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Dynamic Queue Length Thresholds
for Shared-Memory Packet Switches
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Abstract—In shared-memory packet switches, buffer manage- a port can use. This makes buffers available to the less utilized
ment schemes can improve overall loss performance, as wellports and increases the total switch throughput.
as faimness, by regulating the sharing of memory among the  \yg il now recall some well-known techniques for regu-

different output port queues. Of the conventional schemes, static lati | h dth hod. T
threshold (ST) is simple but does not adapt to changing traffic ating port queue lengths, and then propose a new method. To

conditions, while pushout (PO) is highly adaptive but difficult to ~ Simplify the presentation, we will describe these mechanisms
implement. We propose a novel scheme called dynamic threshold in the context of asynchronous transfer mode (ATM) switches
(DT) that combines the simplicity of ST and the adaptivity of (j e  fixed-length cell switches) with true output queueing.

PO. The key idea is that the maximum permissible length, for ., ever the same ideas can be applied to input-queued
any individual queue at any instant of time, is proportional to the '

unused buffering in the switch. A queue whose length equals or switches with virtua_l output queuing, to rou_ters that internally
exceeds the current threshold value may accept no more arrivals. Segment packets into cells, and to variable-length packet
An analysis of the DT algorithm shows that a small amount switches and routers.

i b e hocames ety S amen e (110, SYles of buffer sharing restictons appear i the
active output queues. We use computer simulation to compare literature. One type places limits on the_maX|mum °r.m'f"m“m
the loss performance of DT, ST, and PO. DT control is shown to @mount of buffering that should be available to any individual

be more robust to uncertainties and changes in traffic conditions queue [4]-[7]. Our paper considers a version of this approach
than ST control. called thestatic threshold(ST) scheme. In this method, an
Index Terms— Adaptive thresholds, asynchronous transfer arriving cell is admitted only if the queue length at its
mode, buffer allocation, dynamic thresholds, memory destination output port is smaller than a given threshold. The
management, pushout, queue length thresholds, shared-memory ST strategy is very simple to implement. It requires only queue
switch. length counters, which are likely to be needed for network
management purposes anyway, and a comparator. Although
|. INTRODUCTION traffic priority classes are beyond the scope of this paper,
OST OF THE packet switch architectures that havr('aOte thaF it. is _trivial 0 e>_<te_nd the ST scheme to_multiple
M dgace priority (i.e., loss priority) classes—one can simply use

been proposed in the literature use some buffering T . .
accommodate packets whose service has been delayed due'f{%rent thr-esholds for different classes. Hp wever, we wil
e in Section IV that the performance of this scheme suffers

contention for some resource within the switch. The location ?m the fact that it is not adantive. When so man oUes
these buffers and the buffer management policy directly affecy . 1S ptive. Wh y queu
the performance of such a switch. Switches based on in e active at once that the sum of their thresholds exceeds

gueueing, output queueing, and completely shared bufferi buffer capacity, then it is possible for th? buffer. to fill up
have been proposed and studied [1]-[3]. It was conclud& mpletely even though all queues are obeying their threshold

that output queueing and completely shared buffering achie%nstramths_. r-]r his alllovxés tsome dquci_tlj_es t't 0 befc ?;n € stir\;]ed Aftor
optimal throughput-delay performance. space, which can lead to underutilization of the switch.

However, output-queued shared-memory packet switch%@er times, when very few output queues are active, these

with no buffer management procedures may not perform wgyeues are needlessly ‘?'e“ied access tc_) the idle b!Jffer space
under overload conditions [4]. The problem is that a singi‘ eyond” the sum of their thresholds. This creates higher cell

output port can take over most of the memory, preventid ss rates and lower throughputs for these active queues than

packets destined for less utilized ports from gaining accedd€Y would experience if they had access to extra buffer space.
In the second style of buffer management, arriving cells

This causes the total switch throughput to drop. One solution to

this problem is to place restrictions on the amount of bufferirfj® 2llowed to enter the buffer as long as there is space
and when the buffer fills up, an incoming cell is allowed to

enter by selectively overwriting another cell that is already

_ _ _ in the buffer [8]-[12]. In this paper we consider a version,
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gueue. Indeed, the pushing and pushed cells may belongatoexplained in Section I, is a shift register. Moreover, the
different output port queues. Rather, the arriving cell joins isxtension of DT's to multiple space priorities, as described in
own logical queue. The PO approach has many performaratber papers [19], [20], is relatively straightforward and simple
benefits. PO is fair—it allows smaller queues to increase ia implement. A much more detailed performance comparison
length at the expense of longer queues. PO is efficient—isopresented in Section V. Conclusions appear in Section V.
output queue is ever starved for space, and no space is ever

held idle while some queue desires more; thus, overall system II. DYNAMIC THRESHOLD SCHEME

throughput should be high. PO is naturally adaptive—whenWh | itch outout port i " Id
lots of queues are active, their rivalry keeps their queue leng en only one switch output port IS very active, we wou

S .
short; when only one queue is active, it is allowed to becorlnée gstgitr)]lz\/(\alvizcne;fetrz ZfeTr:Je(\:: Cg;g;igﬁred ubeuljf:g ?SVT:\:Zr
long. It is difficult to implement PO, however, in high-speeél P ' y 99 ’ '

. : - .~ Wwe want to divide the memory fairly among them. All queues
switches. When the shared memory is full, writing a cell into ith sufficient traffic to warrant thresholding should obtain

a queue involves the extra step of first pushing out (in effe? e same amount of space, called tutrol threshold The

reading out) another cell from a different queue, which cou . . o

i . . ontrol threshold value is determined by monitoring the total
be any queue in the system. This puts a substantial amount 0

amount of unused buffer space.

kin th itical h. M P i hat th S
extra work in the critical path. Moreover, PO requires that t € Each output queue attempts to fimit its length to some

swit_ch m_onitor not only the individual queue lengths but als]%nction £ of the unused buffer space; output queues with
the identity of the longest (or nearly longest [13]) queue. Th||gss demand than this can have all th;e space they wish. At

operation consumes more time, and the switch is not “ketXne ¢, let T(t) be the control threshold and 16X (¢) be the

to be doing it already for some other purpose. Furthermorlghgth of queuei. Let Q(#) be the sum of all of the queue

it is fairly difficult to implement PO for traffic with multiple .
space priority (.., loss priority) classes. Pushing out a IOIengths, i.e., the total occupancy of the shared memory. Then,
Y ' ' B is the total buffer space

priority cell—locating such a cell in the middle of a queue,
excising the cell, then mending the break in the queue—is not ‘
a trivial task [14]. It)y=fB-Qt)=1r <B -3 Q”(t)> - @)

A buffer management scheme with the simplicity of ST and @
the adaptivity of PO would be desirable. It would be bettexn arriving cell for queuei will be blocked at timet if
if this adaptivity were achieved without explicitly monitoringQi(t) > T(t). All cells going to this queue will be blocked
the fluctuating cell arrival rate for each individual queue, as istil the queue length drains below the control threshold
done in [15] and [16]. Therefore, in this paper we proposezhdj/or the threshold rises above the queue length. The simplest
novel scheme calledynamic thresholdDT) to fairly regulate scheme is to set the control threshold to a multiplef the
the sharing of memory among different output queues. Th@used buffer space
approach is conceptually similar to bottleneck flow control
[17] and to the bandwidth balancing mechanism in distributed . . i
gqueue dual bus (DQDB) networks [18]. The key idea is that I) =a-(B-Qt) =a- <B B Z @ (t)>' @
the output queue length threshold, at any instant of time, is ‘
proportional to the current amount of unused buffering in tHé « is a power of two (either positive or negative), then the
switch. Cell arrivals for an output port are blocked whenevéireshold computation is extremely easy to implement—only
the output port's queue length equals or exceeds the Curr@rﬁhift register is required. For this reason, we onIy consider
threshold value. The DT method deliberately holds a smail values that are powers of two in this paper.
amount of buffer space in reserve, but distributes the remainingfhe DT scheme adapts to changes in traffic conditions.
buffer space equally among the active output queues. The henever the load changes, the system will go through a
technique will be described and analyzed in more detail f/ansient. For example, when a lightly loaded output port
Sections Il and llI. suddenly becomes very active, its queue will grow, the total

Unlike the ST scheme, the DT method is adaptive anBuffer occupancy will increase, the control threshold will
hence, should be more efficient. Less buffer space Shoggcrease, and queues exceeding the threshold will have their
be wasted, and starvation incidents should be fewer and |@&dvals blocked temporarily while they drain, freeing up more
severe. One would not expect the DT procedure to perfoﬁsﬁ" buffers for the newly active queue. As we shall see in the
quite as well as PO, however, for the following two reasong8€xt section, eventually all the very active queues, both old
First, while both methods are adaptive, PO adapts faster—Rod new, will stabilize at equal lengths.
can retrieve cell buffers from a long output queue immediately, When referring to steady-state values, we simply drop the
whereas DT can only reduce a queue’s length by blocking néij?e parametett from the variable names. For instanag,
arrivals and waiting for the queue to drain naturally. Seconglénotes the steady-state value @ft) and T denotes the
PO allows all of the memory to be used at all times, while DT 1pjferent queues will stabilize at different lengths if different values of
holds some space in reserve at all times. For these two reasornseg used. If each quetieuses its own value:’ to compute its threshold,
PO should perform somewhat better than DT. DT, howevélﬂen_ the steady-state Ieng_ths of the controlled queues will be in the same
. . h . relative proportions as theix* parameters. In particular, formula (4) below
is easier to implement. As with ST, queue length counters eralizes ta)' = a' - (B — Q)/(1 + ¢ a’), whereC is the set of
a comparator are needed. The only additional requiremesiytrolled queues. '
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Fig. 1. Transient plot of queue lengths versus time.

steady-state value &F(¢). If there areS very active queues, when an output queue first becomes active. This cushion,

then the total buffer occupanay in steady state will be

Q=5-T+Q 3)

where () is the space occupied by the uncontrolled queu
i.e., those with lengths below the control threshold. Thi
steady-state length of each controlled queue can be found”@t

substituting (3) into (2) and solving fdr".

_a(B-Q)

@=T= 1+a-5 ° ()

The amount of memor® held in reserve by the algorithm

which will be illustrated in Section Il (Fig. 3), reduces cell
loss during such transients. Secondly, when an output queue
has such a load increase and begins taking over some of the

pare buffer space, this action signals the allocation mechanism
Hiat the load conditions have changed and that a threshold ad-

ment is now required. Without this built-in spare capacity,
the cell arrival rates and/or loss rates of the individual output
queues would have to be monitored to determine when load
conditions had changed. Such a monitoring scheme [15], [16]
would be a complex undertaking.

Note from (5) that the memory left unallocated in steady-

is as follows: state© would be negligible if a very large value of the DT
B—Qq parametery were used. This would seem to be a good thing.
o= 71( — ; (5) However, if o is too large, then the thresholi(t) tends to
+a-

be too high and the control is ineffective—a single queue can

If « = 2, for instance, the control algorithm tries to regulatsonsume too much memory for too long, causing other newly
each queue length to be twice the spare buffer capacity. S@diive queues to suffer too much cell loss. In Section IV-C
single queue with no competition is allowed to take 2/3 of thigs. 9, 11, 13, and 15) we will demonstrate via simulation
entire shared memory, and 1/3 of the memory is held badkat extremely small and extremely large values @fan cause
When two long queues are active, each queue 3Bts, and excessive cell loss. Fortunately, though, the loss performance
B/5 is unallocated. IfS then increases from two to ten, thes fairly insensitive to the setting ok as long as that value
long queues will drain and the newly active queues will grove moderate.
until all ten stabilize a2B/21, with B/21 left unallocated. Fig. 1, which was generated by simulation, shows the DT
Our DT scheme deliberately wastes a small amount of buffecheme in action. The simulated system is a8 &witch with
space. This “wastage” actually serves two useful functions.buffer sizeB = 100 cells. The sources are of ON-OFF type,
The first advantage of maintaining some spare space atwith geometric on and off periods. The figure plots various
times is that it provides a cushion during transient periodgieue lengths versus time over a period of 300 time slots.
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Included are the queue lengths of the eight output queue$ and bounded above by— 1, we arrive at the following

Q'(t), i = 0,---,7, the total buffer occupancy)(t) = differential equations fot > 0:

>, Qi(t), and the control thresholfi(¢). The numerical labels NaM_1

on the plots in the figure identify the various output queues.T‘( y=—a- Z Qi(t) (8)
The DT parameterr = 2.0. Near time 300707(¢) hovers =0

around 30 due to the interaction of certain queues which _1, if Qi(¢)>T(t)

then start to drain around = 30100. This causes the total ¢yi(¢) = { max[—1, min[T(t), (r — 1)]], if Qi(t)=T(¢)
buffer occupancyl(t) to decrease, raising the value Bft). r—1, if Qi(t) <T(t).

Meanwhile, queue O has started to build and is allowed to 9)

increase becaugk(t) is increasing. Around = 30 140, queue
0 occupies about two-thirds of the total buffer, at which poiBy evaluating (9) for = 0F, substituting that into (8), proving
the DT starts blocking arrivals to it. This is as predicted by contradiction thaf’(0*) < 0 < » — 1, and using that fact
(4) for S = 1. Around¢ = 30180, queue 3 starts to build up, to further simplify the formula fofI’(0%), we conclude that
pulling T'(¢) down, and this causes queue 0 to decline. A little ;. n+y _ a7 1 AN — o AT (e

later queues 1 and 5 also start building up, pullig) even TO7) = —a- N max| =L, TOT)] = o M- (r = 1). (10)
lower. Aroundt = 30270, queue 3 has drained out and queuéd/e now break the analysis into two cases, according to the
0, 1, and 5 are the only long queues. In accordance with (lue of the loadr. As we shall seer determines whether
for S = 3, T(t) settles aroun®B/7, permitting each of the 7(0%) is greater than or less thanl.
three queues a length of roughly 28 cells. Note that there areCase 1: Assume that

several other queues that are very small during this period and 1+a-N
are not controlled by the DT. After a while both queues 0 and rele——r

1 drain, allowingZ'(t) to rise again, and queue 5, which stillysjng proof by contradiction, it follows from (10) and (11)

(11)

has arrivals, is able to grow. that7°(01) > —1. This means that it is possible for tté old
gueues to track the dropping threshold by blocking a portion
lll. TRANSIENT ANALYSIS of their arrivals. Hence, (10) and (9) reduce to
We now analyze the transient behavior of the DT scheme T(O*) __o M-(r-1) (12)
to demonstrate how the queue lengths converge to the fair l1+a-N
steady-state allocation given by (4). While the simulations of a-M-(r—1) ¢ )
Sections Il and IV model discrete cells in discrete time, the Q' (0")=< "~ 1+a.N oro<i<AiN
analysis in this section assumes that time and queue lengths r—1, for N <i< N+ M.
are continuous variables, that queue arrivals and departures are (13)
fluids, and that the threshold computations are instantaneous
and ongoind. By the same reasoning that led to (12) and (13), these

Consider a scenario whe¥ active queues have lengthsdifferential equations wiltontinueto hold as long a&)'(t) =
equal to their steady-state allocations wher, at0, M empty 2'(¢) for 0 <i <N, andQ"(t) < T'(t) for N <i <N + M.

dormant queues become active simultaneously. Solving the differential equations from initial conditions (6)
B and (7) yields
(6
[ — «
TO=1aw © T() = o [B=M-(r=1)1]  (4)
l+a-N
; _a B for0<i< N
Q0)=q 1+a N’ - (1) Q')
0, forN<i<N+M. _{_HZ v B-M-(r-1)4,  foro<i<N
We assume that each of thede+ M queues now receives a (r=1)-1, for N <i<N-+M.

smooth offered load of rate > 1. (Flow rates are normalized 15
to the service rate of an output port.) Using (2) and observing (15)
that a queue length’s rate of change is bounded below Wije trajectories of the queue lengths and the threshold are

20f course, these assumptions are not strictly true. For one thing, quesur(]aown in Fig. 2. The solution (14), (15) is valid until the time

lengths must be integers, so they are subject to roundoff errors, and theWhen the new queues hit the threshold. Equating (14)
threshold must be an integral multiple af so it cannot change smoothly gnd the second case of (15) for= ¢t; and solving fort; yields
either. Secondly, cells can only enter or leave queues at discrete time instants,

as specified by a periodic schedule over the switch’s input and output ports. to= a-B (16)
Therefore, cells arriving simultaneously on different input ports may “see” 1= [1 + - (N + M)] . (7, _ 1)'

somewhat different values @ and, hencel". Thirdly, the computation of
T may require a substantial amount of time. It is possible to construct wordit ¢ = ¢, all N 4+ M queues reach the steady-state allocation
case scenarios in which these real-world constraints result in significant e”gFedicted by (4)

unfairness, and oscillations in the queue lengths. However, the ill effects

can be mitigated by careful implementation—by interleaving input ports and. a-B .
output ports in the schedule and by computifigas often and as quickly as Q (tl) :T(tl) = W, for0<i< N+ M.
possible. Moreover, these artifacts can always be reduced by using a smaller ta- ( + )

value ofa. (17)
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Now let us considet > ¢;. By evaluating (9) fort = ¢}, the second case of (23) with (22) foe= ¢, and solving yields

substituting that into (8), proving by contradiction that < a-B
T(t}) < r — 1, and using that fact to further simplify the t2 = (ta-N-[A+a-M) r=1)—a-N]
formulas, we conclude that (24)
.. . a-B-[1+a-M)-(r—=1)—a-N-1]
Qz(tf):T(tf):O, for0<i< N+ M. (18) (Ita-N)-[(I+a-M)-(r—1)—a-N]’
The queue lengths and threshold have now reached equilib-Q"(t,) = fzr'()Bg'L(:j_Vl)
rium. Fort > ¢, each queue maintains a constant length by (ta N [Ata M) (=D —a N
being served at rate 1, admitting arrivals at rate 1, and rejecting i
excess arrivals at rate— 1. This completes Case 1. for N<i<N+M
Case 2: Assume that 0 B (r—1) (25)
7,>1+1+04-N' (19) T(tQ)_(l—i—a-N).[(l—i-oz-M).(%_l)—og.N].
a-M (26)

By first substituting (19) into (10), one can prove by contraNow the system enters Phase 2. By evaluating (9} fert},
diction thatT(0+) < —1. This means that it is impossible forthen substituting that into (8), one can prove by contradiction
the NV old queues to track the dropping threshold; even thougiat 7'(t3) > 0 > —1. Then, using (19) and another proof by
they will block all their arrivals, they can only decline at ratecontradiction, one can show tha(¢f) < » — 1. This means

—1. Hence, (10) and (9) reduce to that it is possible for theld new queues to track the rising
threshold by blocking a portion of their arrivals. Hence, (8)
T =a - N—a-M-(r—1) (20) and (9) reduce to
v -1 for0<i< N -1 for0<i< N
don={ 7t S5 ey | <
=1 for N <i< N+ M. ) = . 27
T St Q%) —1f: NM, for N<i<N+m D
a .
The same reasoning that led to (20) and (21) can be used to . . a-N
show that these differential equations wibntinueto hold as T(ty) = Tra M (28)

long qSQZ(t) > T(t) f°T 0<i< N and Qz(t) < T_(t) for By the same reasoning that led to (27) and (28), these
N <@ < NV + M. Solving these differential equations froMmgire o ntiq) equations wiltontinueto hold as long a&)‘(¢) >
initial conditions (6) and (7) yields T(t) for 0 < i < N, andQi(¢) = T(t) for N < i < N + M.
Solving the differential equations from initial conditions (25)

.B
@) = Jﬂ —oa-[M-(r—1)-N]-t (22) and (26) yields
oa-B a-B .
; L _ ¢, for0<i<N 4 Toa. N b for 0<i<iN
Qt)={1+a N = 23) Q= tta N B
- . <4 . . . <4
(r—1)-t, for N<i< N+ M o M [l—i—a-N—i_N t:|,fOI’N_L<N+M
The trajectories of the queue lengths and the threshold are B (29)
shown in Fig. 3. The solution (22), (23) is valid for< ¢ < ¢», — @ . £
T l+a-M 1+a-N+N f (30)

wheret, is the time when thé/ new queues hit the threshold.
In Fig. 3, the time interval0, ¢,) is called Phase 1. EquatingThe solution (29), (30) is valid until the tim& when theN
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old queues hit the threshold. Equating (30) and the first caSer a given mean burst lengity,, the offered loag is varied

of (29) for t = #3 and solving forts yields by changing the mean idle duration between bursts.
o2 -M-B In this paper we consider three traffic scenarios. In the
ts = (31) uniform traffic case each burst from a source is equally likely

I+a-N)-[l+a (N+M) to be destined to any of the output ports. The nonuniform traf-
At ¢ = t3, all N + M queues reach the steady-state allocatigit scenario includes two classes of output ports—moderately
predicted by (4). loaded and heavily loaded. The third traffic pattern is a hot-spot
4 o-B ) scenario, with a single overloaded output port and moderate
Q'(ts)=T(ts) = Tta-(N+M) for 0<e<N+M.  pads at the other ports. For the nonuniform and hot-spot cases,
(32) bursts are more likely to be destined to a heavily loaded

or overloaded output port than to a moderately loaded one.

As before, we can evaluate (8) and (9)tat= t§ to Show The burst length distribution is the same for all output ports,

that the system stabilizes at this point. For> ¢35, each and all input ports carry identical loads. For the uniform
queue rejects just enough arriving traffic to maintain a constaghd experiments, the metric we use is the overall cell loss

length. This completes Case 2. probability. For nonuniform and hot-spot experiments, our
Note that Case 2 confirms our earlier claim that the transigfetric is the loss probability for those cells destined to the
performance for newly active queues can be poat i6 t00  moderately loaded output ports; we see these as the “good”

large. According to (24), for fixed, as« tends to infinity, ports that deserve to be protected from the other “bad” ports.
t> tends to zero. This means that Phase 1, the fast-growth

phase for new queues, vanishes. The new queues are alrgo

; . ; >SRobustness of the Four Schemes
immediately in Phase 2, the slow-growth phase, where they . . _ _ _ .
are constrained by the threshold. In this subsection, we first consider a nominal switch

configuration with dimensions 512 512, buffer sizeB =
6500 cells, loadp = 0.55, mean burst lengtiL, = 20 cells,
IV. PERFORMANCE and uniform loading of the output poswe tuned the ST
In this section we use simulation to compare the cesettingZ” and the DT factorw to the values that minimize
loss performance of the DT and ST strategies. To put ti§ell loss probability under the nominal load conditions: viz.,
performance of these two schemes in perspective, we considier 120, v = 1.0.% For this load, the cell loss probability with
the performance of PO as well as the switch performance wiC is 2.0x 10-2. All three queue length control schemes do
No Control (NC) on queue lengths. One would expect the célluch better than that. The ST approach has only half that
loss probability with NC to be an upper bound on loss for @uch loss, at 1.0« 1072. DT does even better, at 8.5
properly tuned threshold scheme, and the losses with PO tolE>. As expected, PO edges out all of the other schemes,
a lower bound on what is achievable with thresholds [8]-[12)vith a cell loss probability of 7.0< 1072,
In all the plots in this paper, points are shown with 95% Nextwe conduct four one-dimensional parameter variations
confidence intervals. (For many data points, the confidenagound our nominal load conditions, without retunifigndc,

intervals are so tiny that they are barely visible.) to see how robust the schemes are and to check their relative
performance. In the first experiment we make one output queue
A. Switch and Traffic Model a hot spot of varying intensity. In the next we add heavy but

) . . nonsaturating loads to a varying number of output ports. In
The architecture that we use for our simulation study {§e third and fourth investigations we vary the loadand

a single-stage switch with input and output ports running gfe mean burst lengtii,, respectively. Let us describe these

identical rates. The switch uses output queueing and Sha%eriments one at a time.

memory, i.e., each output port of the fabric has a logical first consider the effect of a single overloaded output port

queue, but these queues all share the same fabric mem@y the cell loss for the 511 other ports, as shown in Fig. 4.

This memory can buffei3 cells. _ Such an overload might happen because of outright errors or
Each input line is connected to a single bursty source. TRgyfunctions in the ATM call admission and policing controls,

source alternates between active and idle periods. Cells arrbYefrom a combination of loose controls and statistical bad
in consecutive time slots throughout each active period. The

duration of the active period is geometrically distributed with 3The choice of this nominal scenario was a compromise between realism
parametery, while the idle period follows a shifted geometridthe negd_ for an accurate mpdel) a_nd reality_(the nged for measuraple ce_II loss
L . . . . robabilities with tight confidence intervals in a finite amount of simulation
dIStrIbutI_On with par_ameteﬁ, We assume th_at there '_S at Iea_sﬁme). Simulating lower cell loss probabilities would have been desirable but
one cell in each active burst, but the duration of an idle peri@guld have taken an impractically long time. When trying to draw conclusions
can be zero. The burst Iengths are assumed to be statistic&?ﬂy)ther switch sizes and traffic loads, the reader should bear in mind that
. . the'ratio of the buffer size to the average burst length is a critical parameter.
mdependent. Givem and B, then the mean burst Iengm, We confirmed by simulation the intuitive notion that if the buffer size and the
the mean idle timelq., and the normalized offered load burst length (and, if applicable, the ST setting) are scaled up or down by the

are given as same amount, then the cell loss probability remains approximately the same.
4Since the nominal load in these simulations is uniform over all output
1 1-73 L ports, it is appropriate for ST to use the saffievalue at every queue, for
Ly=— Lige = —— p=—-—. (33) DT to use the same value at every queue, and for PO to push out from the
o 3 Liqie + Ly longest queue.
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Fig. 4. Cell loss probability of moderately loaded output pgpis= 0.55)  Fig. 5. Cell loss probability of moderately loaded output pgps= 0.55)
versus load offered to a single overloaded output port, for various schemegersus number of heavily loaded output poffs = 0.95), for various
schemes.

luck. The figure plots the cell loss probability for the “good”

ports, which are loaded at = 0.55, as a function of the

load to the “bad” port, as its load is varied from 0.55 to 10.00.

This plot shows why some queue length control is necessary if

there is any possibility of such an overload. The NC strategy

is a disaster here, because the high loss probability of the

overloaded port, which is unavoidable, is spread to the good Loss

ports. For example, when the hot spot has a load of 10.0 androbaility

therefore, a cell loss probability of at least 90%, the good

ports also suffer 90% losses. In other words, the total system

throughput is only 10% of what it should be. Fortunately,

all three queue length control schemes rdach better than

NC for this scenario, effectively fixing the problem. ST and

DT have comparable performance. (Although it appears from

the figure that ST is marginally better for extremely intense

overloads, using a slightly different setting®fviz., « = 0.5,

would have given DT the advantage at every point.) PO do

somewhat better than ST and DT, having only about two- )

thirds as much loss. Note that all three control schemes gi#Pe controlled. Equations (4) and (5) show that the controlled

the good ports a loss performance that is nearly independ8HeUes adapt their lengths as a functionSoénd (2, leaving

of the magnitudeof the overload to the bad port. a little spare buffering in case one of the moderately loaded
Next we consider nonuniform traffic scenarios in whiclROrts gets the urge to expand a bit. With ST, on the other hand,

most Of the 512 Output ports are moderate|y |Oade¢, at queue |engths are a.”OWed to I’edfh: 120 I‘egal‘d|eSS Of the

0.55, but some are heavily loaded at= 0.95. Fig. 5 plots number of long queues. In the extreme case where 128 ports

the cell loss probability for the moderately loaded ports @€ heavily loaded, the ST scheme even permits the “bad” ports

the number of heavily loaded ports varies from 0 to 1280 squeeze out the “good” ports entirely, sifBe= 6500 cells

The figure shows that, with all four strategies, as one woufhd 120x 128 > 6500.

expect, the loss for the moderately loaded ports increases ablow we consider uniform traffic, varying the logdover a

more ports become heavily loaded. The ranking of the fouide range while fixing the mean burst lengll at 20 cells.

schemes stays the same throughout—PO performs better thigh 6 shows the cell loss probability as a function cofor

DT, which performs better than ST, which performs bettéhe four strategies. Recall that the ST settifigand the DT

than NC. However, the gap between DT and ST widens af@ttor o were tuned for the nominal load levgl= 0.55. At

the gap between ST and NC narrows as the number of heaiiis point, both threshold schemes perform well—while their

loaded ports increases. We offer the following (admittedlpsses are somewhat higher than PQO’s, they are noticeably

oversimplified) explanation based on (4) to help the readiewer than NC's. DT maintains this performance relative

understand why DT outperforms ST in this kind of situatioto NC and PO for higher loads, though for loads around

In (4), think of S as the number of heavily loaded portsp = 0.5 DT’s performance becomes indistinguishable from

whose long queue length@’ often hit the control threshold NC’s. Unfortunately, ST does not perform much better than

T, and think of Q as the total buffering consumed by theNC for higher loads, and for lower loads ST is dramatically

moderately loaded ports, whose queues are usually too siworse—orders of magnitude worse—than any of the other
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Iélg 6. Cell loss probability versus offered loadfor various schemes.
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Fig. 7. Cell loss probability versus offered loadfor various ST settingg’.  Fig. 8. Cell loss probability versus mean burst length, for various
schemes.

three strategies, including NC. As we shall see in Fig. 14, . )

the reason for ST’s abysmal performance at low loads is tripall. an ST setting of 120 cells is too low. Under these

the threshold setting” = 120 is too low. With this threshold conditions, essentially all of scheme ST's loss comes from

setting, essentially all the cell loss at low loads comes frolpdividual queues hitting the threshold, and practically no cell

individual queues hitting the threshold, and essentially no c&SS is due to the buffer becoming full. This claim is supported
loss is due to the buffer becoming full. by the dotted curve, which shows the loss for a reference

Fig. 7 graphically illustrates these facts. The solid curvéyStem comprising a single-queue multiplexer with 120 cells

show loss versus load for our shared-memory switch under 8frPuffering.
control. Each curve corresponds to a different setting of the .
thresholdZ”. Notice how much better the low-load performancé&- Tuning the Two Threshold Schemes
is when7” is very large. The dotted curves are similar plots Now let us take a more detailed look at the two threshold
for a reference system comprising a multiple-input singleschemes. In this subsection wal retune the ST valu& and
output switch, i.e., a multiplexer. The multiplexer modelthe DT factora as we vary the load conditions around their
an individual output port queue of the switch in isolationnominal values. We want to see how the four schemes compare
The buffer size in this multiplexer model corresponds to thender different load conditions when optimal retuning of the
ST value? in the full switch model. Simulation results forcontrol parameters is possible. More importantly, we want to
multiplexers with two different buffer sizes appear as the twsee how close the loss is to this optimal value if you are
dotted curves in the figure. When comparing a solid curvestricted to one control parameter setting aadnotretune.
with its dotted counterpart, the dotted curve shows roughly The figures for this subsection (Figs. 9—16) all have the
how much of the solid curve’s loss is attributable to the ST. Agame format. Each figure concentrates on either DT or ST.
you can see, at low loads the threshold accounts for practicallje y-axis shows the cell loss probability; in the case of
all the loss. If we could simulate extremely low load and lossonuniform and hot-spot loads, only the loss for the “good”
levels, we would expect to see similar tails for the other threitput ports is shown. The-axis gives the control parameter
schemes in Fig. 6. For PO and NC we would expect the taitting, eithery or 7. (Notice that thex values we simulated
to correspond to a multiplexer of capaciB, since these two are powers of two; these values can be implemented conve-
strategies allow an individual queue to take over the wholeently with a shift register.) Each figure includes three to four
shared memory. For DT we would expect the tail to corresposdlid curves, where each curve shows the loss performance
to a multiplexer of capacity« - B)/(1 4+ «), since this is the of the scheme for one specific traffic condition. Each curve
maximum length that an individual queue can ever attain witfives the cell loss probability as a function of the control
the DT scheme. parameter setting for the given traffic. For comparison, the
Finally we vary the mean burst lengfh, over a wide range performance of PO is shown by three to four dashed lines
while fixing the loadp at 0.55. (AsL, increases, the meanon each plot, for the same three to four different traffic
time between bursts is also increased, so gtetays constant.) conditions as the threshold schemes. Since PO has no tunable
Fig. 8 shows the cell loss probability as a functionigf for parameters, the dashed lines are flat, not curved. Rather than
the four strategies. The ST settiriy and the DT factoraw using similar lines to depict the performance of NC, we note
were tuned for the nominal burst sizg, = 20 cells. The instead that, at the right-hand endpoint of any solid curve, the
shapes and relative positions of these curves are so sim#atting of 7" or « is so high that the control is completely
to Fig. 6 that we will not repeat the details. As before, DTneffective; the performance at these right-hand endpamts
is much more robust than ST to this kind of traffic variatiorthe NC performance.
ST does dramatically worse than NC for small burst sizes.First, in Figs. 9 and 10 we consider various loads offered
As we shall see in Fig. 16, when the average burst sizetis a single overloaded output port. These plots, the least
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interesting of the bunch, are companion plots to Fig. 4. Tlege much better than NC, but somewhat worse than PO. Now
performance of both ST and DT varies widely according tsuppose the control parameter setting is fixed while the number
the setting of the control parametéror «. However, when of heavily loaded ports varies. For the four traffic patterns that
optimally tuned for conditions, the losses for ST and DT ange studied, the optimal setting for the DT factarranges
fairly close. Properly tuned, both DT and ST are dramaticalfyjom 0.25 to 1.0, and fixingr anywhere in that range does a
better than NC—almost two orders of magnitude better for a@asonably good job in all four cases. However, for the same
overload factor of 10.00. The losses for PO are somewhat Iésar traffic patterns, the optimal ST settirl§ ranges from
than those of tuned ST and tuned DT. The most importa®® to 120, and there iso fixed parameter value that does a
point to be made with these figures is that both ST and Djood job for all four cases. In this sense, DT is more robust
handle single hot-spot overloads of any magnitude very wéllan ST to changes in the number of heavily loaded ports.
with « set at 0.5 or 1.0 anfl” set at 120. Once set at theséf course, traffic changes such as these will cause changes
values, the parameters do not need to be retuned for hot spotshe cell loss probability no matter what control policy is
of differing intensity. Of all of the traffic patterns we will used. With DT, however, the control parameter need not be
consider, only for this hot-spot type of load will we find thatetuned in order to attain performance close to that attainable
ST is as robust as DT. with retuning. When the traffic changes, the performance of ST
Next, in Figs. 11 and 12 we consider various numbers o&n be made close to DT, but only if ST's control parameter
heavily loaded output ports. These are companion plots i®retuned; if not retuned, the performance of ST will be far
Fig. 5. The performance of both ST and DT varies widelworse than it could be with retuning, and far worse than DT
according to the setting of the control parameféror «. with or without retuning.
However, when optimally tuned for conditions, the losses for Now, in Figs. 13 and 14 we consider various load levels
ST and DT are fairly close. Properly tuned, both DT and Sg, assuming uniform traffic conditions. These are companion
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plots to Fig. 6. When optimally tuned for conditions, ST i§ange is acceptable in all four cases. However, for the four
somewhat worse than DT, which is somewhat worse th&4rst lengths, the optimal ST settiigranges from 80 to 200,
PO. The difference between ST and DT is more pronouncéﬂ!d there isho fixed parameter value that is acceptable for all
though, if the control parameter setting is tuned for optim&pur cases. We conclude that DT is more robust than ST to
performance at some load level and fixed, and then the actGBfnges inL.
load p turns out to be other than expected. For the three load
levels that we studied, the optimal setting for the DT factor
ranges from 0.5 to 2.0, and fixing anywhere in that range V. CONCLUSIONS
does reasonably well for all three cases. However, for the samen shared-memory packet switches, queue length controls
three load levels, the optimal ST settiigranges from 80 to can promote fair and efficient use of the packet buffer memory.
200, and there isio fixed parameter value that does well forThe simplest control, ST, works well as long as the threshold
all three cases. In this sense, DT is more robust than STig¢auned properly for the load conditions. However, we showed
changes inp. that ST is not robust to many sorts of load changes unless the
Finally, in Figs. 15 and 16 we consider various meathreshold setting is retuned. To get good performance under
burst lengthsL,, assuming uniform traffic conditions. Theseauniform traffic loads, one has to be especially careful not to set
are companion plots to Fig. 8. When optimally tuned fathe threshold too low; for nonuniform and hot-spot loads, one
conditions, ST is somewhat worse than DT, which is somewhaids to be particularly careful not to set the threshold too high. It
worse than PO. Once again, the big difference between ST asimpossible to find one threshold value that works well over a
DT becomes apparent when the control parameter settingor®ad range of load conditions. The attraction of ST is its ease
tuned for optimal performance at some mean burst length lew¢limplementation. At the other extreme, the PO scheme is
and fixed, and then the actual mean burst lerfgitchanges. very fair, space efficient, adaptive, and robust. Implementing
For the four burst lengths that we studied, the optimal settiD, however, is far more complex than ST (especially for
for the DT factora ranges from 0.5 to 2.0, and ayin that multiple space priorities).
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a simple formula: at any instant of time, the output queugg) s. x. wei, E. J. Coyle, and M. T. Hsiao, “An optimal buffer man-
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