3, and Figure 1c shows an
index-reduced version, where the third equation is differenti-
ated twice, thus reducing the DAE to index 1. Note the third
equation in Figure 1c, which contains ¥G and ¥~, the highest
differential orders for x and y, respectively.
Several efficient methods analyze the structure of the

DAEs and output which equations need to be differenti-
ated and to what derivative order [49, 53]. These algorithms
succeed in most practical applications, and off-the-shelf nu-
merical DAE solvers typically handle DAEs of index 1 or
less [33, 51].
It should be noted that simply substituting equations for

their differentiated versions can lead to problems with nu-
merical drifting, as the original algebraic constraints are
rendered implicit. Several methods exist to solve this prob-
lem [5, 41, 47], but we will not consider these algorithms in
this work because the drifting problem is orthogonal to the
problems discussed in this paper.

2.2 Generating a Low-Index Residual Function

Compilers for DAE-based modeling languages perform index
reduction as a part of compiling the simulation code. The in-
dex reduction is performed on the so-called residual function,
a functional representation of the DAE. In languages such as
Modelica2, compilers typically perform this index reduction
on a flattened representation of the model using symbolic
differentiation. Such symbolic differentiation can produce

1h�ps://github.com/miking-lang/miking-dae
2h�ps://modelica.org/
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!g
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"

~

G

(a) Planar pendulum system.

" ¥G − gG = 0 (1a)

" ¥~ − g~ +� = 0 (1b)

G2 + ~2 − !2 = 0 (1c)

(b) Index 3 DAE model.

" ¥G − gG = 0 (2a)

" ¥~ − g~ +� = 0 (2b)

2

(
¥GG + ¤G2 + ¥~~ + ¤~2

)
= 0 (2c)

(c) Index 1 DAE model.

Figure 1. Figure (a) depicts the 2D pendulum example, (b) its corresponding DAE, and (c) the DAE after index reduction. We
use lower-case letters for variables (G and ~ for position and g for pendulum arm tension per unit length) and upper case for
constants (" for mass, � for the acceleration of gravity, and ! for pendulum length). The variables depend on the implicit
independent variable C ; we call these variables dependent variables to disambiguate them from other variables. We use dot

notation to denote differentiation w.r.t. the independent variable, e.g., ¤G =
3G
3C
, ¥G =

32G
3C2

. Equation (2c) is (1c) twice differentiated
w.r.t. the independent variable C .

efficient run-time computations of derivatives, given that
the expression swell problem is solved [61].

Consider Figure 1b again and suppose that we replace the
third equation with

G2 + ~2 − 5 (C, G,~, g), (3)

where 5 is some arbitrary but sufficiently smooth scalar
function that may be implemented using recursion and other
control-flow language constructs. If only symbolic differen-
tiation is used, function 5 cannot be an arbitrary program
function containing recursion, loops, and if conditions.When
equations are extended with general program capabilities,
symbolic differentiation leads to an expressiveness problem,
where not all functions can be differentiated.

AD is an attractive solution to this expressiveness prob-
lem, as it naturally extends to general program constructs,
including recursion. However, transforming a program to
compute derivatives using forward-mode AD involves trans-
forming elementary functions to operate on dual numbers,
usually encoded as pairs, instead of real numbers.
Even though computing derivatives via AD is asymptot-

ically efficient, it introduces a constant run-time overhead
compared to a symbolic derivative, as we cannot directly
compile elementary functions to cheap floating-point opera-
tions. This overhead becomes evenmore significant whenwe
consider higher-order derivatives. Additionally, AD does not
easily allow us to simplify expressions like 0∗4 = 4 ∗0 = 0 as
the derivative computation is performed solely at run-time.

In summary, the main challenge is to enable both efficient

and expressive index reduction, thus including the strengths
of both AD and SD, and avoiding their weaknesses.

2.3 Generating a System Jacobian

Numerical DAE solvers that use Newton-Raphson iterations
need to compute the Jacobian of the residual w.r.t. the de-
pendent variables and their derivatives.

Forward-modeAD allows us to compute one column in the
Jacobian matrix in one function evaluation, and the code size
is also proportional to the residual function, which makes
it the preferred method in DAE-based modeling languages.
However, AD in this context suffers from the same draw-
backs as discussed when generating the low-index residual
function. Moreover, the Jacobian is potentially a very large
matrix (the number of equations times the number of un-
knowns), which may result in a large code size if each partial
derivative is computed by symbolic differentiation.
Hence, a key challenge concerns handling the tradeoff

between runtime performance (focusing on specialized code
using variants of symbolic differentiation) and code size
(which does not grow with the matrix size for automatic
differentiation).

3 Approach

This section presents our proposed compilation approach for
generating efficient residual functions and Jacobian callback
functions that are suitable for off-the-shelf DAE solvers. Sec-
tion 3.1 gives an overview and presents our source language
and a running example. Section 3.2 presents our proposed
transformation that takes a high-index DAE program as in-
put and outputs a low-index, first-order residual. Finally,
Section 3.3 presents our approach for generating a partially
specialized callback function that computes the Jacobian of
the residual function.

3.1 Overview

Figure 2 gives an overview of our code generation approach.
The input ? is a (possibly high-index) DAE program. The
outputs are a low-index residual function 5 and a correspond-
ing Jacobian function � . In the figure, ad and peval denote
AD source-code transformations and partial evaluation, re-
spectively. SA is a structural analysis that indicates which
equations to differentiate and to what order to reduce the
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? ad5 ad� peval� �

Sec. 3.3

peval5 5

Sec. 3.2

SA

q

Figure 2. Overview of our code generation approach. The
structural analysis in the black box is not part of our contri-
bution. White boxes denote transformations, and the dashed
boxes points to the relevant sections in the paper.

DAE index. We use the information produced by this anal-
ysis for three purposes: 1) to index reduce the DAE (ad5 in
the figure), 2) to avoid unnecessary computations of zero
entries in the Jacobian (ad� ), and 3) to select which partial
derivatives to specialize (peval� ). The latter is also guided by
the user-supplied parameter q . As previously mentioned, we
denote the combination of ad and peval as PEAD; Figure 2
thus contains two slightly different instances of PEAD.
We describe a DAE modeling language, encoding high-

index DAEs, with syntax as shown in Figure 3a. The con-
struct G (=) with = ∈ N is a dependent variable of the DAE,
annotated with the differential order = w.r.t. the indepen-
dent variable. We assume that these dependent variables
appear free in ? and only allow them to occur in the residual
equations (40, . . . , 4=). As syntactic sugar, we use dot nota-
tion up to differentiation order 3, e.g., G (1)

= ¤G , G (2)
= ¥G ,

G (3)
= G̈ . We use G (0)

= G when it is clear from the context
if G is a dependent variable of the DAE.
The rest of an expression 4 is the standard _-calculus

with some well-explored extensions: tuples, projections (4.=
projects the =’th element from 4 starting from zero), if-then-
else, let, and recursive let3. We represent all constants by 2 ,
including mathematical functions such as addition and scalar
multiplication. Note that subscripts for 4 do not denote tuple-
projections in the language. However, we will sometimes
use indexing by subscripts in other contexts.
A DAE program ? ∈ Prog consists of top-level lets, top-

level recursive bindings4, and a set of equations. Note that
the set of equations is represented as an n-tuple of residual
expressions.
We do not define a formal type-system for ? but assume

that all dependent variables and residuals are scalars and that
the type-system does not allow expressing recursion apart
from using the letrec construct. However, we will sometimes

3We include recursive let-bindings and if-then-else because we need to
consider recursion explicitly in the partial evaluation to ensure termination
rather than encoding it in the core _-calculus. Moreover, the partial evalua-
tor introduces new let-bindings to enable sharing so it is convenient to also
have these in the expression language.
4These allows us share code between residual expressions.

use types informally for documentation purposes. Note also
that the implementation (discussed in the next section) is
written in a typed functional language.

To improve readability, we sometimes write applications
of constant functions using infix notation and use tuple de-
structuring, e.g., 41 + 42 and _(G0, G1, . . . , G=). 4 , respectively.

As our running example, we use the input program listed
in Figure 3b, which encodes the DAE in Figure 1b, modified
to illustrate relevant aspects of our approach. We have added
a recursive power function, an equation that computes the
kinetic energy of the pendulum, and a run-time parameter \ .
For brevity, we also set all physical constants to 1.

3.2 Residual Generation

This sub-section describes how our approach takes a DAE
program, ? , and generates a residual function

5 : R
< × R< → R<, (4)

where 5 (y, ¤y) computes the residual of all = equations in
a first-order, low-index DAE. We can supply this residual
function directly to an index-1 DAE solver, such as the IDA
SUNDIALS solver [33].
The transformation is defined in Figure 4a. This trans-

formation uses the output of the structural analysis (SA in
Figure 2) in the form of a tuple d ∈ N< , where d8 is the dif-
ferentiation order of the 8’th residual expression. We assume
that d is available globally and we use it in the T transform.
Intuitively, the T transform produces a sequence of let

and reclet-bindings where the final expression is a tuple of
expressions differentiated according to d. These differenti-
ated expressions may contain free variables, references to
the initial sequence of bindings, thus T introduces new ver-
sions of these, differentiated to different orders as needed.
The renaming needed to reference the appropriate version
of each binding is handled by the id function, which we
introduce shortly.
The T transformation internally applies the AD source-

code transformation D= for =’th derivatives, defined in Fig-
ure 4b. In particular, it allows us to straight-forwardly index
reduce the DAE while still allowing models with general
recursion and other general language constructs.

The AD transform is mostly the standard Taylor-mode AD
transform for higher-order derivatives [29, 59]5. I.e., it trans-
forms an expression 4 : R to an expression 4′ : R= , where
the =’th element is the =’th derivative w.r.t. C , starting from
zero. We can recover a particular derivative by projecting
the relevant element from 4′. We extend this transformation
with dependent variables G (=) and free variables.

We define the identifier renaming function we use to as-
sociate variables with the correct differentiated expression
as

id : Ident × N→ Ident, (5)

5We use this transform instead of nesting dual numbers for the increased
runtime performance due to sharing and fewer indirections.
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G ∈ Ident =,< ∈ N 2 ∈ Const

4 ∈ ExprF G | G (=) | _G . 4 | 4 4 | 2 | (40, . . . , 4=) | 4.=

| if 4 then 4 else 4

| let G = 4 in 4 | letrec G = 4 in 4

? ∈ ProgF equations (40, . . . , 4=)

| let G = 4 in ? | letrec G = 4 in ?

(a) Abstract syntax for a DAE program.

letrec pow =

_G . _=. if = = 0 then 1 else G × pow G (= − 1) in

equations

( ¥G − G × g

, ¥~ − ~ × g + 1

, G × G + pow ~ (2 × \ ) − 1

, D − (pow ¤G 2 + pow ¤~ 2)/2)

(b) Running example program, encoding and extending the DAE (1)
in Figure 1b, where \ ∈ N is a run-time parameter.

Figure 3. Syntax and running example.

T [equations (40, . . . , 4=)] = ((Dd0 [40]) .d0, . . . , (Dd= [4=]).d=)

T [let G = 4 in ?] = let G = 4 in let id(G, 1) = D1 [4] in . . . let id(G, # ) = D# [4] in T [?]

T [letrec G = 4 in ?] = letrec G = 4 in letrec id(G, 1) = D1 [4] in . . . letrec id(G, # ) = D# [4] in T [?]

(a) The index-reduction transformation, T : Prog → Expr, for DAE programs ? with< equations, where d ∈ N< denotes the differentiation
for each residual expression according to the structural analysis (zero-indexed) and # = max(d).

D= [G] = id(G, =) D= [G
(<) ] = (G (<) , G (<+1) , . . . , G (<+=) ) D= [_G. 4] = _id(G, =). D= [4]

D= [4 4
′] = D= [4] D= [4

′] D= [(40, . . . , 4<)] = (D= [40], . . . ,D= [4<]) D= [4.<] = D= [4] .<

D= [if 4 then 4′ else 4′′] = if D= [4] then D= [4
′] else D= [4

′′]

D= [let G = 4 in 4′] = let id(G, =) = D= [4] in D= [4
′] D= [letrec G = 4 in 4′] = letrec id(G, =) = D= [4] in D= [4

′]

D= [A ] = (A, = zeroes) when A ∈ R D2 [+] = _(G0, G1, G2). _(~0, ~1, ~2). (G0 + ~0, G1 + ~1, G2 + ~2)

D2 [−] = _(G0, G1, G2) . _(~0, ~1, ~2). (G0 − ~0, G1 − ~1, G2 − ~2)

D2 [×] = _(G0, G1, G2). _(~0, ~1, ~2). (G0 × ~0, G1 × ~0 + G0 × ~1, G2 × ~0 + 2 × G1 × ~1 + G0 × ~2)

(b) The AD-transform, D= : Expr → Expr, for expressions 4 and selected constants 2 . The function id is defined in (5).

Figure 4. Residual transformation rules.

which returns a unique identifier for each identifier-integer
pair. There is no point in renaming variables associated with
undifferentiated expressions, so we define id(G, 0) = G .
As an example, consider the program let 5 = _G . G +

G in equations (5 ¤G, 5 ¤~) with d = (1, 0), where d says that
we need to differentiate the first equation once. Applying T

then gives us

let 5 = _G. G + G in

let 5 ′ = _(G ′
0
, G ′

1
). (G ′

0
+ G ′

0
, G ′

1
+ G ′

1
) in

((5 ′ ( ¤G, ¥G)) .1, 5 ¤~),

(6)

where the differentiated expression now refers to 5 ′ rather
than 5 .
In Figure 4b, we have only included rules for constants 2

that we use in our discussion and refer to, e.g., Griewank et al.
[29] for transformations of additional elementary functions.
The T transform with d = (0, 0, 2, 0) produces a low-

index residual function of our running example program in

Figure 3b, even though it contains calls to recursive functions
with values known only at runtime. It transforms as

letrec pow = _G . _=.

if = = 0 then 1 else G × pow G (= − 1) in

letrec pow′′
= _G ′′ . _=′′ . if =′′ = 0 then 1 else

D2 [×] G
′′ (pow′′ G ′′ (=′′ − 1)) in

( ¥G − G × g

, ¥~ − ~ × g + 1

, (D2 [−]

(D2 [+]

(D2 [×] (G, ¤G, ¥G) (G, ¤G, ¥G))

(pow′′ (~, ¤~, ¥~) (2 × \ )))

(1, 0, 0)).2

, D − (pow ¤G 2 + pow ¤~ 2)/2),

(7)
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where we use (D0 [4]).0 = 4 , removed dead code, and re-
frained from expanding the right-hand side of some invo-
cations of D= for the sake of brevity. In (7), for a residual
expression 4 , (D= [4]) .= is its =’th derivative w.r.t. C , com-
puted by AD at runtime. Additionally, T produces another
definition pow′′ of pow, propagating the first and second
derivatives because it is used in an expression with derivative
order 2.
With some abuse of notation, we can formulate a low-

index first-order residual function (4) from (7) as follows.
The residual (7) is of the form

1 in (40, . . . , 4=), (8)

where 1 in collects all top-level lets and recursive lets. We
can then form the residual function as

_(G, ¤G,~, ¤~, g,D). _( ¤G ′, ¥G, ¤~′, ¥~, ·, ·).

1 in (40, . . . , 4=, ¤G − ¤G ′, ¤~ − ¤~′),
(9)

where · denotes a variable that does not occur in the residual
body, the last two residual expressions reduce the DAE order.
Figure 5 depicts a fully expanded example (9).
However, (9) exhibits the constant time overhead intro-

duced by AD as elementary functions now operate over
triples of reals rather than real numbers. We can improve
upon this and, in many cases, recover a more efficient sym-
bolic derivative by partially evaluating the program.

We have a partial evaluator, peval. Although peval itself
is not part of our contribution, we discuss some key features
relevant to our code transformation. peval takes an expres-
sion 4 and produces specialized code in A-normal form (ANF)
that preserves sharing. peval is based on the ANF trans-
form [25] but also inspired by techniques for improving the
specialization of dynamic let-bindings in offline partial eval-
uation [11] and the evaluation-based technique of Grégoire
and Leroy [31]. Moreover, peval aggressively specializes
code down to elementary operations. In fact, given a closed
residual expression 4 , peval[(D= [4]).=] recovers its =’th
symbolic derivative, when we unroll all recursions. Sharing
computations stemming from the chain rule is important
to avoid expression swell. The sharing preserving property
of ANF in the context of differentiation was also observed
by Wang et al. [61]. Moreover, peval has a user-specified
max recursion depth to guarantee termination and avoid
expression swell.
The partial evaluator treats dependent variables as free

variables, and it allows us to produce code that is a mixture
of AD and SD, which we can see by partially evaluating the
index reduced residual (7) with a max recursion depth of ≥ 3.

The result is the following:

letrec pow′′
= _G ′′ . _=′′ .

if =′′ = 0 then 1 else

let C = pow′′ G ′′ (=′′ − 1) in

(G ′′ .0 × C .0

, G ′′ .0 × C .1 + G ′′ .1 × C .0

, G ′′ .0 × C .2 + 2 × G ′′ .1 × C .1 + G ′′ .2 × C .0)

in

( ¥G − G × g

, ¥~ − ~ × g + 1

, 2 × (G × ¥G + ¤G × ¤G) + 4.2

, D − ( ¤G × ¤G + ¤~ × ¤~)/2),

(10)

after standard constant folding and simplification passes,
where, in the third residual,

4 = let C = pow′′ (~, ¤~, ¥~) (2 × \ − 1) in

(~ × C .0, ~ × C .1 + ¤~ × C .0, ~ × C .2 + 2 × ¤~ × C .1 + ¥~ × C .0).

There are three additional points of interest in the third
residual expression:

• The expression is simplified because it no longer prop-
agates the values at derivative order 0 and 1, which
are unnecessary.

• We have statically computed the terms containing G
and its derivatives, while the corresponding terms for~
are computed at runtime because \ is a runtime value.

• We do not partially evaluate recursion if it appears in-
side a branch whose condition is not statically known.

In contrast, the recursive call is completely unrolled for the
final residual expression.
If we instead assume a static \ = 1 and a max recursion

depth ≥ 3, we recover the fully symbolic residual

( ¥G − G × g

, ¥~ − ~ × g + 1

, 2 × (G × ¥G + ¤G × ¤G + ¤~ × ¤~ + ~ × ¥~)

, D − ( ¤G × ¤G + ¤~ × ¤~)/2).

(11)

The key benefit of the PEAD approach is that it can pro-
duce a mixture of symbolic and AD derivatives, where both
the symbolic derivatives and AD benefit from sharing.

3.3 Jacobian Generation

In this section, we discuss generating code for computing
the Jacobian

�y =

©­­­­
«

m50 (y, ¤y)

my0
. . .

m50 (y, ¤y)

my<−1

...
. . .

...
m5<−1 (y, ¤y)

my0
. . .

m5<−1 (y, ¤y)

my<−1

ª®®®®
¬
, (12)

of size <, of the residual function (4). Note that each row
corresponds to an equation, and each column corresponds
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_(G, ¤G,~, ¤~, g,D). _( ¤G ′, ¥G, ¤~′, ¥~, ·, ·) .

letrec pow = _G . _=.

if = = 0 then 1 else G × pow G (= − 1) in

letrec pow′
= _G ′ . _=′ . if =′ = 0 then 1 else

(_(G0, G1). _(~0, ~1). (G0 × ~0, G1 × ~0 + G0 × ~1))

G ′ (pow′ G ′ (=′ − 1))

in

letrec pow′′
= _G ′′ . _=′′ . if =′′ = 0 then 1 else

(_(G0, G1, G2). _(~0, ~1, ~2).

(G0 × ~0

, G1 × ~0 + G0 × ~1

, G2 × ~0 + 2 × G1 × ~1 + G0 × ~2))

G ′′ (pow′′ G ′′ (=′′ − 1))

in

(( ¥G − G × g, ).0

, ( ¥~ − ~ × g + 1, ).0

, ((_(G0, G1, G2). _(~0, ~1, ~2). (G0 − ~0, G1 − ~1, G2 − ~2))

((_(G0, G1, G2). _(~0, ~1, ~2). (G0 + ~0, G1 + ~1, G2 + ~2))

((_(G0, G1, G2) . _(~0, ~1, ~2) .

(G0 × ~0

, G1 × ~0 + G0 × ~1

, G2 × ~0 + 2 × G1 × ~1 + G0 × ~2))

(G, ¤G, ¥G) (G, ¤G, ¥G))

(pow′′ (~, ¤~, ¥~) (2 × \ )))

(1, 0, 0)) .2

, (D − (pow ¤G 2 + pow ¤~ 2)/2, ).0

, ¤G − ¤G ′

, ¤~ − ¤~′),

Figure 5. A fully expanded example (9) without simplifi-
cations and dead code removal. Expressions (4, ) denotes
singleton tuples.

to a variable. The DASSL family of Backward Differentiation
Formula-based DAE solvers [33, 51] typically expects a call-
back function to compute the Jacobian of the DAE during the
Newton-Raphson integration routine. More precisely, this
function should compute

�y + 2 � ¤y, (13)

where 2 ∈ R is a solver-supplied scaling factor. Since gener-
ating code for computing � ¤y is analogous to �y, we limit our
presentation to �y for the sake of brevity.

The standard AD approach computes one column in (12),
with one evaluation of 5 transformed to dual numbers. How-
ever, this means we also compute zero entries in the Jacobian
at runtime.

Fortunately, we can use structural analysis (SA in Figure 2)
to do better. For an entry in the Jacobian to be non-zero, the
corresponding variable must appear in the corresponding
equation; thus, we can trivially produce the row and column
pairs of potentially non-zero entries.

For our running example (Equation (9)), we want to com-
pute the Jacobian

©­­­­«

m40
mG

m40
m ¤G

m40
m~

m40
m ¤~

m40
mg

m40
mD

...
...

...
...

...
...

m45
mG

m45
m ¤G

m45
m~

m45
m ¤~

m45
mg

m45
mD

ª®®®®¬
. (14)

We compute the Jacobian column-by-column; thus, we group
the non-zero coordinates by column, resulting in the follow-
ing:

idx = ((0, (0, 2, 4)), (1, (2, 3)), (2, (1, 2, 5))

, (3, (2, 3)), (4, (0, 1)), (5, (3))).
(15)

For example, (0, (0, 2, 4)) is in idx because variable 0 (i.e.,
G ) appears in equations 0, 2, and 4 but not in equations 1, 3,
and 5. The reader can verify the structure by considering the
symbolic residual (11) and the last two residual expressions
in (9).

We use this structural information to construct a function
that only computes the non-zero elements of (12). Again
with a slight abuse of notation, the order-reduced low-index
residual function from T will have the form

_y. _ ¤y. 1 in (40, . . . , 4<−1), (16)

where 1 in collects top-level bindings (compare with exam-
ple (9)). We then form the Jacobian callback function as

jac = _y. _ ¤y.

let ¤y′ = 0 in

let fs = D′
1
[1 in (_y′ . 40, . . . , _y

′ . 4<−1)]

in map (_( 9, 8B). map (_8. fs.8 X 9 ) 8B),

(17)

where map 5 4 maps the function 5 over the elements in the
tuple 4 , 0 is a tuple of zeros of sufficient size, and X 9 produces
a tuple of sufficient size with zeros everywhere except at
position 9 . In (17), fs is a tuple of functions where D′

1
will

transform the expressions 40 to 4<−1 to not only reference y
and ¤y, but also their associated tangent tuples y′, ¤y′ ∈ R< .

The AD transform D′
1
is the same as D1 in Figure 4b save

for two modifications. Firstly,

id(G, =) = G

because we do not need to rename free variables to keep
track of different derivative orders. Secondly, we special-
case projections from the parameter y to use the associated
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tangent tuple y′:

D′
1
[y. 9] ≔ (y. 9, y′ . 9)

The change is analog for ¤y. For all other cases, D′
1
= D1.

It makes sense to specialize (17) as peval[jac] because ¤y′

is a tuple of static zeroes that will simplify the code. This
also motivates producing a specialized code for � ¤y, where we
instead have y′ = 0.
Hence, we can compute all non-zero elements of (12)

for (9) as peval[jac] idx. Moreover, we can specialize each
partial derivative as peval[jac idx], but this will, in general,
result in<2 expressions.

To bound this code growth, we split idx into two disjoint
sets idxB and idx3

6, with the intuition that each column in
idxB has many zero elements. In contrast, those in idx3 have
few.
We use these to compute the columns with two subtly

different expressions: peval[jac idxB ], and peval[jac] idx3 .
Note that idxB is in the expression being specialized, while
idx3 is not; this has the effect of only specializing the columns
with many zeros, which reduces code-swell. Formally we
define idxB and idx3 as follows:

idxB =
{
(2, r) | (2, r) ∈ idx, |r| ≤ q<

}
idx3 =

{
(2, r) | (2, r) ∈ idx, |r| > q<

}
,

(18)

where q ∈ [0, 1] is a user-supplied parameter guiding the
degree of specialization. This ensures that the number of
specialized partial derivative expressions in the Jacobian
callback function is bounded by (q< + 1)< rather than<2.
Another useful view of q is that for a DAE with< equations
and variables, and = = q<, columns in the Jacobian with =

or fewer non-zero entries will be specialized by PEAD. q = 0

always results in an AD Jacobian, and q = 1 always results
in fully specialized partial derivatives. However, in the (quite
common) case where the DAE is sparse, a q < 1 may result
in fully specialized partial derivatives.

For (9), a static \ = 1, and max recursion depth ≥ 3, q =
2

6

results in

peval[jac idxB ] =

_((G, ¤G,~, ¤~, g,D)). _(( ¤G ′, ¥G, ¤~′, ¥~, ·, ·)).

((1, (2 × ¤G,− ¤G/2)), (3, (2 × ¤~, ¤~/2))

, (4, (−G,−~)), (5, (1)))

peval[jac] idx3 =

peval[jac] ((0, (0, 2, 4)), (2, (1, 2, 5))),

(19)

where the columns of (12) that corresponds to G and ~ are
computed dynamically as jac idx3 because these have three
non-zero elements, and the rest of the elements in (12) are
specialized to symbolic partial derivatives. For brevity, we
elide writing out the specialized function peval[jac].

6Here B is for static and 3 for dynamic, following partial evaluation
conventions.

In summary, our approach allows the user to conveniently
and gradually mix AD and symbolic partial derivatives with
an upper bound on the size of the generated code.

4 Design & Implementation

This section describes the design and implementation of
Section 3 and how it fits into a larger compiler toolchain
that takes an EOO model as input and outputs executable
simulation code.
Figure 6a gives an overview of the complete compilation

toolchain. Section 4.1 discusses the EOO modeling language
and the transformation to a DAE program (boxes 1 to 3
in Figure 6a). Section 4.2 discusses the implementation of
Section 3 (boxes 3 to 7). Section 4.3 discusses compiling the
code of Section 4.2 (boxes 7 to 9).

4.1 EOO Modeling and Elaboration

In EOO modeling languages, models consist of sub-models
of physical components, e.g., resistors, capacitors, and induc-
tors. These sub-models are connected to form a model of a
larger system, similar to how components are connected in
a real system. This is also one of the major benefits of the
EOO modeling approach, as it offers intuitive models and a
large degree of composability.
Figure 6b lists a code snippet of an EOO model in Mode-

lyze [17], modeling an analog circuit. The circuit is visualized
in Figure 6d. This circuit has the Cauer topology with = re-
peated induction-capacitor sections. In this EOO language,
component models are implemented as functions, and one
such section is created on line 7 inside a recursive function
that builds up all = sections, given an initial model and the
common connection point, n3, for all capacitors. The func-
tion returns the accumulated model and the connection point
of the last inductor, i.e., the lower-right in Figure 6d.
The function starting on line 14 constructs the complete

model. Line 15 defines the common and initial connection
points for the inductor-capacitor sections. Line 16 defines
dependent variables for the input and output voltages. More-
over, we model the independent variable as a dependent
variable (lines 17 and 22). The voltage source is connected to
the start of the circuit and added to the accumulator, which is
then passed to the Sections function, lines 18 to 21. Finally,
we connect the resistor and a voltage sensor and define the
input voltage as a smooth step function.
The elaboration (item 2 in Figure 6a) takes an EOO pro-

gram as input and outputs a DAE program. The elaboration
has two components. First, the Modelyze interpreter symbol-
ically evaluates the model to produce a set of equations from
component models and a graph encoding the connections
between components. The component equations constitute
an underdetermined DAE, and the second step derives the
missing equations from the component graph using energy
conservation laws. There are several methods for different
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DAE Solver

EOO 
Model

1

Elaboration
2 DAE 

Program

3

Structural 
Analysis

4

Structure
5

PEAD
6

Initialization

Residual

Jacobian

7

Miking 
Compiler

8

Executable
9

(a) Overview of the compiler toolchain. Blue rounded boxes indicate transformations and analyses and gray square boxes
indicate artifacts. The dotted squares indicate important functions. The dashed box indicates an external library.

1 def Sections(n3: Node, acc: (Model, Node), n: Int)

2 −> (Model, Node) = {

3 if n < 1 then error "n is not a positive number"

4 else

5 def (sections, n1) = acc;

6 def n2: Node;

7 def section = Inductor(L, n1, n2);

8 Capacitor(C, n2, n3);

9 def acc = (section; sections, n2);

10 if n == 1 then acc

11 else Sections(n3, acc, n − 1)

12 }

13

14 def CauerTopology(n: Int) = {

15 def n1, n3: Node;

16 def uIn, uOut: Voltage;

17 def t: Signal;

18 def acc =

19 (VoltageSource(uIn, n1, n3), n1);

20 def (sections, n2) =

21 Sections(n3, acc, n);

22 t' = 1.;

23 sections;

24 Resistor(R, n3, n2);

25 VoltageSensor(uOut, n3, n2);

26 uIn = 1. / (1. + exp(−t))

27 }

(b) EOO model of the circuit in Figure 6d.

1 variables

2 _t_1, _uOut_1, _uIn_1,

3 _u_R_1, i_R_1,

4 _u_L_50, _u_C_50, _i_L_50, _i_C_50, . . . : Float

5 init

6 equations

7 _t_1' = 1.;

8 _uIn_1 = 1. / (1. + exp(−.(_t_1)));

9 _u_L_50 = 1. * _i_L_50';

10 _i_C_50 = 1. * _u_C_50';

11 _u_R_1 = 1. * _i_R_1;

12

.

.

.

13 _u_R_1 = 1. * _i_R_1;

14 _u_L_50 = (1. * _u_C_49 − −.1. * _uOut_1);

15 0. = ((−.1. * _i_L_50 − −.1. * _i_C_50) − 1. * _i_R_1);

16 _i_C_49 = (−.1. * _i_L_50 − −.1. * _i_L_49);

17

.

.

.

18 output

19 {_uOut_1}

(c) Generated DAE program.

D8=

�1

!1�2

!2

... ...
�=

!=
'

D>DC

(d) =’th Cauer
topology.

Figure 6. Implementation overview and examples.

physical domains to derive these equations. Our tool imple-
ments a graph theoretical method that generalizes Kirchoff’s
circuit laws [4]. The benefit of this method is that it gives
a unified methodology across multiple physical domains,
and our tool includes libraries for the electrical, rotational-
mechanical, and three-dimensional multi-body mechanics
domains. Mixing models from these libraries to model multi-
domain systems is also possible.
The EOO modeling language implementation outputs a

DAE program (item 3 in Figure 6a), which is input to the
simulation code generation.

4.2 Simulation Code Generation

Figure 6c shows the DAE program that is the output of elabo-
rating the EOO model in Figure 6b, with = = 50. For simplic-
ity, we set all physical constants to 1. The variables block
on line 1 defines all dependent variables. Above this block,
the user can define let-bindings and recursive functions that
can be used in the model. In this case, we have none. The

init block on line 5 is empty, and the default initial val-
ues are 0, sufficient to initialize this model. Line 6 starts the
equations block, where the equations from lines 7 to 12
stem from component models, and the equations from lines
13 to 17 are derived in the elaboration step. There are 206
dependent variables and equations in this example, but the
listing only shows a small fraction of these. The output block
on lines 18 to 19 may contain any expression and dependent
variables.

We have implemented the analysis and transformations
steps corresponding to items 4 and 6 in Figure 6a) within the
Miking core language [16]. The frontend is implemented us-
ing the parser generator of Palmkvist et al. [48]. The Miking
core language also serves as the intermediate language of
Section 3 and the language of the output program.
We have implemented the PEAD approach in Miking, as

described in Section 3 (see item 6 in Figure 6a). Also, we
have used and implemented the Sigma-method [53] for the
structural analysis (item 4). Similar to, e.g., Shaikhha et al.
[56], the function X 9 in (17) is sparsely represented as single

65



GPCE ’23, October 22–23, 2023, Cascais, Portugal Oscar Eriksson, Viktor Palmkvist, and David Broman

integer 9 and all projections y′ .8 are implemented as

if 8 = y′ then 1 else 0.

In (17), let ¤y′ = 0 in is replaced by let ¤y′ = −1 in. The output
from the structural analysis contains information on which
equation needs differentiation and what dependent variables
will appear in the index-reduced DAE.

Finding consistent initial values for DAEs is challenging,
typically modeled and solved as a non-convex optimization
problem [7]. Our tool supports simple initial value assign-
ments; more general initial value equations are future work.
The output program (item 7 in Figure 6a) contains—in

addition to the residual function and Jacobian callback func-
tions discussed in Section 3—an initialization function that
sets initial values according to the init block.

4.3 Simulation Runtime and Compilation

The simulation code includes a runtime that interfaces to
the SUNDIALS IDA numerical DAE solver [33]. The Miking
compiler supports different compilation targets where the
most complete is OCaml and is currently the only one sup-
ported by our tool. The final executable (item 9 in Figure 6a)
is therefore produced by the OCaml compiler. We interface
with SUNDIALS IDA via the SUNDIALS/ML package [12].

5 Evaluation

This section describes the evaluation of PEAD. Section 5.1
provides the experimental setup, and Section 5.2 summarizes
and discusses the evaluation results.

5.1 Experimental Setup

We consider DAE models of four physical systems7, sum-
marized in Table 1. Except for (1, all systems are modeled
as EOO models in Modelyze and then elaborated to DAE
programs, as described in Section 4.

All experiments are performed on a Xeon Gold 6148 CPU
with 64GB of memory on Ubuntu 18.04.06, using the imple-
mentation described in Section 4, SUNDIALS IDA 2.7.0, and
OCaml 4.14.0. We perform the execution time experiments
with hyperfine 1.16.1 [50] and ensure that the executable
runs on a single core with taskset. The simulations have ab-
solute and relative tolerances of 10−8 and 10

−6, respectively.
The experiment is repeated 100 times with 3 warm-up runs
to allow caches to heat up.

To evaluate the residual and Jacobian code generation, we
generate simulation code for the DAE models of the systems
described in Table 1 in the following two configurations.
The first configuration, denoted ad, index reduces with the
T transformation and generates a Jacobian function as de-
scribed in Section 3.3 but where no partial derivatives are
specialized. This means it exploits the sparsity information

7The circuits with the Cauer topology are the ones depicted in Figure 6d
but with the resistor replaced by a resistor and capacitor in parallel to make
it index-2.

from the structural analysis to avoid evaluating zero ele-
ments of the Jacobian, but all derivatives are computed using
pure AD. The second configuration uses the complete PEAD
approach of Section 3 for both the residual and Jacobian,
with different values on the user-parameter q ∈ [0, 1], with
one exception. To make it clearer what optimization affected
which part, we refrain from partially evaluating the func-
tion that dynamically computes partial derivatives of the
Jacobian. I.e., we use jac idx3 in place of peval[jac] idx3
(c.f. (19)). The naming scheme for these configurations is
pead-=, where = = q< for a DAE with< equations and de-
pendent variables. We choose q s.t. for each increment in
q<; PEAD will specialize more Jacobian columns than the
previous value, and the final value of q< specializes all par-
tial derivatives in the Jacobian for all models. In particular,
pead-0 specializes no partial derivatives but partially evalu-
ates the residual function, and the residual code is identical
for all pead-=. Table 2 summarizes the number of specialized
partial derivatives for each model and q<.

In addition, we execute the simulation code in three differ-
ent modes to better separate the execution time contribution
from the residual function and the Jacobian callback function.
In the first mode, denoted sim, we simulate the DAE with
the IDA solver. In the second mode, res, and the third mode,
jac, we execute the generated residual function and Jacobian
function with random input as often as these are evaluated
during sim-mode. Table 3 summarizes the simulation time
and the number of calls for each model. The number of calls
is constant for all configurations.

5.2 Experimental Results

Figure 7 summarizes the statistics for execution time and
executable size for each model, configuration, and execution
mode.
In Figure 7a, we see that the execution time of jac-mode

decreases as the level of specialization increases for all mod-
els, with one exception: For (2, pead-1 does not improve
upon pead-0 (and ad). For this model, pead-1 mostly special-
izes equations that are either trivial, i.e., G = 2 , where 2 is
a constant, or alias equations of the form G = ~, which are
efficiently computed by AD.
The execution time of sim-mode for (1 improves slightly

from ad to pead-= and with increasing =, while the execu-
tion time for res-mode remains approximately the same. As
shown in Figure 7b, the executable size is approximately the
same for all configurations.

For (2, we see a significant improvement in execution time
for all modes as the level of specialization increases. This
model contains large, highly non-linear residual expressions,
which seem to benefit from our approach. Moreover, the
size of the code increases moderately with increasing q<

after an initial drop due to simplifications of AD-transformed
elementary functions. The drop in size between pead-9 and
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Table 1. Summary of domains, (M)echanical with dimensions (dim) and (E)lectrical; the number of equations solved by the
numerical solver (Size); index of the evaluated systems; and the number of equations differentiated (#Diff).

System M. dim. E Size Index #Diff Description

(1 2 - 5 3 3 A planar pendulum modeled in Cartesian coordinates as a first-order DAE.
(2 3 - 143 3 55 The Furuta pendulum modeled in absolute Cartesian coordinates.
(10
3

- ✓ 48 2 2 A circuit with the 10’th Cauer topology.
(100
3

- ✓ 408 2 2 A circuit with the 100’th Cauer topology.
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Figure 7. Summarizing statistics of execution time and executable size.
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pead-10 stems from removing the whole AD Jacobian from
the code because all partial derivatives are specialized.

We do not expect res-mode and sim-mode to change con-
siderably between configurations for the models (10

3
and (100

3
.

They consist of simple linear equations, approximately half
of the equations involves only two dependent variables (c.f.
Figure 6c). Only two of their equations appear differentiated,
which means that, in particular, for (100

3
with 408 equations,

the residual for the ad-configuration is nearly optimal. In-
deed, res-mode for all configurations for both (10

3
and (100

3

are nearly identical. Moreover, because the Jacobian is linear,
the IDA solver only needs to evaluate it a small number of
times (see Table 3). Consequently, the Jacobian evaluation
contribution to the simulation time is small.

As expected, the execution time for sim-mode is approxi-
mately the same for (10

3
and (100

3
. However, for (100

3
, there is

a slight increase (less than 1%) in sim-mode execution time
between pead-1 and pead-2, even though the residual code
is identical between the configurations and the Jacobian call-
back is faster (we have verified this by measuring its wall
time during simulation). Using the perf tool, we have pro-
filed the runtime and performed a cache analysis. We found
increased cache misses and page-faults for pead-2, which
might explain its slight increase in execution time. Moreover,
we have observed that small changes in the code generation
and minor changes in data structures give small variations
in the execution time difference between the different con-
figurations in sim-mode.

In summary, PEAD gives at most a small decrease in per-
formance for the simpler linear model (100

3
at q< = 2. In

Table 2. Summary of the number of specialized partial
derivatives in the Jacobian for each model and value q<,
where - means that all partial derivatives are specialized.

q<: 1 2 3 4 5 6 7 8 9 10

(1 2 11 - - - - - - - -
(2 64 113 135 172 189 198 210 229 232 244
(10
3

22 69 - - - - - - - -
(100
3

202 609 - - - - - - - -

Table 3. Summary of the simulation time and the number
of residual and Jacobian evaluations during simulation. For
more stable measurements, we scale the number of evalua-
tions of jac-mode for (3 with 100 and then scale the result
back so that the plots of jac-mode in Figure 7a correspond
to the numbers in this table.

(1 (2 (10
3

(100
3

Sim. time (s) 10
4

10
3

10
4

10
3

#Res. evals. 231687 105602 106541 11493
#Jac. evals. 9819 4108 23 29

contrast, it slightly improves (1 and significantly increases
the performance for the more complex non-linear model (2,
thus demonstrating an overall performance improvements
without sacrificing code size.

6 Related Work

This section discusses related work in the topic of partial
evaluation and AD, Section 6.1; and AD and DAE solvers,
Section 6.2.

6.1 On Partial Evaluation and AD

There is a large body of work on AD for imperative and
functional languages. We can broadly categorize AD im-
plementation techniques into source-code transformations,
e.g., [1, 32, 37, 55, 57], and operator overloading approaches,
e.g., [10, 21, 36, 60]. The operator overloading approach is
straightforward to implement and expressive because it is
easy to support, e.g., higher-order functions. However, the
source-code transformation approach provides more oppor-
tunities for optimization. Baydin et al. [8] give a good survey
on AD, albeit focusing on machine learning.
ADOL-C combines operator overloading with C++ ex-

pression templates to improve performance [34]. Moreover,
the operator overloading approach has been combined with
multi-stage programming that retains some of the benefits of
the source-code transformation approach and the flexibility
of operator overloading [61].

The combination of partial evaluation and forward-mode
AD has been discussed in the literature. Elsman et al. [23]
identifies the relation between a symbolic derivative and par-
tial evaluation of forward-mode AD. However, their work is
focused on providing a unified framework to express both
forward and reverse mode AD, over Hilbert spaces, on pro-
grams in combinatory form.

Shaikhha et al. [55] propose a source-code transformation
that partially evaluates forward-mode AD in a functional
higher-order array language. Their empirical results show
that their approach can outperform state-of-the-art AD im-
plementations, both reverse and forward mode, in certain
machine learning and computer vision applications.
Hascoet and Pascual [32] propose a tool, TAPENADE,

and a source-code transformation method that takes a pro-
gram in a subset of FORTRAN or C as input and outputs a
program that computes derivatives with either reverse or
forward-mode AD. Although not formally defined, this trans-
formation partially evaluates expressions to produce more
efficient code.
Our approach extends the idea of partially evaluated AD

to code generation for off-the-shelf DAE solvers.

6.2 On Automatic Differentiation and DAE Solvers

Campbell et al. [18], Campbell and Marszalek [19] discuss
and evaluate symbolic differentiation and AD in the context
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of DAEs. In their work, they compare code generation using
symbolic differentiation via Maple [39] and AD via ADOL-C.
Our work’s key idea is to combine symbolic differentiation
and AD via partial evaluation simultaneously. However, the
authors discuss and make contributions to the correctness
on index reduction, where we assume that the result of the
structural analysis is correct.
Griewank and Walther [30] and Nedialkov and Pryce

[43, 44, 45] propose numerical solving of DAEs via Taylor ex-
pansion, where Taylor coefficients are computed via Taylor-
mode AD. Both solution methods are based on Pryce’s
method [52]. The former uses ADOL-C, which implements
the graph-coloring approach of Gebremedhin et al. [27] to
analyze and exploit sparsity patterns when computing full
Jacobians. The latter implements a numerical DAE solver,
DAETS, which uses the FADBAD++ [58] that implements
AD via operator overloading and C++ template expressions.
DAETS include optimizations in the form of common sub-
expression elimination of the computational graph produced
by FADBAD++ [54]. Moreover, DAETS exploits sparsity in-
formation from the structural analysis to produce code that
incrementally computes the system Jacobian, which is part
of the solver routine of Pryce’s method.
In contrast to these works, our method targets code gen-

eration for off-the-shelf numerical DAE solvers, such as the
DASSL family of solvers, rather than solving DAEs via Taylor
series. Moreover, it employs AD as a source-code transfor-
mation and relates it to symbolic differentiation via partial
evaluation.
Pryce et al. [54] give a scheme for incorporating AD for

index-reduction and stabilization via the Dummy Derivative
method [41]. Although promising, to our knowledge, this
scheme has yet to be implemented and evaluated.
Olsson et al. [46] propose using AD in the Modelica lan-

guages to extend the expressiveness of the language and the
class of models that can be index-reduced. Consequently,
current versions of Dymola support differentiation of, e.g.,
recursive functions if these functions are annotated as suffi-
ciently smooth. AD does not always correspond to an ana-
lytic derivative for non-smooth functions. Their work does
not, however, discuss the combination of partial evaluation
and AD for DAEs which is the main contribution of this
work.

Computing the system Jacobian of DAEs in EOO lan-
guages is commonly performed using pure AD, e.g., Ander-
sson et al. [2, 3]. These tools implement the method of Ge-
bremedhin et al. [27] to exploit sparsity information in the
Jacobian. Another method, as is the case for OpenModelica,
uses a symbolic interpretation of forward-mode AD to gen-
erate symbolic partial derivatives [13]. Elsheikh [22] gives
an efficient method for computing parameter sensitivities of
DAE models with AD.

Our approach of partially evaluating AD to produce a code
for the system Jacobian lets the user control the trade-off
between code size and specialized code.

7 Conclusion

In this paper, we develop a new approach to efficiently solv-
ing differential-algebraic equations (DAEs). Generating effi-
cient simulation code for DAE models forms the backbone
of Equation-Based Object-Oriented modeling language com-
pilers. Specifically, we design a technique for partially eval-
uating automatic differentiation that combines the benefits
of symbolic and automatic differentiation while mitigating
their weaknesses. The approach improves both differentia-
tion during index reduction and evaluation of the Jacobian.
We evaluate the ideas using several different equation-

based models within the mechanical and electrical domains.
Our experimental results suggest that our approach performs
best for large, complex, and non-linear models. There are
no clear gains in simulation performance for simpler, near-
optimal, linear models.
Our approach to specializing the Jacobian callback func-

tion is applicable in other domains, such as minimization of
vector-valued functions, where structural information on the
Jacobian is available at compile time. Future work includes
extending our approach to stabilized index reduction [47],
evaluating larger models, including models with recursion,
and combining our approach with the graph-coloring ap-
proach [28] for the AD-part of the Jacobian.

8 Data-Availability Statement

Software artifact available [24].
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Abstract
Interoperability across software languages is an important
practical topic. In this paper, we take a deep dive into inves-
tigating and tackling the challenges involved with achieving
interoperability between C and BabyCobol. The latter is
a domain-specific language condensing challenges found
in compiling legacy languages — borrowing directly from
COBOL’s data philosophy. Crossover, a compiler designed
specifically to showcase the interoperability, exposes details
of connecting a COBOL-like language with PICTURE clauses
and re-entrant procedures, to C with primitive types and
struct composites. Crossover features a C library for over-
coming the differences between the data representations
native to the respective languages. We illustrate the design
process of Crossover and demonstrate its usage to provide
a strategy to achieve interoperability between legacy and
modern languages. The described process is aimed to be a
blueprint for achievable interoperability between full-fledged
COBOL and modern C-like programming languages.

CCS Concepts: • Software and its engineering→ Inter-
operability; Maintaining software.

Keywords: legacy languages, integration, compilation
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1 Introduction
Many organisations from the public and private sectors rely
on legacy software systems written in the last century for
their critical day-to-day operations: 43% of all banking sys-
tems are built on COBOL [11], 44 out of top 50 banks [24]
and 92 out of top 100 [4] use mainframes. 71% of Fortune 500
companies are relying on legacy systems [4]. Themost promi-
nent legacy languages in the 2020s are COBOL (42%), HLASM
(37%), PL/I (22%) and various Fourth Generation Languages,
or 4GLs (22%–32%) [16]. Among mainframe-using compa-
nies, 75% are concerned about having access to the right IT
talent to maintain and manage their mainframes [16].
A major part of the challenge of understanding, main-

taining and renovating software written in legacy lan-
guages, is related to the different data philosophy adapted by
them [2, 38, 39]. Mainframe languages normalise mixing the
form and the representation, leading developers into writing
code that relies on knowing precise byte sizes of data and op-
erating with ad hoc data structures with constraints varying
per byte and reuse provided by lexically reimporting data
definitions. Modern languages tend towards separation of
concerns, leading developers to define reusable types encap-
sulating and hiding exact implementation details.
In this paper, we introduce Crossover: a compiler that

bridges the gap between COBOL’s and C’s data philosophies.
Since real legacy programming languages such as COBOL,
FORTRAN or PL/I are too large to implement in a similar
way as a proof-of-concept [22], Crossover showcases our
strategy for language interoperability on BabyCobol [45]
(see Section 2.1). This programming language is meant to be
quickly implementable and yet still offer many of the chal-
lenges that arise from processing legacy languages, the same
way Featherweight Java is used for experimental features in
language semantics instead of Java.
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Crossover allows for the calling of procedures between
BabyCobol and C. Since these languages have vastly differ-
ent ways of representing data, marshalling of parameters
and return values is necessary. To account for this differ-
ence in data representation, we designed the “BabyCobol
standard library” (BSTD); a shared C library used by the com-
piler for data representation, marshalling and manipulation
during runtime. By also making this library available to the
programmer we bring some BabyCobol semantics to C.

To illustrate the impact of the compiler, the following code
snippet shows how BabyCobol could use a function call to a
C program to calculate the value of the seventh Fibonacci
number. First, the variables N and RESULT are defined in
the DATA DIVISION (the part of the COBOL program con-
taining data definitions). In the PROCEDURE DIVISION (the
code-containing part), the value of N gets set to 7. Then the
CALL statement calls the function "fib" of a C program called
"fibonacci" and passes N as an argument to indicate the N-
th Fibonacci number must be calculated. When reentering
BabyCobol, the return value of the C function is parsed into
the RESULT variable. The BabyCobol program then displays
the result and terminates.

1 IDENTIFICATION DIVISION.

2 PROGRAM-ID. FIB.

3 DATA DIVISION.

4 01 WORKING-STORAGE-AREA.

5 02 N PICTURE IS 99.

6 02 RESULT PICTURE IS 9999999999.

7 PROCEDURE DIVISION.

8 MOVE 7 TO N.

9 DISPLAY "Calculating the " N "-th Fibonacci

number: "

10 CALL fib OF fibonacci

11 USING BY VALUE N AS PRIMITIVE

12 RETURNING RESULT.

13 DISPLAY RESULT.

14 STOP.

Listing 1. Calculating the 7th Fibonacci number by calling
a C function

Crossover is created using the readily available com-
piler construction tools ANTLR [28] (a parser generator)
and the LLVM Core libraries [21]. At runtime, it also re-
quires the Clang compiler to be installed on the system.
Complete engineering details about dependencies and in-
stallation requirements can be found in the project reposi-
tory [33]. Crossover currently implements a subset of the
BabyCobol language [45]. Its novel features include:

• The instantiation and modification of BabyCobol data
types in C code.

• The invocation of C functions from a BabyCobol code-
base, and the invocation of BabyCobol paragraphs
from C.

• The automatic generation of C composite structs from
BabyCobol data definitions.

Systems similar to Crossover have been created be-
fore, as we will see in the next section. However, all of
them are tightly integrated parts of proprietary frameworks.
Crossover is meant to be open source, it is focused primarily
on solving the interoperability problem, and it has a palat-
able size, suitable for use as an example both in an industrial
context of developing similar bridges between languages, as
well as for code reading in software evolution education. Fur-
thermore, Crossover is designed to support programmers
by abstracting away the dichotomy of data representation
between BabyCobol and C.
The paper is structured as follows: Section 2 dives into

the background and related work. In Section 3 we formulate
the problem statement and pose a number of research ques-
tions, to which Section 4 proposes a solution. In Section 5
we describe the evaluation of the proposed solution. Finally,
Section 7 discusses the strategy we used, concludes the paper
and proposes future work directions.

2 Background
We focus on COBOL as our subject for investigating a legacy
data philosophy, since it is one of the largest and by far the
most used legacy programming language nowadays [16]. For
practical reasons, we substitute COBOLwith BabyCobol [45]
which is significantly smaller yet following an identical data
philosophy.
The choice for modern data philosophy falls on C [17].

The motivation is based on C being an immensely popu-
lar language itself, as well as a solid representative for the
class of C-like languages which are prevalent in the software
engineering practise today.

2.1 BabyCobol
BabyCobol, also known as “the software language engineers’
worst nightmare” [45], is an experimental language specifi-
cally designed with an intention to highlight challenges of
implementing legacy languages. It has a tiny size (1 data
type and 18 statements), paling in comparison to real legacy
languages like COBOL (43 statements and 87 functions, most
statements being split into up to 8 variants) [14] or IBM’s
mainframe assembly language HLASM (3296 directives, in-
structions and mnemonics) [3, 44], which makes its imple-
mentations compact and focused. Yet, it is uncomfortable and
perpetually challenging: for example, it combines Fortran-
style computable GO TOs (where the name of the target label
is a result of a runtime computation) with the COBOL ability
to ALTER them (reassign an existing control flow transferring
statement to another target at runtime), REXX-like error han-
dling with SIGNAL (comparable to aspect weaving [19]) and
non-reserved keywords inspired by PL/I (where variables
are allowed to have names identical to keywords).

BabyCobol was meant as a playground for experimenting
with various techniques of compilation, software analysis
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and transformation, both for educational purposes and in
the research context. Thus, instead of investing years [22]
into building a parser for some extensive legacy language,
and then a compiler covering all variations and subclauses of
one of its dialects, we have built a minimal implementation
of the language core and extended it with one new CALL
statement (for calling external programs written in C or
BabyCobol) and one subclause of the PROCEDURE DIVISION
(for specifying return values of the program).

BabyCobol’s data philosophy is a strict subset of that of
COBOL. The language offers only one primitive type of data:
the PICTURE. A field (variable) refers to a single piece of in-
formation of a fixed size. Fields are defined by a template,
determining how the system interprets the data stored in
them. For example, a field can be defined with the template
"XX99", which specifies that it is four bytes long and may con-
tain two alpha-numeric characters followed by two decimal
digits. The exact semantics will be explored in Section 2.5.
Similarly to COBOL, each BabyCobol program con-

sists of divisions. In BabyCobol there are three divisions:
the IDENTIFICATION DIVISION, DATA DIVISION and the
PROCEDURE DIVISION.
The IDENTIFICATION DIVISION is mandatory for each

BabyCobol program and contains identifying information of
the file. This division is made up of name-value pairs andmay
contain clauses like PROGRAM-ID, AUTHOR, DATE-WRITTEN
and DATE-COMPILED, which are typically found in real
COBOL programs. In BabyCobol, programmers are not lim-
ited by predefined clauses and can extend this division with
their own keys. An IDENTIFICATION DIVISION is always
the first division in a (Baby)Cobol program.
All explicitly defined variables in a BabyCobol program

are declared in the DATA DIVISION. This division is optional:
in case of is absence, the program is restricted to the use of
constants and implicitly typed variables. If present, the DATA
DIVISION is found after the IDENTIFICATION DIVISION and
above the PROCEDURE DIVISION. Data structures in Baby-
Cobol are hierarchical, such that fields can be declared at
the top-level or as part of a record. A record is a composite
data structure which may contain fields and/or other records.
Records and fields can also be turned into arrays with the
OCCURS clause and a number representing the desired fixed
length. In COBOL, DATA DIVISIONs are split into sections,
but this is abstracted from in BabyCobol.

The PROCEDURE DIVISION follows the other divisions, and
is the last division in a BabyCobol program. It consists of
paragraphs, which are comparable to functions in C. How-
ever, unlike C, BabyCobol executes statements sequentially
from the start of the division, fall through from the end of one
paragraph directly to the start of the next paragraph below it
until the end of the file or a STOP statement is encountered.

In Table 1 we align the terminology to describe elements
and concepts of both BabyCobol and C.

2.2 Foreign Function Interface
Foreign function interfaces (FFIs) are mechanisms that allow
one host language to invoke procedures written in another
guest language, using the call semantics of the host language.
An FFI bridges the differences in calling conventions and
semantics between the two languages. Many modern lan-
guages and industrially strong compilers provide FFIs (we
will give some examples in Section 6), and there exist libraries
like libffi [9] which facilitate developers in making their
own FFI. Since FFIs make it possible to seamlessly integrate
differently typed code, their generalisation can be classified
as a form of gradual typing [5, 37]. Practical implementations
are often substantially simpler since legacy languages offer
only very basic non-parametric forms of polymorphism, if
any at all.

2.3 Application Binary Interface
An Application Binary Interface (ABI) is a specification
which defines object and executable file formats, as well
as calling conventions between applications and the plat-
form on which they run. By specifying how compilation
units should be linked together, ABIs play a crucial role in
FFIs. The source files for the host and guest language are of-
ten processed by different compilers. Linking together these
compilation units requires them to adhere to the same ABI.
Additionally, at runtime the parameters and return values
of procedures must follow the same memory/register layout
defined in the ABI. The data types of the passed parameters
are not defined in the ABI, and bridging them requires spe-
cific steps in the case of BabyCobol and C. We discuss this
further in Section 2.5, and expand upon this in Section 4.2.
The Crossover compiler targets the UNIX System V

ABI specification [43], which came about in 1998 and went
through several minor backward-compatible changes until
2013. It consists of two parts; a generic part (gABI), which
is the same for all implementations of System V, and a
processor-specific supplement (psABI). The System V ABI
comprises the Executable and Linking Format (ELF) [36],
which defines the format of object files and how these are
linked together to form executable files.

Because ABIs work at a very low level of abstraction, and
there exist many different computing platforms [12], writing
an application for any specific ABI greatly limits its portabil-
ity. However, since Crossover is an LLVM-based compiler,
it does have a certain degree of portability by construction.
Crossover is designed to link ELF objects in its compilation
pipeline. Because the ELF format is part of the generic System
V ABI (gABI), and LLVM has backends for multiple proces-
sor architectures (psABIs), the compiler can target multiple
System V-derived platforms (notably modern Linux).
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Table 1. Terminology across language domains

Term BabyCobol C
variable field or record any non-constant of a basic data type or struct

string a field containing alphabetic or alphanumeric data a C-style string (char*)

number a field containing numeric data char, int, long, float, double
(with a PICTURE clause containing only {9,S,Z,V}) (any modifications)

procedure a paragraph a function

2.4 Standard Libraries and Language Runtimes
A standard library [10] can contain language functionality
not directly built into the language as a native construct.
Functionality from standard libraries can either be expanded
into the source code as a macro, or they can be compiled in
their entirety and linked with the program binary.
A language runtime [42] is a compiler component that

needs to be present during the execution of a compiled pro-
gram written in the language for the executable to function
properly. A language runtime could take the form of one or
more standard libraries or a virtual machine.
The BabyCobol standard library (Section 4.2) is a central

component of our solution and is a hybrid between a stan-
dard library and a language runtime.

2.5 BabyCobol vs. C
There are many differences between BabyCobol and C, since
they represent different schools of thought and directions of
programming language evolution. But despite obvious syn-
tactical differences, there are some similarities to be found.
For example, both are compiled imperative languages. They
are procedural, thus allowing for the definition of reusable
paragraph or function blocks. In BabyCobol, these proce-
dures may have a certain degree of isolation from the main
scope of the program, up to being solely dependent on the
procedure parameters passed to it by a caller. Similarly, C
functions may be solely dependent on their function param-
eters.
There is no functional purity in either language, but be-

sides minor side effects on the global state, we can identify a
class of isolated procedures. Such isolated procedures may
still have side effects in a system through file or database ac-
cess, but from a functional perspective they are idempotent.
These characteristics offer a good starting point in de-

veloping interoperability between the two languages. All
parameters we send over an FFI when invoking a procedure
must be available on the other side. If the invoked procedure
returns a result, that must be sent back over the FFI and be
available on the invoking side.

In BabyCobol and C, we have different ways of represent-
ing data. We refer to the representation of data, and the con-
straints on that representation, as its data type. BabyCobol

only has one inclusive data type constrained by a PICTURE
clause. Essentially it gives a pattern to which the possible
values have to conform, where each symbol mandates the
contents of one letter or digit. Patterns are constructed freely
(with some minor variations of what combinations trigger
a warning or an error, which varies wildly across COBOL
dialects — BabyCobol allows any combination to simplify
this issue), but there are some that are more useful and thus
more commonly used. For example, S99means a signed two-
digit numeric value, 999V99 defines a fixed point decimal
with five digits, two of which define the hundredths and the
others the integer part, and XXXXX allows any five-character
string.
COBOL has some more complex rules for representing

enumerations and redefining the same memory area with
alternative representations, but BabyCobol only has two
kinds of data entries: a primitive one (a field defined with a
PICTURE clause as explained above) and a composite one (a
record that combines several fields or other records). Either of
those can be occurring, essentially turning them into arrays.
In the absence of the REDEFINES and FILLER clauses, all data
structures are fairly straightforward and can be represented
by a tree structure.

2.5.1 Fields and Basic Data Types. C is similar to
(Baby)COBOL in the sense of having byte representation
aware types, but it comes with predefined basic data types
such as int which directly represent data in memory, and has
structs which aggregate such basic data types and other
structs. Unlike BabyCobol, structs in C are named and
reusable by those names. The most significant dissonance in
data representation may occur at the level of fields in Baby-
Cobol and basic data types in C. In BabyCobol, fields are
position-based, which used to align better with its business-
oriented nature and punchcard-oriented implementation.
For instance, we may define a field to consist of three deci-
mal digits. This allows for an intuitive description of what
data a field holds. The programmer does not need to be con-
cerned with the bit-width of their data type, nor with the
intricate concepts of floating-point numbers and rounding
errors. BabyCobol’s fixed-point numbers are incompatible
with C’s floating-point data types.
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In C, we find that each basic data type represents only a
single type of data. In contrast with BabyCobol, C does not
let the programmer define a type per character. Instead, its
basic data types describe a region in memory with a certain
bit-width. Where BabyCobol can distinguish several data
types in one Field by specifying the type of each individual
character, C’s basic data types treat the specified region in
memory as one homogeneous data type. There are some
obvious “easy” cases such as S99 from the example above that
are representable as signed char in C (with some additional
machinery for decimal overflows), but the general case is
complicated and has no universal performant solution.

2.5.2 Records and Structs. Looking at composite data
types, BabyCobol records have much in common with C
structs. They can define a type by the composition of other
types. This composition can, in BabyCobol, always be mod-
elled as a tree, where a field is always a leaf vertex. In C, a
struct may contain a reference to any declared type, even its
own type. Modelling structs as graphs, we can form trees in
C, much like in BabyCobol, but we may also create graphs
containing loops. Therefore, we can not model all C structs
as BabyCobol records. For interoperability to work, we must
find a set of composite data structures that work in both
languages. For BabyCobol, the set of possible composite data
structures 𝑆𝑏 is restricted by ∀𝑑 ∈ 𝑆𝑏 .isTree(𝑑). The set of
possible composite data structures in C 𝑆𝑐 is only "restricted"
to graphs: ∀𝑑 ∈ 𝑆𝑐 .isGraph(𝑑). It follows that 𝑆𝑏 ⊂ 𝑆𝑐 . There-
fore, we can achieve interoperability for a parameter 𝑝 over
our FFI iff 𝑝 ∈ 𝑆𝑏 :
A data structure is valid under the FFI if and only if it can

be modelled as a tree.
All BabyCobol records are valid under this assumption,

but not all C structs are.
One thing that should be noted is that BabyCobol records

do not define a named type but a variable of a certain anony-
mous structure. In this sense, they are similar to unnamed
structures in C. The type of a record can however be used to
define another variable of the same structure through LIKE
clauses. One crucial role of data types in strongly-typed
languages such as BabyCobol and C is for the compiler to
determine what operations are allowed on certain data. For
example, in COBOL and BabyCobol, it is not allowed to add
two strings together (see Section 4.5). A C compiler may
provide warnings or fail on specific implicit (automatic) type
conversions.

3 Problem Statement
From the related work and background we identify certain
challenges which must be overcome to achieve interoper-
ability between BabyCobol and C.

Functions need to be linked across compilation units. The
challenge is matching symbols and implementing call seman-
tics at the ABI level.

BabyCobol’s PERFORM statement does not have the linguis-
tic means to invoke procedures in other compilation units.
It lacks the possibility of specifying arguments and return
values. Furthermore, the BabyCobol language must be ex-
tended in order to support the different parameter forms that
are possible in C function definitions.
Data type constraints and data integrity between Baby-

Cobol and C must be aligned and respected across the bound-
aries of the FFI. This requires the marshalling of variables
when crossing the bridge between the two languages.

To achieve interoperability, there must be mechanisms
provided for the reliable manipulation and evaluation of
data beyond the language boundary, consistent with unified
semantics.

We pose the following research questions:

1. How can a Foreign Function Interface between
BabyCobol and C be implemented?

2. How can the key differences in data philosophy
between BabyCobol and C be addressed?

4 Design and Implementation
Crossover is a BabyCobol implementation that is designed
specifically with interoperability between BabyCobol and C
in mind. Alongside BabyCobol source files, users can pro-
vide compiled C object files to the compiler, providing the
procedures they wish to invoke in BabyCobol.
As mentioned, C and BabyCobol vary greatly in how

they handle data. Crossover’s BSTD runtime library helps to
bridge the gap between the two languages. The library con-
tains a C implementation of the native BabyCobol data types
and has the functionality to create, convert to and -from, and
modify variables of these data types. The BSTD library plays
a central role in this implementation: it is used not only for
achieving the interface with C but is also extensively used
for compiling pure BabyCobol programs. The compiler uses
the interface with C to generate calls to the library whenever
data needs to be created or modified, making this library
effectively the language runtime. The design of the BSTD is
discussed further in Section 4.2.
Besides the BSTD, the compiler also provides the option

to automatically generate C headers from BabyCobol identi-
fication divisions. These files allow the user to synchronise
data structures between the two languages.
The implementation relies heavily on two existing com-

piler construction tools: ANTLR [28] and LLVM [21]. ANTLR
is used for generating a parser and a parse tree visitor from
the provided BabyCobol grammar definition, and LLVM is
used as a backend for code generation. The compiler is writ-
ten in C++. This language was chosen due to it being the
native language of the LLVM compiler backend, ANTLR al-
lowing for the generation of parsers in this language, and it
being interoperable with C code, allowing us to incorporate
parts of the BSTD library into the compiler.
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4.1 Toolchain Overview
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Figure 1. Crossover Compilation Overview

Figure 1 visualises the compilation of a mixed Baby-
Cobol/C codebase using Crossover. During the compilation
of a BabyCobol program, a parse tree is generated by ANTLR.
When visiting a node of that parse tree, LLVM is used to
generate the appropriate instructions for that node. We lever-
age the fact that calls to external procedures get resolved
during linking to create the FFI. This approach is also used to
generate calls to the BSTD library for the runtime creation,
conversion and modification of BabyCobol variables. This
eliminates the need of having to implement this functionality
again on a compiler level and guarantees that operations on
BSTD data types from C code behave exactly the same as
they do in native BabyCobol. When the compilation of the
BabyCobol sources is done, the compiler invokes clang to
link the newly created object files, the BSTD runtime library,
and the C object files into an executable.

4.2 BabyCobol Standard Library: BSTD
The BSTD is the core of our approach to interoperability. Its
key responsibility is resolving the differences between fields
in BabyCobol and basic data types in C. It can also guarantee
data integrity by allowing for the use of the same operation
semantics on its data types in both BabyCobol and C (see
Section 4.5). BabyCobol has only one data type — the Field.
The BSTD contains two data types: the Number, defined in
Table 2, and the Picture, shown in Table 3. The reason for
this distinction is that certain operations are exclusive to
BabyCobol Fields which represent numbers. Specialising a
data type for Numbers and everything else allows for type
checking at compile time whether an operation may be per-
formed on the operands’ data types. It also allows for a more
specialised representation of data, simplifying its modifica-
tion.
The fields in Table 2 and 3 are not packed. The C lan-

guage specification [17] dictates that the size of Numbers
and Pictures must both be 24 bytes due to inserted padding.
This padding is inserted at the end of the structs and does
not affect the offsets shown in Table 2 and Table 3.

The values stored in the BSTD data types create a com-
plete representation of their PICTURE clause specification in
BabyCobol.
The BSTD Picture contains an array of bytes, a mask

character array and a length. The length property describes
the dimensions of the mask- and byte array. For any Picture
𝑝 with byte array 𝐵𝑝 , mask𝑀𝑝 and length 𝑙 , the lengths of
these arrays are equal: 𝑙 = |𝐵𝑝 | = |𝑀𝑝 |.

Masks are character based, and the 𝑖𝑡ℎ mask character ap-
plies to the 𝑖𝑡ℎ byte. A masking function𝑚𝑎𝑠𝑘 (𝑏𝑦𝑡𝑒,𝑚𝑎𝑠𝑘)
creates an interpretation of a byte given its correspond-
ing mask character, such that for a Picture 𝑝 value
𝑣𝑖𝑝 = 𝑚𝑎𝑠𝑘 (𝐵𝑖𝑝 , 𝑀𝑖

𝑝 ). For example, 𝑚𝑎𝑠𝑘 (0, 9) = 0 and
𝑚𝑎𝑠𝑘 (65, 𝑋 ) = 𝐴. Truncating may occur for values outside
the permitted range for a mask character;𝑚𝑎𝑠𝑘 (65, 9) = 5.
The BSTD Picture data type can be converted to a C-

style string by iterating over each byte-mask character pair
and mapping it to a character using the𝑚𝑎𝑠𝑘 function.

The BSTD Number data type stores a base value, a scale
and the isSigned property. Additionally, it stores the per-
mitted length of the Number and the positive property.
The data type can represent integer and fixed-point deci-
mal values. Converting these data types to C integers or
floating point numbers is done at runtime. The conversion
function for any Number 𝑛 with base value 𝑏 and scale 𝑠 , is
𝑣 (𝑛) = 𝑠𝑖𝑔𝑛(𝑛) · 𝑏 · 10−𝑠 , where 𝑠𝑖𝑔𝑛 : Number → {−1, 1}.

Conversely, C basic data types can not trivially be con-
verted to BSTD Numbers because they lack the constraining
properties inherent to the Number type. Through this lack of
information, we are restricted to the assignment of C basic
data types to instances of BSTD Numbers which contain the
otherwise missing constraints. This forces the programmer
to be explicit in defining these constraints.
C integers are assigned to Numbers using the following

formula: 𝑏 =

(
|𝑘 | −

⌊
|𝑘 |

10𝑙−𝑠

⌋
· 10𝑙−𝑠

)
·10𝑠 , where an integer 𝑘

is assigned to a Numberwith the base value of 𝑏, length 𝑙 , and
scale 𝑠 . Additionally, we set the positive property of the
Number such that 𝑠𝑖𝑔𝑛(𝑛) = −1 ⇐⇒ 𝑖𝑠𝑆𝑖𝑔𝑛𝑒𝑑 (𝑛) ∧ 𝑘 < 0.
Note that assigning a C data type does not affect any of the
other properties of the Number.
BSTD Numbers are representations of integer or fixed-

point decimal numbers. They are equivalent to BabyCobol
Fields with a PICTURE clause consisting of the characters 9,
S, Z and V. With the set of characters 𝑁 = {9, 𝑆, 𝑍,𝑉 }, for
any mask𝑀 , isNumberMask(𝑀) ⇐⇒ ∀𝑐 ∈ 𝑀.[𝑐 ∈ 𝑁 ].
Because Number data structures are distinct types from

Picture data structures, we do not need to specify a mask
whenwe construct one— all mask characters are in𝑁 and are
represented in the Number data structure and their semantics
are fully encapsulated in the struct.
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Table 2. The Number Data Structure

Offset Size Field Description
0x00 8 bytes value The base value of the Number.

0x08 8 bytes scale The scale of the Number.

0x10 1 byte length The length of the Number.

0x11 1 byte isSigned Set if the Number is signed,
unset if not.

0x12 1 byte isPositive Set if the Number is positive.
-0 and +0 are treated the same.

Table 3. The Picture Data Structure

Offset Size Field Description

0x00 8 bytes bytes A pointer to the bytes array
belonging to this Picture.

0x08 8 bytes mask A pointer to the Picture clause
specification string.

0x10 1 byte length The length of the Picture.

Similarly, the Crossover compiler will represent any
BabyCobol field with a PICTURE clause containing non-
number mask characters by a Picture data type. For any
field with mask 𝑀 , isPictureMask(𝑀) ⇐⇒ ∃𝑐 ∈ 𝑀.[𝑐 ∉

𝑁 ] ⇐⇒ ¬isNumberMask(𝑀). Circling back, Numbers are
numbers, and Pictures are everything else.

4.3 Linking
We compile both C and BabyCobol code to ELF object files.
After compilation, we will have lost many details about the
original implementation language of the particular object
file. Both Crossover and clang do not do name mangling
and list functions as symbols by their name. We link these
object files without any knowledge of their implementation
languages, and thus we can use clang to opaquely create an
executable binary including originally both C and BabyCobol
functions. This step can be extended to any language which
compiles to an ELF object file (see Section 4.6).

During the compilation of BabyCobol source files the com-
piler checks if any internally unknown CALL target proce-
dure exists in the externally compiled object files. This is
done by using the nm tool from the GNU Binutils package [7]
to read the symbols in the object files. The nm output is then
parsed to construct a symbol table of procedure names found
in the external object files.
To link C objects and BabyCobol objects, we must have

compiled them both. This creates a problem: How do we
get the compiler to understand data structures defined in
the other language’s source? It seems to be the setup for a

chicken-and-egg scenario. To compile one, the other must
have already been compiled. To address this, we offer two
tools:

• The BSTD library makes BabyCobol Fields accessible
from C. It exposes a struct-representation of Fields
and utility functions that allow for converting to and
from C basic data types. To a programmer using these
utility functions, the BSTD guarantees that BabyCobol
semantics apply to all operations performed on such
data types. More on this in Section 4.2.

• There is an integrated tool which parses BabyCobol
source files and extracts their defined data structures
from their DATA DIVISIONs. It then outputs these data
structures as C structs in a header file. This header
file can be included in C source code and used like any
other struct. We can then build and compile against
the BabyCobol source code using these data types.

4.4 Language Extensions
We introduce four optional modifiers as extensions to the
BabyCobol specification, which allow for more fine-grained
control over the way in which parameters are passed over
the FFI:

• BY VALUE specifies that the parameter must be copied
before being passed over the FFI. Changes made to the
copy do not change the original data structure.

• BY REFERENCE specifies that the parameter must be
passed over the FFI as a reference to that data struc-
ture. The invoked function has direct access to the
parameter, and changes on the other side of the FFI
are reflected in the data structure.

• AS PRIMITIVE specifies that the parameter or return
value must be passed as a C basic data type. We dis-
tinguish three basic data types: the integer, the dou-
ble (floating point), and the character pointer (C-style
string). This modifier may only be applied to Fields.

• AS STRUCT specifies that the parameter or return value
must be passed as a C struct. This is a predefined
BSTD data type for Fields and a generated C struct for
Records.

The programmer can choose to specify one of the leading
modifiers (either BY VALUE or BY REFERENCE) and/or one of
the trailing modifiers (either AS PRIMITIVE or AS STRUCT),
as seen on Figure 2. The BY VALUE and BY REFERENCE mod-
ifiers are applied to all following parameters until a new
modifier is encountered. Conversely, the AS PRIMITIVE and
AS STRUCTmodifiers are applied to all preceding parameters
until a new modifier is encountered. If no optional modifiers
are present the implicit behaviour for Fields is BY VALUE and
AS PRIMITIVE, respectively. For Records, these defaults are
BY VALUE and AS STRUCT, since being an composite data
structure, records cannot be mapped to any C basic data
type.
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This BabyCobol language extension allows a programmer
to create calls compatible with almost all possible function
definitions in C. BY VALUE results in a non-pointer param-
eter, whereas BY REFERENCE results in a pointer parameter.
Similarly, AS PRIMITIVE results in a C basic data type and
AS STRUCT in a BSTD data type or struct. The compiler
also ensures the correct marshalling during invocation and
re-entry as shown in Figure 3. At the start of a CALL the Baby-
Cobol data is marshalled to the appropriate format for the
function based on the parameter modifiers. Upon re-entry,
the parameters are marshalled again, as well as the return
value. Parameters passed BY REFERENCE can be modified
on the C side, and variables defined in the BabyCobol DATA
DIVISION must be updated to reflect their new values. In
the case of a BY REFERENCE and AS PRIMITIVE clause, the
marshalled parameter values need to be inversely marshalled
and assigned to their original field. Similarly, return values
may need to be marshalled to be assigned to their target
Field or Record as defined in the DATA DIVISION.

4.5 Data Type Constraints and Data Integrity
Data defined using Crossover obeys the type constraints
that are defined in the BabyCobol specification [45]. This
means that the format of each variable has to abide by its
description defined in the data division of a BabyCobol file.
For instance, if a user tries to MOVE the value 42 to a variable
defined as 9V99, the value of the variable will be set to 2.00.
Likewise, when a variable is defined with the PICTURE clause
AX and the user attempts to MOVE the string "HI!" to the
variable, it will be set to "HI" (Note the missing exclamation
mark).

While BabyCobol does not specify a limit on the number
of characters of a PICTURE clause, our implementation cur-
rently limits the length of a Number to nine digits, and the

CALL
function_name OF

program_name

USING atomic
BY VALUE

BY REFERENCE
AS PRIMITIVE
AS STRUCT

RETURNING identifier
BY VALUE

BY REFERENCE
AS PRIMITIVE
AS STRUCT

Figure 2. The railroad diagram of the CALL statement, in-
cluding extensions

call
(params)

call foo(params)

Marshall(params)

return
(value)

define foo(params)
Marshall(value)

Marshall(params)

Figure 3. Marshalling When Invoking a Foreign Function

length of a Picture to 255. The length of Numbers is limited
because our implementation uses 64-bit integers to store the
properties of the Number struct. The length of a Picture is
also limited due to the usage of an 8-bit integer to store the
length property.

Because the BSTD is used by Crossover itself, using this
library in C guarantees that the implementation of opera-
tions on Numbers and Pictures is one and the same in either
environment. This provides exact BabyCobol data semantics
to C, allowing for safe manipulation of BabyCobol variables
within C programs.

The Crossover compiler will adhere to the invariant ∀𝑧 ∈
𝐹 .[𝑖𝑠𝑁𝑢𝑚𝑏𝑒𝑟 (𝑧) ⇐⇒ 𝑖𝑠𝑁𝑢𝑚𝑏𝑒𝑟𝑀𝑎𝑠𝑘 (𝑀𝑧)], where 𝐹 is
the set of all possible Fields in BabyCobol, and 𝑀𝑧 is the
mask of Field 𝑧. This means that any Field with a numeric
PICTURE clause will be instantiated as a Number data type.

Outside the Crossover compiler, the BSTD does allow for
an instance of the Picture data structure to be created with a
mask𝑀 such that 𝑖𝑠𝑁𝑢𝑚𝑏𝑒𝑟𝑀𝑎𝑠𝑘 (𝑀). This does not have a
negative impact on data integrity, as the type systemwill pre-
vent Pictures from being used where a Number is expected.
Because some operations are exclusive to Numbers, Picture
instances with a mask𝑀 such that 𝑖𝑠𝑁𝑢𝑚𝑏𝑒𝑟𝑀𝑎𝑠𝑘 (𝑀) can-
not be used as parameters to arithmetic functions because
of a mismatch in type.

On re-entry Crossover checks if the passed Picture still
has the same length and mask, as this can never be changed.
Similarly, the length, scale and isSigned properties of a
Number should never be changed and are checked on re-
entry.

4.6 C as a Bridge
The C language is a particularly interesting candidate for a
language to interface with because many other languages
also provide an interface with it. One could use C as an
intermediate language to invoke functionality written in a
third language using a wrapper and calling that wrapper over
the FFI that Crossover provides. This process is illustrated
in Figure 4.

Considering the two data types the BSTD provides, the FFI
can be extended to any language that can interpret the data
structures in Table 2 and 3, and that has a compiler that can
create ELF object files with non-mangled function names as
linkable symbols.

5 Evaluation
In this section, we present the evaluation of our proposed so-
lution, which consists of three parts: unit testing of the BSTD
library, performance analysis of the FFI and the demonstra-
tion of running examples showcasing how the interoperabil-
ity of Crossover can be used.
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Invoke wrapper
function in C

BabyCobol

...
CALL foo_wrapper OF bridge USING
params ... RETURNING ...
...

Return to
C

3rd language

def foo(params) :

...

return ...

Invoke actual function in its 
implementation language

bridge.c

int foo_wrapper (params) {

return foo(params);

}

Return to
BabyCobol

Figure 4. Using C as a Bridge

5.1 Testing
To evaluate the stability of our solution, we thoroughly tested
the BSTD library, the central piece of our architecture. This
was done by writing unit tests using the techniques of equiv-
alence class partitioning and boundary value analysis [15].

Equivalence class partitioning is amethod of testingwhere
the inputs of the tested functions are divided into valid and
invalid equivalence classes. Under the assumption that each
member of an equivalence class would be processed in the
same way by the function, one would only need to write one
test per equivalence class. Boundary value analysis expands
upon the idea of equivalence class based testing by introduc-
ing test cases directly on, above or below the boundaries of
equivalence classes. The rationale for these additional test
cases is that bugs usually exist on and around the boundaries
of the equivalence classes.

Table 4 illustrates how equivalence class partitioning was
performed for the function bstd_number_is_integer. This
function was tested by creating cases and creating inputs
combining as many valid equivalence classes as possible.
After these cases, additional cases are added that test the
boundary values. Since behaviour for values outside the valid
bounds is undefined, no test cases exist. Only behaviour
within valid bounds is tested.

These methodologies helped us to validate the BSTD li-
brary and find and fix bugs in our implementation. Some
examples of bugs found during our testing include:

• Mismatched types, for example, when a large int64_t
value is used as an input for a function that takes a
32-bit int causing the int to overflow.

• Insufficient floating-point value precision; while the
default six decimal digits of precision of C is sufficient

Table 4. Equivalence class partitioning for function
bstd_number_is_integer

Condition Valid Invalid

Value of value 0 ≤ value ≤ 999999999 value < 0,
value > 999999999

Value of scale 0 ≤ scale ≤ 9 scale < 0,
scale > 9

Value of length 1 ≤ length ≤ 9 length < 1,
length > 9

Value of isSigned isSigned = true, isSigned = false

Value of positive positive = true, positive = false

Relation
isSigned = true ∧ positive = false,
isSigned = false ∧ positive = true,
isSigned = true ∧ positive = true

isSigned = false ∧
positive = false

to pass most of our BabyCobol Number type to C string
tests, it proved insufficient once we tested the bound-
ary of the number of decimals a BabyCobol Number
could have.

Currently, our test suite consists of 261 tests, covering
87.8% (200/228) of the lines and 91.7% (22/24) of the functions
in the BSTD library. The gaps in the coverage are internal
auxiliary functions that are not exposed for use outside of
the BSTD library.

5.2 Performance Evaluation
In this subsection we evaluate the overhead created by the
different permutations of argument modifiers in the CALL
statement. We created a set of four test programs — one for
each possible permutation. Each program runs a loop of 100
million iterations, calling a C function with an empty body
(to maximise the overhead) with a single argument under
one set of modifiers.We tookmeasurements on the execution
time, the results of which are plotted in Figure 5. To obtain
a statistical mean, each program was run back-to-back 100
times.
Figure 5 shows that the combination of modifiers {BY

REFERENCE, AS PRIMITIVE} takes the longest time to ex-
ecute. This is in line with our expectations, and can be ex-
plained by the fact that when these modifiers are used, the
compiler inserts code for marshalling before the reference of
the argument is passed to the C function. During the re-entry
to BabyCobol the inverse of this happens: the C primitive is
marshalled back into the original BabyCobol variable. This
ensures that changes to the marshalled argument on the
C side are reflected in the original variable. The insertion
of marshalling and unmarshalling code has a performance
overhead of 40% as compared to the fastest running variant
({BY REFERENCE, AS STRUCT}).

With the combination {BY VALUE, AS PRIMITIVE}, the
compiler also inserts code to marshall the argument to a C
primitive. However, with the BY VALUE modifier, changes

80



GPCE ’23, October 22–23, 2023, Cascais, Portugal van Assen, Ntagengerwa, Sayilir, and Zaytsev

Figure 5. Result of the FFI Performance Analysis

to the argument should (and can) not be reflected upon re-
entry. Inserting marshalling code only once implies a lesser
performance overhead of 10%.

The cases {BY VALUE, AS STRUCT} and {BY REFERENCE,
AS STRUCT} are both faster than the previous two cases be-
cause no marshalling is involved. The parameter is passed
to the C function as a copy of or reference to a BSTD struc-
ture respectively, which is its internal representation in
Crossover. There is a slight performance penalty to pass-
ing value copies, it being 2% percent slower than passing
references.

5.3 Demonstration
This subsection features three examples that demonstrate
how the new CALL statement can be used for BabyCobol-C
interoperability.

5.3.1 Calculating a Square Root. The first demonstra-
tion is a simple program that calculates the square root of a
fixed-point number. The BabyCobol code is shown in List-
ing 2. The program defines the variables X and Y as fixed-
point numeric values of two integer digits, and one decimal
digit. In the PROCEDURE DIVISION, X is first assigned the
value 12. Then, the C standard library function sqrt is called,
passing X as the argument. No leading modifier is specified,
so the default BY VALUE semantics apply. The AS PRIMITIVE
modifier dictates that the argument is to be marshalled into
its C basic data type counterpart. The sqrt function in C ac-
cepts a double-precision floating point parameter. It returns
the square root of this parameter. In the CALL statement, the
RETURNING clause specifies that the result of the sqrt func-
tion is a C basic data type which should be marshalled into

the variable Y (respecting Y’s type constraints). Lastly, the
program DISPLAYs the value of Y, which shows 03.4.

1 IDENTIFICATION DIVISION.

2 PROGRAM-ID. "radical".

3 DATA DIVISION

4 01 X PICTURE IS 99V9.

5 01 Y PICTURE IS 99V9.

6 PROCEDURE DIVISION.

7 MOVE 12 TO X.

8 CALL sqrt USING X AS PRIMITIVE

9 RETURNING Y AS PRIMITIVE.

10 DISPLAY "The square root of " X " is " Y.

Listing 2. Calculating a Square Root

5.3.2 Scanner Example. This example shows how a Baby-
Cobol program can use the FFI to accept user input. The code
can be seen in Listing 3. First, a four digit numeric variable
READ is defined in the DATA DIVISION. In the PROCEDURE
DIVISION, the program then asks the user to enter a value
of up to four digits and calls the scanf function from the C
standard library. The scanf function accepts two parameters.
The first is a formatting string, and the second is a character
buffer. We supply the following two arguments:

1. A string literal with the modifier AS PRIMITIVE, spec-
ifying that it is marshalled and passed to scanf as the
C equivalent of a string (char*).

2. The READ variable, marshalled to a char* is the buffer
to which scanf writes. It is passed BY REFERENCE, such
that changes to the parameter are reflected in the Baby-
Cobol variable READ.

Upon re-entry, the contents of this buffer are aligned with
the READ variable’s type specified by its PICTURE clause.
Finally, the program DISPLAYs this value back to the user.

1 IDENTIFICATION DIVISION.

2 PROGRAM-ID. "scanf_demo".

3 DATA DIVISION

4 01 READ PICTURE IS 9999.

5 PROCEDURE DIVISION.

6 DISPLAY "Please enter a number of up to four

digits: ".

7 CALL scanf USING "%4d" AS PRIMITIVE

8 BY REFERENCE READ AS PRIMITIVE.

9 DISPLAY "You entered " READ.

10 END.

Listing 3. Scanner in BabyCobol

5.3.3 Banking Application. The final example, Listing 4
(in BabyCobol) and Listing 5 (in C) illustrate a toy banking
application and API where a certain amount of currency is
withdrawn from a balance. The DATA DIVISION specifies the
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variables BALANCE as a signed fixed point decimal num-
ber, AMOUNT as an unsigned fixed-point decimal number
and SUCCESS as a single digit number. In the PROCEDURE
DIVISION, the two MOVE statements first assign values to
the BALANCE and AMOUNT variables. The CALL statement
invokes the withdraw function of the banking_api with ar-
guments BALANCE and AMOUNT, both AS STRUCT. These
arguments are thus passed as BSTD number struct pointers.
The BALANCE argument is passed BY REFERENCE. This spec-
ifies that changes to the argument in C code are reflected
in the BabyCobol BALANCE variable. In Listing 5, a check
is first done to ensure the withdraw amount is not greater
than the balance. If it is, false is returned and no funds are
withdrawn. If the balance is sufficient, the amount to with-
draw is subtracted from the balance, and true is returned.
Upon re-entry, the return value of the withdraw function is
marshalled and assigned to the variable SUCCESS. A check is
done to either inform the user that the BALANCE was insuf-
ficient, or that the withdrawal was successful, in which case
the new BALANCE is displayed. Note that the BSTD func-
tions used in C allow for data evaluation and manipulation
which implement the exact BabyCobol semantics.

1 IDENTIFICATION DIVISION.

2 PROGRAM-ID. "withdraw".

3 DATA DIVISION

4 01 BALANCE PICTURE IS S99V99.

5 01 AMOUNT PICTURE IS 99V99.

6 01 SUCCESS PICTURE IS 9.

7 PROCEDURE DIVISION.

8 MOVE 42,50 TO BALANCE.

9 MOVE 3,50 TO AMOUNT.

10

11 CALL withdraw OF banking_api USING

12 BY REFERENCE BALANCE

13 BY VALUE AMOUNT AS STRUCT

14 RETURNING SUCCESS AS PRIMITIVE.

15

16 IF SUCCESS = 0 THEN

17 DISPLAY "Your balance (" BALANCE ") is

too low! No funds were withdrawn."

18 ELSE

19 DISPLAY "Withdrawal successful. Your

balance is now " BALANCE

20 END.

Listing 4. BabyCobol banking application

6 Related Work
We have previously mentioned the existence of prior work
on FFIs. For example, CFFI [31] is a foreign function interface
for Python that allows users to call C code. A similar FFI
exists for R and allows for the use of C libraries in R code [1],
and uFFI for Smalltalk, providing C foreign function interface
for Pharo [29]. Some approaches are more formal, such as

1 #include <bstd/numutils.h>

2 #include <bool.h>

3

4 bool withdraw(bstd_number* balance ,

bstd_number amount) {

5

6 if (bstd_greater_than(withdraw , balance))

7 return false;

8

9 bstd_subtract(balance , amount);

10 return true;

11 }

Listing 5. Banking API implementation

MiniML+ [20], for which Larmuseau and Clarke define secure
operational semantics for combining a subset of ML with C.
Others are more practice-driven, like Clasp [34, 35], which
analyses C++ code and generates a Common Lisp interface
with a performant garbage collector to be usedwith an LLVM
backend. Languages like Julia [18] and Rust [32] have built-in
foreign function interfaces which commoditise Fortran, C or
C++ calls. MATLAB also has an extensive family of external
language interfaces [23], allowing bidirectional integration
with Fortran, C, C++, Java, Python and .NET languages.

On the legacy side, both traditional vendors as well as
their competitors provide comprehensive integration func-
tionality. For instance, IBM provides PL/I InterLanguage
Communication (ILC) and Java Native Interface (JNI) [13],
foreign function interfaces that allow C and Java code to be
called from PL/I. Micro Focus has a C and C++ FFI in their
commercial ACUCOBOL-GT modernisation portfolio, and
interoperability between COBOL and Java and .NET [25].
Similarly, Raincode offers interoperability with C# in their
compiler [30], and Fujitsu with Visual Basic in theirs [8].

The only open source implementation of COBOL, with or
without FFI, available to the general public, is GnuCobol, also
known as OpenCobol [26]. Essentially it compiles COBOL to
C, and that fact can be used for interoperability purposes if
one is sufficiently familiar with the internals of the compiler.
Its FFI functionality is built on top of another open source
library called libffi [9]. GnuCobol is an interesting subject
of study for academics, but due to its (L)GPL licensing it often
cannot be considered in a commercial setting. Additionally,
GnuCobol is also essentially its own dialect of COBOL, so
migrating to this compiler implies code changes.
Commercial compilers with a C-COBOL interface are

sometimes based on external function prototypes — besides
being proprietary, they expose many compiler internals to
initialise, stop, manipulate runtime data, and leave data con-
version to programmers to code explicitly. Unlike them,
Crossover brings COBOL semantics to C where desired,
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with its bespoke runtime conversion between data repre-
sentations across the language bridge without loss of data
validity.

Deep considerations for COBOL data semantics are scarce
in the academic literature, but occasionally discussed in
smaller consortia like IFIP Working Groups. For instance,
Andersson [2] provides an excellently professional overview
of the data philosophy of COBOL and its implications on
reverse engineering endeavours, providing solution sketches
for particularly problematic features like implicitly modelled
references between records, and internally unspecified fields.
Data model discovery, as the process of extracting reusable
conceptual data (meta)models from entangled mazes of par-
tially duplicate PICTURE-based definitions, has also some-
times been described as a part of larger renovation packages
like COBOL/SRE [6]. Such activities are often going way
beyond interoperability and tend to include pragmatic trans-
formations that are provably and obviously wrong in the
formal sense, but “good enough” to aid modernisation efforts.
For example, Ueda and Ohara from IBM proposed to merge
records with similar data layout and somewhat similar field
names [40].
In contrast to our FFI/ABI based solution, some take an

alternative path with a CORBA-based approach, which re-
lies on a middleware architecture for communication among
different languages and platforms. On that path, examples of
relevant standards and specifications could be CORBA [27,
1991–2021] or SOAP [41, 1998–2007]. One can also design
solutions based on RESTful APIs or Remote Procedure Calls
(RPC). A compiler-based solution like the one we proposed,
might seem more complex to implement, but it eliminates
the need for complex middleware layers, potentially reduc-
ing overhead and enhancing performance, while providing
greater flexibility and allowing for fine-tuned control over
the interaction between COBOL and C components.

7 Concluding Remarks
COBOL/C interoperability has not been satisfactorily solved
in decades of language coexistence, despite industrial need,
which shows the issue being at least somewhat challenging.
In this paper, we have examined how interoperability be-
tween the languages BabyCobol and C could be achieved.
The resulting Crossover compiler can serve as a guiding
blueprint for developers implementing similar bridges in the
context of real large legacy languages such as COBOL or
PL/I. Its implementation is released as open source for the
sake of reproducibility [33].
There were two research questions to be answered: the

first one on how a foreign function interface between Baby-
Cobol and C could be realised, and the other one about how
the key data differences between BabyCobol and C could be
addressed.

We address the first question by proposing a solution us-
ing LLVM as the framework for our compiler, allowing us
to generate ELF object files. This is the same binary format
that C code is usually compiled to on Linux systems. Having
the source code of both languages compiled into ELF files
allows them to be linked into one executable. Both C and
our implementation of BabyCobol (supported by our lan-
guage extensions) allow for external procedure calls. This
allows for calling foreign functions that are defined in other
compilation units, including those originating from other
languages.
To address the second research question, we proposed a

solution where data creation, modification and marshalling
within Crossover is handled by a library that functions both
as a standard library and a runtime library; the BSTD. The
BSTD is used on both sides of the communication, either
by developers directly or by the compiler generating appro-
priate glue code. On the side of C, the library introduces
BabyCobol data types and semantics to the C environment
and provides the developer with tools to create and mod-
ify variables of these data types, as well as functionality to
convert data into instances of native C data types. On the
BabyCobol side, the BSTD is implemented in such a way
that Crossover makes use of the foreign function interface
to construct function calls to the runtime library. The func-
tions are then invoked at runtime whenever data is created
or modified. This bridges the gap between BabyCobol fields
and records, on one side, and C basic data types and structs,
on the other.
Crossover is a minimal implementation of BabyCobol,

which mainly implements features that directly impact in-
teroperability, such as data definition, manipulation, and
function invocation. By limiting the scope of the implemen-
tation, we could focus on the challenges of implementing
interoperability instead of the rest of the language, acceler-
ating the development of this solution.

The strategy described in this paper, is meant for interop-
erability between BabyCobol and C. The concepts of Baby-
Cobol which are important for interoperability(such as the
data definitions in the DATA DIVISION and data exchange in
the CALL statement), are a strict subset and simplification of
their counterparts in COBOL. Hence, the strategy proposed
in this paper could be applied similarly to achieve interoper-
ability between COBOL and C. However, since COBOL has
more features and higher complexity than BabyCobol, there
may be issues that have not arisen in our project thus far
that could come up when applying the interoperability strat-
egy between COBOL and C. From our prior experience with
COBOL, we foresee some minor additional implementation
challenges dealing with REDEFINES and FILLER clauses and
their interaction with the INITIALIZE statement. These chal-
lenges, albeit non-trivial, are purely engineering in nature,
and no further research challenges should arise. For instance,
when REDEFINES gives two alternative representations of
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the same memory fragment, C can handle it with several
structs and manipulating pointers to them.

Finally, an interesting research direction would be to apply
the approach introduced in this paper to implement interop-
erability with other languages that compile to ELF object files.
This would allow users to incorporate their code written in
these languages without using C as a bridge as described in
Section 4.6. The major challenge in undertaking this would
be to write or generate a BSTD-like library for the target
language to allow for marshalling and manipulating data at
runtime.
Designing Crossover required much careful considera-

tion, data semantics alignment, and ample experimentation.
We hope that opening its design contributes to the field of
software maintenance by exposing the general public to the
problem instead of keeping it in the ever shrinking legacy
developer pool.
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Abstract

Fuzz testing is an e�ective tool for �nding bugs in software,
including programming language compilers and interpreters.
Advanced fuzz testers can �nd deep semantic bugs in lan-
guage implementations through di�erential testing. How-
ever, input programs used for di�erential testing must not
only be syntactically and semantically valid, but also be free
from nondeterminism and unde�ned behaviors. Developing
a fuzzer that produces such programs can require tens of
thousands of lines of code and hundreds of person-hours.
Despite this signi�cant investment, fuzzers designed for dif-
ferential testing of di�erent languages include many of the
same features and analyses in their implementations. To
make the implementation of language fuzz testers for di�er-
ential testing easier, we introduce Xsmith.
Xsmith is a Racket library and domain-speci�c language

that provides mechanisms for implementing a fuzz tester in
only a few hundred lines of code. By sharing infrastructure,
allowing declarative language speci�cation, and by allowing
procedural extensions, Xsmith allows developers to write
correct fuzzers for di�erential testing with little e�ort. We
have developed fuzzers for several languages, and found
bugs in implementations of Racket, Dafny, Standard ML, and
WebAssembly.
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1 Introduction

The e�ectiveness of random testing, or “fuzzing,” is deter-
mined both by the chosen input generation strategy and the
method used to detect failing tests, or test oracle. The gen-
eration or mutation of test cases using random bytes can in
theory generate any test and therefore cover any code path,
but typically exercises only “shallow” code in parsing and
input validation stages of a program. Meanwhile, grammar-
and type-aware generators can exercise “deep” code paths
that pass validation steps. The test oracle of detecting crashes
can be used with any test case generator, but can only �nd
obvious errors such as memory or assertion violations, and
not subtle semantic bugs. Property-based testing can �nd se-
mantic bugs, but requires users to write invariant properties
of test results or side e�ects, which is expensive.

The test oracle of interest for this paper is di�erential test-
ing [17], where the same input is given to multiple implemen-
tations of a system—in our case, a programming language. If
the multiple implementations are correct, then giving them
all the same input program (and executing the returned out-
put if the implementation is a compiler) should produce the
same result. When there is a di�erence in program output, a
bug has been found. While di�erential testing can �nd subtle
semantic bugs without writing extra properties, there is a
catch. If the input program relies on any behavior that is
not guaranteed to be the same between multiple executions
and multiple implementations of the language, di�erences
in output do not necessarily indicate a bug. Therefore, dif-
ferential testing requires programs that conform strictly to
the language speci�cation, as well as avoiding unde�ned,
implementation-de�ned, or nondeterministic behavior. We
call such inputs conforming inputs.1

1We considered other words to convey that a program is suitable for di�eren-

tial testing, such as the word di�erentiable. However, the word di�erentiable

has other meanings that would make this confusing.
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⟨int⟩ ::= z | 0 < z < 100
⟨exp⟩ ::= ⟨exp⟩ + ⟨exp⟩

| ⟨exp⟩ / ⟨exp⟩

| ⟨int⟩

Figure 1. The Grammar of the calc Language

One notable generator of conforming programs is
Csmith [24]. Csmith successfully identi�ed hundreds of bugs
in mainstream C compilers, including LLVM and GCC. How-
ever, the development of Csmith took hundreds of person-
hours and resulted in nearly 40,000 lines of code. Although
practically any language could bene�t from such a program
generator, it is impractical for most language developers to
write a variant of Csmith targeting their own language.

To ease the development of fuzzers that generate conform-
ing programs, we createdXsmith. Xsmith is a domain-speci�c
language (DSL), implemented as a Racket library, that allows
for the rapid and concise implementation of conforming
program generators for arbitrary programming languages.2

The primary contributions of this paper are:

• A domain-speci�c language for creating conforming
program generators.

• A generic framework for declaring type and e�ect
systems for program generation used in the DSL im-
plementation.

• Several example fuzzers implemented using the DSL,
some of which have been used to �nd bugs in language
implementations used in production.

• An analysis of the e�ectiveness and cost of the example
fuzzers.

2 Design

In this section we describe the overall design of Xsmith at
a high level. Throughout the section, we develop a simple
fuzzer for a small toy calculator language (named calc) as an
example. The grammar of this language is shown in Figure 1.
Xsmith fuzzers generate program trees by starting with

a “hole” node for the top-level production of the grammar.
Xsmith iteratively �lls hole nodes in the tree with nodes
corresponding to appropriate grammar productions, which
may themselves have holes as children, as shown in Figure 2.
A fuzzer author provides Xsmith with a grammar declaration
that determines the grammar of program generation.

The grammar used by an Xsmith fuzzer generally matches
the logical structure of the language or a subset of the lan-
guage, but is usually not the same as the grammar used for
parsing the language or the grammar of a compiler’s AST
representation. This is because parser grammars typically
encode complicated rules for turning linear text into an AST,

2Xsmith is open source, with code available at

https://gitlab.�ux.utah.edu/xsmith/xsmith/
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The tree starts as a single ExpHole node. Choices that are
alternates for Exp are listed and one is chosen at random.
The process repeats with a new hole until no holes are left.
At some points choices are �ltered. For example, non-atomic
choices are �ltered when the tree gets too deep.

Figure 2. The Process of Hole Filling

and because full language grammars can be large and di�-
cult to model for producing conforming programs. Xsmith’s
simpli�ed AST-focused grammar system allows users to ig-
nore syntax complexity to focus on modeling semantics for
�nding “deep” bugs. Users can start with a small subset of
the grammar, and iteratively grow their subset to include
more features.

The declared grammar is compiled to generate an object-
oriented attribute grammar speci�cation for the RACR at-
tribute grammar library [3]. RACR facilitates analysis of
generated program fragments, allowing data �ow both up
and down the tree for any analysis. The generated attribute
grammar matches the input grammar but adds a hole pro-
duction as an alternative for each user-provided production.
While Xsmith program generation is grammar-driven at

its core, generation of conforming programs requires consid-
erations besides the grammar, such as for types and nondeter-
minism. To enable �ltering and probability weighting based
on these other considerations, the grammar is also compiled
into a set of choice classes, one for each given production.
When the generation algorithm selects the next hole to �ll,
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a choice object is instantiated for each production that could
be used to replace the hole, and the resulting list of choice
objects is used to make the decision.

The di�erence between the attribute grammar and choice
classes is often confusing to people learning about Xsmith for
the �rst time. During generation, the AST being generated
is represented by attribute grammar nodes, including hole
nodes. Choice objects, or instances of choice classes, are
not part of the AST, but are constructed when considering
a particular hole node to �ll. Each generated choice object
corresponds to a di�erent AST node choice that could be
used to replace the currently chosen hole node, according to
the grammar. Choice class methods are used to determine
whether the given production choice is appropriate for the
hole, given constraints besides the grammar, such as for types
or unspeci�ed behavior. To make this determination, choice
class methods may query attributes of the AST, as well as
other choice class methods on the same choice object. When
a particular choice is made, the fresh method of the chosen
choice object is used to construct a new attribute grammar
node to replace the hole node. Then generation either moves
on to another hole, which constructs new choice objects, or
terminates.

Below is an example Xsmith speci�cation that implements
the grammar of the calc language. Each arm of the add-to-
grammar form contains the name of a production, the super-
type of that production, and a list of �elds for that production.
The Add and Div productions each have two children, and
these children must themselves be Exp (expression) produc-
tions. These Exp children will be instantiated as Exp holes.
The Int production speci�es an integer literal, whose val
child may contain arbitrary Racket data. In this example, val
is initialized to a random integer between 1 and 100. (This
random selection occurs each time an Int hole is �lled.)

;; Fuzzers may use multiple add-to-grammar forms to

;; declare a grammar in a modular fashion.

(add-to-grammar calc

[Exp #f ()

#:prop may-be-generated #f]

[Add Exp ([lhs : Exp]

[rhs : Exp])]

[Div Exp ([lhs : Exp]

[rhs : Exp])]

[Int Exp ([val = (random 1 100)])])

In addition to writing a grammar, a fuzzer author can de-
clare various attributes and choice methods of each grammar
production.
During generation, an Xsmith-based fuzzer uses choice

methods to determine whether a particular choice of gram-
mar production is suitable for replacing a hole. For example,
the _xsmith_satisfies-type? choice method is used to �l-
ter out choices with invalid types, the _xsmith_wont-over-
deepen method is used to make choices that will keep the
generated program size bounded, and the _xsmith_fresh

choice method determines how a chosen node is initialized.3

Choice methods may call other choice methods, as well as
attributes of their corresponding hole node.
Attributes are methods of AST nodes, and are used to

perform analysis. For example, the xsmith_type attribute
computes the type of a node, used by choice methods such
as _xsmith_satisfies-type?, and the _xsmith_visible-
bindings attribute computes a list of bindings available for
reference at a given point in the tree. Attributes may query
other attributes on the same AST node or on other nodes
during computation, allowing data to �ow up and down the
tree as needed to make choices.
Besides attributes and choice methods, users may also

declare properties of each grammar production. Properties
are an abstraction on top of attributes and choice methods
which simplify the speci�cation of many aspects of a lan-
guage. Each property is essentially a small custom DSL for
describing an aspect of a language. Properties are compiled
into attributes and choice methods. While choice methods
and attributes may be written directly in a procedural style,
properties allow semantic details of a grammar production,
such as their binding structure and types, in a declarative
style. Properties range from being convenient syntax sugar
for de�ning a single attribute to being complicated DSLs that
analyse multiple properties together to generate a family of
attributes and choice methods.
Typical Xsmith fuzzers describe most language details

with properties rather than de�ningmany attributes or choice
methods directly. For example, the type-info property de-
scribed in section 4.2 is used to generate both the
xsmith_type attribute and the _xsmith_satisfies-type?
choice method. A collection of properties is included with
Xsmith for describing key features of a language. Users may
additionally de�ne custom properties with their own com-
pilation transformers to abstract patterns between fuzzers,
although Xsmith is designed to support the majority of prop-
erties most languages’ fuzzers would need out of the box.
Properties may be declared inline with a grammar de�-

nition, as with the may-be-generated property used in the
calc grammar shown above, or separately with the add-

property form. In the following code, choice-weight of
the Div and Int nodes is adjusted to change their generation
probabilities.

(add-property calc choice-weight

[Div 10]

[Int 5])

When a tree with no holes is �nally completed, it must
be converted to text for programming language implemen-
tations to consume. The xsmith_render-node attribute, de-
�ned by the render-node-info property, is used to convert

3Because attribute and method names are bare symbols without namespac-

ing, we use the xsmith_ pre�x by convention for names de�ned by Xsmith

itself, and we use a leading underscore by convention for private attributes

and methods intended for use only in Xsmith’s implementation.
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the tree into text. Below is an example renderer for our calc
language.

(define (render-infix operator)

(lambda (n)

(format "(∼a ∼a ∼a)"

(att-value 'xsmith_render-node

(ast-child 'lhs n))

operator

(att-value 'xsmith_render-node

(ast-child 'rhs n)))))

(add-property calc-grammar render-node-info

[Add (render-infix "+")]

[Div (render-infix "/")]

[Int (lambda (n)

(number->string (ast-child 'val n)))])

2.1 Validating the Grammar

Because users de�ne their own subset of a grammar rather
than using published parser grammars, and because they
must encode many rules about the language semantics, a
user may write a generator that is incorrect. While writing a
generator, users can cross-validate it by running generated
test cases against implementations of the language, or sys-
tems under test (SUT). There are four major ways in which
an Xsmith-based fuzzer may be incorrect:

• Test cases produced by Xsmith are syntactically or
statically semantically invalid (e.g., with static type
errors). In this case, the SUT will reject them, often
with helpful error messages.

• Test cases are dynamically invalid (e.g., triggering run-
time type errors). A user would also observe errors
when interacting with the SUT.

• Generated test cases execute invalid or nondeterminis-
tic behaviors. Such cases can often be detected through
di�erential testing of multiple implementations or
through compile-time sanitizers.

• The grammar and associated generation rules provided
to Xsmith describe only a fraction of the language.
In this case, Xsmith would generate conforming test
cases, but without leading to good coverage of im-
plementations and/or bug-�nding power. A user can
discover this by inspecting generated test cases and
the obtained coverage of the SUT following a fuzzing
campaign.

3 Example

To give a sense of what a small but still featureful Xsmith
fuzzer looks like, we present a small JavaScript fuzzer. Fig-
ure 3 is an abbreviated example of a simple JavaScript fuzzer,
with elided code sections marked by “...”. A full version of
this example is included in the Xsmith source repository.
While the full version is longer, it is still only 412 lines as
measured by the wc utility.

This example demonstrates a fuzzer that takes advantage
of the canned-components library to generate conforming

JavaScript programs that may utilize arrays, �rst-class func-
tions, objects (encoded in Xsmith as structural record types),
if statements, and loops. The largest amount of code elided
from the full version is in program rendering. The rendering
step tends to be verbose and varies by language, but is not
complicated or di�cult to code.
This example uses a safe_divide function, de�ned in

a header, to avoid issues that arise from dividing by zero.
Similarly, the full version de�nes more safe wrappers for
array reference and assignment. While these operations are
not unde�ned or even necessarily troublesome behavior in
JavaScript, we use them to avoid having values collapsing
to JavaScript’s undefined value, which would otherwise
be overwhelmingly common. This demonstrates a common
pattern used when creating fuzzers with Xsmith to avoid
unde�ned behavior or the raising of common exceptions.
This example also does not directly use any

add-to-grammar forms, because the entire abstract gram-
mar used is provided by the canned components library,
discussed in section 4.3. A larger fuzzer will generally in-
clude canned components as well as add-to-grammar forms
that add various built-in functions speci�c to the language.

4 Cost Reduction Features

Xsmith has many features that work together to make the
creation of conforming program generators inexpensive in
terms of development time and e�ort. These features include
forms for declaring grammar, types, and name scoping and
resolution, as well as a “canned components” library to encap-
sulate language similarities, features for unde�ned behavior
handling, and so on. In this section we give an overview of
these features, discussing their usage and design.

4.1 Grammar and Syntax

The �rst step to generating programs that are conforming
is to follow a grammar. Xsmith generates program trees
according to a grammar provided by the user.

Usage.A user can de�ne a grammar for their generator by
using the add-to-grammar form. Each grammar production
is declared as a subtype of another grammar production (pos-
sibly the abstract base grammar production, referenced by
#f). Grammar productions may have any number of children,
which can be speci�ed as either being grammar productions
(of a given type), or storage locations for arbitrary Racket
data (used, for example, to hold values for number literals).
Children may be annotated with a Kleene star to indicate
repetition (zero or more repetitions). Below is an example of
a partial grammar de�nition.

(add-to-grammar js-component

[ArrayLiteral Expression ([elem : Expression *])]

[IntLiteral Expression ([value])])
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(require xsmith xsmith/canned-components racr pprint ...)

;; An Xsmith specification starts with a "spec-component"

(define-basic-spec-component js-component)

;; Use canned-components to get common grammar definitions.

(add-basic-expressions js-component

#:LambdaWithBlock #t

#:MutableArray #t

...)

(add-basic-statements js-component

#:ProgramWithBlock #t

#:IfElseStatement #t

...)

;; Use canned-component loop generator.

;; It has many options, some elided.

(add-loop-over-container js-component

#:name ForLoopOverArray

#:loop-ast-type Statement

#:body-ast-type Block

#:collection-type-constructor

(_ (elem-type)

(mutable (array-type elem-type)))

...)

;; This header defines safe wrapper operations, and is included

;; when rendering the program.

(define header-definitions-block

"function safe_divide(a,b){return b == 0 ? a : a / b} ...")

(add-property js-component render-node-info

[VariableReference

(_ (n) (text (ast-child 'name n)))]

[SafeDivide

(_ (n) (h-append

(text "safe_divide(")

(render-child 'l n)

(text ", ")

(render-child 'r n)

(text ")")))]

[IfElseStatement

(_ (n)

(h-append

(text "if (")

(render-child 'test n)

(text ")")

(render-child 'then n)

(text " else ")

(render-child 'else n)))]

...)

;; This macro defines, among other things, a function

;; to run the command line parser and start

;; generation with the given parameters.

(define-xsmith-interface-functions [js-component]

#:program-node ProgramWithBlock

#:format-render (_ (doc) (pretty-format doc 120))

...)

Figure 3. Sample JavaScript Generator Written with Xsmith

Design and Implementation. Xsmith’s grammar and
AST data structures rely on the RACR [3] attribute gram-
mar library. RACR allows Xsmith grammar nodes to have
attributes that compute data that can depend dynamically
on attributes or data from parent or child nodes. As an AST
grows, RACR automatically keeps track of which attributes
need to be recomputed.
Xsmith relies on grammars to allow users to de�ne and

re-use language components. To transform the AST into an
input that is syntactically valid for a compiler or interpreter,
Xsmith includes a multi-step render phase. The goal of the
render phase is to produce a program as text. However, rather
than de�ning a transformation from each grammar node to a
string, it can be easier to have pleasantly formatted output by
using an intermediate format. For example, the AST can be
rendered into the data structures of Racket’s pprint pretty
printing library or to s-expressions, which both have pretty-
printing functions available.

4.2 Types

Generators of conforming programs need to produce well-
typed code to pass the type-checking stage of programming
language implementations. The requirement for type-correct
code is perhaps less strict for dynamically typed languages
than for statically typed languages. However, if code for
dynamically typed languages is generated without regard
to types, most expressions will raise run-time type errors.
Xsmith includes a type system framework that allows fuzzers
to generate well-typed code for a variety of languages.
Usage. The type system used by a fuzzer is de�ned by

the type-info property. This property takes two speci�ca-
tions per grammar node. The �rst speci�cation de�nes the
types a grammar node can inhabit. The second speci�cation
is a function that receives a tree node of the speci�ed pro-
duction and its type and returns a dictionary of types for
the node’s children. In the code below, the LiteralString
and StringAppend productions are declared to always have
type string, while the VariableReference is declared to
use a type variable that can be uni�ed with any type. The
LiteralString and VariableReference productions have
no children, but the StringAppend production constrains
its children to inherit its type.

(define no-child-types (lambda (n t) (hash)))

;; The `hash` function constructs a hash table

(add-property

js-component

type-info

[LiteralString [string no-child-types]]

[StringAppend [string (lambda (n t) (hash 'l t 'r t))]]

[VariableReference [(fresh-type-variable)

no-child-types]])

Design and Implementation. Xsmith allows its user
to specify type systems that contain base types, function
types, product types, generic types (such as lists and arrays),
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nominal records, and structural records. Xsmith supports
less expressive type systems than some other tools do, such
as PLT Redex [6]. Some of these tools, like Redex, support ar-
bitrary type judgments that are compiled to �rst-order logic
and subsequently used for type checking and generating
random terms [7]. However, Xsmith has more constraints
on generated programs than merely being well-typed. Other
analyses, such as those for the e�ect system described in sec-
tion 4.4, require structural reasoning on types. Therefore, we
have built a more limited type de�nition framework that al-
lows this cross-analysis. Despite these limitations, Xsmith’s
type checking framework is su�cient to support fuzzing
many features of popular programming languages.
Type systems speci�ed in Xsmith may also support sub-

typing. During type checking, Xsmith performs subtype uni-
�cation between the types that a tree node declares that it
supports, the types provided by its parent node, and any
types declared by relevant de�nition nodes for references.
Subtype uni�cation, like traditional variable uni�cation dur-
ing type inference, mutates type variables to indicate rela-
tionships between type variables and between type variables
and concrete types. However, unlike traditional uni�cation,
subtype uni�cation re�ects the asymmetric relationship of
subtyping. Type variables in subtype relationships form a
lattice of related types, where (subtype-unify! a b) re-
lates a as a subtype of b, placing a below b in the lattice.
Symmetric uni�cation in this model is implemented merely
as two subtype uni�cations:

(define (unify! a b)

(subtype-unify! a b)

(subtype-unify! b a))

When a type variable a is already related as a subtype to
type variable b and (subtype-unify! b a) is executed,
the relationship lattice is squashed such that a, b, and all
variables between them in the lattice are uni�ed into a single
type variable.
While it is well known that uni�cation-based type infer-

ence is incompatible with subtyping for type checking of
existing programs, Xsmith can use uni�cation because it type
checks program fragments while generating a fresh program.
So, assuming the type system speci�cation is correct, for any
needed type, it is always possible to produce a term of that
type.

4.3 Language Similarities

Many programming languages have similar language fea-
tures. To help Xsmith users avoid implementing these fea-
tures afresh for each language they write an Xsmith fuzzer
for, Xsmith provides a library of “canned components” that
automatically de�ne the necessary grammar nodes and prop-
erties.
Usage. The main forms provided by the library are the

add-basic-statements and add-basic-expressions

macros. Each of these has a variety of optional keyword
arguments and extends a grammar with forms speci�ed by
those arguments. These productions include literals, acces-
sors and mutators for mutable arrays and dictionaries, and
function application and de�nition. The code below demon-
strates how many standard productions can be added to a
grammar, with appropriate type rules and other properties,
with a canned-components macro.

(add-basic-statements js-component

#:Block #t

#:ReturnStatement #t

#:IfElseStatement #t

#:AssignmentStatement #t

...

)

The canned-components library also provides the add-

loop-over-container macro, which has various keyword
arguments allowing a user to specify whether the loop form
is a statement or an expression, which types of containers
it can loop over, and the type of the loop’s result. These
productions are added with all relevant properties for the
type and e�ect systems, name analysis, etc. The only non-
optional property that the user must add is the render-

node-info property. The code below demonstrates how a
loop form can be added to a grammar.

(add-loop-over-container js-component

#:name ForLoopOverArray

#:loop-ast-type Statement

#:body-ast-type Block

#:collection-type-constructor

(_ (elem-type) (mutable (array-type elem-type)))

...)

Design and Implementation. The canned components
are implemented as a library of macros that generate the
most common patterns of grammar and property de�nitions.
The canned-components library reduces the amount of code
required to write a new fuzzer, and it reduces the duplication
of tedious and error-prone type rules and other properties
that are easy to get slightly wrong.

4.4 Unspeci�ed and Implementation-De�ned

Behavior

For practical reasons, some programming languages leave
the semantics of certain constructs either up to individual
implementations or completely unde�ned. A generator of
conforming programs must avoid every type of unspeci�ed
or non-deterministic behavior in the programs that it gener-
ates. One common unspeci�ed behavior concerns the order
of evaluation of subexpressions, such as multiple arguments
in a function call. While the evaluation order is unimportant
in the evaluation of purely functional code, e�ectful code
that assigns variables or mutates values requires a consistent
ordering to be conforming.
Usage. To avoid generating code with an unspeci�ed ef-

fect order, a user simply annotates which nodes include

91



Generating Conforming Programs with Xsmith GPCE ’23, October 22–23, 2023, Cascais, Portugal

di�erent e�ects, such as reading and writing to variables or
mutable data structures. This is demonstrated in the follow-
ing code.

(add-property js-component reference-info

[Reference (read)]

[Assignment (write)])

Design and Implementation. Xsmith includes an e�ect
analysis that enumerates the possible e�ects of code evalua-
tion and conservatively avoids ordering con�icts. Tracked
e�ects include variable reference and assignment, projection
and mutation of values like arrays, and higher-order func-
tion application. Whenever a potential con�ict arises, such
as referencing a variable in one function argument while
assigning to the same variable in another argument, Xsmith
�lters out the choices that would lead to the generation of of-
fending programs. A user may annotate grammar nodes that
impose a speci�ed ordering on their children, such as block
and sequence constructs, with the strict-child-order?

property.
Besides e�ect ordering, programming languages have an

inconsistent variety of features that cause unde�ned, or at
least unhelpful, behavior. For example, out-of-bounds array
access is an unde�ned behavior in C, while in many other
languages it is de�ned to raise an exception. Although a
raised exception is well de�ned and potentially an interesting
part of the language API to fuzz test, in typical fuzz testing
an array access exception is likely not a useful behavior. For
example, because the set of possible values of type int in a
given programming language is likely much larger than the
set of usable array sizes, array access with approximately
uniformly generated int values will raise exceptions much
more often than it will yield values. For both de�ned and
unde�ned semantics of array access, it is usually best to
generate code that wraps such accesses to convert the index
to a number within bounds or provide a fallback result value.
Since these behaviors are

language-speci�c, each fuzzer needs some amount of unique
attention to them. The common pattern used in our exam-
ple fuzzers is to include program header text that de�nes
safe wrapper functions for potentially problematic function-
ality, possibly including extra fallback arguments (e.g., for
accessing an empty list). The grammar can then target the
safe wrappers instead of the raw unsafe operations. Some of
these behaviors are common and have been captured in the
canned-components library.

4.5 Name Scoping and Resolution

Generators of conforming programs need to produce pro-
gramswhere variables referenced are de�ned in scope. Xsmith
includes a generic analysis to ensure that variables are well
scoped. If a reference is generated in a position where no

appropriately typed variable is in scope, Xsmith will auto-
matically add an appropriate de�nition node into a scope
that is visible to the new reference.

Usage.Users can annotate which grammar nodes bind and
reference variables using the binder-info and reference-
info properties, such as with the following code.

(add-property js-component binder-info

[Definition ()]

[FormalParam (#:binder-style parameter)])

However, common patterns for binders and references have
also been captured in the canned-components library, so
most users do not need to interact with these properties
directly.

Design and Implementation. Our resolution system is
based on scope graphs [18], which is a generic system for
representing variable scoping in programming languages.
Based on user-provided annotations, Xsmith will generate
scope graph models for generated programs, and use them
to �nd which variables that are in scope at any position.

4.6 Language-Speci�c Analyses

While Xsmith includes several generic analyses, an advanced
fuzzer may bene�t from a language-speci�c analysis. Be-
cause they are language-speci�c, such analyses can not rea-
sonably be included in the Xsmith framework. However,
Xsmith provides features that aid a user in writing custom
analyses.
Users can de�ne custom attributes and choice methods,

as well as custom Xsmith properties. Custom properties are
essentially mini-DSLs that can compile declarative data into
attributes and choice methods. De�ning custom properties
requires familiarity with Racket macro writing techniques,
and we will leave discussion of custom properties to the
Xsmith documentation. Finally, users can leverage Xsmith’s
generic analyses as dependencies of their analyses, such as
by querying a node’s type during a custom analysis.

Custom properties, attributes, and choice methods provide
a way for Xsmith users to extend Xsmith with arbitrary
Racket code. This allows Xsmith fuzzers to include features
never imagined by Xsmith’s authors.

4.7 Making Decisions

Xsmith includes features for both �ltering potential decisions
and for adjusting the probability of di�erent choices when
�lling holes in the generated AST.
Usage. A user can add custom choice methods as �lters

by using the choice-filters-to-apply property. The fol-
lowing code applies �lter choice-method de�ned above to
restrict VariableReference generation.

(add-property choice-filters-to-apply js-component

[VariableReference (allow-ref)])

A user can adjust the frequency of di�erent grammar node
choices with the choice-weight property, shown below.
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(add-property choice-weight js-component

[IfStatement 50]

[AssignmentStatement

(_ (hole) (if (eq? (ast-node-type

(ast-parent hole))

'IfStatement)

20

30))])

The choice weight may be given a positive integer or a func-
tion that returns a positive integer based on an analysis of
the program.

Design and Implementation.When �lling a hole, Xsmith
instantiates one choice object with the appropriate class for
each subtype of the required node type. For example, in a hole
of type Expression, Xsmith will instantiate a choice object
for each of IntegerLiteral, VariableReference, Addi-
tion, and so on. Each of these choices is �ltered based on
the speci�cations given to the choice-filters-to-apply
property, including default �lters such as type satisfaction.
After a list of valid choices has been �ltered, each remain-
ing choice has its choice-weight computed. A choice is
then randomly made, with each choice having probability
choiceWeight / weightSum.

4.8 Additional Features

Xsmith includes various other features that we lack room to
discuss, such as an integrated automatic test-case reducer,
an extensible command-line interface, support for modular
fuzzer declaration, iterative re�nement, parametric genera-
tion in the manner of Zest [20], and more.

5 Evaluation

We evaluate Xsmith by considering a set of fuzzers built
with Xsmith as well as bugs found with those fuzzers. We
assess the di�culty of creating fuzzers with Xsmith and the
number and quality of bugs found. In particular, we examine
a particular case study of fuzzing Dafny.

5.1 Fuzzers

Generators of conforming programs typically require a lot
of e�ort to create. Csmith, a predecessor to Xsmith and its
major inspiration, required hundreds of person-hours and
tens of thousands of lines of code. Xsmith fuzzers require
substantially less e�ort and code. Figure 4 compares sizes of
a selection of conforming program generators in terms of
code size.
While the implementations of Xsmith-based fuzzers are

signi�cantly smaller than similar conforming program gen-
erators like Csmith [24], Verismith [10], and SQLSmith [21],
they still produce programs that are syntactically and seman-
tically valid as well as free from unde�ned or nondeterminis-
tic behavior. Additionally, Xsmith fuzzers can be featureful,
generating correct code for conditionals, rich types, variable
references, and so on.

Generator | LOC | Language

Csmith | 38,988 | C++

Verismith | 10,139 | Haskell

SQLsmith | 3,909 | C++

Xsmith Racket Fuzzer | 1,265 | Racket

Xsmith Dafny Fuzzer | 1,666 | Racket

Xsmith Standard ML Fuzzer | 1,151 | Racket

Xsmith WebAssembly Fuzzer | 1,433 | Racket

Xsmith Python Fuzzer * | 1,800 | Racket

Xsmith Lua Fuzzer * | 450 | Racket

Xsmith Javascript Fuzzer * | 412 | Racket

All line counting was done with Unix wc. Fuzzers marked
with * have not been exercised in substantial fuzzing cam-
paigns.

Figure 4. Comparison of Conforming Program Generators

Generator | LOC | Language

Xsmith Framework | 13,325 | Racket

Xsmith Racket Fuzzer | 1,265 | Racket

Xsmith Dafny Fuzzer | 1,666 | Racket

Xsmith Standard ML Fuzzer | 1,151 | Racket

Xsmith WebAssembly Fuzzer | 1,433 | Racket

Xsmith Python Fuzzer * | 1,800 | Racket

Xsmith Lua Fuzzer * | 450 | Racket

Xsmith Javascript Fuzzer * | 412 | Racket

| |

StarSmith Framework | 19,524 | Java

StarSmith C Fuzzer | 1,702 | LaLa

StarSmith Lua Fuzzer | 1,578 | LaLa

StarSmith SQL Fuzzer | ∼ 3,500 | LaLa

StarSmith SMT Fuzzer | ∼ 700-900 | LaLa

| |

Polyglot Framework | | Mostly C++

Polyglot C Fuzzer | 1,508 | Mix

Polyglot JavaScript Fuzzer | 1,618 | Mix

Polyglot PHP Fuzzer | 2,013 | Mix

Polyglot Solidity Fuzzer | 2,090 | Mix

Counts pre�xed with ∼ are approximate. Fuzzers marked
with * have not been used in substantial fuzzing campaigns.

Figure 5. Comparison of Generic Fuzzing Frameworks

Xsmith is not the only generic framework for creating
programming language fuzzers. Other generic frameworks
include Polyglot [4] and StarSmith [13]. While Xsmith has
the greatest focus on di�erential testing compared to other
generic frameworks, it compares well in terms of implemen-
tation e�ort per fuzzer, as shown in Figure 5.
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Some StarSmith line counts are approximate, because for
SQL and SMT their repository contains multiple versions
of each fuzzer with various modi�cations. The size of the
Polyglot framework is di�cult to ascertain, as the bulk of its
implementation is a modi�cation to AFL, and the Polyglot
authors keep the entire modi�ed copy of AFL in their source
tree. Polyglot grammar speci�cations are given with a mix
of JSON speci�cation, Python code, and other formats that
are speci�c to Polyglot.

5.2 Fuzzing Dafny

In the summer of 2021, one of the authors of this paper4 be-
gan the XDsmith project [12] using Xsmith to fuzz Dafny [14],
a veri�cation-aware programming language. He was expe-
rienced with Racket but had no previous experience with
Xsmith. In about a week, he prototyped his Xsmith-based
Dafny generator. During a three-month period, he improved
his fuzzer and found 28 Dafny bugs. Since that period, his
fuzzer has found an additional 2 bugs in the open source
Dafny implementation. His fuzzer implementation has 1,666
lines of code, as well as di�erential testing and veri�cation
testing code totaling 722 more lines.
While Dafny fuzzing primarily used di�erential testing

(comparing di�erent Dafny compiler back ends) and compiler
error detection, it also included a veri�cation oracle that
found one bug. Additionally, one bug was found as a side-
e�ect of writing the fuzzer. While the author was trying to
determine the proper type constraint to write for one feature
of the fuzzer, he decided to manually test violations of the
constraint, and found a bug.

This experience shows that Xsmith can be utilized to write
an e�ective fuzzer in a small time period with a small amount
of code.

5.3 Summary of Bugs Found

We have found bugs using Xsmith fuzzers for various pro-
gramming languages, listed in Figure 6. All reported bugs
are unique.
Aside from one Racket bug that had been �xed before

we found it, all bugs listed are new (not publicly reported
or �xed before we discovered them through fuzzing). All
Racket bugs were con�rmed by Racket’s maintainers, and
all but one have been �xed. All Dafny bugs and issues were
con�rmed by Dafny maintainers, and 6 have been �xed. All
of the WebAssembly and Standard ML bugs we found have
been con�rmed, and most of them have been �xed.
We have written fuzzers for various other languages be-

sides those in the bug table, such as Python, JavaScript, and
Lua. However, we have not performed extensive fuzzing
with them or with the WebAssembly or Standard ML fuzzers.

4The XDsmith author was invited to become a co-author of this paper after

writing the fuzzer. At the time of writing the fuzzer, he was completely

independent of Xsmith’s original authors.

These less-used fuzzers likely all need at least minor improve-
ments to be e�ective at �nding bugs.
Approximately half of the bugs found by Xsmith-based

fuzzers so far have been semantic errors detected by di�er-
ential testing. These bugs can e�ectively only be found by
program generators that reliably generate conforming test
cases. Otherwise, if semantically valid but non-conforming
(or semantically invalid) programs are regularly generated,
di�erential testing oracles would be overrun with false posi-
tive results, and would be practically useless.

Similarly, approximately half of the bugs found could only
e�ectively be found by generators of semantically correct
(though not necessarily conforming) program generators.
Bugs characterized by valid programs failing to compile
would have too many false positives if tested using a gener-
ator that does not reliably generate semantically valid test
cases. Some bugs found were characterized by a “success-
ful” compilation that produced ill-formed output. Testing
for ill-formed output when the compiler is successful could
reasonably be performed with generators of semantically or
even syntactically invalid code, but such bugs would likely
be di�cult for such generators to trigger.

In our experiments, Xsmith program generators have found
few crash bugs, the bug class most commonly found by
fuzz testing. Di�erential fuzz testing with Xsmith appears to
be very complementary to other fuzzing practices, such as
fuzzing with generators of random bytes such as AFL [25].
Xsmith seems well suited to �nding a di�erent class of bugs
than tools like AFL, and Xsmith does not e�ectively stress
early compiler stages such as parsing.

5.4 Bug Discussion

We present and discuss a small selection of bugs found. The
code snippets presented are simpli�ed presentations to illus-
trate the bugs, not the actual code generated by Xsmith.

5.4.1 Racket and Chez Scheme Float Modulo Bug.

When using a large �oating point number, Racket CS (Racket
built on Chez Scheme) would give wrong answers to the
modulo operator. The bug was found through di�erential
testing.5

#lang racket/base

;; This number is big enough that despite

;; the .1 it passes `integer?`.

(define num

;; The number has been shortened to fit inside

;; margins. The real number had 14 more digits.

93674811510424315205562331463211094477254417232.1)

(println (integer? num)) ;; Prints true

;; But modulo doesn't stay in bounds of the divisor.

(println (modulo num 10)) ;; Prints a number >10

5This bug was submitted as https://github.com/racket/racket/issues/3469.
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Language | Implementation | Crash Bugs | Semantic Bugs | Static Non-crash Bugs | Total

Racket | BC | 0 | 5 | 0 | 5

Racket | CS | 0 | 4 | 0 | 4

Racket | Both Back Ends | 0 | 2 | 0 | 2

Total Racket Bugs | | | | | 11

| | | | |

Dafny | Java Back End | 0 | 0 | 8 | 8

Dafny | C# Back End | 1 | 3 | 3 | 7

Dafny | Go Back End | 0 | 3 | 0 | 3

Dafny | JavaScript Back End | 0 | 4 | 1 | 5

Dafny | All Back Ends | 0 | 1 | 7 | 8

Total Dafny Bugs | | | | | 30

| | | | |

WebAssembly | Wasmer | 1 | 4 | 0 | 5

| | | | |

Standard ML | ML MLKit | 0 | 0 | 1 | 1

Crash Bugs: Bugs characterized by a memory error or assertion violation in the compiler or interpreter causing the system
under test to exit abnormally. This is not simply failure to compile an input or an interpreter exiting with an exception.
Semantic Bugs: Bugs characterized by a wrong program result. Found primarily by di�erential testing, but also by testing
various properties. For example, a raised exception when the fuzzer has been constrained not to generate code that raises
exceptions.
Static Non-crash Bugs: This category includes various kinds of bugs whose �nding would have required syntactically and
semantically correct programs but not necessarily conforming programs. For example, this category includes failure to compile
correct programs, ill-formed compiler output (eg. Dafny compiler outputting ill-formed Java code that the Java compiler can’t
compile), etc.

Figure 6. Bugs Found with Xsmith-Based Fuzzers

It was determined that it was actually a bug in Chez
Scheme itself, and was �xed.6

5.4.2 Racket BCGCDBug. This is an example of a bignum
boundary bug. The bugwas determined to be at least 20 years
old, and included in the oldest repository import to CVS. The
bug was found by di�erential testing.7

#lang racket/base

(define num -4611686018427387904)

;; The gcd function should always return non-negative

;; numbers, but RacketBC returns a negative number.

(gcd num num)

5.4.3 Racket Serialization Bug. Besides di�erential test-
ing, some bugs are found with various properties. For ex-
ample, our Racket fuzzer was designed to produce code that
does not raise exceptions. Thus, a program that raises an
exception is evidence of a bug (in Racket or in our fuzzer).
This bug was present in both Racket BC (the old C back end
for Racket) and Racket CS (the new Chez Scheme back end),
and was found with an interesting property.

6The Chez Scheme bug was �xed in

https://github.com/cisco/ChezScheme/pull/537.
7Reported as https://github.com/racket/racket/issues/3484.

The write and read functions are primitive serialization
and deserialization functions in Racket and Scheme. In ver-
sion 7.9, the latest release at the time of fuzzing, the handling
in the read function for Unicode character U+FEFF, the byte-
order-mark, was changed. However, the write function was
not changed. Thus, data could be altered in a round-trip
between the read and write functions.
When printing generated Racket programs, our Racket

fuzzer pretty prints them using a function that ultimately
uses the write function. When compiling our generated pro-
grams, the Racket compiler uses the read function. The bug
was found because the compiler was rejecting ill-formed
programs that were mangled between generation and compi-
lation by the write and readmismatch.8 We found multiple
write and read mismatch bugs in this manner.

5.4.4 Dafny Bugs Related to Zero Multiplicity. This
class of bugs was found with di�erential testing. Internally,
the multiset data structure in Dafny is implemented as a
dictionary mapping from elements to the multiplicity. Many
multiset operations assumed the invariant that the multi-
plicities will always be positive. However, this invariant in

8This bug was reported as https://github.com/racket/racket/issues/3486.
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fact did not hold, as the multiplicity changing operation can
break the invariant. The following code would produce true
false when compiled to C#, false true when compiled
to Go, true true when compiled to JavaScript, and false

false (which is the correct output) when compiled to Java.9

method Main ()

{

var a := multiset{12}[12 := 0];

var b := multiset{42};

print 12 in a, " ", a == b, "\n";

}

5.4.5 Dafny Bug Found by Veri�cation Testing. In ad-
dition to di�erential testing, generated Dafny programs were
also used for veri�cation testing, which aims to �nd sound-
ness and precision issues in the Dafny veri�er. Additionally,
it is useful for �nding discrepancies of the underlying se-
mantics between the veri�er and the compilers. Given a
generated Dafny program with print statements, veri�ca-
tion testing compiles and runs the program, and correlates
print statements with their outputs. The program is sub-
sequently transformed to turn the print statements into
assertions. In the most basic form of veri�cation testing, we
expect that these assertions should be veri�ed by the veri�er.
These assertions therefore test the Dafny veri�er’s ability to
predict the output emitted by the compiled program.
In the following bug, all compiled Dafny programs re-

turned the same incorrect answer, so the bug could not be
discovered by di�erential testing. Yet, it was determined to
be incorrect by the veri�cation testing. The problem was
that the superset operation was compiled into a subset oper-
ation.10

method Main ()

{

var a := {1};

var b := {1, 2};

print a > b;

}

6 Discussion

We discuss a qualitative comparison of Xsmith to other sys-
tems for creating programming language fuzzers, and discuss
Xsmith’s limitations.

6.1 Comparison to Polyglot

Polyglot [4] is a generic language processor that can be con-
�gured to produce programs in di�erent languages by pro-
viding con�guration in a custom format. Polyglot has been
very e�ective at �nding crash bugs, �nding over 100 bugs

9These bugs were reported as https://github.com/dafny-

lang/dafny/issues/1359 and https://github.com/dafny-

lang/dafny/issues/1361.
10This bug was reported as https://github.com/dafny-

lang/dafny/issues/1357. Because the output of the print statement

is incorrect, when it is turned into an assertion the veri�er detects that the

assertion is violated, thus revealing the bug.

in implementations of 9 programming languages. Polyglot
uses constrained mutation and a semantic validation step
that improves its probability of generating semantically valid
programs. These features prevent Polyglot from generating
programswith problems such as references to unde�ned vari-
ables, and prevents many type errors. However, these steps
do not guarantee semantic correctness. In their evaluation
of Polyglot, Chen et al. show that none of their generators
produces semantically valid test cases more than 60% of the
time. This rate of producing semantically invalid test cases
renders it ine�ective as a generator for oracles that consis-
tently require semantically valid test cases to prevent false
positives, including di�erential testing.

6.2 Comparison to StarSmith

The StarSmith [13] program generator is a generic frame-
work for generating semantically correct programs. It is
con�gured using a DSL called LaLa, in which users specify
the grammar and other rules for program generation, similar
to Xsmith. While StarSmith has no built-in or default steps
to prevent unde�ned or other behaviors that are unsuitable
for di�erential testing, users may write custom LaLa code
to prevent some such behaviors. For example, the StarSmith
authors created a Lua fuzzer that includes a �lter preventing
the generation of any events in positions where the order of
operations is not guaranteed.
While LaLa makes it possible to create a fuzzer for dif-

ferential testing, it does not encapsulate common patterns
to make it easy. If StarSmith users want to make a similar
fuzzer that prevents unspeci�ed e�ect ordering, they would
need to write a similar �lter. Additionally, this �lter is stricter
than Xsmith’s generic e�ect analysis, which can still allow
non-con�icting e�ects when evaluation order is unspeci�ed.

Aside from this observation about encapsulating patterns,
it is di�cult to compare the suitability of Xsmith and Star-
Smith for di�erential testing, since StarSmith’s authors ex-
pressed a lack of con�dence that their programs were actu-
ally free of unde�ned behavior. They reported total instances
of test cases uncovering a bug, from fuzzing with conforming
con�gurations, rather than unique bugs found or con�rmed
as they did for other generators. This makes it di�cult to
know if they found many bugs or few bugs repeated many
times. However, they did report unique bugs for their di�er-
ential testing of SQL, in which they found 11 semantic bugs
and 13 segfault bugs among 3 SQL implementations using a
SQL generator of approximately 3500 lines of code in their
LaLa DSL. This generator was signi�cantly larger than their
other generators. Creating speci�cations for StarSmith to
create conforming program generators is possible, but its
focus appears to be on program generators for crash fuzzing.

6.3 Limitations of Xsmith

While Xsmith inhabits a new and useful point in the space
of fuzzing tools, it has various limitations.
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6.3.1 Type System. Xsmith’s type system is �exible but
not comprehensive. For example, Xsmith can not currently
generate functions with parameters that can be multiple
di�erent types but that are not fully generic enough to allow
any type, such as a function that accepts either a string or
an integer but no other type. Additionally Xsmith can not
generate functions with optional arguments or other forms
of variadic functions. Built-in functions with such types can
be speci�ed as productions in an Xsmith grammar, allowing
Xsmith to generate calls to them. However, for complicated
types, multiple grammar nodes may need to be speci�ed to
allow x generation of uses of all potential types of a function.
The type system also lacks a notion of classes. While we

have implemented structural records with subtyping and
nominal records, which can be used to represent some as-
pects of object-oriented languages, we have not yet designed
a generic system to encode the semantics of classes and ob-
jects that is well-suited to a variety of languages. Because
classes, objects, and methods have widely varying seman-
tics in di�erent languages, it is di�cult to determine what
essential features such an encoding should have.

Another limitation of the type system currently is a lack of
“negative types” to constrain type variables. There are often
situations where one or more particular types are disallowed
but where any other type is allowed. An example situation
is a position where functions are disallowed, but base types
like int and string are allowed, as well as composite types
such as list composed of other allowed types (perhaps
recursively). Rather than specifying that function types are
disallowed, users must enumerate allowed types. Since the
set of allowed types may be large or in�nite, users might
only enumerate a subset of allowed types.

6.3.2 Probabilities. Xsmith follows a long history of using
weight speci�cations to determine the probability of gener-
ating any given grammar production[22]. Besides weights,
the probability of generating any given production is also
a�ected by �lters that consider the type system, the e�ect sys-
tem, AST depth, and other factors. While Xsmith’s weighting
system is �exible and allows for dynamic weight determina-
tion, it is di�cult to determine how any weighting scheme
will ultimately a�ect the probability of generating a particu-
lar production or combination of productions.
Xsmith provides a logging mechanism to view the fre-

quency at which di�erent productions were generated or
under consideration for generation. However, logging does
not provide a guide to understand how to improve a weight-
ing scheme to achieve amore desired probability distribution,
nor does it provide insight into what distributions would be
e�ective at �nding bugs.

6.3.3 E�ects. The generic e�ect analysis in Xsmith is both
conservative and limited. Because it is conservative, limiting
generation to only programs that are guaranteed to be free of
unspeci�ed e�ect ordering, Xsmith �lters out many choices

that would lead to generating valid, conforming programs.
This limitation particularly a�ects higher-order values. For
example, Xsmith has no analysis to determine whether two
container values (such as arrays) are the same, so it conser-
vatively assumes that any mutation to a particular container
type may con�ict with any other access or mutation of that
same container type. Because the e�ect analysis must be
generic enough to analyze programs in many languages
with varying semantics (most of which is unspeci�ed within
an Xsmith fuzzer), the analysis is very limited. Therefore the
set of rejected programs is very large, and has great potential
to include many interesting and bug-inducing programs.
Xsmith could potentially include a more precise e�ect

analysis by including a way for users to specify language-
speci�c value- and control-�ow analyses. However, that
would greatly increase the di�culty of writing a new fuzzer,
and it is unclear how much it would improve a fuzzer’s bug-
�nding capabilities.

7 Related Work

We compare Xsmith to related systems. In particular, we
discuss conforming program generators, program generator
generators, and grammar-directed fuzzers.

7.1 Conforming Program Generators

Some random testers for programming languages generate
conforming programs, or programs that are syntactically
and semantically valid as well as being free from nondeter-
minism, unde�ned behavior, and unspeci�ed behavior. An
early major conforming program generator was Csmith [24].
Similar systems include Verismith [10] and SQLsmith [21].
YARPGen [15] statically generates programs that are free
from unde�ned behavior with no dynamic checks. Csmith
and other conforming program generators have been very
successful at �nding bugs in programming language imple-
mentations. These bugs include semantic bugs found with
di�erential testing that can not be found by more common
crash oracles. However, conforming program generators like
Csmith require much programmer time and tend to be tens
of thousands of lines of code to implement.
JFQ [19] is a framework for imperative property-based

testing that has been successfully used to fuzz programming
languages. JFQ allows users to write correctness properties
for generated data. However, JFQ does not include a general
framework for program analysis to generate conforming
programs, so users must write their own analyses.

Xsmith is a DSL and library for building conforming pro-
gram generators like Csmith, but with less time and code.
Xsmith eases development of conforming program gener-
ators by providing a declarative DSL, along with generic
analyses, generation strategies, and other tools as a library.
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Thus Xsmith allows users to build conforming program gen-
erators at a fraction of the cost of stand-alone generators
like Csmith.

7.2 Program Generator Generators

Polyglot [4] is a framework that takes a language speci�-
cation in a custom format and produces random programs.
Polyglot includes a semantic validation step that improves
the percentage of syntactically and semantically valid test
cases generated. However, programs generated by Polyglot
are not guaranteed to be syntactically or semantically cor-
rect, or to be conforming. Polyglot has been successfully used
to �nd well over 100 bugs in implementations of at least 9
programming languages. However, it is not a suitable system
for �nding semantic bugs via di�erential testing because
generating non-conforming programs leads to impractically
high false positive rates.

StarSmith [13] is a framework that takes a language speci-
�cation in a DSL called LaLa and produces random programs.
StarSmith generates programs that are syntactically valid
and well-typed. Some StarSmith generators have been fur-
ther crafted to generate programs that are free of unspeci�ed
behavior for di�erential testing. StarSmith generators that
have �lters to generate only conforming programs must in-
dividually be constrained to not generate o�ending code. For
example, the StarSmith authors created a Lua generator that
included custom code to prevent any e�ects when the order
of evaluation is not guaranteed. Such code would need to
be repeated for each generator in StarSmith for languages
without guarantees of evaluation order.

PLT Redex [6] is a framework that allows users to specify
a semantics for a programming language. It includes a test-
ing feature that generates random well-typed programs [7].
However, it does not generate programs that are free from
unde�ned behavior. This is useful in Redex, since it helps
users to �nd where unde�ned behavior exists in their seman-
tics de�nitions, however it limits its use as a generator for
di�erential testing.
LangFuzz [11] is a fuzzer that uses grammar-directed

fuzzing. Additionally, LangFuzz can incorporate code pat-
terns learned by parsing program corpuses. LangFuzz has
successfully found many bugs. However, LangFuzz does not
generate conforming programs that are free from unde�ned
behavior, limiting its practical utility for di�erential testing.
Xsmith has been designed to generate programs suitable

for di�erential testing. Xsmith fuzzers generate programs
that are syntactically and semantically valid, in addition
to being free from unde�ned or nondeterministic behav-
ior. Xsmith includes generic e�ect analyses for the common
case of unspeci�ed order of evaluation, allowing programs
to include e�ects while still preserving a well-de�ned rela-
tionship between e�ects. While some unspeci�ed behaviors
need to be handled on a per-language basis, Xsmith’s canned
components library helps with some common patterns.

7.3 Grammar-Directed Fuzzers

Some fuzzers, such as Lava[22] and Yagg [5], are grammar-
directed[1, 8, 9, 16], meaning they only build program trees
thatmatch a given grammar. These fuzzers are useful because
they can generate syntactically valid test cases that pass early
stages of a compiler or other language processor, allowing
fuzzing to exercise deeper code paths. However, grammar-
directed fuzzers, without other guidance, do not guarantee
that their outputs semantically correct or conforming. Thus
they can not reliably be used to �nd semantic bugs through
di�erential testing.

Some grammar-directed fuzzers such as Grimoire [2] auto-
matically learn a grammar instead of taking a user-supplied
grammar is input. While this automatic learning step means
that the fuzzer requires less up-front e�ort to craft a gram-
mar speci�cation, it provides even weaker guarantees about
the syntactic and semantic validity of produced outputs.

Xsmith is grammar-directed in addition to being directed
by other analyses, such as type and e�ect analyses. These
analyses constrain program generation to produce conform-
ing programs that are useful for �nding semantic bugs.

8 Conclusion

Di�erential fuzz testing can be a powerful tool for �nding
semantic bugs in programming languages. Xsmith is a li-
brary and DSL that provides shared infrastructure, declara-
tive speci�cation, and extension hooks that allow users to
easily build featureful fuzz testers for di�erential testing.
Xsmith has been used to create a variety of fuzzers requiring
modest e�ort and code size that have found bugs in di�er-
ent language implementations. Compared to related work,
Xsmith is the �rst tool focused on easily creating fuzzers
for di�erential testing. Xsmith fuzzers can be used synergis-
tically with other fuzzing techniques to �nd bugs in many
language implementations.
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Abstract
In vertex-centric programming, users express a graph algo-
rithm as a vertex program and specify the iterative behavior
of a vertex in a compute function, which is executed by all
vertices in a graph in parallel, synchronously in a sequence
of supersteps. While this programming model is straight-
forward for simple algorithms where vertices behave the
same in each superstep, for complex vertex programs where
vertices have different behavior across supersteps, a ver-
tex needs to frequently dispatch on the value of supersteps
in compute, which suffers from unnecessary interpretation
overhead and complicates the control flow.

We address this usingmeta-programming: instead of branch-
ing on the value of a superstep, users separate instructions
that should be executed in different supersteps via a staging-
time wait() instruction. When a superstep starts, computa-
tions in a vertex program resume from the last execution
point, and continue executing until the next wait(). We im-
plement this in the programming model of an agent-based
simulation framework CloudCity and show that avoiding
the interpretation overhead caused by dispatching on the
value of a superstep can improve the performance by up to
25% and lead to more robust performance.

CCS Concepts: • Software and its engineering → Do-
main specific languages; • Computing methodologies
→ Simulation languages; Parallel algorithms.

Keywords: agent-based simulations, vertex-centric program-
ming, distributed systems, staging, metaprogramming
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1 Introduction
The vertex-centric programming paradigm is first proposed
and popularized by Google’s Pregel [21] for the efficient ex-
ecution of graph algorithms over large, distributed graphs.
The core of its computational model is based on the bulk-
synchronous parallel (BSP) processing model [37], which is
an abstract machine model consisting of parallel processors
that communicate by sending messages. Computations pro-
ceed synchronously in a sequence of supersteps,1 separated
by global synchronization. Messages between parallel pro-
cessors are sent at the end of a superstep and are available
for processing at the beginning of a superstep. BSP achieves
high scalability in distributed systems by performing com-
putations in parallel. Additionally, the BSP model ensures
that a parallel program is free of deadlocks and data races,
due to its synchronous, shared-nothing architecture, hence
making parallel programming easy.
In vertex-centric programming, users specify an input

graph and express a graph algorithm as a vertex program
[21]. The vertex program contains a vertex’s state variables
and a compute function that describes the behavior of a ver-
tex, such as processing messages, performing local computa-
tions, and sending messages to other vertices. Computations
proceed in a sequence of supersteps, in each of which vertices
execute compute in parallel for exactly once.
To clarify, let 𝑠0 be the value of the initial state of an

arbitrary vertex in a graph and 𝑠𝑘 be the value of this vertex’s
state after executing compute in the𝑘-th superstep of a graph
algorithm, then we can describe the change of this vertex’s
state using the following state transition, where each arrow is
labeled with the transition name, that is, executing compute:

𝑠0
compute−−−−−−→ 𝑠1

compute−−−−−−→ 𝑠2
compute−−−−−−→ 𝑠3 . . . .

For a complex vertex program that executes different in-
structions across supersteps, interpreting compute is ineffi-
cient. We demonstrate it with the following example written
in Scala.2 Let A, B, and C represent three blocks of instruc-
tions. In every superstep, a vertex needs to check whether

1In the BSP model, a step refers to a primitive operation like reading or
writing the processor’s local memory, similar to the PRAMmodel. The term
superstep emphasizes that a processor can perform arbitrarily many steps
before synchronizing with other processors.
2We will use Scala syntax throughout this paper.
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1 var color: Int = 0

2 def compute (): Unit = {

3 if (superstep == 0) {

4 color = 1

5 // syntactically correct

6 // but semantically wrong

7 if (superstep == 1)

8 color = 2

9 if (superstep == 2)

10 color = 3

11 }

12 }

(a) Dispatching on the value of a superstep is
error-prone.

1 var color: Int = 0

2 @lift

3 def compute (): Unit ={

4 color = 1

5 wait()

6 color = 2

7 wait()

8 color = 3

9 wait()

10 }

(b) A staged vertex program ex-
pressed with wait().

1 var color: Int = 0

2 var idx: Int = 0

3 var yield: Boolean = false

4 val sc = Array(

5 ()=>{color =1; yield=true; idx=1},

6 ()=>{color =2; yield=true; idx=2},

7 ()=>{color =3; yield=true; idx =0})

8 def compute (): Unit = {

9 yield = false

10 while (!yield) {

11 sc(idx)()

12 }

13 }

(c) Vertex program generated from the staged vertex
program in (b).

Figure 1. In a vertex program, describing different vertex behavior across supersteps is commonly achieved by branching
on a superstep value. However, this suffers from interpretation overhead and permits erroneous programs like (a), where
instructions that ought to be executed in superstep 1 (line 8) can still be expressed as instructions for superstep 0 (lines 4–10)
instead. We eliminate the need to dispatch on the superstep value by introducing a staging-time coroutine-like instruction
wait() in (b), which transforms vertex behavior into an array of closures in the generated vertex program in (c).

the current superstep value is 0 (line 2) or 1 (line 4), which
is unnecessary and inefficient for a long-running program.
1 def compute (): Unit = {

2 if (superstep == 0) {

3 A // arbitrary computation , same for B, C

4 } else if (superstep == 1) {

5 B

6 } else {

7 C

8 }

9 }

The need for complex vertex programs where vertices
have different behavior across supersteps arises for agent-
based simulations, where each vertex is regarded as an agent.
Per superstep, an agent performs arbitrary local computa-
tions, sends messages, and processes received messages.3 In
such applications, agents often engage in diverse operations
across supersteps, and multiple types of concurrent agents
exhibit distinct behaviors within the same superstep. For
example, an epidemics simulation can model both hospitals
and people as agents, which have different behaviors. Peo-
ple agents also behave differently across supersteps as the
disease progresses.
We would like a vertex to only execute instructions that

are useful. Intuitively, in superstep 1, a vertex only needs
to execute line 5, without having to evaluate the conditions
on lines 2 and 4 first. We capture the intuition of useful
instructions for a given superstep in compute using notations
3For simplicity, we assume that the semantics of an agent-based simulation
is precisely the BSP model, where computations of parallel agents proceed
iteratively in a sequence of supersteps. An agent-based simulation can be
implemented as a vertex program.

from partial evaluation [14]. Let 𝛼 be a meta-algorithm that
partially evaluates compute when the variable superstep
has value 𝑡 . We use 𝛼 (compute, 𝑡) to denote the residual
program generated after the partial evaluation of compute
with respect to the variable superstep at value 𝑡 , which
is also referred to as useful instructions for superstep 𝑡 in
compute. The value of a vertex’s state when only executing
useful instructions in each superstep changes as below:

𝑠0
𝛼 (compute,0)
−−−−−−−−−−→ 𝑠1

𝛼 (compute,1)
−−−−−−−−−−→ 𝑠2

𝛼 (compute,2)
−−−−−−−−−−→ 𝑠3 . . . .

In our example, 𝛼 (compute, 0) = A, 𝛼 (compute, 1) = B.
Additionally, eliminating the need to branch on the value

of supersteps has the benefit of preventing erroneous pro-
grams like Figure 1a, where instructions that describe be-
havior in superstep 1 (line 8) are specified in the scope of
instructions to be executed in superstep 0 (lines 3–11).
In this work, we describe how we ensure that vertices

only execute useful instructions by making the superstep-
dependent structure in a vertex program explicit through a
coroutine-like [7] staging-time instruction wait().4 Just like
coroutines, computations of a vertex function yield when
executing wait() and later resume from the last saved exe-
cution point when the next superstep begins, avoiding the
interpretation overhead caused by dispatching on the value
of a superstep. The previous pseudocode can be expressed
as follows using wait():

4As pointed out by a reviewer, the term waitmay cause confusions with sim-
ilarly named primitives in asynchronous programming. Although a vertex
program is single-threaded and sequential, wait( ) is a blocking instruction
that delays the execution of later instructions until the next superstep starts,
not unlike asynchronous programming.
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1 def compute (): Unit = {

2 A // arbitrary computation , same for B, C

3 wait()

4 B

5 wait()

6 while(true){

7 C

8 wait()

9 }

10 }

We implement wait() in the programming model of a
distributed agent-based simulation system CloudCity [35]
and evaluate the performance benefit of staging compared
with unstaged vertex programs. Our results show that for
an agent with 5 to 20 branches, staging reduces the total
execution time by 10% – 25%. As we increase the number of
agents, the overall hardware utilization efficiency decreases
as resource contentionworsens. For 1000 agents, the speedup
of staging is around 10%. Though the speedup is modest in
both cases, staging greatly improves the robustness of the
performance. We repeat each experiment three times: the
standard deviation is 10× lower for staged programs than
unstaged ones, for both one and 1000 agents.

The rest of the paper is structured as follows. We start by
explaining in more detail what we mean by vertex-centric
programming and agent-based simulations in Section 2. Af-
terward, we describe the limitations of the current approach
in Section 3 and possible solutions. In Section 4, we examine
the staging-time wait() instruction closely. We then discuss
how we implement wait() in CloudCity in Section 5 and
evaluate the performance impact in Section 6. Finally, we
discuss related work in Section 7 and end this paper with
conclusions and future works in Section 8.

2 Background
Vertex-centric programming was first proposed and popu-
larized by Pregel [21]. Later other frameworks like GraphX
[39] and Flink [9] have also adopted this paradigm for paral-
lel graph processing, implementing the vertex-centric para-
digm via a Pregel-like operator. Though there are differences
among such frameworks concerning details such as whether
the graph topology is mutable, all these frameworks share
the same assumption as Pregel, where vertices interpret the
same user-defined function iteratively in every superstep.

In this section, we use Pregel as an example and explain its
syntax and semantics to familiarize users with vertex-centric
programming. More concretely, we show how to implement
a classic graph algorithm, PageRank [3], which represents
the target applications that Pregel is designed for. We also
explain what agent-based simulations are and how they can
be expressed as complex vertex programs.

1 abstract class Vertex[VertexValue , EdgeValue ,

MessageValue] {

2 var value: VertexValue

3 val vertexId: String

4 val numVertices: Int

5
6 def superstep: Int = 0

7
8 def compute(msgs: Iterator[MessageValue ]):

Unit

9 // type Edge is built -in

10 def getOutEdgeIterator (): Iterator[Edge]

11 def sendMessageTo(dest: String , message:

MessageValue): Unit

12 def voteToHalt (): Unit

13 }

Figure 2. Core Pregel DSL.

2.1 Pregel syntax
Pregel is a domain-specific language (DSL) for vertex-centric
computing embedded purely in the host language C++ [21].
For demonstration, we present Pregel using Scala pseudocode,
summarized in Figure 2. Each vertex has a unique id (line
3) and can obtain the current superstep (line 6). Users need
to define compute (line 8), which specifies the behavior of a
vertex that is executed in each superstep, such as updating
local states and sending messages to neighbors (lines 2, 10–
11). If there is no further work until new messages arrive, a
vertex votes to halt (line 12).

Users define a vertex program by creating a subclass that
extends the Vertex class. In particular, users provide types
for VertexValue, EdgeValue, and MessageValue (line 1)
and override the computemethod (line 8) with vertex behav-
ior. A graph algorithm can only define one vertex program.

2.2 Pregel semantics
The semantics of Pregel closely follows the BSP process-
ing model [21], which is an abstract parallel machine that
is commonly used by distributed frameworks for parallel
computing. This abstract machine contains:

• a set of processors. Each processor can be viewed as a
core-memory pair, where the memory is private to the
core. A core can perform arbitrary computations over
values stored in its memory. Processors communicate
by sending messages, which arrive at the beginning
of a superstep;

• a synchronization facility to synchronize all processors
periodically.

A Pregel program proceeds in a sequence of supersteps
separated by global synchronization. Initially, all vertices
are active. Per superstep, every active vertex executes its
computemethod in parallel. A superstep ends when all active
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vertices have completed executing compute. An active vertex
becomes inactive by voting to halt (through the Pregel in-
struction voteToHalt), suggesting that it has no more work
to do until new messages arrive. An inactive vertex becomes
active if it has received at least one message at the beginning
of a superstep, and remains inactive otherwise. Messages are
sent at the end of a superstep and are available for processing
at the beginning of the next superstep. In Pregel, a program
terminates when all vertices have become inactive and there
is no more message in the system.
Example 2.1 (PageRank). The PageRank algorithm com-
putes the importance of web pages based on the assumption
that a page is more important if it receives links from other
important pages [3]. Each page has a PageRank value, where
a higher value suggests that a page is more important. This
algorithm proceeds in the following two phases:

• Initialization: Assign an initial PageRank value to each
page in the system. Initially, all pages have equal PageR-
ank values;

• Iterative Update:
– For each page, calculate its new PageRank value
based on the incoming links from other pages.

– Distribute a fraction of the current page’s PageRank
to the pages it links to. The amount distributed is
proportional to the current page’s PageRank and
inversely proportional to the number of its outgoing
links.

– Update the PageRank values for all pages.
Repeat the above steps until the PageRank values con-
verge (no significant changes).

To account for user behavior, PageRank introduces a damp-
ing factor that models the probability of a user continuing to
click on links instead of jumping to a random page, typically
set to 0.85. The damping factor adjusts the distribution of a
page’s PageRank during the iterative update.

Implementing PageRank in Pregel is straightforward, shown
in Figure 3 (adapted from [21]). Each vertex has a local state
that denotes its current PageRank value (type double). In
superstep 0, the PageRank value of each vertex is the same,
given in a separate input graph file (not shown here). Per
superstep, vertices send messages to their neighbors (lines
14–16), where each message contains its current PageRank
value divided by the number of outgoing edges. Since mes-
sages take one superstep to arrive, starting from superstep 1,
each vertex also processes all received messages and updates
its value of PageRank before sending messages to neigh-
bors (lines 7–11). In this example, the PageRank algorithm
runs only for 30 supersteps (line 13); vertices vote to halt
afterward (line 18).

2.3 Agent-based simulations
Agent-based simulations are simulations in which a num-
ber of agents, each with their own thread, code, and state,

1 class PageRankVertex extends Vertex[Double ,

Unit , Double] {

2 // Attributes value , vertexId , numVertices ,

3 // getOutEdgeIterator are initialized ,

omitted

4
5 override def compute(msgs: Iterator[Double ])

: Unit = {

6 if (superstep >= 1){

7 var sum: Double = 0

8 while (msgs.hasNext) {

9 sum += msgs.next()

10 }

11 value =0.15/ numVertices +0.85* sum

12 }

13 if (superstep < 30) {

14 val n: Int = getOutEdgeIterator ().

toIterable.size

15 // A syntactic sugar for sending

messages to neighbors

16 sendMessageToAllNeighbors(value / n)

17 } else {

18 voteToHalt ()

19 }

20 }

21 }

Figure 3. PageRank implementation.

interact in a virtual environment. These simulations enable
users to make changes to the micro behavior of agents and
observe the collective impact of such changes at the macro
scale. An agent may execute arbitrary code, affecting its own
state as well as the state of the virtual world and any other
agents living within.

There are two natural flavors of agent-based simulations,
synchronous and asynchronous. Here we only consider syn-
chronous agent-based simulations, where computations pro-
ceed in a sequence of locksteps, just like supersteps in the
BSP model. An agent can be viewed as a vertex, computing
locally and communicating with other agents synchronously;
an agent-based simulation can be expressed as a graph algo-
rithm using a vertex program.

Example 2.2 (Traffic light simulation). We consider a mini-
mal traffic simulation that models a pedestrian and a traffic
light. The traffic light repeatedly iterates over three colors:
green, yellow, and red. By default, the traffic light waits for
three supersteps for each color. Additionally, the traffic light
has a pedestrian crossing button, which causes the current
signal to change to green when activated. Initially, the traffic
light is in a random color and notifies the pedestrian of the
signal. Whenever the traffic signal changes, the traffic light
notifies the pedestrian of the new color. The pedestrianwants
to cross and waits patiently for the green light. If the light is
yellow, the pedestrian presses the crossing button. If red, the
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pedestrian waits for up to two supersteps before pressing the
crossing button. The traffic light turns green when receiving
an activation signal from the pedestrian button.

This example highlights the need to define different vertex
behavior within the same superstep in agent-based simula-
tions, which is achieved by dispatching on the vertex id in the
current vertex-centric programming, incurring unnecessary
interpretation overhead.

3 Limitations of Vertex-Centric
Programming

Vertex-centric programming has gained wide popularity due
to its simple yet flexible programming model. Still, there are
several limitations to this approach, which we describe in
this section.

3.1 Interpretation overhead caused by dispatching
on the value of a superstep

In Pregel, users dispatch on the value of supersteps to express
different vertex behavior across supersteps. Our example in
Section 2 also illustrates this problem. The code snippet in
Figure 3 (lines 6, 13) clearly demonstrates the overhead of
dispatching on the value of supersteps.
One standard approach to eliminate such interpretation

overhead is to generate a specialized program that is more
efficient to execute by partially evaluating compute with
respect to a superstep value 𝑡 .

Since the value of the current superstep 𝑡 is only changed
by the Pregel runtime system and cannot be reassigned by a
vertex program, we can lift compute to pass the superstep
value 𝑡 as an additional input argument:

Compute
t (𝑡 : Int, 𝑚𝑠𝑔𝑠 : Iterator[Message]),

and replace function applications of superstep in compute
in a vertex program with 𝑡 via 𝛽-reduction.

Generating a specialized program with respect to 𝑡 by par-
tially evaluating Computet with respect to 𝑡 can be described
using the following transformation [14]:

Compute
t (𝑡,𝑚𝑠𝑔𝑠) = 𝛼 (Computet, 𝑡) (𝑚𝑠𝑔𝑠),

where 𝛼 is a partial evaluation algorithm that takes the pro-
gram Compute

t and a superstep value 𝑡 as partial evaluation
variables and produces a residual program that is specialized
for the superstep 𝑡 . For our analysis, the details of 𝛼 are not
important. We assume that 𝛼 executes Computet symboli-
cally on a given value of 𝑡 .
Assuming that the test expression of a control flow that

contains 𝑡 can be evaluated at specialization time [17], the
partial evaluation approach requires precomputing a spe-
cialized program 𝛼 (Computet, 𝑡) for each possible value of 𝑡
from 0 to 𝐾 for a Pregel program that runs for 𝐾 supersteps,
as shown in Figure 4 for a vertex program that executes for

1 var idx: Int = 0

2 val instructions = Array(

3 () => {𝛼 (Computet, 0); idx = 1},

4 () => {𝛼 (Computet, 1); idx = 2},

5 () => {𝛼 (Computet, 2); idx = 3},

6 . . .,

7 () => {𝛼 (Computet, 29); idx = 30},

8 () => {idx = 30}

9 )

10 def compute(msgs: Iterator[Message ]): Unit = {

11 instructions(idx)()

12 }

Figure 4. A Pregel program with partial evaluation.

30 supersteps. The attribute instructions is an array of
generated programs 𝛼 (Computet, 𝑡) indexed by 𝑡 . At each
superstep, only useful instructions in the generated program
𝛼 (Computet, 𝑡) are interpreted, hence more efficient than
executing compute.

But precomputing residual programs for 𝑡 may not always
be feasible, since the test expression in a control flow that
contains 𝑡 can be dynamic, where 𝑡 is compared to a dynamic
variable whose value is known only at runtime. In addition,
this approach makes it difficult to exploit locality across
supersteps, where a vertex program repeatedly executes the
same instructions in different supersteps. For instance, in
the PageRank example,

𝛼 (Computet, 1) = 𝛼 (Computet, 𝑡), for 1 < 𝑡 < 30.

Instead of repeatedly computing 𝛼 (Computet, 𝑡) for 1 ≤ 𝑡 <
30, we would like to only compute 𝛼 (Computet, 1).

3.2 Lack of binding constructs for instructions
executed in different supersteps

In vertex-centric programming, there is no binding construct
for instructions executed in different supersteps. In particular,
this permits erroneous programs like in Figure 1a, where it
is syntactically correct to express instructions that should be
executed in different supersteps within the same superstep,
which are semantically incorrect.

More concretely, we summarize a simplified grammar for
vertex-centric programs in Figure 5, which contains two data
types, Booleans (line 1) and Integers (line 2), and selected
operations (line 5) over these data types. The superstep (line
3) is a constant expression whose value is that of the current
superstep. A program defined in compute is an expression in
𝐸𝑥𝑝 (line 6). This allows for incorrect programs like Figure 1a,
where instructions that should be executed in superstep 1 are
captured in the scope of instructions that should be executed
in superstep 0 instead.

We observe that this problem can be addressed by restrict-
ing the usage of superstep in 𝐸𝑥𝑝 (line 6). We introduce an
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1 Booleans b ∈ B = {true , false}

2 Integers n ∈ N = {..., -1, 0, 1, ...}

3 ConstSymbol s = {superstep}

4 VariableSymbols v ∈ 𝑆𝑦𝑚

5 Operations op ∈ {+, ≥, ==}

6 Expr e ∈ 𝐸𝑥𝑝 ::= n | b | s | v := e | e op e |

if e then e else e | e; e | while e do e

Figure 5. A simplified grammar for vertex-centric programs.

explicit binding construct:

sc(𝑠𝑡𝑒𝑝 : Int, 𝑖𝑛𝑠𝑡 : () => Unit) : Unit,
which allows programmers to express instructions that should
be executed in different supersteps. The 𝑠𝑡𝑒𝑝 is an integer
that denotes the value of a superstep, and 𝑖𝑛𝑠𝑡 denotes a
block of instructions that should be executed in the given
superstep.
The compute method contains a sequence of sc instruc-

tions. In each superstep, compute evaluates the closure spec-
ified in the sc with the current superstep value, defaulting
to no action if no such bindings are defined.

The example in Figure 1a can be expressed as below.
1 val sc = Mutable.Map[Int , () => Unit ]()

2 var color: Int = 1

3 def compute (): Unit = {

4 sc(0, () => {color = 1})

5 sc(1, () => {color = 2})

6 sc(2, () => {color = 3})

7
8 // a syntactic sugar for

9 // sc.getOrElseDefault(superstep ,()=>Unit)()

10 sc(superstep)()

11 }

In this example, lines 4–6 specify a sequence of closures in
the compute method. Per superstep, the closure defined for
the current superstep is evaluated (line 10).

3.3 Code duplication
While introducing a binding construct sc can eliminate in-
correct programs like Figure 1a, this can lead to undesir-
able code duplication when a vertex has shared instructions
across supersteps, such as in intricate branching patterns. To
demonstrate, we show how the vertex program in Figure 3
can be expressed using the new binding construct below.
1 val sc = Mutable.Map[Int , () => Unit ]()

2 def compute(msgs: Iterator[Double ]): Unit = {

3 sc(0, () => {

4 val n: Int = getOutEdgeIterator ().

toIterable.size

5 sendMessageToAllNeighbors(value / n)

6 })

7 Range(1, 30).foreach(idx => {

8 sc(idx , () => {

9 var sum: Double = 0

10 while (msgs.hasNext) {

11 sum += msgs.next()

12 }

13 value =0.15/ numVertices +0.85* sum

14 val n: Int = getOutEdgeIterator ().

toIterable.size

15 sendMessageToAllNeighbors(value / n)

16 })

17 }

18 sc(superstep)()

19 }

Compared with Figure 3, readers may notice that there is
no longer a voteToHalt instruction in the body of compute.
We point out that this is because we have assumed a different
termination condition than that of naive Pregel, to make it
more suitable for agent-based simulations: a user specifies
a fixed number of supersteps total that a vertex program
should run. This is desirable for agent-based simulations,
where usersmaywant to express that an agentwaits for some
supersteps before performing another action. Without such
changes, vertices that are waiting to perform the next action
will be considered inactive and Pregel simply terminates
when all vertices are waiting.5

In the code above, we see that lines 4–5 and lines 14–15
are duplicated, which is not the case for the Pregel imple-
mentation in Figure 3. To address this, we want to adjust the
granularity of the closures and let each superstep execute
multiple closures instead of one. In particular, we bind shared
instructions into closures and reference them using the De
Bruijn index [6], specifying the index of a continuation at the
end of each closure. To illustrate, the previous code snippet
can be refactored as below, where idx (line 1) denotes the
De Bruijn index of the continuation and sc is an array of
closures (lines 2–15). Now there is no more duplicated code
in the closures on lines 4–6 and lines 9–14.

1 var idx: Int = 0 // De Bruijn index

2 val sc: Array [() => Unit](

3 () => {

4 val n: Int = getOutEdgeIterator ().toIterable

.size

5 sendMessageToAllNeighbors(value / n)

6 idx = 1

7 },

8 () => {

9 var sum: Double = 0

10 while (msgs.hasNext) {

11 sum += msgs.next()

12 }

13 value =0.15/ numVertices +0.85* sum

14 idx = 0

15 })

5Assume that there are no messages in the system.
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What is missing from the code above is how to determine
which closures to execute in a given superstep. In this ex-
ample, superstep 0 should execute closure 0, and each of the
later supersteps should execute closures 1 and 0. We observe
that the computation of a new superstep resumes precisely
from the state where computations have yielded in the last
superstep, similar to coroutines [7]. Hence we introduce a
yield flag that is similar to the yield coroutine instruction.
In any superstep, a vertex program continues evaluating the
indexed closures until yield becomes true. The full vertex
program for the PageRank example can be described below.

1 var idx: Int = 0 // De Bruijn index

2 var yield: Boolean = false

3 val sc: Array [() => Unit](

4 () => {

5 val n: Int = getOutEdgeIterator ().toIterable

.size

6 sendMessageToAllNeighbors(value / n)

7 yield = true

8 idx = 1

9 },

10 () => {

11 var sum: Double = 0

12 while (msgs.hasNext) {

13 sum += msgs.next()

14 }

15 value =0.15/ numVertices +0.85* sum

16 idx = 0

17 })

18
19 def compute (): Unit = {

20 yield = false

21 while (! yield) {

22 sc(idx)()

23 }

24 }

It is easy to verify that in superstep 0, only closure 0 (lines
6–9) is executed; in later supersteps, both closures 1 (lines
12–17) and 0 are executed, just as expected.

3.4 Explicit dependency on the value of vertex ids
In Pregel, users define only one vertex program for a graph
algorithm. To express different behavior in the same super-
step, as illustrated in the traffic light simulation example,
users need to branch on the value of vertex ids. Similar to
the problem of branching on the value of supersteps as we
have just discussed, conditioning on the value of vertex ids
is error-prone and inefficient. This can be addressed by al-
lowing polymorphic vertices, where users define multiple
vertex classes that correspond to different types of vertices,
which is straightforward.

4 Staging-Time wait() Instruction
We have discussed various limitations of the existing vertex-
centric programming and how such limitations can be ad-
dressed. In particular, we have shown how users can specify
the behavior of a vertex as a sequence of closures using the
binding construct sc to avoid:

• interpretation overhead caused by dispatching on the
value of a superstep;

• incorrect programs where instructions that should be
executed in superstep 𝑡 are specified in the body of the
branch for superstep 𝑘 instead (𝑡 ≠ 𝑘); and

• duplicated code that arises from executing a single
closure in a superstep.

Still, defining such closures and their continuation directly
by users is low-level and error-prone. We want to provide
a high-level user-friendly interface and let the system auto-
matically generate such closures.

To this end, we introduce a staging-time instruction wait()
that separates instructions in a vertex program into differ-
ent supersteps, making it easy to automatically generate a
sequence of closures based on static analysis at staging time.6
The PageRank example can be expressed below using

wait(). Users no longer need to create different closures
or specify the index of the continuation that points to the
closure that should be executed next.

1 @lift

2 def compute(msgs: Iterator[Double ]): Unit = {

3 while (true) {

4 val n: Int = getOutEdgeIterator ().

toIterable.size

5 sendMessageToAllNeighbors(value / n)

6 wait()

7 var sum: Double = 0

8 while (msgs.hasNext) {

9 sum += msgs.next()

10 }

11 value =0.15/ numVertices +0.85* sum

12 }

13 }

This program is a staged program – as suggested by the
@lift annotation on line 1 – that is lifted into some inter-
mediate representation for preprocessing before generating
instructions. In the generated code, an array of closures that
specifies the behavior of a vertex is created outside the scope
of compute, which is executed only once during initialization,
like other state variables of the vertex.

6For the ease of presentation, we only discuss wait( ) with arity 0. In prac-
tice, we implement a 1-arity wait(𝑛 : Int) , which blocks until 𝑛 supersteps
have passed. This makes it straightforward to specify a vertex with idle
behavior across supersteps. For example, a vertex can perform computations
only in supersteps 0 and 100. In this case, users can use wait(99) to clarify
that a vertex is idle and has no behavior for 99 supersteps. Here we focus
on explaining how wait( ) separates instructions into different supersteps.
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5 CloudCity
We implement the staging-time wait() instruction in Cloud-
City [35], a distributed agent-based simulation system. An
agent is single-threaded and communicates by sending mes-
sages. For this purpose, each agent has a mailbox and is
uniquely addressable. Incoming messages are buffered in the
mailbox, waiting passively to be processed by the agent. An
agent-based simulation consists only of such agents.
The software stack of CloudCity is shown in Figure 6.

There are four layers in total: users interact with the core
indirectly via the programming model in the frontend; core
refers to the distributed engine for agent-based simulations;
optimizations contain system optimizations, both at compile-
time and runtime; backend refers to the low-level distributed
library used in the implementation.

Figure 6. Software stack of CloudCity. The core refers to
the distributed agent-based simulation engine. Users inter-
act with the core indirectly via the programming model in
the frontend. There are different runtime and compile-time
system optimizations, summarized in the layer optimizations.
The backend refers to the low-level distributed library used
in the implementation.

Our discussion here concerns only the DSL in the frontend.
For simplicity, we assume that computations proceed in a
sequence of supersteps, exactly as described in BSP, and all
messages take one superstep to arrive.7
The DSL is embedded in the host language Scala, shown

in Figure 7: wait() is a synchronization instruction since it
plays the role of a barrier instruction that synchronizes all
agents at the end of a superstep.8
The DSL also contains communication instructions that

let agents communicate in a distributed environment. To
send a message, an agent calls

send(𝑟𝑖𝑑 : Long,𝑚 : Message) : Unit,
where 𝑟𝑖𝑑 is the id of the receiver agent and𝑚 is a message
object. Message class is defined in our library and can be
extended. Retrieving a message is done via

receive() : Option[Message],
7Compare with [35], we eliminate 𝑑𝑒𝑙𝑎𝑦 from the signature of RPC instruc-
tions callAndForget and asyncCall for simplicity.
8For simplicity, here we consider wait( ) , as we have discussed in the previ-
ous section. This is different from wait(n) : Unit in [35], which takes an
integer parameter. The semantics of wait( ) is the same as wait(1) .

which returns None if the mailbox is empty.
Together, send and receive implement the basic message-

passing protocol, but this protocol places no restriction on
what messages contain and how messages are processed.
Specifically, a message can be ill-formed and does not contain
all arguments that are required for processing. In practice, it
is desirable to ensure that messages are well-formed. Hence,
CloudCity also supports remote procedure calls (RPCs), a spe-
cial type of message-passing protocol that limits senders to
only send valid messages that can be processed by receivers.
RPCs have two types of messages, requests and replies.

We view public methods in an agent program as RPCmeth-
ods. An RPC request message contains the identifier of an
RPC method defined in the receiver. When processing an
RPC request, the receiver looks up the corresponding RPC
method and invokes it locally. For performance reasons, we
differentiate two types of RPC requests in our DSL, depend-
ing on whether a receiver sends an RPC reply message: a
two-sided RPC request requires the receiver to send an RPC
reply message back to the sender, which contains the return
value of the local call; a one-sided RPC request does not have
an associated reply.

Agents send a two-sided RPC request message with

asyncCall(() => 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 .𝐴𝑃𝐼 (𝑎𝑟𝑔𝑠∗) : T) : Future[T],

which returns a future object used by the sender to check
whether the RPC reply has arrived and to retrieve the return
value in the RPC reply. A future object has type Future[T],
which is defined in the CloudCity library, but with a similar
usage as that in the standard Scala library. T is a type variable
that denotes the type of return value in an RPC reply. Sending
a one-sided RPC request can be achieved using

callAndForget(() => 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 .𝐴𝑃𝐼 (𝑎𝑟𝑔𝑠∗) : T) : Unit,

which does not return a future object.
To process RPC request messages, an agent can repeatedly

call receive, parse the message, and invoke the correspond-
ing RPC methods. Alternatively, DSL allows a receiver to
retrieve and process RPC requests in batch via

handleRPC() : Unit,

which traverses received messages in an arbitrary order. Per
RPC request, the receiver calls the corresponding method
and sends a reply when applicable. An RPC reply has the
same delay and sessionId as the corresponding request.

RPC instructions like asyncCall and callAndForget are
convenient for users by isolating them from low-level imple-
mentation details such as how to package the corresponding
RPCmessage. CloudCity automatically derives available RPC
methods from agent class definitions and assigns these meth-
ods a unique method identifier at specialization time before
generating the corresponding message. In other words, such
instructions are code generators that emit different instruc-
tions during staging time. Similarly, handleRPC is also a
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code generator that can produce different instructions for
different agent class definitions.

callAndForget

send receive

asyncCall

handleRPC wait

Scala

synchronization:

host language:

code generators

message-passing:

RPCs:

Figure 7. DSL stack. CloudCity DSL is embedded in the host
language Scala and contains three components: message-
passing, RPCs, and synchronization. While message-passing
instructions can be implemented as Scala functions directly,
instructions in RPCs and synchronization (shown in red)
are code generators that require binding-time analysis to
dynamically generate corresponding Scala instructions.

An agent program defined using DSL is a metaprogram
since it contains code generators. The metaprogram is lifted
using Squid library [25] into A-normal form (ANF) [13] as
an intermediate representation (IR), before generating the
corresponding instructions and being transformed into a
Scala program. The ANF names intermediate results to avoid
code duplication, generating one or more closures for each
user instruction in the vertex program, which are later com-
bined to reduce the number of closures. The T-diagram of
CloudCity is shown in Figure 8.

Squid

DSL ANF

Scala

ANF Scala

Figure 8. An agent program in CloudCity written in DSL
(left) which contains wait() is lifted using Squid into ANF
before being transformed into a Scala program (right).

More concretely, we show how to implement PageRank
in CloudCity below. Line 1 is the annotation for using the
class-lifting macro in Squid. The neighborRank (lines 4–6)
is an RPC method that can be specified in RPC requests (line
12). The behavior of an agent is defined in the main method
(lines 7–15). The outNeighbors is an attribute defined in
the Agent class in CloudCity, which contains a collection of
neighboring agents that an agent can send messages to.
1 @lift

2 class Vertex(var value: Double) extends Agent{

3 var sum: Double = 0

4 def neighborRank(s: Double): Unit = {

5 sum += s

6 }

7 def main(): Unit = {

8 while (true) {

9 sum = 0

10 handleRPC ()

11 value = 0.15/ numVertices +0.85* sum /

outNeighbors.size

12 outNeighbors.foreach(i => callAndForget

(()=>i.neighborRank(value)))

13 wait()

14 }

15 }

16 }

After defining a vertex program, users lift it using Squid
into an ANF IR and compile the IR into a Scala program:

1 // Squid representation of the lifted class

2 val cls = Vertex.reflect(IR)

3 // CloudCity compiler that translates Squid IR

4 // to generate (write) a target Scala program

5 compile(cls)

CloudCity compiler rewrites the ANF IR using Squid. For
example, the rewrite rule for callAndForget using code
pattern matching in Squid is:

1 cde match {

2 case code"callAndForget[$mt ](()=>${

m@MethodApplication(msg)}:mt, $t:Int)"

=>

3 val receiverActorVar = msg.args.head.head

4 val argss = msg.args.tail.map(a => a.map(

arg => code"$arg"))

5 val methodId = methodIdMap(msg.symbol.

asTerm.name)

6 Send[T]( receiverActorVar , methodId , t,

argss)

7 }

On line 1, cde is the lifted agent definition in IR. Send (line
6) is a CloudCity compiler IR that is later translated to Scala.
Similarly for other code generator instructions.
CloudCity compiler generates an array of closures that

describe the agent behavior, as we have discussed in Section 4.
This is achieved by walking the abstract syntax tree of the
agent behavior defined in the main method, where each
node of the tree is transformed into a closure. Closures that
correspond to a sequence of straight-line instructions that
do not contain branches or wait() are later merged into one
closure to reduce the number of closures.

6 Evaluation
In this section, we quantify the performance benefit of elimi-
nating the need to dispatch on the value of supersteps empir-
ically. For hardware, we use a server that has 24 cores (two
Intel Xeon E5-2680 v2, 48 hardware threads), 128GB of RAM,
and 200GB of SSD.
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We evaluate both approaches – with and without eliminat-
ing dispatching overhead – using a microbenchmark with
nested branching, where if-statements are nested within
other if-statements, for up to two levels. In the innermost
body of a condition, we model simple computations where
an agent performs some calculations and assigns the result.
For instance, the pseudocode for a vertex programwith three
branches is shown below, for one and two levels respectively.

1 // one level

2 def compute (): Unit = {

3 if (time % period == 0)

4 color += Random.nextInt () + 1

5 else if (time % period == 1)

6 color += Random.nextInt () + 2

7 else if (time % period == 2)

8 color += Random.nextInt () + 3

9 ...

10 }

11
12 // two levels

13 def compute (): Unit = {

14 if (Random.nextBoolean ()) {

15 if (time % period == 0)

16 color += Random.nextInt () + 1

17 else if (time % period == 1)

18 color += Random.nextInt () + 2

19 else if (time % period == 2)

20 color += Random.nextInt () + 3

21 ...

22 }

23 ...

24 }

Per experiment, wemeasure the total execution time when
running 1000 supersteps, both with and without staging, and
repeat three times after warming up the cache. We first con-
sider a single agent and increase the number of the innermost
branches from 5 to 20, for both one and two levels, shown
in Figure 9. The x-axis denotes the number of branches and
the y-axis denotes the total execution time of each experi-
ment, averaged over three runs. The standard deviation is
shown using error bars. The blue bars that are shaded with
slashes (on the left) show the results for experiments without
staging, and the orange bars filled with circles (on the right)
represent the results after applying staging.
Figure 9 shows that for a single agent, staging improves

the overall average execution time by 10% to 25% for one
level branch, and 10% to 15% for nested branches of two
levels. In addition, experiments with staging behave much
more robust than those without staging, as evident from
significantly lower standard deviations for experiments with
staging: 5-14× lower for one level and 3-10× lower when
there are two nested levels of branches.
As we increase the number of agents from one to 1000,

Figure 10 shows that staging still results in modest speedup,
improving the overall average execution time by around
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Figure 9. Increase the number of branches (one agent).
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Figure 10. Increase the number of branches (1000 agents).

10%, for both one and two levels of branches. Similar to
Figure 9, staging also leads to more robust performance for
1000 agents, having significantly lower standard deviation
than branching, up to 10×. We note that for 1000 agents,
the performance benefit of applying staging is slightly less
compared with that of a single agent. This is due to the
presence of other performance factors, such as increased
cache contention, as the number of agents increases.
Ideally, the total time should remain unchanged (flat) as

the number of branches increases with staging, after we have
eliminated the overhead of dispatching. However, we see that
the total time for experiments with staging increases slightly
as the number of branches increases, in both Figures 9 and
Figure 10. This can be caused by the overhead of locating
the corresponding instructions in the array. Nevertheless,
experiments with staging have overall better performance
than those without staging for all experiments.
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7 Related Work
Our work was initially motivated by the question of how to
scale an agent-based simulation up (increase total agents)
and out (increase total machines). Agent-based simulations
have a long history [31] and a diverse set of simulation frame-
works have been developed by domain scientists [24], but
these frameworks are either single-machine [20, 22, 36] or
do not scale well. To illustrate, we explain the scalability of
one of the best-known distributed agent-based simulation
frameworks, Repast HPC [5]. A simulation in Repast HPC is
a discrete event simulation at its core: users schedule various
events at different time ticks in a global schedule queue [27].
These events can be generated from agents, but can also be
global events. At any time tick, a simulation proceeds by
executing the scheduled events sequentially. After all such
events have been processed for a given time tick, the sim-
ulation continues to the next time tick. In discrete event
simulations, events that are scheduled for the same time tick
are added sequentially with possible ordering constraints,
hence cannot be easily parallelized.

In computer science, the bulk-synchronous parallel (BSP)
processing model [37] has become standard for parallel pro-
gramming [1, 8, 21, 40]: computations are performed locally
over distributed data and intermediate data are combined
to advance computations. This computational model also
underpins vertex-centric programming, a programming par-
adigm for distributed graph processing: per superstep, all
vertices execute computations embarrassingly parallel; the
intermediate data shuffled across supersteps takes the form
of messages, which are sent between vertices.

Vertex-centric programming as a programming paradigm
was proposed by Google [21] and has gained wide popu-
larity due to its simplicity and demonstrated performance.
Many state-of-the-art distributed frameworks support this
paradigm, which we briefly describe below.
Giraph [4] is an open-source implementation of Pregel

and has been widely used by industry, including tech com-
panies like Facebook. GraphX [39] is a graph library built
on top of Spark [40], a general-purpose data flow processing
framework that provides a resilient distributed dataset (RDD)
abstraction that makes it easy to perform computations over
distributed data. Since graph processing is an important
workload in distributed analytics, GraphX provides built-in
implementations of commonly used graph algorithms, which
have been highly optimized to improve their performance,
compared with naive implementations on Spark. One of the
graph operators supported by GraphX is Pregel, which lets
users program in a vertex-centric way just like Pregel. Flink
[9] supports both graph and stream processing; Flink Gelly
provides a Pregel operator, similar to that in GraphX, which
supports vertex-centric programming for graphs. While dif-
fering in their target workloads, all such frameworks sup-
port vertex-centric programming as defined in Pregel, where

users define a single compute function that is executed by
every active vertex in each superstep.
A natural question is that given all existing graph pro-

cessing frameworks that already support vertex-centric pro-
gramming, why is there a need for another framework for
agent-based simulations? This question is addressed in [35],
where our experiments showed that the performance of these
existing frameworks could differ by up to three orders of
magnitude when executing a benchmark consisting of rep-
resentative agent-based simulation workloads selected from
population dynamics, economics, and epidemics, due to dif-
ferent design choices of these systems.

While applying vertex-centric programming to agent-based
simulations by modeling each agent as a vertex, it became
clear to us that the existing programmingmodel in the vertex-
centric paradigm is tailored for graph algorithmswhich often
have simple vertex behavior. The compute method becomes
tangled with branches that dispatch on the value of super-
steps as the complexity of a vertex behavior increases, such
as performing different actions across supersteps, which is
characteristic of agent-based simulations.
The problem that a vertex program becomes convoluted

and error-prone when the control flow of the vertex program
gets complex has also been examined in Fregel [12, 16], a
functional library for specifying vertex behavior. A Fregel
program provides a functional abstraction that hides the
complex control flow from users, but is then compiled to
generate a vertex program with complex control flows for
existing frameworks like Giraph, hence still suffering from
sources of inefficiency as we have discussed in this paper.
Our work is the first to introduce a staging-time instruc-

tion to make superstep-dependent program structures ex-
plicit in an iterative vertex program, which avoids complex
control flows that dispatch on the value of supersteps and
mitigates sources of inefficiency in vertex programs.
We note that staging is a standard technique used to ad-

dress sources of program inefficiency like dispatching over-
head, and is commonly used in areas such as designing
domain-specific languages (DSL) [2, 10, 11, 15, 19, 28, 32, 33]
and constructing compilers to generate more efficient code
[18, 23, 26, 29, 30]. A classic example that illustrates the use
case of staging is the generic power function power(𝑥, 𝑛)
[34]:
1 def power(x: Int , n: Int): Int = {

2 if (n==0)

3 1

4 else

5 x * power(x, n-1)

6 }

This high-level generic function provides a nice abstraction
that makes defining other special functions straightforward:
1 def square(x: Int): Int = power(x, 2)

2 def cube(x: Int): Int = power(x, 3)
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However, this abstraction comes at the cost of performance.
In particular, a low-level implementation of square that mul-
tiplies 𝑥 with itself will be faster than invoking power, which
computes the result recursively. Not all hope is lost though.
On line 1, the body of square has a constant argument 2
that is known statically. Therefore, we can apply staging
to rewrite the body of square with the partially evaluated
program generated from power(𝑥, 2), making it possible to
achieve both the high-level programming abstractions and
the high-performance of low-level implementations.
The parallelism between how staging is applied in the

classic power example and our work is clear: we similarly
exploit the fact that when dispatching on the value of su-
persteps in vertex programs, the value of supersteps in the
conditions are often known statically, which allows us to
avoid such overhead by rewriting the original program with
more efficient instructions that only compute useful code
via staging.

8 Conclusions and Future Work
In this work, we explained the limitations of existing vertex-
centric programming and described how to address such
limitations by making the superstep-dependent structure in
a vertex program explicit using a staging-time instruction
wait(). We implemented this approach in an agent-based
simulation framework CloudCity and demonstrated empiri-
cally that staging improves the overall performance of our
experiments by 10%-25% while reducing the standard devia-
tion of multiple runs by over 5×.
We have only scratched the surface of how staging can

be applied in this work. Other use cases of staging include
providing a platform-independent programming interface
while emitting platform-specific instructions for heteroge-
neous hardware [19], generating a DSL implementation from
a declarative specification [33], enabling a just-in-time com-
piler to call back into the running program to perform compile-
time computations that define custom optimizations [30].
Each of these possible use cases directs to future works that
can enable more aggressive compiler optimizations and al-
ternative approaches for designing agent-based simulations.
There is also potential for other optimizations in the future,
such as applying program slicing [38] to dynamically re-
size the array of closures in a generated vertex program at
runtime and discard closures that are no longer relevant.

More generally, vertex-centric programming is only a spe-
cial case of the BSP paradigm. It is interesting to see whether
the insight of introducing a staging-time barrier instruction
that makes static scheduling explicit in vertex programs, as
we have done in this work, can be generalized to applications
in other BSP systems, especially for latency-critical systems
where robust performances are crucial.
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Abstract
Software Product Lines (SPLs) facilitate the development of
a complete range of software products through systematic
reuse. Reuse involves not only code but also the transfer of
knowledge gained from one product to others within the SPL.
This transfer includes bug fixing, which, when encountered
in one product, affects the entire SPL portfolio. Similarly,
feedback obtained from the usage of a single product can
inform beyond that product to impact the entire SPL port-
folio. Specifically, implicit feedback refers to the automated
collection of data on software usage or execution, which
allows for the inference of customer preferences and trends.
While implicit feedback is commonly used in single-product
development, its application in SPLs has not received the
same level of attention. This paper promotes the investiga-
tion of implicit feedback in SPLs by identifying a set of SPL
activities that can benefit the most from it. We validate this
usefulness with practitioners using a questionnaire-based
approach (n=8). The results provide positive insights into the
advantages and practical implications of adopting implicit
feedback at the SPL level.

CCS Concepts: • Software and its engineering→ Soft-
ware evolution;Maintaining software; Software design tech-
niques.

Keywords: Implicit feedback, User behavior, Software Prod-
uct Lines, Code generation
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1 Introduction
Implicit feedback refers to collecting and analyzing user be-
havior and interactions with the system to enhance the user
experience, prioritize features, conduct A/B testing, etc [18].
Unlike explicit feedback, which is directly provided by users
through surveys, reviews, or ratings, implicit feedback is
derived from user actions such as clicks, navigation patterns,
and time spent on specific features. Implicit feedback is de-
rived from the real usage of the applications, whereas explicit
feedback requires direct involvement from users who are
often unable to specify their needs [11]. Implicit feedback is
currently a common practice for single-product development
[32].

However, implicit feedback has not received the same at-
tention for Software Product Lines (SPLs) [8]. Unlike single-
product development, SPLs focus on producing a reusable
set of software components known as the SPL platform. This
platform is designed to handle a wide range of software prod-
ucts, which together conform the SPL portfolio. The process
of building a product, also known as a variant, changes from
starting from scratch to deciding which platform’s features
are to be exhibited by the new variant, i.e., variant config-
uration. This shift in the development process may also
impact how implicit feedback is conducted. Traditionally,
implicit feedback is collected by embedding “usage track-
ers” directly into the software’s code (e.g., Google Analytics’
hits) [32]. While this approach may work for single-product
development, it goes against one of the main principles of
SPL: minimizing or even eliminating direct coding into the
individual variant’s code, and instead deriving the variant’s
code directly from the platform code. In other words, usage
trackers (i.e. the code fragment tracking user interaction)
should also be subject to generative programming where
the variant needs for usage trackers are also handled using
configuration-like mechanisms. We refer to this approach
as “platform-centric feedback”. Platform-centric feedback
differs from “application-centric feedback” in terms of both
what needs to be tracked (the variant vs the platform) and
the programming approach (direct vs generative).
The relevance of collecting implicit feedback at the plat-

form level needs to be argued in terms of the benefits it
brings to different SPL engineering activities, even if it means
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sacrificing agility at the variant level. Ultimately, platform-
centric feedback shifts decision-making from the product
unit (Application Engineers) to the platform developers (Do-
main Engineers), removing or at least delaying decisions on
which features or variants to track. This shift to the platform
level may ultimately slow down time-to-market and under-
mine the goal of prompt feedback. Therefore, our research
question is: “What activities can benefit from incorporating
platform-centric feedback into software product lines?” On
addressing this question, we contribute by

• listing a set of SPL activities that can benefit implicit
feedback (Sections 3, 4, and 5)

• providing first evidence about the perceived usefulness
of these benefits through a questionnaire evaluation
among practitioners (n=8) (Section 6)

2 A Brief on Implicit Feedback
Implicit feedback is inferred from user behavior, such as
mouse clicks or time spent using particular features [17]. A
common approach to implicit feedback is the use of analytics
tools such as Google Analytics or Mixpanel where usage
trackers are directly embedded into the code [13]. Usages
are many-fold, including:

• product design. Software developers can use implicit
feedback to identify user needs and preferences and
design features accordingly. Specifically, implicit feed-
back is used for: Requirement Prioritization [11, 15, 17,
17, 32], Requirement Refinement (i.e., improving the
accuracy, completeness, and consistency of existing
requirements) [3, 17], and Requirement Elicitation (e.g.,
discovering of new requirements by analyzing the dif-
ferent usage paths of the users) [15, 27],

• development. Here, developers can monitor implicit
feedback to measure user engagement, improvement
of different quality indicators [18, 23], such as the opti-
mization of usability issues [9, 11, 32], or the early iden-
tification and fix of bugs by capturing them through
crash reports and raised errors in the logs [18, 25, 32],

• post-release monitoring. Here, developers can mon-
itor implicit feedback to measure user engagement,
identify areas for improvement, and make data-driven
decisions for future software development [18, 26, 32].

These benefits should not be limited to single-product de-
velopment but expanded to SPLs. Indeed, products derived
from an SPL platform are likely to benefit even more, as in-
sights from the usage of one product can inform other prod-
ucts. Currently, SPL practitioners replicate single-product
development practices by injecting usage trackers directly
into the code once the variant is generated. The question
arises as to why practitioners keep injecting usage trackers
into the variants’ code rather than embedding them directly
into the platform’s code. There are two rationales for this.
First, feedback analysis evolves at a different pace (and often

involves distinct decision-makers) than feature analysis. Em-
bedding usage trackers into the features’ code would couple
feedback analysis with feature realization, hindering the sep-
arate evolution of each concern. Second, implicit feedback
is a crosscutting concern related to usage. It often involves
how smoothly users progress through a given workflow
where distinct features are involved. Thus, implicit feedback
might cross-cut distinct features. As a result, decoupling is
achieved by moving implicit feedback down to the variant
code. Unfortunately, this contravenes SPL principles, as vari-
ant derivation should be limited to configuration without
further modifying the code of the derived variant [20].
This calls for implicit-feedback to be moved to the SPL-

platform level. In previous work, we addressed the feasibility
of specifying feedback requirements at the platform level by
using features as the unit of tracking: the Feedback Model
[10]. At the time the variant is generated from the Config-
uration Model, the Feedback Model is checked out. If the
configuration of the variant meets the Context (i.e., a feature-
based boolean expression) of the feedback model, then the
corresponding usage tracker is introduced. Figure 1 depicts
this vision. Feedback is collected from a set of running vari-
ants and stored in the feedback log, and subsequently con-
sulted along the distinct SPL cycles: domain engineering,
application engineering, and management [7].

3 Implicit Feedback & Domain Engineering
Domain Engineering involves defining and creating a set of
reusable assets that can be used to build multiple products
within a particular domain. These assets may include the
feature model, the architecture, the design patterns, and the
SPL-platform codebase.

3.1 Automated Analysis of Feature Models
Automated Analysis of Feature Models (AAFM) refers to
the computer-aided extraction of information from feature
models to assist in various tasks [12]. For example, dead-
feature detection involves identifying features that cannot
be selected in any valid product line configuration. This situ-
ation may arise due to incorrect constraint definitions (such
as exclude or requires). Using implicit feedback, the poten-
tial of analysis increases because new relevant information
shows up. For instance, we could complement dead features
with drag features, i.e., selected but seldom used features. A
drag feature is a feature that is selected in different variants
(i.e., it appears in different configurations), yet its usage is
scarce or practically non-existent. This information could
help decision-makers determine whether to deprecate the
drag features to save maintenance effort or rather upgrade
them to promote usage. It is easy to imagine the definition
of usage constraints: “if the usage of a feature X falls below a
certain threshold within a given time-frame, then the priority
for testing feature X is decreased”.
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Figure 1. The vision of implicit feedback in SPLs. The Feedback Log collects usage hits from the different installations of
variants from a (sub)set of the SPL portfolio. Subsequently, engineers tap into this Feedback Log through dedicated dashboards.

Challenges ahead. Traditionally, AAFM resorts to static
models, namely the feature model and the configuration
models available at a given point in time. In contrast, im-
plicit feedback provides dynamic data, which is constantly
changing as the products are in production use. If feature
models are to be supplemented with implicit feedback, more
flexible representations are required, moving away from tra-
ditional feature diagrams to more dynamic ones that will
keep implicit feedback data up-to-date.

3.2 Feature Dependency Identification
Feature dependencies (aka feature constraints) document
relationships between two or more features. Failure to iden-
tify such dependencies can result in invalid products being
derived from the SPL [30]. Traditionally, feature-dependency
identification rests on static sources: sample configurations,
implementation code, or natural-language assets [24]. Im-
plicit feedback opens the door to introducing dynamic data
in the decision process. Specifically, usage data could help
validate or infer dependencies based on how users engage
with the features. On the validation front, if a requires depen-
dency has been modeled between two features, but they are
seldom used together, it may indicate that the relationship
might need to be looked into more carefully. On the infer-
ence front, feature models can have layered dependencies
based on actual usage. If two features are frequently used
together, an “escort” relationship can be defined, even if the
features are not requires-dependent. These “escort dependen-
cies” can later be utilized for recommender systems based
on past experiences. This new type of relationship can also

provide a fresh visual perspective of the feature model by
displaying only implicit feedback-based relationships, which
can be analyzed automatically.

Challenges ahead. The number of new relationships
based on implicit feedback can be substantial, and it is chal-
lenging to determine which ones are more useful for analysis
and decision-making. Empirical studies and validation need
to be reinforced.

3.3 SPL Testing
To scale up, SPL testing resort to product sampling tech-
niques [33]. Al-Hajjaji et al. propose a similarity-based prior-
itization approach for sample-based product line testing [1].
Their approach consists of three steps: (1) test the product
with the maximum number of features; (2) test the product
that is most dissimilar to the previously tested product; and
(3) test the product that is most dissimilar to the previously
tested products until the testing budget is consumed. SPL
testing also resorts to uniform random sampling techniques.
However, there is a well-known bottleneck in terms of scal-
ability and uniformity of the sampler used [14]. The main
objective of this approach is to increase the fault detection
rate, regardless of the impact of the faults. In situations where
detecting faults that have a significant impact on users is
more critical than identifying multiple faults, prioritization
based on implicit feedback may be more appropriate. Fur-
thermore, using implicit feedback information can help in
selecting sample configurations by imposing constraints to
reduce the configuration space and improve scalability while
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still maintaining uniformity in a uniform random sampling
approach.

Challenges ahead. While feedback-based approaches
have advantages over similarity-based methods, they should
not rely solely on feedback for prioritizing products for test-
ing. If prioritization is based solely on feature usage rate,
it can lead to redundant testing. This is because products
with the same features are tested repeatedly due to their
high usage rate. This approach becomes inefficient if the
goal is to uncover unique flaws that significantly impact
the user experience. Therefore, it is important to balance
the redundancy of feedback-based prioritization by incorpo-
rating other methods, such as similarity-based approaches.
We propose further research that integrates techniques and
evaluates outcomes using empirical data to address these
challenges.

4 Implicit Feedback & Application
Engineering

SPL engineers develop products by selecting from a range
of available features. These features might already be in
use in other products, so implicit feedback can become an
informant during product configuration.

4.1 Optimal Product Configuration
Optimal product configuration involves configuring a prod-
uct to meet an optimization function. An optimization func-
tion determines the best product configuration that satisfies
specific requirements [16, 22]. The function may include
one or more optimization parameters [28]. For instance, a
function with two parameters could aim to maximize perfor-
mance while minimizing energy and resource consumption.
Typically, this type of solution takes a feature model and one
or more optimization parameters as input, and generates
an optimal set of product configurations represented on a
Pareto front as output.
In this context, implicit feedback can serve as an addi-

tional optimization parameter, contributing to two primary
optimization objectives: promoting usage (i.e., generating a
product with frequently utilized features) and promoting sat-
isfaction (i.e., generating a product with features that align
better with the preferences of targeted users). To illustrate
this concept, let us consider an e-commerce platform that
offers a range of features, including order management, pay-
ment gateway integration, product reviews, and a loyalty
program. These features can be evaluated based on implicit
feedback gathered from previously deployed products. In
the initial stages of a business, an e-commerce owner may
prioritize a product configuration that minimizes costs while
maximizing value for customers by focusing on highly used
features. In this scenario, the optimal product configuration
could include features such as order management and pay-
ment gateway, while excluding less frequently used features

like loyalty programs and product reviews due to their as-
sociated costs. However, when the objective shifts towards
enhancing user satisfaction, particularly when the target
user highly values the opinions of other customers, incorpo-
rating features such as product reviews becomes imperative
in the optimal product configuration.

Challenges ahead. Usage is highly contextualized. Most
non-functional attributes, such as power consumption and
price, tend to remain stable regardless of the product or con-
text in which the feature is deployed. However, feature usage
is highly influenced by context. Incorporation of other fea-
tures in the product, along with user demographics or cyber-
physical systems where the hosting product is deployed, can
significantly impact feature usage. A highly-used feature in
one context may be poorly utilized in another due to dif-
ferences in user demographics or other factors. Therefore,
traditional optimal product configuration needs to consider
the notion of context so that the results can be qualified by
comparing the historical context (i.e., where implicit feed-
back was obtained) and current context (i.e., where the new
product will be deployed). While single-product develop-
ment is typically done on a project-by-project basis without
expectation for reuse or sale to other customers, SPL develop-
ment aims to create a set of related products that can be sold
to multiple customers or markets. In this case, “the market”
from which implicit feedback is collected may differ from
“the market” for the envisioned product. This highlights the
need for careful comparison between the actual and envi-
sioned markets to assess how closely the implicit-feedback
collection mimics the market for the new product.

4.2 Feature-based Recommender Systems
A second intervention in product configuration is recom-
mender systems. Here, the input is a valid partial configura-
tion, which is a subset of the possible features selected for a
particular product that complies with the constraints defined
in the feature model. Using this input, the recommender sys-
tem utilizes previous configurations to estimate and predict
the relevance of potentially selectable features [6, 29]. How-
ever, the information derived from the configuration models
is static and primarily derived from the configurations of pre-
vious products. To ensure that the recommendations align
with the users’ present needs, it becomes more reasonable
to enrich these recommendations by incorporating data on
how users interact with features of products that are similar
to the one being configured. Moreover, this approach is in
line with how recommender systems are employed outside
of SPLs, where users’ implicit feedback is used as a main
recommendation factor [34]. For example, Zhou et al. [35]
recommend appropriate APIs to developers based on natural
language queries and previous user interactions with the
recommendation engine.
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Challenges ahead. Recommender systems that rely on
implicit feedback may become unable to recommend less
popular or niche items, also known as long-tail items. This
is because implicit feedback data tends to be biased towards
popular items, leaving less room for recommendations for
items with which only a few users have interacted. This is-
sue can be challenging for recommender systems that aim
to accurately suggest long-tail items to users who might be
interested in them. One potential solution to this problem is
to develop customer profiles that capture feature preferences
for different customer segments. By identifying unique pref-
erences among various sectors of customers, we can promote
the recommendation of long-tail items that are more likely
to benefit specific customer groups.

5 Implicit Feedback & Management
The Management Cycle involves managing the life-cycle
of the reusable assets, monitoring and evaluating the effec-
tiveness of the assets, including tracking their usage, perfor-
mance, and impact on development time, cost, and quality.
This may involve reconsidering the scope of the SPL [21].

5.1 SPL Scoping
Clements’s popular definition of an SPL as addressing ‘a
particular market segment’ entails that the evolution of ‘this
market segment’ should, naturally, go hand in hand with
the evolution of the SPL [7]. Hence, SPL scoping (i.e., decid-
ing on the features to be covered by the SPL) is necessarily
‘continuous’ to keep pace with this market segment. In this
setting, an essential aspect of prioritization, often done re-
garding features, is deciding what features should be evolved
or included in the next SPL release [2]. Botterweck et al. iden-
tify three feature-scoping states: mandatory, optional, and
product-specific (see Fig. 2) [4]. Features might transit from
one state to another in each scoping release. SPL engineers
resort to deciding what features should be made mandatory
and which should be optional or product-specific in the next
release.

Mandatory

make common
[Q6]

Optional

optimization
[Q5]

Product-
Specific

make variable
[Q2]

make generic
[Q7]

make specific
[Q4]

optimization
[Q3]

optimization
[Q1]

Figure 2. Scope of feature states along three levels: manda-
tory, optional, and product-specific

So far, scoping decisions mainly rest on explicit feedback,
i.e., gathered in planning meetings [19] or inferred from
business goals [31]. Implicit feedback can be used as an addi-
tional source of information to track changes in the state of

a feature. If the implicit feedback is stored in a feedback log,
it can be used to create a query (Q) that captures the state
transitions based on this log. These changes are not meant to
happen automatically; instead, dashboards can be employed
to visualize these scenarios and set up alerts when certain
thresholds in Q are exceeded. By using different colors to rep-
resent distinct thresholds, these dashboards can help monitor
the overall usage of the SPL, taking into account the usage
of its entire portfolio. This dashboard could be helpful in
identifying the most urgent features and anticipating the
need for a new SPL scoping effort.

Challenges ahead. In SPLs, implicit feedback is derived
from the installation of different variants. However, not all
variants may carry the same weight. The importance of
the customer (and their installations) or the relevance of
a feature in terms of competitive advantage may hold more
significance in the decision-making process. Therefore, the
feedback analysis model should be able to accommodate
these varying weights. Another challenge lies in identify-
ing temporal usage patterns. Implicit feedback can unveil
usage patterns that suggest a need to modify the scoping
state of a feature. For instance, if an optional feature is se-
lected in numerous products and heavily used across all of
them, it may indicate that the feature’s scoping state should
be changed from “optional” to “mandatory”. Nevertheless,
this usage pattern should be consistently observed over time
rather than being a momentary fluctuation. Thus, including
time intervals for observing usage can be a crucial factor in
feedback analysis models.
So far, we have provided argumentative narratives for

different scenarios where platform-centric feedback can be
beneficial. The next section collects insights from practition-
ers.

6 Platform-centric Feedback: the
practitioners’ perspective

This section collects feedback from practitioners about the
envisaged SPL activities that can benefit from implicit feed-
back. The evaluation follows the Goal-Question-Metric ap-
proach [5].

Goal. Analyze implicit feedback with the purpose of char-
acterizing its usefulness for SPL activities from the point of
view of the SPL practitioners/consultants in the context of
pure-systems’ employees.

Design. The evaluation took place during a monthly on-
line seminar hosted by pure-systems, the company behind
pure::variants, a leading variant manager tool. They also pro-
vide consulting services to various companies. This context
allows pure-systems employees to assess the usefulness and
integration of implicit feedback in SPL activities. The seminar
lasted 90 minutes and covered the significance of implicit
feedback in single-off development. It also discussed the
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Figure 3. Participants demographics: SPL experience & role played.

Figure 4. Perceived usefulness of implicit feedback for SPL practices

benefits and challenges of implementing implicit feedback
in SPLs. Participants had the opportunity to ask questions
throughout the seminar. At the end, they were asked to com-
plete a questionnaire using a Likert scale, indicating their
agreement or disagreement with statements about the use-
fulness of implicit feedback. To ensure clarity, the survey
was pilot tested with three developers. The questionnaire
also included an open-ended question. Eight out of the fif-
teen seminar attendees completed the survey. These eight

employees’ demographic data is presented in Fig. 3. All par-
ticipants, except one, had at least two years’ experience in
SPLs at pure-systems.

Results. Fig. 4 shows the evaluation results in a stacked
bar chart with the respective frequencies of each Likert op-
tion. Specifically:
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• Automated FeatureModel Analysis: Themajority agree-
ment (5 out of 8 participants) reflects the positive per-
ception of using implicit feedback for automatic fea-
ture model analysis.

• Feature dependency identification: The responses in-
dicate a somewhat mixed perception regarding the
usefulness of implicit feedback for unveiling depen-
dencies. While there is a slight inclination towards
agreement (4 out of 8 participants), the varying re-
sponses highlight the need for further exploration and
clarification. Participants’ differing perspectives may
stem from factors such as their specific roles or expe-
riences (consulting vs development), indicating poten-
tial challenges in effectively utilizing implicit feedback
to uncover dependencies.

• SPL testing: The agreement of the majority (5 out of 8
participants) on the usefulness of implicit feedback as
an additional parameter for SPL testing.

• Optimal Product Configuration. The high agreement
(6 out of 8 participants) suggests that incorporating
implicit feedback as an additional parameter might
lead to more tailored and satisfactory products.

• Feature-based Recommender Systems. The majority
agreement (6 out of 8 participants) suggests that par-
ticipants consider implicit feedback as useful content
for feature-based recommender systems.

• SPL scoping: The mixed responses regarding the use-
fulness of implicit feedback in SPL scoping (4 out of
8 participants leaning towards agreement) indicate
that while participants recognize the potential ben-
efits, there may be some reservations or challenges
associated with incorporating implicit feedback into
the scoping process.

The open-ended question revealed two major concerns.
First, privacy issues have been raised associated with track-
ing software, particularly when it comes to customers who
provide services to other organizations. Since participants
believe that their customers are unlikely to be granted per-
mission to collect data from systems they do not own, it is
crucial to consider privacy concerns as a variable in research
on implicit feedback for SPLs. Second, platform-centric feed-
backmay hinder the agility of product-based feedback.When
it comes to single-product development, engineers have the
flexibility to add tracking hits as needed. However, with
platform-centric feedback, there is an additional step where
application engineers must communicate their feedback re-
quirements to domain engineers. This information is then
gathered for the different variants and integrated into a new
feedback model. This process might delay decisions, which
might lead application engineers to inject their own tracking
hits in the variant code once it is generated without waiting
for domain engineers to update the feedback model.

Threats to validity. Two main threats are anticipated.
Firstly, the validity of the conclusions may be compromised
due to the small number of respondents. At the outset, we
gave priority to expertise rather than quantity, as all partici-
pants were experienced in SPLs and belonged to a prominent
SPLs consultancy company. Secondly, the external validity is
at risk as all participants are from a single company. However,
since our focus was on a highly specialized group (i.e., SPL
engineers), valid conclusions can be supported by a smaller
sample size than would be required for a larger and more
diverse population.

7 Conclusions
This research aims to establish the value proposition of
incorporating implicit feedback into SPLs by advocating
for a platform-centric approach to feedback in SPLs. This
approach addresses the variants’ needs for usage trackers
through generative programming and configuration-like
mechanisms. The potential benefits of incorporating implicit
feedback into decision-making in various SPL activities were
presented in an argumentative manner and supported by
evidence from a questionnaire given to eight practitioners.
All the activities were deemed as potential candidates for
improvement through implicit feedback. However, when it
came to Feature dependency identification and SPL scoping,
practitioners had mixed perceptions that necessitate further
clarification through dedicated studies. Furthermore, prac-
titioners expressed concerns about potential privacy issues
that could arise in their customers’ organizations if implicit
feedback practices were implemented.
While the study suggests that platform-centric feedback

may have advantages, it also highlights some envisaged chal-
lenges. Decision-making shifts from application engineers to
domain engineers, which could potentially cause delays that
jeopardize time-to-market goals. This calls for additional re-
search into a hybrid approach where a “continuous feedback
model” could promptly incorporate the needs of the applica-
tion engineers. Our ultimate goal is not only to encourage
further investigation into this topic but also to inspire vari-
ability management vendors to incorporate this feature into
their products.
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Abstract

Domain Speci�c Languages (DSLs) can be implemented as
either internal DSL, i.e. essentially a library in a host general-
purpose programming language (GPL), or as external DSL
which is a stand-alone language unconstrained in its syntax.
This choice implies an inherent trade-o� between a limited
syntactic and representational �exibility (internal DSLs), or
an involved integration with GPLs and the need for a full
stack of tools from a parser to a code generator (external
DSLs).
We propose a solution which addresses this problem by

representing a subset of a GPL - from simple code patterns
to complex API calls - as GUI widgets in a hybrid editor. Our
approach relies on matching parametrized patterns against
the GPL program, and displaying the matched parts as dy-
namically rendered widgets. Such widgets can be interpreted
as components of an external DSL. Since the source code is
serialized as GPL text without annotations, there is no DSL
outside the editor - hence the term ‘virtual’ DSL.

This solution has several advantages. The underlying GPL
and the virtual DSL can be mixed in a compositional way,
with zero cost of their integration. The project infrastructure
does not need to be adapted. Furthermore, our approach
works with mainstream GPLs like Python or JavaScript.

To lower the development e�ort of such virtual DSLs,
we also propose an approach to generate patterns and the
corresponding text-only GUI widgets from pairs of examples.

We evaluate our approach and its implementation on use
cases from several domains. A live demo of the system can
be accessed at h�ps://puredit.korz.dev/ and the source code
with examples at h�ps://github.com/niklaskorz/puredit/.

CCS Concepts: • Software and its engineering → Do-
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visual development environments; Programming by example.
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1 Introduction

Domain Speci�c Languages (DSLs) have proven useful in
developing software systems, and are increasingly adopted
by practitioners in a multitude of application domains [16,
25, 43]. They can clearly communicate the intent of a part of
a system, hide irrelevant implementation details, and make
it harder to say "wrong things" in code. These properties
help to improve development productivity and prevent de-
fects. Finally, DSLs can e�ectively facilitate communication
between domain experts and developers.
DSLs can be implemented as either internal DSL, i.e. es-

sentially a library in a host general-purpose programming
language (GPL), or as external DSL which is a stand-alone
language unconstrained in its syntax. Internal DSLs can be
implemented more easily yet and naturally integrate in the
host GPL. However, they o�er only a limited syntactic and
representational �exibility which is tightly coupled with the
syntax of their host language. On the other hand, while not
limited in their syntax, the external DSLs face an issue of
complex and possibly ine�cient interfacing with other lan-
guages in the project. Moreover, they feature a high cost of
implementation due to a need for a full stack of tools from a
parser to code generator or compiler.

Projectional editors [56, 66, 67] solve the problem of in-
tegrating di�erent languages by being able to render each
language independently yet side-by-side. They can be also
enhanced with interactive, graphical elements such as ta-
bles or dynamic diagrams that suit the speci�c needs of a
certain domain. However, projectional editors come with an
increased development and maintenance e�ort for the DSL
developers, and have usability issues [67], such as challenges
of e�cient entering textual code, or code modi�cations. In

This work is licensed under a Creative Commons Attribution 4.0 Interna-

tional License.

122

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0006-5432-1389
https://orcid.org/0000-0003-0150-8220
https://puredit.korz.dev/
https://github.com/niklaskorz/puredit/
https://doi.org/10.1145/3624007.3624059
https://doi.org/10.1145/3624007.3624059


GPCE ’23, October 22–23, 2023, Cascais, Portugal Niklas Korz and Artur Andrzejak

1 ((table) => {

2 console.log("Replacing ...");

3 table.column("name").replace("Mister", "Mr.");

4 })

5 (db["students"]);

Listing 1. An example code in TypeScript.

1 change table students

2 console.log("Replacing ...");

3 table.column("name").replace("Mister", "Mr.");

4 end change

Listing 2. Hybrid representation of code from Listing 1.
Projections are shown in bold.

addition, code is typically serialized in a proprietary format,
making infrastructure integration di�cult.
To address these issues, we propose an approach which

extends a textual code editor with the ability to represent
parts of code as embedded textual or graphical GUIs. List-
ing 1 and Listing 2 illustrate this solution. Listing 1 shows a
fragment of TypeScript code as rendered in a conventional
editor or IDE. Lines 1 to 5 de�ne an anonymous function
with a parameter table and function body in lines 2 and 3.
Line 5 applies this function to an object db["students"]
representing a database table. Listing 2 displays how the
same program fragment is shown in our hybrid editor. Lines
1 and 4 in the latter listing are part of a projection, an embed-
ded GUI which o�ers a developer-friendly representation of
the source code lines 1, 4, and 5 from Listing 1. Projections
can be interpreted as components of an external DSL. Their
representation can assume any form - from text to tables to
diagrams to equations.

Within the projection shown in Listing 2 users can change
the argument students by typing it or selecting from a list
of recommendations (not shown). They can also edit the
textual code representation in lines 2 and 3 as usual. Users
can enter new (textual) projections in their code by using
the code recommendation feature of the hybrid editor. For
example, after typing ’c’ in an empty line in the live demo
the projection ’change table’ is proposed. It is also possible to
edit the hybrid and the traditional form of GPL source code
side by side, with updates being immediately synchronized.
Grammar errors in the GPL code lead to failure of identifying
the correct projection. As a consequence, the hybrid editor
shows the original (erroneous) GPL code instead.
We illustrate the �exibility of representation in the hy-

brid editor with a more complex example - visual editing
of mathematical expressions. We created a small Python li-
brary mathdsl (a wrapper of few large libraries) to support
conversion of formulas expressed in LaTeX into executable
NumPy code (see Section 5.2). Listing 3 shows code which
implements a rotation of a 2-dimensional vector by angle

1 import mathdsl

2 rotate, args = mathdsl.compile("\\begin{pmatrix}\\cos\\

theta & -\\sin\\theta\\\\ \\sin\\theta & \\cos\\theta

\\end{pmatrix}\\begin{pmatrix}x\\\\ y\\end{pmatrix}")

3 print("rotate(x, y, theta):")

4 print(rotate(x=1, y=2, theta=0.5))

Listing 3. Rotation of a two-dimensional vector using library
mathdsl.

Figure 1. Code from Listing 3 as shown in the hybrid editor.

\ using mathdsl. While this representation relieves users
familiar with LaTeX from coding in NumPy, the code in line
2 it is not easy to write and understand.
Figure 1 shows a representation of the same code in our

hybrid editor. Users can enter each part of mathematical ex-
pression as a LaTeX code and/or via a visual palette/keyboard
(opened by an icon at the end of line 2). Both code compre-
hension and the ease of editing are enhanced. A reader is
encouraged to try out this example in the live demo. Our
prototype also supports integration of such a solution in
JupyterLab.

An essential feature of our approach is that the source code
retains its traditional textual form while persisted, without
any annotations or changes (internally, code is represented
as an equivalent AST). In this way, the hybrid editor achieves
full compatibility with existing infrastructure tools like lin-
ters, compilers, or other editors. Furthermore, developers do
not need to adapt their code to use the system. E�ectively,
there are no traces of a DSL outside the editor - hence the
term ’virtual’ DSL.

Under the hood, the hybrid editor tries to �nd in the source
code fragments which match one of the prede�ned patterns.
In Listing 1, lines 1 and 5 match such a pattern. It is de�ned
together with the corresponding projection template, here
the one responsible for displaying lines 1 and 4 in Listing 2.
Our hybrid editor renders a projection for each matching
pattern (with corresponding parameters, e.g. students). As
outlined in Section 2.3, edits of the textual or projectional
representation update the internal AST model and might
trigger a redraw of the view.

A pattern and a projection template constitute together a
DSL component which is responsible for an alternative rep-
resentation of a speci�c aspect of the GPL language or its
library. Such components can be developed separately, al-
lowing to incrementally grow a virtual DSL in a modularized
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way. Compared to an external DSL, the development e�ort
for a virtual DSL is a typically smaller.
To lower the development cost even further we propose

an approach to generate patterns and the corresponding text-
only projection templates from multiple examples. A DSL
developer provides pairs of a GPL code to be matched and
desired textual projection. Our algorithm either requests for
more/other examples to resolve ambiguity or inconsistencies
or generates a DSL component (i.e. pattern and correspond-
ing projection template). These artifacts can be either used
directly or can serve as a basis for further re�nements.
In addition to work on projectional editing [9, 15, 37, 49,

52, 65, 67] there is already a substantial body of research on
enriching textual editors with interactive GUI-based compo-
nents for developer-friendly representation of code [1, 19, 54,
55, 59]. As discussed in Section 6, most approaches require
adaptation of the source code, and only few target main-
stream programming languages (and if so, predominantly
Java). Our work focuses on practical usability of such a so-
lution, in particular support for mainstream GPL languages
like Python or JavaScript, compatibility with an existing in-
frastructure, and a moderate development e�ort of virtual
DSLs. To further increase the practical value, our prototype
uses web-based technologies and is implemented in Type-
Script. It works almost out-of-the-box in JupyterLab and can
be easily adapted for Visual Studio Code or other web-based
editors.
The main contributions of this work are:

• Approach for speci�cation of patterns for matching
code fragments in GPL source code.
• Algorithm for matching code fragments and extraction
of arguments from code.
• Approach for e�cient rendering and editing of the
projections associated with patterns, and bidirectional
updating of textual and projectional code representa-
tion.
• Prototypical implementation of a web-based hybrid
editor as a stand-alone tool and a JupyterLab extension.
• Approach and an implementation for synthesizing DSL
components (with text-only projections) from samples
of pairs GPL code/textual projection.
• An evaluation via a proof-of-concept for the domains
spreadsheet processing and formula editing in GPL
languages TypeScript and Python.

This paper has the following structure. Section 2 details
the virtual DSL approach. Section 3 describes the algorithm
for generating DSL components from examples. Section 4
outlines the implementation. Section 5 describes the evalua-
tion. Section 6 discusses related work and Section 7 contains
conclusions.

1 let db = contextVariable("db");

2 let tbl = arg("table", "string");

3 let [changePattern,changeDraft] =

4 statementPattern‘

5 ((table) =>

6 ${ block({tbl:"table"}) })

7 (${ db }}[${ tbl }]);‘

8 ;

Listing 4. A description in the templating language of a
pattern which matches parts of code in Listing 1.

2 Virtual DSL - Concepts and Algorithms

A virtual DSL is a system consisting of a hybrid editor (same
for all projects), and a set of DSL components to be developed
for a speci�c scenario. Recall from Section 1 that each DSL
component is a pair including a pattern (de�ned rigorously
in Section 2.1) and a template projection. A pattern matches
in the edited program a code fragment called a projected

code (fragment). Such fragments can be simple expressions
or statements, calls to APIs or libraries, or even statements
in an internal DSLs. The projection templates are essentially
GUI components (widgets), in our implementation using the
Svelte web framework.
Section 2.1 describes how patterns are de�ned. In Sec-

tion 2.2 we outline the process of compositional matching of
these pattern and the extraction of arguments for projections.
Section 2.3 describes the mechanisms related to rendering
and editing projections.

2.1 Patterns and Templating Language

A pattern is a pair of an AST in a target GPL and an optional
set of data structures called active nodes. An active node con-
sists of a regular AST-node with a unique identi�er and a
separately maintained data structure referenced by this iden-
ti�er. Active nodes play a special role during the matching
process explained in Section 2.2 as they capture speci�c sets
of AST nodes or provide context information.
Since it is di�cult to create and edit a pattern directly,

we use a subset of TypeScript called templating language TL

for generating and representing patterns. A pattern descrip-
tion in TL is just a fragment of code in TypeScript which
contains one tagged template literal [32, sections 13.2.9 and
13.3.11] and optionally declares some objects using func-
tions arg(argName, nodeType), block(contextVars), or
contextVariable(varName). The role of these objects is to
create active nodes in the described pattern.

We illustrate the above concepts on an example. Listing 4
shows a TL description of a pattern matching lines 1, 4, and
5 in Listing 1, i.e. code shown as a projection in lines 1 and 4
of Listing 2. Lines 4 to 7 in Listing 4 contain the tagged tem-
plate literal which consists of a call to our custom function
statementPattern and a template literal, i.e. essentially a
string with parameters to be interpolated (parameters are
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shown highlighted). In TypeScript, these parameters are any
expressions enclosed in ${..}.
The template literal represents the AST to be matched.

All string parts (i.e. parts outside ${..}) will be turned
to AST nodes matched literally, and each parameter will
give rise to an active node. Consequently, a pattern cre-
ated by Listing 4 will have three active nodes. The latter
are created by the calls: block({tbl:"table"}) (line 6),
contextVariable("db") (lines 1 and 7), and arg("table",
"string") (lines 2 and 7), in this order. The details of these
functions are described in Section 2.1.1. Note that the string
parts of the template literal express the code of a target GPL
language, and could be e.g. Python, not necessarily Type-
Script as in this example.

In essence, the �rst active node captures an inner block of
target GPL statements enclosed by a matched source code
fragment. In in Listing 1 this block is in lines 2-3. The second
active node, db, is a context variable potentially intialized in
a surrounding pattern match. It speci�es a name of a vari-
able giving access to a database speci�ed in the surrounding
code. This access can be used by the hybrid editor to e.g.
dynamically provide a list of valid table names for parameter
recommendations within the current projection. Finally, the
third active node, tbl, has the task of capturing and updating
a value of a source code AST node of type string. It is then
used as a parameter to be shown and edited in the corre-
sponding projection. In this case, the value is "students" (line
5 in Listing 1), and the same value is shown in the projection
in Listing 2 (line 1).
A TL description like above is converted by our function

statementPattern to a pattern. In this process, each param-
eter of a tagged literal template generates an active node.
The corresponding internal data structure is kept for the
matching process (Section 2.2), and the parameter location
(substring ${..}) is replaced by a unique identi�er referenc-
ing this data structure. The literal template is then turned
into a normal string containing a fragment of the target
GPL code. We parse it subsequently into an AST using the
parser generator tree-sitter [62] into TypeScript, Python, or
(in future) other target GPL.

2.1.1 Details of Active Nodes. We describe in the fol-
lowing the three kinds of active nodes of a pattern and the
corresponding functions used in the templating language TL
to generate them.

Argument active node. This kind of node is speci�ed in TL
via the helper function arg(argumentName, nodeType). Its
purpose is capturing the text content of an identi�er or literal
nodes in the GPL source code as an argument for the corre-
sponding projection. Moreover, depending on the value of
nodeType, we can also capture arbitrary subtrees by specify-
ing a �lter function. The type speci�cation nodeType allows
to match AST-nodes by type and not their text content. Possi-
ble node types depend on the target GPL and are speci�ed by

tree-sitter. Furthermore, the captured value is accessible to
context variables under the argumentName. The parameter
argumentName sets the name under which a projection can
access the value captured in the source code.
Block active node. This kind of node is created in TL by

the helper function block(contextVariables). It captures
nested blocks of code, such as the body of a function def-
inition or the branch of an if-clause. Additionally, blocks
themselves are recursively searched for pattern matches,
in order to support compositionality. To this end optional
context variables (explained below) can be passed down to
patterns matching inner code.
Context variable active node. In TL, such nodes are ex-

pressed via the function contextVariable(variableName).
They declare context variables used in the pattern matches
within inner code blocks. For example, the name of the cur-
rently speci�ed table (in outer code block) can be passed
via such variables to patterns matching code within inner
code blocks. This can be helpful for e.g. recommendations
of column names in the inner projections. When a pattern is
initialized for the matching process, each such active node
is replaced by a value speci�ed by the corresponding con-
text variable. The latter are set in a surrounding context by
argument active nodes. Furthermore, context variables can
also be declared and initialized globally for the whole editor,
which is useful for providing the names of global variables
to the projections.

2.2 Pattern Matching on Abstract Syntax Trees

Contrary to pure projectional editors which store programs
in form of serialized trees (e.g. XML or JSON �les), the hybrid
editor serializes the source code in conventional text-based
form, internally maintaining an equivalent AST. Render-
ing requires dynamic detection of projected code fragments
matched by the patterns, extraction of the relevant informa-
tion, and dynamic creation or update of each projection.

Algorithms 1 and 2 show the pseudocode of the approach
for matching patterns in GPL code. We use the following
symbols. (A2 is a syntax tree of the currently edited �le and
%0C is the set of the de�ned patterns. �CG is a mapping from
context variables to their values, initially populated with
globally de�ned context variables.

Algorithm 1 visits each node = of the AST (A2 in a depth-
�rst search fashion (line 3). For each = and each de�ned
pattern ? it checks via MatchPattern whether the subtree
of (A2 starting at = matches the pattern ? . The pseudocode
does not show a small optimization such that for = only
patterns are considered with the same type of root node as
the type of = (see [42] for all details).
If there is match of ? at =, the result set '4B is updated

(line 8). Furthermore, for each inner code block identi�ed
by this match we issue a recursive call of FindPatterns at
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Algorithm 1 Top-level algorithm for matching patterns.

Require: (A2, %0C,�CG ⊲ See text for de�nitions.

1: function FindPatterns((A2,�CG)
2: '4B ← ∅ ⊲ Resulting set of matches

3: for all = ∈ DFS((A2) do

4: for all ? ∈ %0C do

5: �A6B ← ∅ ⊲ Set of captured arguments

6: �;:B ← ∅ ⊲ Set of captured blocks

7: if MatchPattern(?, =,�A6B, �;:B,�CG)
then

8: '4B ← '4B ∪ {(?, =,�A6B, �;:B)}

9: ⊲ Recursively search all inner code blocks ⊳

10: for all (=̂, �̂) ∈ �;:B do

11: (̂ ← GetSubtreeAtNode(=̂, (A2)

12: '4B ← '4B ∪ FindPatterns((̂ ,�CG ∪
�̂)

13: end for

14: break ⊲ At most one match per =

15: end if

16: end for

17: end for

18: return '4B

19: end function

a subtree (̂ , i.e. the root node of the code block, to support
compositionality (lines 11-12).
The algorithm returns a set of matches. Each is a tuple
(?, =,�A6B, �;:B) of a pattern ? , root node = of an ASTmatch-
ing ? , and sets �A6B , �;:B of captured arguments and cap-
tured blocks, respectively.

The pattern candidates are evaluated by function Match-

Pattern. In essence, a node = of (A2 matches a pattern when
it is deeply equivalent to the pattern’s root node, see the
recursive descend at lines 24-29. This function also updates
the sets�A6B and �;:B according to the meaning of the active
nodes (lines 2-9), see Section 2.1, and checks that the context
variables have correct values in the candidate AST subtree
(lines 10-13).

2.3 Rendering and Editing Projections

Given a set of matches<1, . . .,<: (output of Algorithm 1)
and the prede�ned projection templates the hybrid editor
is capable of rendering the edited program ( . Essentially,
all statements (or AST subtrees) in ( not included in any of
the matchings are identi�ed as non-projected code. These
parts of ( are shown in a traditional textual form. On the
other hand, the rendering of each projected code fragment
is delegated to the respective projection.
The process of updating internal model of the hybrid ed-

itor requires more detailed explanation. When the source
code changes due to edits of the textual or the projectional
parts the internal model (i.e. source code state) of the hybrid
editor becomes invalid. Incremental, i.e. local updates of this

Algorithm 2 A function for testing whether an AST tree
matches a pattern and extracting arguments and code blocks.

1: functionMatchPattern(?, =,�A6B, �;:B,�CG )
2: if isArgumentNode(?) ∧ nodeType(=) =

requiredType(?) then

3: �A6B ← �A6B ∪ {(argumentName(?), =)}

4: return true
5: end if

6: if isBlockNode(?) then

7: �;: ← �;: ∪ {(=, blockCxtSet(?))}

8: return true
9: end if

10: if isContextVariable(?) then

11: E ← contextVariableName(?)

12: return isIdenti�er(=) ∧ E ∈ dom(�CG) ∧

�CG (E) = text(=)

13: end if

14: if nodeType(?) ≠ nodeType(=) then

15: return false
16: end if

17: ⊲ Atomi (leaf) nodes must be compared by their texts ⊳

18: if isAtomic(?) then

19: return text(?) = text(=)

20: end if

21: if |children(?) | ≠ |children(=) | then

22: return false
23: end if

24: ⊲ Children of ? and = are assumed to be aligned ⊳

25: for all ?̂ ∈ children(?), =̂ ∈ children(=) do

26: if ¬MatchPattern(?̂, =̂, �A6B, �;:B,�CG ) then
27: return false
28: end if

29: end for

30: return true
31: end function

model are di�cult to achieve due to presence of context vari-
ables. Therefore we need to rerun Algorithm 1 in order to
re-match the entire AST against the prede�ned patterns, and
re-render the hybrid representation.
To optimize this process, we reuse the instantiated pro-

jections created by the previous model if possible. To this
end we need to compare source code ranges A ′1, . . . , A

′
:
of the

projected code (obtained from the matchings <′1, . . ., <
′
:
)

from the previous model against the projected code ranges
A1, . . . , A: of the new model. If some A ′9 and A8 overlap for
the same pattern, we can reuse the previously instantiated
projection after updating it with new argument values. In
general, this provides a smooth user experience even for
larger source code �les.
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1 tbl["name"] = tbl["name"].replace("Mister", "Mr.");

2 replace Mister with Mr. in column name

3

4 tbl["title"] = tbl["title"].replace("PhD", "Dr.");

5 replace PhD with Dr. in column title

6

7 tbl["adr"] = tbl["adr"].replace("Road", "Rd.");

8 replace Road with Rd. in column adr

Listing 5. Samples of projected code and the corresponding
(textual) projection.

3 Generating DSL Components from
Examples

In this section we propose an algorithm for synthesizing
simple patterns and projections from multiple samples of
GPL code and textual projections.
While the development e�ort of a pattern and a corre-

sponding projection template is modest (below 100 LOC of
a typical case, see Section 5), a developer of a virtual DSL
might be faced with a steep learning curve due to multi-
ple frameworks/technologies. In our implementation, de-
veloping a pattern requires knowledge of TypeScript and
Javascript’s tagged template literals (see Section 2.1), and cre-
ating a projection template assumes familiarity with Svelte
and optionally with HTML/CSS.

To this end we propose an approach to synthesize a basic
form of a pattern and a corresponding projection template
from multiple examples of pairs (projected code, projection).
We assume that the projections are of textual form, like in
lines 1 and 4 in Listing 2. Consequently, projection templates
can be understood in context of this section as string tem-
plates where static text is interweaved with parts displaying
variable and editable content called placeholders.

Listing 5 gives an example of 3 pairs of samples, each pair
consisting of projected code and the corresponding expected
textual projection. The code samples must be selected or
created by the DSL-developer such that they di�er in tokens
indicating placeholders. Here the argument to tbl["name"]
and both arguments to replace() indicate the di�erences.
Analogously, di�erences between projection texts indicate
positions of the placeholders. For the �rst pair, these posi-
tions are at the tokens Mister, Mr., and name. By using the
same placeholder values in a code sample and in it’s projec-
tion we indicate how the placeholders should be mapped.
Given this input, our algorithm is able to generate a de-

rived pattern and corresponding derived (projection) template.
Latter is the core part of a GUI widget (in our prototype, a
Svelte component) rendering the projection in the hybrid
editor. Despite of some limitations, this solution covers many
simple cases without a need for any coding. The generated
code can be useful even for more experienced developers as
a skeleton for further extensions.

1 // Pattern prototype (AST unparsed)

2 tbl[<2?1>] = tbl[<2?2>].replace(<2?3>, <2?4>);

3

4 // Projection template prototype (list joined)

5 replace <??1> with <??2> in column <??3>

Listing 6. Pattern and projection template prototypes de-
rived from Listing 5. <> indicate placeholders.

The relevant limitations of the approach are (in addition
to text-only form of projections) lack of context variables
(Section 2.1.1). Moreover, a derived pair pattern/template can
have at most one nested code block. A DSL-developer can
still provide these features, they are not generally precluded.
We opted for this simple form to reduce ambiguity and keep
the number of required examples low.
In the following we detail our approach. Section 3.1 dis-

cusses how we identify constant and variable parts of GPL
code by comparing the AST trees of the samples. In Sec-
tion 3.2 we explain how projection samples are used to gen-
erate a textual template. Section 3.3 outlines mapping of
placeholders found in code to those found in projections.
Finally, Section 3.4 explains how this information is used to
generate the pair pattern/projection template.

3.1 Analyzing Samples of Projected Code

The goal of analyzing samples is to obtain a pattern prototype
de�ned as an AST-tree with some nodes marked as place-
holders. Listing 6 (top) shows the unparsed, i.e. serialized
pattern prototype derived from the code samples in List-
ing 5. Additionally, we compute a list of paths to the found
placeholders in this prototype. This is required for mapping
pattern and projection placeholders.

The algorithmworks iteratively. Each sample code is parsed
to an AST (which are formally also pattern prototypes). The
comparison of two �rst ASTs yields a �rst candidate for pat-
tern prototype, which is then compared against third code
sample AST, yielding second candidate result etc. When all
nodes of - are processed, we return the last candidate as the
pattern prototype, and a list of paths to the placeholders.
A recursive comparison of two ASTs - and . (or tech-

nically, two pattern prototypes) is the core of this routine.
Given a list of AST nodes G1, . . . , G: (e.g. children of a node)
from - and the same-length list ~1, . . . , ~: of nodes from
. , we test which node pairs (G8 , ~8 ) are identical and which
di�er. A pair is considered identical if both nodes have same
AST-type, same content (e.g. identi�er text), and are leaves.
If G8 are ~8 are same-type non-leaves with equal number of
children, we perform a recursive descend on the set of their
children.
Otherwise, G8 and ~8 are considered di�erent. They are

marked as placeholders, and their tree path is recorded. If
both have the same AST-node type, we inherit this type to
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their placeholders. In other case it is considered a ’wildcard’,
i.e. the placeholder can match any type.

3.2 Analyzing Samples of Projections

Analogously to code samples, strings representing textual
projections are compared for common (equal) and diverging
parts. The goal is to obtain a (projection) template prototype

which is an alternating list 20, E0, 21, E1, . . . of static strings
28 (for common parts) and placeholders E8 (for diverging
parts). We assume here that two subsequent variable parts
are always separated by a static part, e.g. a comma. Listing 6
(bottom) shows the template prototype derived from the
projection samples in Listing 5 (list joined to one string).
First, each sample projection text is turned into a list of

tokens. Note that this list can be considered a special case of
a prototype. We set the �rst sample as the initial solution and
then iteratively re�ne the current version ? of a template
prototype by comparing it against the next sample B .

At each iteration step, we use the Meyer’s Di� algorithm
[51] for detecting the longest common token subsequences
between ? and B . We exploit the fact that each longest com-
mon token subsequence 28 must be followed by a diverging
part E8 (E8 might be optional for the last common subse-
quence). For each 28 found by Meyer’s Di� algorithm we
can thus add to the updated version ?′ of the prototype the
string 28 as the subsequent static part, and the E8 as the next
placeholder.

3.3 Mapping Placeholders from Code to Projections

The next goal is to map placeholders found in code sam-
ples (Section 3.1) to those found in projection samples (Sec-
tion 3.2). To make the presentation clearer, we call the earlier
c-placeholders 2? and the latter p-placeholders ?? . In List-
ing 6 we have c-placeholders 2?1, . . . , 2?4 and p-placeholders
??1, . . . , ??3.

Assume that we are given c-placeholders 2?1, . . . , 2?< , p-
placeholders ??1, . . . , ??= , a projection template prototype
C (found as in Section 3.2), a list + of tree paths to the c-
placeholders (found as in Section 3.1), and the pairs of sam-
ples (21, ?1), . . . , (2: , ?: ). We want to �nd a relation" which
maps each 2?8 to exactly one ?? 9 , and each ?? 9 appears in
the image of " (in other words, " is surjective). It means
that multiple placeholders in the code can be ’connected’
by the same value, but this group corresponds to only one
placeholder in the projection.
We propose the following algorithm to this end. We iter-

ate over the pairs of samples and build" incrementally. For
(2G , ?G ) we compute a list & of strings of ?G which corre-
spond to the placeholders in the template prototype C (the list
is ordered such that 8th element corresponds to ??8 ). We can
achieve this by using again the Meyer’s Di� algorithm on
?G and C : each divergent sequence of tokens corresponds to
one p-placeholder, since common subsequences are identical
static parts of ?G and C . For example, ?1 in Listing 5 gives

& = ["Mister", "Mr.", "name"] corresponding to ??1, ??2, ??3
in C .
The strings in & create a link between p-placeholders

and c-placeholders since they should also appear in the code
sample 2G . To exploit this, we iterate over+ (the tree paths to
c-placeholders), and for each E8 ∈ + we retrieve the AST node
or AST-subtree in 2G referenced by E8 . The text obtained from
this AST fragment is searched in & . If found at position 9 in
& , we have obtained a mapping of a c-placeholder 2?8 to p-
placeholder ?? 9 :" (2?8 ) = ?? 9 . For example, after processing
the �rst pair (21, ?1), we obtain the mapping " de�ned by
2?1 → ??3, 2?2 → ??3, 2?3 → ??1, 2?4 → ??2.

If di�erent pairs of samples create incoherent mappings
(i.e. a c-placeholder is mapped to di�erent p-placeholders),
the algorithm terminates with an error. We also check that
all p-placeholders are covered. Finally, " is returned after
all pairs of samples are processed.

3.4 Constructing a Pattern and a Projection

Template

After the three processing steps outlined above a derived
pattern and a corresponding projection template can be con-
structed. We save both artifacts a regular source code �les
which can be used or edited as any manually developed
pattern/template pair.
A derived pattern is obtained from any code sample 28

(formally, a string) by replacing the substrings correspond-
ing to c-placeholders by strings representing calls to helper
functions discussed in Section 2.1.1. To this end we iterate
over the AST paths identifying c-placeholders (found in Sec-
tion 3.1), for each one we retrieve the substring range in 28
corresponding to this AST path, and replace it by the func-
tion call. Information about the source code range of each
AST subtree is provided by default by tree-sitter.

A derived projection template is created from a skeleton
of a GUI widget which displays text only and admits at most
one nested block. The parametrized part is a list of tokens,
where each token is either an HTML string for the static
parts of the projection or a p-placeholder. Each p-placeholder
is displayed as a TextInput component and ’wired’ to the
correct c-placeholder(s) (i.e. helper function calls) in the
derived pattern according to the mapping" (Section 3.3).

4 Implementation Details

4.1 Overall Architecture

We use CodeMirror [8] web-based editor as a basis for our
hybrid editor. In this environment, any components repre-
sentable in HTML and JavaScript (in particular, any Svelte
components) can be used as projection widgets. However,
conceptually other extensible editors or IDEs such as Visual
Studio Code or its basis library Monaco Editor [14] are a
suitable basis for the hybrid editor.
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Following this choice, the primary programming language
of the project is TypeScript, with some complementary li-
braries like tree-sitter using other languages at their core. In
particular, all algorithms described in Section 2 are imple-
mented in TypeScript.

We make the hybrid editor available in two environments.
The �rst is as a stand-alone browser-based editor with a web
server as a backend (see the live demo). The other environ-
ment is JupyterLab [40], a popular tool data scientists. Since
JupyterLab uses CodeMirror as its cell (code) editor, we can
integrate our hybrid editor as a frontend extension, without
a�ecting the Jupyter backend. This environment is used in
both virtual DSLs discussed in Section 5.

4.2 Projections: Implementation and Editor

Integration

Projections in the hybrid editor could be implemented by
any of the web frond end frameworks based on JavaScript,
like React, Angular, Vue, or Svelte. Using such generic frame-
works for projections o�er �exibility, thus potentially allow-
ing evenmore special projections such as diagrams or editors
for graphical user interfaces. We choose Svelte [11] to its
reactivity, small size of transferred �les, ease of debugging,
and lifecycle events.
A key feature needed in a hybrid editor is the ability to

replace ranges of text with custom display and editing com-
ponents. CodeMirror o�ers this ability via replacement dec-

orations [33] which can render any HTML content instead
of a speci�ed text range. As CodeMirror renders its con-
tents using conventional HTML and CSS, it is possible to
turn these elements into interactive widgets (i.e. projections)
using JavaScript.
When the document undergoes updates, previous deco-

rations are retained if they remain relevant in the updated
positions. Consequently, the Svelte properties update to the
new match, leading to an automatic refresh of the widget’s
contents. This approach ensures continuity and alignment
with user input.

Our system understands that CodeMirror expects widget
classes to adhere to a speci�c element-producing interface.
To streamline this process, we’ve designed a wrapper func-
tion that automatically morphs Svelte components into the
desired widget classes. This wrapper plays a crucial role,
ensuring that all critical data, such as the pattern match,
context, and editor state, is transferred and updated as Svelte
properties whenever changes occur.

4.2.1 Input Management. User input management is piv-
otal in our system. A shared TextInput component handles
user input directly, replacing the source code at the corre-
sponding AST node. This action triggers a syntax tree re-
match, causing the system to update the components with
fresh match data. The underlying principle is maintaining
the textual document as the authentic source for projections

visible to the user, ensuring consistency. Replacing code with
user input is a straightforward process, especially for string
literals, where the requirement is merely replacing any quo-
tation marks with their escaped variants. For more complex
node types, we’ve implemented serialization functions that
guarantee the produced code aligns with the �eld’s pattern
node.
To ensure the projections blend well with the rest of the

document, cursor movement is monitored to provide a �uent
transition between projection and code. We include a focus
manager in every projection instance that is responsible for
keeping track of the focusable inputs inside a projection wid-
get and of the input that is currently focused. On internal
cursor movement, the focus manager ensures the next or
previous input element is focused, depending on whether
the cursor has "left" the �eld on the start or end side. For the
�rst and last input inside the projection, the cursor is moved
to a position in the text editor adjacent to the projection in-
stead. Overall, this improves the user experience by allowing
modi�cations of the whole document without having to use
a mouse.
New projections are inserted into the edited program

through our hybrid editor’s completion mechanism. As the
user types a text sequence resembling a projection’s name,
they can choose a suggested projection to insert into the doc-
ument. The system then generates a code snippet from the
original code pattern template, replaces template placehold-
ers with empty values, and integrates it into the document.

4.3 Simpli�ed De�nitions of Projections

The analysis of the development e�ort via counting non-
comment Lines of Code (LOC) in Section 5 reveals that the
majority of line count can be attributed to the code of a
Svelte component. However, a closer look at the Svelte com-
ponents reveals that these consist mostly of import state-
ments and HTML code instead of logic. Consequently, we
have introduced a wrapper function simpleProjection. It
creates projectional widgets without need to understand
Svelte components or the internals of the CodeMirror editor.

Listing 7, lines 12-15 shows an application of this function.
It receives an array of tokens, where a token is either a string,
a reference to a code placeholder 2? (as de�ned in Section 3),
or an array of such references if multiple source code parts
are to be modi�ed by a projection �eld. The placeholder
reference must be named identically as the special element
produced by the arg helper function for 2? (Section 2.1)
created when de�ning the associated pattern. In this way, we
’wire’ the code placeholders with the projection placeholders
and avoid typos.
Listing 7 shows a pattern de�nition in the TL (top) and

a simpli�ed projection de�nition (bottom) of a component
for spreadsheet analysis DSL. The object references fName,
sName specifying code placeholders (or special elements of
type argument node) in the pattern de�nition are used in
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1 // Pattern definition

2 const dsl = contextVariable("dsl");

3 const fName = arg("fName", "string");

4 const sName = arg("sName", "string");

5

6 export const [pattern, draft] =

7 pythonParser.statementPattern‘

8 with ${dsl}.load_sheet(${fName}, ${sName}) as sheet:

9 ${block({ sheet: "sheet" })}

10 ‘;

11

12 // Simplified definition of a projection

13 export const widget = simpleProjection(

14 ["load sheet", sName, "from", fName, ":"]

15 );

Listing 7. De�nitions of a pattern via Templating Language
and its projection in a simpli�ed form.

1 with dsl.load_sheet("Chromatography.xlsx", "raw data")

2 as sheet:

3 K, B = sheet.take("K4:L35", "isinstance(L,int)")

4 A, B = sheet.join("A4:B46704", K, "abs(K - A)",

5 dsl.AggregationMethod["minimal"])

6 dsl.store_sheet("output.xlsx", "output", [K, L, B])

Listing 8. Example Python script for processing Excel data.

the call to simpleProjection. In this way, variable parts of
the source code and the projection are uniquely connected.

5 Evaluation

5.1 DSL for Spreadsheet Analysis

We implemented a virtual DSL for analysis of Excel spread-
sheets. The use case is motivated by a cooperation with
researchers from a biomedical �eld. Their lab uses chro-
matography methods for genome analysis of viruses. The
device performing the analysis exports its results as Excel
�les which need further analysis to extract relevant data.
Due to data variations and lack of programming skills these
�les are processed manually, which is a repetitive and error-
prone task. With the virtual DSL these researchers should be
able to use and adapt scripts for automated processing yet
retain the �exibility of a host GPL for a future automated
processing pipeline.

The implementation uses as the environment JupyterLab
and Python as the host GPL. We developed a simple package
(library) in Python based on the module openpyxl [27] which
performs several tasks like loading a spreadsheet, conditional
cell selection, joining of cell ranges, and storing the results
in a new spreadsheet. Listing 8 shows a typical Python script
used in this scenario. Here dsl is a quali�er to our package.
For this virtual DSL we implemented four pattern/pro-

jection pairs, for the library calls load, take, join, and store.
Figure 2 illustrates how the code from Listing 8 is actually
shown in the JupyterLab hybrid editor.

Figure 2. Code from Listing 8 as shown in the hybrid editor.

5.1.1 Discussion. Implementation of this virtual DSL has
shown qualitatively that the proposed concept of a virtual
DSL is useful. Moreover, the presented algorithms and the
implementation have been veri�ed as correct. The hybrid
editor is responsive and due to the special care of input man-
agement (Section 4.2.1) o�ers a smooth editing experience.
However, we did not conduct a rigorous user study. We

relied on feedback from one tester as well as our own experi-
ences with the system to conclude high responsiveness and
correctness of the implementation. The intended customers
have not yet introduced the system (changes in the process
require time investment on both sides) but are interested. A
more thorough evaluation with a user study remains a part
of the future work.

Note that the hybrid editor presentation in Figure 2 is not
radically more user friendly than the textual representation
of code in Listing 8. However, for researchers from non-CS
�elds the threshold for considering a software solution as
’too complex’ is rather low. Consequently, even a moder-
ate improvement of readability and editing experience (also
due to parameter recommendations within projections) was
relevant in this case.

5.2 DSL for Formula Editing

The next virtual DSL o�ers graphical formula (or equation)
editing using mathematical notations. It demonstrates that
our approach can also tackle non-textual projections, see
Figure 3. Instead of implementing the desired projections
from scratch, we leverage the fact that our hybrid editor
can use any HTML/JavaScript components, and build upon
Mathlive [28], a web-based graphical editor for mathemati-
cal equations. We choose LaTeX as its output format. This
enables to use latex2sympy2 [46], a library to transform La-
TeX equations into SymPy [12] objects at runtime. SymPy
can perform on these objects tasks such as simpli�cation
and solving of equations, but it can also generate executable
Python functions.

We �rst implement a small Python library/module mathdsl
that transforms LaTeX equations into performant (due to
internal use of NumPy), executable Python functions. The
module provides two functions: compile and evaluate. Ear-
lier function transforms LaTeX equations into an executable
form but does not evaluate them, while the other immedi-
ately performs the evaluation.
Both functions assume as their �rst argument a string

containing the LaTeX code. The compile function returns
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1 // Pattern for the compile function

2 expressionPattern‘

3 ${contextVariable("mathdsl")}

4 .compile(${arg("latex", "string")})

5 ‘;

6 // Pattern for the evaluate function

7 expressionPattern‘

8 ${contextVariable("mathdsl")}

9 .evaluate(${arg("latex", "string")}, locals())

10 ‘;

Listing 9. Two patterns for the graphical formula editor
expressed in the Templating Language.

Figure 3. A hybrid editor view during editing a function to
compute an inverse of a 2G2-matrix with mathdsl.

the generated function as well as a tuple of free symbols
in the equation. For the evaluation function, an additional
parameter must be provided next to the code that describes
the variable scope to evaluate the term in. The patterns used
to match these operations are de�ned in Listing 9 using
the Templating Language. Unlike in previous examples, we
declare these patterns to be expressions instead of statements.
This makes it possible to embed the equation editor in normal
code statements.
The corresponding hybrid editor has been integrated in

JupyterLab [40] (see sources of our project) and in the live
demo (tab ’Python’). Figure 1 in the introduction shows how
the hybrid editor represents a function for rotating a vector.
The corresponding Python source code is given in Listing 3.
Another example is shown in Figure 3 with the correspond-
ing source code in Listing 10. While editing the formula in
the hybrid editor, interactive GUI elements support matrix
editing and transformations. Also, visual keyboard is avail-
able for entering symbols and operators without knowledge
of LaTeX (not shown; available in live demo).
Overall, we conclude that the choice HTML/JavaScript-

based projectionwidgets, allows for awide range of scenarios
and types of projectional forms. Especially this enables access
to a large ecosystem of open source libraries and components
for web-based GUIs.

1 invert, args = mathdsl.compile("\\frac{1}{ad-bc}

2 {\\begin{pmatrix}d & -b \\\\ -c & a \\end{pmatrix}}")

3 print(invert(a=1, b=2, c=3, d=4))

4 # output:

5 # [[-2. 1. ]

6 # [ 1.5 -0.5]]

Listing 10. Python source code corresponding to Figure 3.

Table 1. Implementation sizes in non-blank LOC of four
operations for the spreadsheed DSL. The total LOC for sim-
pli�ed de�nition of projections is shown in bold.

Operation Pattern Svelte Svelte (simple) Total
load 21 49 3 70/24
take 22 56 3 78/25
join 24 77 3 101/27
store 21 55 3 76/24

5.3 Analysis of the Development E�ort

We analyze and discuss here the implementation size of the
virtual DSL from Section 5.1 as a proxy for the development
e�ort of such a DSL. Due to a limited scope of this project
we could not yet conducted a controlled developer study on
the coding e�ort. However, such a study can be pursued as
a part of the future work.

Table 1 shows the number of non-comment Lines of Code
(LOC) the four DSL components. Our original implementa-
tion of Svelte components produced a rather verbose code
with large LOC values, see column "Svelte" in this table.
These large LOC numbers can be signi�cantly reduced by
using the simpli�ed de�nition of projections introduced in
Section 4.3. While the simpli�ed de�nitions slightly limit
the �exibility of projections, it is possible to use them for
the four DSL components constituting the virtual DSL for
analysis of Excel spreadsheets. Listing 7 shows that even the
most complex of the 4 projections can be de�ned in this way.
The LOC count becomes for each projection only 3.

On average, the LOC for pattern code is 22 LOC. Using
the simpli�ed projection de�nitions we reach an average of
25 LOC as the implementation length of a DSL component,
or 100 LOC for the whole spreadsheet DSL. This is already
comparable to the size to the Python library code (69 LOC).
The original ’naive’ implementation of Svelte components
gives an average of 59.25 LOC per projection and average
of 81.25 LOC per DSL component. We conclude that the
simpli�ed de�nition of projection templates can signi�cantly
reduce the implementation e�ort and improve maintability.

5.4 Generating Patterns and Projections from

Samples: Advantages and Limitations

The approach for generating DSL components from exam-
ples introduced in Section 3 might even further reduce the
development e�ort and make virtual DSL accessible for users
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1 # Code sample 1

2 with dsl.load_sheet("chroma.xlsx", "raw data") as sheet:

3 sheet.do_something()

4 # Projection sample 1

5 load sheet raw data from chroma.xlsx :

6

7 # Code sample 2

8 with excel_dsl.load_sheet("cost.xlsx", "April") as sheet:

9 sheet.do_some_other_thing()

10 # Projection sample 2

11 load sheet April from cost.xlsx :

Listing 11. Samples for the load operation.

with limited programming skills. The majority of the code
required for de�ning patterns and projections can be pro-
vided by the generator, thus decreasing the initial hurdle
for developers to create a projectional editor for their DSL.
The key question is whether the generator can create correct
patterns and projection templates for realistic scenarios. To
this end, we attempted to generate these components for all
DSL components of the spreadsheet DSL from Section 5.1.
Due to space limits, we describe here only the results for
the load and take operations (results for join and store were
similar).
Running the samples from Listing 11 through our gen-

erator algorithm yields a pattern and projection template
whose placeholders are correctly connected. Note the space
character before the colon in the projection samples, which
is required to satisfy the tokenizer used in the generator.
This evaluation reveals some shortcomings of the ap-

proach from Section 3.1. In the chosen samples, the nested
statements included in the respective with statements’ blocks
only di�er by the method identi�er after the dot in�x. Thus,
the algorithm generates a pattern that includes two variable
identi�er nodes at these positions instead of a block. If we
replace these two nested statements by code without any
AST overlap, such as x = 42 and print("Hello"), then a
wildcard placeholder is generated which would match an ar-
bitrary statement, but not a block with multiple statements.
To express the intent of including multiple statements in
the block, one more statement must be added to one of the
samples. Now, the algorithm correctly detects a block at this
position in the AST.

Furthermore, the generator does not perform any kind of
context analysis. Thus, the variable nodes dsl and excel_dsl
are not identi�ed as context variables but simply as place-
holder nodes of type identi�er. Similarly, the generated pat-
tern does not provide any context variables to the nested
block. These two parts must be edited by hand in the gener-
ated pattern.
Finally, it is advisable to change the generated variable

names to more meaningful names to help with later main-
tenance. We call the two variables that map to parts of the
projection fileName and sheetName. The context variable

1 # Pattern

2 with ${contextVariable("dsl")}.load_sheet(

3 ${arg("fileName", "string")},

4 ${arg("sheetName", "string")}

5 ) as sheet:

6 ${block({ sheet: "sheet" })}

7

8 # Projection

9 load sheet sheetName from fileName :

Listing 12. Final pattern and projection for the load opera-
tion.

1 # Code sample 1

2 K, L = sheet.take("K4:L35", "isinstance(L, int)")

3 # Projection sample 1

4 take K, L from K4:L35 where isinstance(L, int)

5

6 # Code sample 2

7 A, B, C = the_sheet.take("A1:C100", "A + B == C")

8 # Projection sample 2

9 take A, B, C from A1:C100 where A + B == C

Listing 13. Samples for the take operation.

for the DSL module name is simply called dsl and the sheet
context variable passed to the nested block becomes sheet.
The �nal pattern and projection are shown in Listing 12.

For sake of brevity, we show only a textual form of the projec-
tion instead of the code of the generated Svelte component.
Listing 13 shows samples for the operation take. Similar

problems with load occur here at the attempt to generate a
pattern and a projection template. Instead of a problem with
detection of a block, the code samples must have a di�erent
amount of identi�ers before the assignment to express that
the pattern should not match the identi�ers themselves as
placeholders but the whole list of identi�ers. Also here con-
text variables are incorrectly detected and must be replaced
by the context variable sheet in the generated pattern. As
before, we rename the variables to be more meaningful.

This case study revealed how our generator can be further
improved. Context variables in particular are not covered by
the generator and require manual editing of the generated
code. Currently, the code samples provided to the generator
are isolated per DSL operation, preventing a connection of
placeholders that appear in multiple operations. Comparing
the code samples of di�erent operations should allow the
generator to identify placeholder nodes as context variables
if they appear in multiple operations but not in any of the
projections. Furthermore, the declarations of nested blocks
could automatically be �lled with the context variables by
analyzing the identi�er or parameter nodes a�ecting the vari-
able scope inside the block. This however requires knowledge
about the host language’s scope resolution behavior.
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6 Related Work

Research areas relevant to our work are hybrid textual editors,
projectional editors, Domain Speci�c Languages, and language
workbenches. Furthermore, work in programming by example

is connected to our code generation approach.
Hybrid textual editors relate directly to our work. We use

this term to bracket contributions which extend textual code
editors with the ability to express parts of the code in an
alternative form, typically as visual GUI elements. Contrary
to our work, the approaches described below do not address
generation of such GUI components from examples.

Eisenberg andKiczales [18–20] propose ETMOP, an Eclipse-
based editor which renders selected parts of Java code as
interactive graphical elements. Using Java 5 annotations, a
developer speci�es which methods and classes should be
shown in a graphical way. Similarly to our work, ETMOP
uses pattern matchers to recognize these annotations. How-
ever, our approach matches directly the code parts to be
shown as projections and does not require annotations or
other developer intervention. Our technique also works for
host GPL languages which do not support annotations.
Later works [1, 54, 59] share the same concept of speci-

fying which parts of code are represented in an alternative
form via annotations or syntax extension of the edited code.

Work of Renggli et al. propose language boxes [59], a mod-
ular mechanism to encapsulate language extensions such
as DSLs. The key idea is to extend the grammar of the host
language (here: Smalltalk) using the concept of executable
grammars [5]. The approach can combine di�erent textual
notations using delimiters inserted explicitly using a special-
purpose editor. It assumes that the grammar, compiler and
editor of the host language can be extended, which incurs a
considerable e�ort for mainstream languages like Python.

Andersen et al. propose syntactic extensions for the Racket
language [24] in terms of interactive syntax [1]. Such (textual)
syntax extensions are rendered as interactive GUIs by an
appropriate editor, here DrRacket. The authors posit that the
approach is compatible with other languages with a macro
system, such as Closure, Julia, Rust, or even C++. Contrary to
this, our method does not require a macro system and works
with languages like Python or JavaScript. Our approach also
supports compositionality, i.e projections can be nested.

Omar et al. introduce live literals, or livelits which embed
user-de�ned GUIs into textual code [54]. The implementa-
tion in Hazel/OCaml extends the above-cited work [1] with
compositionality, type safety, and liveness. The latter means
that the evaluation of livelits occur in the runtime environ-
ment of the program being written. As [1], livelits require a
host language with a macro system and a pure (functional)
host language, di�erently to our work. However, the authors
note that imperative languages can be also covered, with
more e�ort.

A slightly di�erent �avor of a hybrid textual editor is
described in [55]. Upon triggering the code completion func-
tionality of the editor, the developer is presented with a
context-sensitive palette, i.e. a GUI which allows for an in-
teractive speci�cation of expressions, statements or API pa-
rameters. A prototype called Graphite provides palettes for
regular expressions and for color selection in Java. Di�er-
ently to our approach, palettes must be associated with a
target class via annotations or explicitly via menus. Also,
Graphite shows the enriched code representation only lo-
cally and during editing, which limits code comprehension.

Barista [41] is an implementation framework designed for
creating projectional editors with a strong support for textual
input. Editors constructed with Barista represent code as a
proprietary data structure (a model), but they deploy parsing
techniques that treat the structure as if it were textual. For
example, equations are displayed visually as math, but when
a caret is placed on them, a textual view is shown.
French et al. [26] propose a similar system which can

embed interactive graphical objects in Java or Python textual
code. The internal representation takes form of a modi�ed
AST. Contrary to our work, the last two approaches must be
aware of all syntactic structures of a target language, leading
to a considerably larger development e�ort.

Further systems add visual programming to textual code.
Examples include Boxer [17], Scratch [60], or Smalltalk with
its live programming capability [48]. Mathematica [35] sup-
ports expressions which include visual elements such as im-
ages or diagrams. These can copied and pasted into textual
expressions but also manipulated in a GUI-fashion. Jupyter
and JupyterLab [40] allow inserting widgets like sliders that
modify parameters of code. The Jupyter API extension mage

[39] enables creation of tools that can represent themselves
as both code and GUI as needed.

Our previouswork [2] enhances text editing by embedding
user-de�ned DSLs as code comments. During editing, a code
completion action on these comments expands a DSL ex-
pression into regular Python or R code. Our tool NLDSL [10]
is implemented as an extension for Visual Studio Code and
can be easily ported to all IDEs which support Microsoft’s
Language Server Protocol [13]. Contrary to work presented
here, NLDSL requires developers to edit DSL expressions
and manually trigger code generation. Moreover, NLDSL
supports only textual DSLs.

Projectional editors were pioneered in the 1970s and 1980s
by projects like Cornell Program Synthesizer [65], Incremen-

tal Programming Environment [49], and GANDALF [52]. A
key feature of such systems is the ability for provide dif-
ferent ways of viewing and editing program components.
For example, embedded data can be shows as a spreadsheet,
state machine as a diagram, and other parts of code as text.
In particular, they can express code fragments in a simpli-
�ed form resembling a DSL. Projectional editors store and
manipulate programs directly as an abstract syntax tree, so
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parsing is not necessary [9, 15, 37]. Consequently, they can
mix arbitrary programming languages (multiple GPLs and
DSLs) in a single view without ambiguity.

While text-based languages can be edited in any text editor,
projectional editing ties the language to a specialized editor
that is aware of the language’s syntax and possibly semantics
[66, Chap. 7.3]. Voelter et al. [67] conducts an analysis of
user-friendliness of projectional editing based on JetBrains
MPS. Their conclusion is that projectional editors do not lead
to code being written faster than in conventional text editors.
The authors identify usability challenges in the areas of (i)
e�ciently entering textual code, (ii) selecting and modifying
code, and (iii) infrastructure integration.
Approaches such as grammar cells [68] address the chal-

lenges (i) and (ii) and attempt to improve editing experience
in such editors. The key idea is a formalism for textual nota-
tions via declarative speci�cation of the projectional editor’s
behavior. In our work we use a sophisticated input man-
agement via focus managers (Section 4.2.1) to improve the
editing experience in the projections.

Domain Speci�c Languages (DSLs) [16, 25, 38, 43, 66] focus
on a limited domain but allow its modeling in a concise and
readable way. By ’making it hard to do something wrong’
[25], they can also reduce the amount of defects and improve
maintainability.

Research activities related to DSLs include extensible lan-
guages like Racket [23, 24], language-oriented programming
and language workbenches [31, 44], analysis of the usage and
properties of DSLs [25, 43, 50], syntactic macros [4, 24, 34],
or enhancing libraries by "syntactic sugar" [22].
Modern DSL engineering frameworks like textX [16] or

Spoofax [38] signi�cantly lower the cost of developing a
DSLs. An even higher level of productivity and toolchain
integration can be achieved by language workbenches dis-
cussed below.
Language workbenches such as Jetbrains’ MPS [7], Mon-

tiCore [44, 61], or Xtext [3] complement and extend DSL
development frameworks by providing editors with syntax
checking and code completion for created DSL or GPL lan-
guages. They also facilitate code parsing and generation.
JetBrain’s Meta-Programming System (MPS) [7, 36, 56] is

probably the most popular publicly available language work-
bench. Since it uses projectional editing, users can switch
between di�erent notations or visualizations of the same pro-
gram. The AST manipulated by the editor is stored in form
of an XML �le. It is then translated into a target language
such as Java or C by the MPS code generator.
Lafontant et al. propose Gentleman, a lightweight Web-

based language workbench [45]. It o�ers commonly used
interface layouts, such as tables, or horizontal and vertical
stacks to design custom visual representations of code. It is
similar to our approach by using web-based components as
projections and their styling through CSS.

Contrary to our approach, these systems persist source
code in a proprietary format. This makes it harder to use
other editors and complicates integration with existing tools.

Programming by example (PBE) is a form of program syn-
thesis which uses input and/or output examples to specify
the desired code, typically a DSL expression [6, 21, 30, 63, 64].
In the past decade, many sophisticated approaches have been
developed, including FlashMeta [57], a framework for design-
ing and implementing program synthesis engines for custom
DSLs. PBE has been commercially exploited in e.g. Excel,
PowerShell and other products to automate string manipu-
lation, data preprocessing, and other tasks [29, 30, 47, 58].
Recently introduced Large Language Models have also been
applied in the �eld of program synthesis, typically in the
context of input speci�cation by natural language [53].
Our method for generating patterns and projection tem-

plates from examples (Section 3) is a form of highly special-
ized PBE. However, instead of a DSL we generate domain-
speci�c GPL code. For patterns, the algorithm described
in Section 3 creates an AST-based data structure which is
then converted into a Template Language, i.e. annotated
JavaScript code. For projections, we use code skeletons which
are populated with the corresponding placeholders (see Sec-
tion 3.4). Compared to work referenced above, our approach
is more narrow and less �exible but has lower complexity
and implementation e�ort.

7 Conclusions and Future Work

We proposed an approach and a tool for hybrid editing of
code by mixing a textual representation and projectional
views. Latter can assume virtually any form - from textual,
DSL-like formats to tables to equations. The editor directly
manipulates the source code of the host GPL. This enables
seamless integration of the virtual DSL and the GPL, and
facilitates integration in the development toolchain. Our eval-
uation shows that the approach provides a good developer’s
experience and requires an acceptable e�ort of developing
DSL components. To reduce this e�ort, we have proposed an
approach to generate virtual DSL components from samples
of code and corresponding textual projection.

Our future work will include an implementation of a larger
use scenario in order to re�ne the approach and the eval-
uation. Another task is to o�er our hybrid editor as an ex-
tension for Visual Studio Code. We will also improve the
approach for generating DSL components from samples by
cross-component analysis as discussed in Section 5.3. An
interesting but rather challenging problem is generation of
non-textual projections from examples. Furthermore, a more
rigorous analysis of the soundness and completeness of the
proposed algorithms is needed. Finally, adding type checking
for projectional editing could improve user experience.
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Abstract
Verifying and configuring large Software Product Lines
(SPL) requires automation tools. Current state-of-the-art
approaches involve translating variability models into a for-
malism accepted as input by a constraint solver. There are
currently no standards for variability modeling languages
(VML). There is also a variety of constraint solver input lan-
guages. This has resulted in a multiplication of ad-hoc archi-
tectures and tools specialized for a single pair of VML and
solver, fragmenting the SPL community. To overcome this
limitation, we propose a novel architecture based on model-
driven code generation, where the syntax and semantics of
VMLs can be declaratively specified as data, and a standard,
human-readable, formal pivot language is used between the
VML and the solver input language. This architecture is the
first to be fully generic by being agnostic to both VML and
the solver paradigm. To validate the genericity of the ap-
proach, we have implemented a prototype tool together with
declarative specifications for the syntax and semantics of
two different VMLs and two different solver families. One
VML is for classic, static SPL, and the other for run-time
reconfigurable dynamic SPL with soft constraints to be op-
timized during configuration. The two solver families are
Constraint Satisfaction Programs (CSP) and Constraint
Logic Programs (CLP).

CCS Concepts: • Software and its engineering→ Soft-
ware product lines; Software architectures; • Comput-
ing methodologies → Model verification and valida-
tion.
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1 Introduction
SPL Engineering (SPLE) [40] is a collection of engineering
techniques for managing the design, development, and subse-
quent evolution of large sets of software products that share
partially overlapping sets of requirements and reusable soft-
ware assets implementing them. Considered as one whole,
these products form the eponymous SPL. Crucially, each
product in an SPL is a variant that includes a specific sub-
set of the requirements and reusable assets. This variability
makes SPLE unique: it needs to be managed across the entire
product line to control the quality and consistency of the
products. To carry this out, SPLE prescribes the construc-
tion, verification and maintenance of an additional software
artifact called a variability model, that represents the rela-
tionships holding among the SPL’s variable requirements
and the reusable assets implementing them. These models
have been used for three main distinct purposes:
• Software Mass Customization [30] from a baseline soft-
ware version with automated variant code generation from
reusable artifacts.

• Design space exploration [33], i.e., determining which set
of design choices best satisfices1 a set of hard (i.e., must
have) and soft (i.e., nice to have) requirements.

• Context-aware autonomic adaptation [32, 54] through run-
time self-reconfiguration.

The third purpose involves embarking the variability model
as a runtime artifact to support re-exploring the design space
during operations to find an alternative configuration that
restores requirement satisficing following an operational

1Satisfice is a portmanteau word derived from satisf ying and suffice, con-
veying satisfaction to a sufficent extent rather than necessarily completely.
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context change that rendered the current configuration in-
adequate. SPLs for such self-adaptive systems are called Dy-
namic SPLs (DSPL) [25].

In all three cases, the models support the semi-automatic
derivation of correct configurations, i.e., choices of cohesive
and consistent requirements that satisfy the business, tech-
nical and regulatory constraints captured by the variability
model. Real-life, industrial SPLs are too large and complex to
be manually verified, troubleshot and correctly configured
[34]. To make things worse, these tasks need to be repeated
after each evolution of the SPL during its life-cycle that rou-
tinely spans over multiple decades [10]. Automated reason-
ing must thus be used to repeatedly verify, troubleshoot and
(re)configure an SPL at initial design-time, evolution-time
and even runtime throughout its life-cycle. In most cases, the
augmented intelligence [20] flavor of automated reasoning is
required, in which the reasoning must be explainable to the
team of human engineers and operators managing the SPL
and that have the final say concerning each configuration or
defect correction choice.
Today, there is no accepted standard SPL VML, so ev-

ery SPLE automation tool uses its own Domain-Specific
VML (DSVML). However, despite superficial syntactic dif-
ferences, at the semantic level, most DSVMLs used for mass
customization define cohesive requirement sets, generally
called features, and share four key expressive capabilities:

SFM1 Organize these features into abstraction and compo-
sition hierarchies and associate the lowest level ones
with reusable and composable concrete software as-
sets implementing them.

SFM2 Distinguish between mandatory features shared by
all configurations from optional elements specific to
strict sub-spaces of the whole configuration space.

SFM3 Specify ranges of alternative possibilities for the re-
finement of a higher-level feature into a set of lower-
level features.

SFM4 Specify simple required co-occurence or exclusion
constraints between two features across the abstrac-
tion hierarchy.

DSVML providing such expressive capabilities are gener-
ally referred to as Simple Feature Models (FM). Four addi-
tional expressive capabilities are provided by DSVML which
are often called Extended FM.

EFM1 Structure features into sets of attributes of various
types rather than limiting them to Boolean variables.

EFM2 Specify ranges of alternative possible values for those
attributes.

EFM3 Specify multiplicity constraints on those attributes
and on relationships among features.

EFM4 Specify complex constraints on the values of attri-
butes of features located anywhere in the abstraction
hierarchy.

Whether simple or extended, all FMs used for mass cus-
tomization only contain hard constraints that must be col-
lectively consistent and fully satisfied by all valid configura-
tions. In contrast, models used for design space exploration
and autonomic adaptation also contain soft constraints to
satisfice as much as possible rather than necessarily fully;
thus their modeling languages need to be semantically more
expressive.

Awide variety of approaches have been proposed to imple-
ment SPL model verification and model-guided SPL configu-
ration in SPLE automation tools. Just like for VMLs, there
is also currently no accepted standard API for such tools.
Nevertheless, the overwhelming majority of them include a
translator of the DSVML to some logical Knowledge Rep-
resentation Language (KRL). This allows them to reuse
practically scalable Inference Engines (IE) developed over
the last 50 years for formal software engineering and artifi-
cial intelligence. Four main paradigms of such IEs have been
used to automate SPL model verification and model-guided
configurations:

• SATisfiability (SAT) solvers [24] and their extensions
with Satisfiability Modulo Theories (SMT) [16].

• CSP solvers and their extensions for Constraint Optimiza-
tion Problems [17].

• Logic programming engines and their CLP extensions [21].
• Description logic engines and their semantic web ontology
reasoning extensions [4].

Notably, the foundational feature-based SPLE tool FODA
used a logic programming engine [28], the original version
of VariaMos [51] used a CLP engine, COFFEE used a CSP
solver [52] , AUFM used a description logic engine [38], Fea-
tureIDE [47], FlamaPy [22], Splot [36], Glencoe [44], Kernel
Haven [29] and pure::variants [9], all use a SAT solver, while
Familiar can use either an SMT or a CSP solver [1].

Each pair of KRL and IE from these paradigms corresponds
to a different trade-off in terms of semantic expressiveness,
inference scalability and reasoning explainability. The best
KRL for a given SPL reasoning task is thus very much de-
pendent on both the nature of that task and the semantic
expressiveness of the DSVML used to model variability [6].
Since SPLE is a heavy upfront investment method whose re-
turn on investment takes a fairly long time before becoming
tangible [40], SPLE projects have long life cycles. Therefore,
both the expressiveness requirements of a DSVML and the
automated reasoning tasks to analyze the variability model
and correctly (re)configure the SPL can evolve significantly
during its life cycle.

The main common limitation of the state-of-the-art SPLE
automation tools listed above is their ad-hoc architectures
that tightly couples a single DSVML with an IE from a
given automated reasoning paradigm. This impedes one from
choosing the IE in lockstep with the evolution of the DSVML
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and reasoning task requirements at a cost that is low enough
to avoid denting the long-term benefits of adopting SPLE.

In an attempt to overcome this severe limitation of current
SPLE tools, we try, in this paper, to answer the following
open research question:

How to architect an SPLE automation tool, in which IEs from
various paradigms can be seamlessly plugged in and out, to
adapt the tool’s reasoning capabilities to the evolution of both
(a) the semantic expessiveness of the DSVMLs that it accepts as
input and (b) the analysis and configuration tasks that need to
be automated on an SPL, throughout its lifecycle.

Our first research hypothesis on this question is that such
an architecture must satisfy the following requirements:

REQ1 Support low-cost extension of existing DSVMLs and
addition of new DSVMLs.

REQ2 Support low-cost addition of new automated rea-
soning tasks to run on the variability model.

REQ3 The architecture must be agnostic w.r.t. the logical
KRL and IE paradigm used for automated reasoning
on the variability model, supporting low-cost addi-
tion of interoperability with solvers from different
paradigms.

REQ4 The architecture must be agnostic w.r.t. the DSVML
editor tool, accepting the variability model as input
data exportable from multiple popular editors.

To satisfy these requirements, we propose the following
principles inspired from model-driven engineering [43]:

DP1 The concrete and abstract syntaxes of the DSVML
should be decoupled from one another.

DP2 They both should be declaratively specified as data in a
widely used exchange format, rather than hard-coded
in the SPLE tool.

DP3 The semantics of the DSVML should also be declar-
atively specified as data in a widely used exchange
format encoding a mapping from the abstract syntax
elements to expressions in a formal KRL.

DP4 The set of reasoning automation tasks to be run on the
variability model should also be declaratively specified
as data in a widely used exchange format, which must
furthermore be decoupled from any specific IE KRL.

DP5 The many-to-many translation from the multiple
DSVMLs to the multiple IE KRLs should be decoupled
into a pipeline of 𝑁 many-to-one transformations
to a standard pivot intermediate language followed
by 𝑀 one-to-many transformations from this pivot,
to avoid the combinatorially explosive cost of devel-
oping and evolving 𝑁 × 𝑀 direct DSVML to IE KRL
transformations.

DP6 This standard pivot language must be easily inter-
pretable by a wide range of stakeholders.

Our second research hypothesis is that REQ1 and REQ2
can be satisfied by the combination of DP1, DP2 and DP3,

REQ2 can be satisfied by DP4 and REQ3 by DP5. In the
rest of the paper, we attempt to verify these two hypotheses.
To do so we proceed as follows. In section 2, we start

by presenting two SPLE reasoning task examples that we
have used as a first step toward validating these hypotheses.
While they are small enough to fit in this article, they are
purposely representative of very different variability mod-
eling language families used for very different purposes. In
that section, we also explain how these tasks can be carried
out by leveraging, as intermediate pivot language between
the two different input DSVMLs and any logical IE input
KRL, the ISO standard for logical IE interoperability CLIF
(Common Logic Interchange Format) [27] following the
original proposal of [13]. Next, in section 3, we propose a
detailed SPLE tool architecture following the design princi-
ples DP1 to DP5 listed above. We then discuss the prototype
SPLE tool PLEIADES (Product Line Engineering Intel-
ligent Assistant for Defect detection Explanation and
Solving) that we (a) implemented to show the practical fea-
sibility of this architecture and (b) tested on the two example
tasks presented in section 2. In section 5, we then compare
PLEIADES with state-of-the-art SPLE tools. Since none of
them aimed to satisfy requirements REQ1 through REQ4,
nor explicitly followed design principles DP1 to DP5, this
comparison is grounded on various tool versatility criteria
which are met by following these principles. In section 6 we
discuss the limitations of both the presented architecture
and its current implementation in terms of satisfaction of
requirements REQ1 to REQ4 and the future work that we
intend to carry out to overcome them. Finally in section 7,
we conclude by recapitulating the original contributions of
the presented research.

2 Background and Running Examples
To illustrate our approach on concrete examples, we now
present two of them. The first concerns a defect detection
verification task on a simple FM. The second concerns an
optimal reconfiguration search for a DSPL that leverages a
DSVML specifically designed for that purpose and presented
in [42]. They are thus two intentionally distant points in the
space of variability models encountered in the literature.

2.1 Variability Modeling Languages
2.1.1 Simple Feature Models. In Fig. 1, we present a min-
imalist FM example. Its graphical concrete syntax shows
features as rectangular vertices in a directed graph and the
hierarchical decomposition of features in mandatory and
optional sub-features as edges ending with a filled or empty
circle (respectively). This decomposition forms a tree. Edges
ending with an arrow represent exclusion or co-occurence
constraints among feature pairs in different tree branches.
The widgets at the top-right of each graph node allows
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Figure 1. First part of our running example with a synthetic Feature Model. The query specifying the iterative search for dead
features in the model is beside the model.

reusing the FM diagram to overlay partial or complete config-
urations on top of it: a question mark in an orange circular
widget means that the node element has not yet been se-
lected nor excluded from the configuration, either manually
by the user or by automated constraint propagation. Since
this first example illustrates an FM verification task prior to
configuration, all the widgets are of this type in Fig. 1. As
exemplified in Fig. 2, selected elements are annotated by a
check sign on a blue circular widget while excluded elements
are annotated by a cross sign on a red circular widget.
Verification reasoning tasks on variability models gener-

ally search for various defects, which were comprehensively
categorized in [6]. In figure 1 we show a simple FM with
two dead feature defects. A feature is said to be "dead" if,
although it is present in the variability model, it can never
be selected in any valid configuration due to contextual con-
straints relating to other features. The one-way widgets on
the top-left of features F4 and F5 visualize the result of this
task. It detects that F4 and F5 are dead. F4 is dead as excluded
by the selection of F3, which must be selected in all configu-
rations as a mandatory descendant of the top-level feature
F1. F5 is also dead as a child of F4, a dead feature.
Following principle DP4, the text beside the simple FM

diagram is the declarative specification in JSON [14] of the
search for dead feature defects reasoning task. It reads as
follows:
• Line 2: the reasoning task being carried out is a satisfia-
bility check denoted as sat, i.e., determining if there are
valid solutions for the model;

• Line 3: the IE to be used is the CSP solver minizinc[37];
• Lines 4-10: this solver must be iteravely called on each of
the feature selected (i.e., with value 1) in the graph.
Section 2.3 further details the reasoning task query speci-

fication language.

2.1.2 Sawyer et al.’s DSPL VML. In Fig.2, we present a
second example of reasoning task. This time it is a search

for an optimal reconfiguration leveraging the context-aware
DSPL Variabilty Model of a flood early-warning system. The
vocabulary of concepts and relations of this DSPL DSVML
[42] is much more extensive than that of simple FM used in
the first example. They are the following:

• Hard goals, shown as green parallelograms, determine the
functional requirements of the system and are analogous
to features in FMs. Hard goals are structured in a decompo-
sition hierarchy where higher level ones can be achieved
by achieving all their lower level components.

• Soft Goals, shown as blue clouds, encode the non-
functional requirements of the system and can be
satisficed on a 0 to 4 scale, which is encoded as “--”, “-”,
“=”, “+”, “++” in the model. They are themselves structured
into a decomposition hierarchy. The level of satisficing of
a higher level soft goal in this hierarchy is the average of
the satisficing level of its lower level components.

• Context Variables, shown in blue rectangles on the right,
encode the state of the system’s context among symbolic
value enumerations.

• Operationalizations, shown as gray hexagons, are concrete
software assets that can implement the hard goals.

• Bundles, shown as white circles, contain integer range
expressions for the multiplicity constraints on the opera-
tionalizations that can implement a hard goal.

• Claims, shown as white trapezoids, express the extent to
which operationalizations satisfy soft goals as a function
of which have been selected.

• Soft Influences, shown as grey ellipses, relate the context
variables to the soft goals, and determine the required
level of satisfaction when the given state is determined by
the context, e.g., if the context variable BatteryHealth
is set to “Low”, the required level of satisfaction of
EnergyEfficiency is “++”.

The VariabiltyModel in Fig. 2 represents the various redun-
dant means of communications available to transfer sensor
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Figure 2. Second part of our running example with a model using Sawyer et al.’s DSPL variability modeling Language. This
model reproduces the original example from the paper [42] for a flood early-warning system. As with our other example, in
addition to a reasoning task to solve (on the bottom right), this time, an optimization problem to find an optimal configuration
whose additional constraints are shown below the model (bottom left).

data in a distributed autonomic flood early-warning system.
It also supports determining which set of means represent
the best trade-off between energy consumption, fault toler-
ance and prediction accuracy in various flood risk contexts.
The reasoning task specification shown on the bottom-right
of Fig. 2 can be read as follows:

• Line 2: The reasoning task is to find an optimal solution
(as opposed to merely checking for satisfiability as in
Fig. 1), denoted as optimize;

• Line 3: the IE to use is swi, the CLP solver SWI-Prolog
with its finite domain constraints library CLP(FD) [55];

• Line 4: the optimization target, i.e., the variable whose
value must be optimized is ObjValue (defined as equal
to the weighted sum of other variables in the model,
the details of which are outlined in section 2.3);

• Line 5: the optimization direction is maximization.
The contrast between themodels of Figs. 1 and 2 highlights

the diversity of DSVMLs and reasoning tasks that can be
carried out by our PLEIADES framework and tool.

2.2 CLIF and Model Transformation
In PLEIADES, we encode the semantics of the different vari-
ability modeling languages using the CLIF ISO standard for
logical IE interoperability [27]. It evolved from the earlier
Knowledge Interchange Format [23] and uses a LISP [35]
derived syntax to represent logical expressions. For example,
(𝑎 ∧ (𝑏 ∨ 𝑐)) is written as (and a (or b c)) where 𝑎, 𝑏
and 𝑐 can also be nested subexpressions. The semantics of
a variability model is expressed as a set of CLIF sentences.

The solvers are employed to determine the satisfiability of
this set sentences or to derive from it concrete models of
them, in the formal logic model-theoretic semantics sense of
the word. Complex or long range constraints relating distant
nodes in the variability model graph cannot be concisely and
intuitively represented by a graphical concrete syntax. This
is a recurrent issue of graphical software modeling that is
not specific to SPLE. For example, it is addressed by the tex-
tual Object Constraint Language (OCL) [39] complementing
the graphical Unified Modeling Language (UML) [45] in the
Object Managenent Group standard ecosystem. Since CLIF
is already a textual ISO standard and the target of the first
step of the VML to solver input translation in PLEIADES,
we opted to use it also as the default language to express
constraints relating both arbitrary model elements and those
elements with elements of the reasoning task specification.
For example, the CLIF sentence shown at the bottom left of
Fig. 2 defines the optimization target property of the task
specification to its right, in terms of various model elements.

Figure 3 exemplifies PLEIADES’ implementation of design
principleDP5. On the left side of the diagram, two fragments
of the models in Figs. 1 and 2 are shown. For the former we
reproduce the exclusion constraint between Features F3 and
F4, and, for the latter, we reproduce TransmitData as one
of the four sub-goals of the PredictFlooding hard goal.
The second column shows the DSVML to CLIF semantic
JSON translation rules for each of the elements in the model
fragments to their left. Both the nodes and the edges of each
graph have their own semantics. As a consequence, the JSON
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Figure 3. Concrete examples of translation using the translation rules specification for Feature Models (top) and Sawyer et
al.’s DSPL variability modeling Language (bottom).

[14] translation rules include rules for both “elements” (the
nodes) and “relations” (the edges). These rules encode a
template for representing the semantics in CLIF, and contain
both a template for the shape of the CLIF sentence corre-
sponding to the semantics and a parameter which is where
the name or identifier of the element will be inserted (c.f.,
[13] for a more in depth look as to how this is achieved).
The third column shows the representation of the concrete
semantics of the model fragments in CLIF. In these examples,
all the nodes are represented as declarations of boolean vari-
ables. For the fragment from Fig. 1, the exclusion constraint
is rendered as a sum that must be less than one, meaning
that at most one of the boolean variables can be 1, with the
convention of representing the boolean values false and true
by integer values 0 and 1, respectively. For the fragment from
Fig. 2, the goal decomposition is rendered as equality, denot-
ing that either both goals are fulfilled or none are. The final
column shows the semantics rendered in the input KRLs for
both SWI-Prolog [55] and Minizinc [37].

2.3 Reasoning Tasks and Query Specification
Design principle DP4 was illustrated by the declarative JSON
specification of reasoning examples given at the bottom right
of Fig. 1 and Fig. 2. The two first attributes of these specifica-
tions, operation and solver, are compulsory. In contrast,
the third attribute of example 1, iterate_over, and the third
and fourth of example 2 are optional, as they are specific

to respective tasks of global FM defect search and context-
aware search for optimal DSPL configuration.

At the very bottom of Fig. 2 are the textual constraints in
CLIF that complement the graphical model and permit the
construction of the optimization problem. These constraints
define a set of equations related to the model elements and
equate the optimization variable to a complex expression. In
this case, our target variable is ObjValue which is defined
as a weighted sum2 (shown below) over the satisfaction level
of claims, soft influences and soft goals as defined in section
2.1.2. Since we seek to simulate the behaviour of a context-
aware Dynamic SPL, we also provide the context values to
influence the search for an optimal solution by setting the
context variables (blue boxes on the right) to one of their
possible values.
(and (int ObjValue)

(= ObjValue ((1000*TotC)+(100*TotSD)+TotNFR)))

The operations allowed, beyond those shown for Figs 1
and 2, are finding a specific solution (denoted as solve), find-
ing a fixed number of solutions (denoted as nsolve with an
additional attribute “operation_n” that is the number of
solutions to be enumerated, though there may be less), or
even performing a “dry-run” (denoted as get_model) where

2The weighted sum defining our optimization target is a faithful translation
of the original illustrative optimization function defined in the original
paper by Sawyer et al. [42].
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Figure 4. High-level components and data types of the PLEIADES architecture

only the semantics are calculated for the model, which is
particularly useful when developing a language for variabil-
ity modeling. The operations that can be expressed with
the current iteration of the query language are essentially
those offered by the underlying solvers, that is, checking
satisfiability, enumerating solutions or ordering solutions
w.r.t. to an optimization criteria. Iterative operations using
the “iterate_over” are achieved through the architecture’s
ability to control the execution of the underlying solvers.

3 Overview of the Architecture
In this section we detail the architecture of PLEIADES. The
variability model verification and configuration reasoning
functionalities are provided as web services that are acces-
sible through a REST API endpoint. With this approach,
multiple variability model editor clients can send HTTP re-
quests for variability model verification or SPL configuration
tasks and receive as response the result of the automated
reasoning performed by the constraint solvers hosted by the
server. This choice of a web service architecture allows fully
separating the concern of editing a model from the concern
of reasoning on it. It also insures full decoupling of the imple-
mentation platforms respectively used for (a) model editing,
(b) translation of variability model reasoning requests into
constraint solver inputs and back from constraint solver
outputs into reasoning responses and (c) constraint solving.
Additionally, it provides an installation-free usage of the
reasoning services.

3.1 High-Level Component Structure and Control
Flow of the Architecture

The UML diagram in Fig. 4 shows the structural model of
the PLEIADES architecture for SPLE reasoning services. It

shows its main components, the signatures of the opera-
tions that they implement, together with the data types of
each signature parameter. To avoid implying the adoption
of class-based object-orientation to implement our architec-
ture, this diagram only contains the very general concepts
of component (a.k.a., service, module or package in differ-
ent implementation platforms) and data type, rather than
classes.

The SPLE Reasoning Web Service is the top-level com-
ponent of the architecture. It answers web requests that
contain as their payload a serialized JSON representation of
the reasoning request to execute on the server. As shown at
the top-left of Fig. 4, this Serialized Reasoning Request
includes four top-level properties: (a) the variability model
VM to analyze, (b) the specification of the reasoning task to
carry out for the analysis, (c) the abstract syntax specifica-
tion of the VML used for the variability model, and (d) the
semantic specification of this VML in the form of a map-
ping between VML model elements and logical sentences
in CLIF. It is the fact that the reasoning request comes with
declarative specifications of the abstract syntax and formal
semantics of the VML that allows reasoning services follow-
ing this PLEIADES architecture to be VML agnostic. And it
is the fact that the VML’s formal semantics are expressed in
CLIF, a standard for logical inference engine interoperability,
whose expressiveness subsumes that of all constraint solvers
widely used for SPLE automated reasoning, that allows vari-
ability model reasoning services following the PLEIADES
architecture to be solver agnostic.
In addition to its public answer operation endpoint, the

SPLE Reasoning Web Service also encapsulates three pri-
vate operations: one to deserialize the reasoning request
JSON string into an instance of the Reasoning Request
data type, one to generate the instance of the Reasoning
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Figure 5. Activity diagram detailing the operation of our achitecture.

Response data type from the reasoning task result in a solver
agnostic format, and one to serialize this Reasoning Respon-
se data type instance into a JSON string.

This top-level component also has access to the operations
of its nested components. Let us now review them in top-to-
bottom order as depicted in Fig. 4. The first is the VM2CLIF
Translatorwhich translates the VM data structure contained
in the Reasoning Request data structure into a CLIF text by
simultaneously leveraging the model’s syntax and semantic
specifications that accompany the variability model in the
Reasoning Request.
The second SPLE Reasoning Web Service sub-compo-

nent is the CLIF2GenericCSP Translatorwhich translates
the CLIF text representing the semantics of the VM into a
semantically equivalent solver-agnostic CSP representation
of the VM. As shown at the top right of Fig. 4, this repre-
sentation is simply a set of constraints relating variables,
each one associated with its domain of possible values. This
translation occurs in two steps. The first is to parse the CLIF
text into an Abstract Syntactic Tree (AST) and the second
is to generate, from this AST, the constraints, variables and
domain data types of the solver-agnostic CSP.

The third SPLE Reasoning Web Service sub-component
is the Generic2SpecificCSP Translator which translates
this solver-agnostic representation of a CSP into one ac-
cepted as input by the solver chosen in the Reasoning Task
Specification. This component is also used to translate
the solver output back in the other direction into a Solver

Agnostic CSP Solution. Note that thanks to their purely
declarative, relational and intentional nature, a CSP and its
solution can be uniformly represented by the same three data
types: Constraint, Variable and Domain. A CSP solution
is merely a CSP with less constraints and more variables
with domains reduced to a singleton [17]. As shown at the
bottom-left of Fig. 4, the Reasoning Response data type as-
sociates the value of those singleton domains with the model
element represented by the CSP variable whose domain has
been reduced to a single value. That value is injected in the
Reasoning Response that is then serialized and sent back
to the client model editor.
The fourth and last SPLE Reasoning Web Service sub-

component is the Solver Controller, the most complex
component of the architecture. Understanding its role re-
quires realizing that many variability model verification
tasks cannot be directly executed through a single call to a
constraint solver. They rather require meta-programming
an iteration over the model’s elements in which, at each
step, the initial CSP representation of the variability model
is modified by adding or removing some constraints and
the solver is called on this modified CSP [41]. Depending
on the result returned by the solver at each step, the it-
eration proceeds to the next step or stops. During the it-
eration, the results of each solver call are accumulated in
a set. The IterativeBridgeCall operation of the Solver
Controller implements this iteration. It returns a set of
Solver Output data type instances.
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As an example of this need for iteration, let us consider
the search for so-called dead features in a feature model:
i.e., those that cannot be selected in any valid configuration.
The declarative specification of this task as a JSON object
is shown beside the model of Fig. 1. It defines a strategy for
the Solver Controller to find dead features in the vari-
ability model [6]. It consists of iterating over the variability
model features, and, for each of them, adding to the CSP,
representing the VM, the new constraint that this feature
is selected ("with_value": 1) and checking whether this
makes the CSP unsatisfiable. To be able to repeatedly call
the requested solver, the Solver Controller encapsulates
a set of bridges, one for each solver to be integrated in the
SPLE Reasoning Web Service. The role of each bridge is
to start a new instance of the solver, call its API to pass the
CSP to solve at each iteration of the IterativeBridgeCall
operation and pass the result of each such call back to the
Solver Controller.

The control flow of the top-level answer operation of the
root SPLE Reasoning Web Service component is mod-
eled by the UML activity diagram of Fig. 5. It shows the
input and output parameter of the answer operation of this
component and in what order it internally calls the other
operations of the architecture. It also shows the data struc-
tures that these calls exchange as arguments. At the highest
level, this activity is divided in three main phases. The first
is the pipeline on the left side of Fig. 5 that progressively
transforms the Serialized Reasoning Request received
from the web client SPLE GUI into an input for the solver
(Solver Input) chosen as a property of the Serialized
Reasoning Request. The second is the loop of calls to the
solver made by the Solver Controller shown in the top
right quadrant of Fig. 5. The third and last phase is another
pipeline, shown in the bottom right quadrant of Fig. 5, that
translates the solver outputs accumulated during the itera-
tion into a Serialized Reasoning Response to send back
to the web client editor.

3.2 Revisiting Requirements and Design Principles
In light of the requirements and design principles we out-
lined in the introduction, it is important to highlight how our
architecture reflects these principles and meets these require-
ments. Design principles DP1 and DP2 are reflected first in
the clear separation of the data types shown in Fig. 4, where
every aspect of the DSVML has its own dedicated data type
and dedicated component operation. They are also reflected
in the envisioned operation of the architecture shown in Fig.
5, where they are taken as user-specified specifications (as
part of the Reasoning Request) instead of being hard-coded
into the architecture. The same is also true for Principle
DP3 when it comes to the specification of the semantics.
As for the widely used exchange format, JSON [14] is well
supported and certainly widely used. In addition, concern-
ing the encoding into a formal KRL, this is covered by the

translation into CLIF based on the semantics specification,
allowing virtually any DSVML with first order logic seman-
tics to be translated into it. Considering that our architecture
follows these principles, it also covers requirements REQ1
and REQ3.

Design Principle DP4 is handled in much the same way as
DP2. JSON is used again to allow the user to tailor the speci-
fication for their reasoning task with no need to manually
hard-code it in the system, as described in Section 2.3. This
in turn allows fulfilling requirement REQ2. Principle DP5
is, firstly, contingent on the earlier principles being met, and,
second, is covered by the variability model transformation
outlined in Fig. 5 and section 2.2. Indeed, a significant portion
of the architecture is dedicated to enabling this translation,
as evidenced by both the component solely dedicated to it
(VM2CLIF Translator shown in Fig. 4) and the subsequent
components that are dedicated to the treatment of the gen-
erated CLIF to arrive at the solvers’ input. To be clear, what
this achieves is to completely decouple integrating DSVMLs
and IEs into the architecture by linking both through CLIF
and meeting requirement REQ3.
Design principle DP6 stands alone as it is not tied to

specific functional requierments but rather aims to ease the
analysis of variability models, as well as the definition and
debugging of new DSVML by different stakeholders without
requiring them to dive into the details of a specific solver.

4 Prototype
To validate our architecture and its feasibility for construct-
ing a reasoning platform that covers all of the requirements
outlined above, we have implemented a prototype in Python
based on this architecture. Fig. 6 shows how the prototype
specializes the components outlined in the architecture. This
prototype’s internal component structure closely reflects the
architecture. A key element of our prototype is the integra-
tion of multiple solvers from different solver families: SWI
Prolog [55] andMiniZinc [37] (which allows us to target mul-
tiple Constraint and Integer Programming Solver libraries).
To implement the pivot language, we wrote our own "CLIF
Parser" with the TextX library [18] based on the grammar
described in the latest version of the ISO standard [27].
It is worth highlighting, regarding our implementation,

how the CLIF2GenerciCSP component was implemented.
Fundamentally, after the CLIF semantics have been gener-
ated, these are parsed into an AST. Though the CLIF standard
has no “distinguised” predicates besides equality, we have
added into the grammar the ability to recognize several pred-
icates which are particularly relevant for our purposes. In
particular, we distinguish predicates that “type” the variables
in the semantics, for example int, as in (int ObjValue)
shown in Fig. 2, that declares ObjValue to be an integer vari-
able. We also distinguish other operators beyond equality
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Figure 6. Current PLEIADES prototype instantiating the generic architecture

such as the basic arithmetic operators and arithmetic compar-
ison predicates (such as the different inequality operators).
These extensions to the CLIF grammar provide us with a
fully typed AST that thenmaps directly to the constructs sup-
ported by the solvers. In this way, we construct the Generic
representation of the constraint problem, with variables (and
their domains) and constraints. This “GenericCSP” is then
used to generate the concrete solver input in its particular
input KRL to then begin the reasoning process on the solver.

We demonstrate our approach within an open-source tool
called VariaMos [51] for all visualization concerns, and for
the specification of the concrete visual syntax, the abstract
syntax and the formal semantics in JSON format. The exam-
ples shown in Figs. 1 and 2, and the results shown, were all
done within this tool. We have modified the tool so that the
reasoning requests can be made directly from it by specify-
ing the URL of the reasoning web service. We have made the
prototype available on GitHub as an open source tool3.

5 Related Work
5.1 State-of-the-art Variability Modeling Tools
In this section, we examine state-of-the-art tools with aims
similar to ours that are currently available, mature and well
documented as reported by a recent survey [26], with the ad-
dition of some others that we consider particularly relevant.
The tools we’ve identified are: Feature IDE [47], its related
project FAMILIAR [1], FlamaPy [22], the COFFEE Frame-
work [52], SPLOT [36], Glencoe [44], ClaferTools [3], Kernel
Haven [29], pure::variants [9], and Gears [31]. Though most
of these tools also implement modeling, visualization or code
generation, we focus on their verification functionality.

In Table 1 we present an analysis of the characteristics of
these tools. We divide our analysis into five main dimensions:

3https://github.com/ccr185/semantic_translator. The user manual is in the
repository’s wiki page: https://github.com/ccr185/semantic_translator/wiki

• First, we examine the different approaches from a purely ar-
chitectural perspective. Of interest are the following char-
acteristics: whether this architecture is well documented
with standard modeling languages like the UML [45]; the
detail and granularity of the models as a function of the
quantity of elements they contain; whether the models are
structural, behavioral, or both; and, finally, what general
architectural pattern is applied for their tool. We also an-
alyze the interaction with model editors as part of their
architectural patterns related to requirement REQ4.

• Next, we analyze the support their respective approaches
have for the diversity of variability modeling languages.
This includes the treatment of integers, and first-order con-
straints among the elements of a variability model. Two
other key factors are whether the languages support con-
cepts of context-aware dynamic SPLs and whether the se-
mantics of the variability models is expressed in a human-
interpretable, declarative language, or rather buried inside
the tool’s imperative code details. This is related to re-
quirement REQ1 and the types of languages supported by
competing tools.

• We analyze in a similar way the support for different solver
features among the tools. We must, nevertheless, highlight
the fact that our analysis of these features relates to the
capabilities of the solvers themselves and not necessar-
ily of their use within the tool. For instance, though Fea-
tureIDE allows edition of variability models with numeric
attributes, it cannot verify constraints on them due to the
limitation of its modified SAT4J [8] solver that can only
reason on Boolean variables. The characteristics we ex-
amine are: (a) treatment of integer domains, (b) treatment
of first order constraints with universally quantified vari-
ables, (c) whether optimization can be run in addition to
pure solving; (d) whether there are meta-programming
mechanisms to control the behavior of the solvers; and (e)
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Table 1. Characteristics of State of the Art Tools

Tools

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

Architecture

Standard Modeling Language P N N P P N N N N N Y
Architecture Complexity 36 14 9 36 27 ? 4 32 ? ? 50
Structural(a) & Behavioral Models(b) (a) (a) N (a) Y N N N N N Y
Architectural Pattern A B C D E F F G H ? I

Variability
Model Support

Integer Attributes Y N Y Y N N N Y N ? Y
First Order Constraints N N Y P N N Y N N N Y
Context Aware Dynamic SPL P P N N N N N Y N N Y
Human Interpretable Variability Model
Semantic Language

P N N N N N N P N N Y

Solver Support

Integer Domains P P Y Y N N N Y N ? Y
First Order Constraints N N N N N N N Y N ? Y
Optimization Y ? Y Y Y Y ? Y N ? Y
Meta-Programming Y Y Y P Y ? Y ? Y ? Y
Incremental Solutions Y Y Y Y Y Y Y Y Y ? Y

Reasoning Task
Spec Support

Declarative Verification Task
Specification Language

N N P N Y N N N N ? Y

Declarative Configuration Task
Specification Language

N N P N Y N N N N ? Y

Standards Leverages Existing Standards N N N P N N N N N ? Y
Tools: (1) FeatureIDE; (2) FlamaPy; (3) FAMILIAR; (4) COFFEE; (5) Kernel Haven; (6) SPLOT; (7) Glencoe; (8) ClaferTools; (9) Pure::Variants; (10) Gears; (11) Our Approach
Architecural Patterns: A Java API + Eclipse Plugin; B CLI + Python API (Plugin-Based); C CLI + Java API + Eclipse Plugin; D 3-Layered Web Service; E 3 Layered Monolith with
Plugin System; F Client/Server (With no further details); G Haskell API/Web Server + Web Client; H IDE Plugins (With no further details); I Multi Layer Python API/Web Server +
Pivot Language
Legend: Y – Yes; N – No; P – Partial Fulfillment; ? – Unknown/Unclear;

whether the solvers can present series of solutions without
restarting the search space exploration from scratch. This
is tied to our requirement REQ3 and the backend support
offered by the different tools.

• We also analyze the support for complex but nonetheless
declarative specifications as a parameter of the reason-
ing tasks to be performed. This is related to requirement
REQ2.

• Finally, we analyze the use of internationally recognized
standards as part of the proposals as part of our analysis
tied to our design principle DP6.
From this one can conclude that all of the approaches cited

follow an approach of transforming the variabilitymodel into
an input for a constraint solver. PLEIADES aims to generalize
this idea to provide a truly generic architecture to perform
these tasks and, provide details of how these transformations
can be performed.

5.2 Domain Specific Languages in SPLE
A key feature of our architecture is its agnosticity w.r.t.
DSVMLs; while one can make use of simple and extended

FMs, the use of DSVML as alternative to FMs is well attested
in the literature. Their fit as alternatives to feature models is
highlighted in [11], with some of the first proposals aiming
to integrate textual DSVMLs directly into artefacts [5]. This
was further explored in a survey article [53] where all the
possible combinations of DSVMLs and FMs were explored,
concluding that they may coexist to different degrees in a
project, or that one may outright replace the FM with a
DSVML model. Though their focus was primarily on textual-
based DSVMLs, other authors have found it important to
construct graphical DSVML based proposals. In this vein, the
work of Demuth et al. [19] is particularily important. They
proposed a tool that should allow one to construct DSVMLs
and their meta-models all as part of a single graphical mod-
eling tool. This allows the generation of artefacts from the
models since all of their elements are ultimately mapped to
a restricted subset of the UML. The analysis capabilities of
the resulting tool were, however, quite limited.
There have been other approaches to use and integrate

graphical DSVMLs for variability modeling, such as [48],
presenting a case study of a DSVML for creating variants
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of robot software. Several approaches hinged on creating
custom UML profiles [12, 56] to aid in the automated gen-
eration of websites. A large set of industrial case studies
where graphical DSVMLs for managing variability were em-
ployed has also been presented [50], highlighting the use of
a commercial DSL development tool [49]. This tool has also
been used for creating a graphical DSVML for an automatic
performance test generation approach based on a product
line approach [7].

These approaches, however, are all held back by one fun-
damental limitation of not supporting an explicit, declarative,
parametric formal semantics for the DSVML. The semantics
is only operational and imperatively hard-coded inside the
tool. They prevent tailoring the underlying reasoning to the
particular characteristics of the DSVML, as we have done
with Sawyer et al.’s language [42], which, though originally
a graphical DSVML for DPSL without any code generation
capabilities, we have brought directly into our approach as a
key demonstrator of its capabilities.

6 Evaluation and Discussion
6.1 Requirements Coverage
Given the novelty of our approach, and the mechanism em-
ployed, we begin first with an analysis of the coverage of
our requirements by our approach. This analysis is informed
both by our analysis of the architecture in Section 3 and the
lessons learned from the prototype implementation.

REQ1 Support low-cost extension of existing DSVMLs and
addition of new DSVMLs: Our approach is specifi-
cally designed to use a declarative specification of
the modeling languages, and, within reason, any
VML could be handled by our approach. We illus-
trate this variety by implementing and testing our
implementationwith two languages that differ great-
ly syntactically and semantically.

REQ2 Support low-cost addition of new automated reason-
ing tasks to run on the variability model: Our archi-
tecture is designed to handle precisely this, with
a view on exposing a large variety of operations
to the user so that as new DSVMLs are created, it
is straightforward to create the corresponding rea-
soning tasks. The PLEIADES prototype reflects this
and has been demonstrated to be robust enough to
support very different reasoning tasks through the
same mechanism.

REQ3 The architecture must be agnostic w.r.t. the logical
KRL and IE paradigm used for automated reasoning
on the variability model, supporting low-cost addi-
tion of interoperability with solvers from different
paradigms:Given that multi-solver support has been
a key design goal for the architecture, this is covered
by the N-to-one-to-M translation approach through

CLIF, so that there is no hard-coded bias towards
any IE and allowing easy integration of new IEs.

REQ4 The architecture must be agnostic w.r.t. the DSVML
editor tool, accepting the variability model as input
data exportable from multiple popular editors: Our
architecture seeks to be as independent as possi-
ble from any particular modeling tool by relying
on the declarative specifications of the languages
to perform all processing instead of relying on a
particular set of technologies. Our prototype imple-
mentation has been developed and tested initially
on the VariaMos [51] modeling framework which
has been modified to allow for the declarative spec-
ifications needed for the prototype. Further integra-
tion with other variability model editors will require
determining how to add this functionality to them.

6.2 Limitations of the Architecture and Prototype
The architecture has one important omission that is worth
discussing. It relies on the assumption that the concrete syn-
tax of the input DSVML has a diagrammatic component
possibly extended by complementary textual expressions.
This has an important effect on the abstract syntax and there-
fore interpretation of the models: it is not yet clear how to
deal with purely textual VMLs that do not use a standard
interchange format like JSON. The reason for this is simple.
Textual VMLs with their own grammar and structure would
need their parser to be integrated into the architecture. In
addition to this, a more abstract, common representation of
both the hybrid and textual models would need to be con-
structed such that it would serve the base for constructing
the semantics. Nevertheless, this seems possible with some
modifications to the architecture, with, in particular, a more
capable input management system.

The prototype we present is limited in some key ways. We
have developed the prototype utilizing the VariaMos model-
ing environment, which has the underlying assumption that
all the graphical models are directed graphs where the nodes
can be typed and have attributes. In addition, we have only
implemented two input DSVMLs and 2 output solvers so far.

6.3 Threats to Validity
In addition to the limitations above, our work is subject to
internal and external threats to validity. In terms of Internal
Validity our primary concern is how feasible our architec-
ture is. To counter this threat, we have created a prototype
that covers as closely as possible the proposed architecture.
The converse of this is the correctness of the prototype, that
we’ve endeavored to test extensively. We have sought, there-
fore, to demonstrate its capacity to provide the functionality
envisioned in the architecture. Another further threat is tied
to the correctness of our architectural design. We have uti-
lized a standard and well-understood modeling language
(UML) for its definition and have sought to collect feedback
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from colleagues and users of the tool, both from a developer’s
perspective and from an end-user perspective.

Now, in terms of external validity, we recognize that we
cannot provide guarantees on the exhaustiveness of the tools
surveyed, more recent efforts that the authors are unaware
of might have been proposed in the meantime. Nevertheless,
we have sought to base our overview on a recent and well
sourced survey. An additional threat concerns our ability to
manage purely textual languages within the architecture, as
mentioned in the previous section. To combat this we have
designed a flexible and modular architecture capable of being
modified in this direction.

Finally, we also recognize a threat to construct validity
due to the informal measurement of the notion of cost in our
requirements. A quantitative measure of this is a necessary
next step that we intend to undertake.

6.4 Future Work
To overcome our limitations, we are currently working in sev-
eral directions. The first is supporting purely textual VMLs,
beginning with the Universal Variability Language (UVL)
[46]; The second is enlarging the set of reasoning tasks sup-
ported, including having a more fine grained control over
the variables used for iteration. The third is supporting more
output KRLs and solvers, beginning with the Z3 SMT solver
[15]. The fourth is to add an incremental solving component
in order to make interactions far more efficient. This will
all imply minor refinements of the architecture, though we
believe the core will remain unchanged.
Another future work we envision is to treat the architec-

ture itself as a software product line, such that we could
create fully configurable distributions for particular needs,
i.e., include commercial solvers if the licenses are present,
and, more importantly, give a larger freedom on the reason-
ing task formulations and solver’s parameter tuning. We see
value in this direction because the decision system for DSPLs
can be modeled and then exported for whatever solver is sup-
ported, or even combinations of solvers, which could enable
portfolio [2] constraint solving using multiple engines.

7 Conclusion
In this paper, we have presented an innovative software
architecture to provide automated reasoning for SPLE. As
we have seen in section 5, its main contribution is to be
the first proposal focused on being agnostic with respect to
both the VML used to model variability, and the constraint
solving paradigm used to implement the reasoning. Such
agnosticism allows fully decoupling the variabilitymodel and
SPL asset editing tools from the automated reasoning tools.
We have put forward four requirements for an architecture
to achieve such agnosticism. We then have presented fairly
detailed structural and behavioral models for the architecture
and discussed why it satisfies those requirements. Its key

ideas are (a) to avoid combinatorial explosion of components
by using a pivot standard semantic language and (b) pass
as parameters declarative specifications of (i) the abstract
syntax and semantics of the VML used by the variability
model to analyze and (ii) the analysis task itself.
We have validated this architecture by quickly refining

and instantiating these models allowing for four distinct
SPLE reasoning pipelines already available in our PLEIADES
framework prototype. Each one combines any of two VML
languages, respectively feature models and a context-aware
dynamic SPL VML, with solvers from two logical reason-
ing paradigms, respectively CLP, through libraries of SWI-
Prolog, and CSP, through the CSP solver integration layer
MiniZinc. We hope that our demonstration of the feasibility
of VML and solver agnostic SPLE reasoning services together
with the simplicity of instantiating the PLEIADES architec-
ture we propose into a working implementation, reusing
various VML and solvers, will foster more reuse of third
party SPL model editors and third party solvers in the SPLE
community.
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