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Abstract- Switched Processing Systems (SPS) capture the esseneghere deterministic bounds for QoS measures of single queue
of a fundamental resource allocation problem in many modern were derived under tight traffic conditions. Stolyar [13y@3

communication, computer and manufacturing systems involing
heterogeneous processors and multiple classes of job traffilows.
Recently, increased attention has been paid to the issue ofiprov-
ing quality of service (QoS) performance in terms of delays rmd
backlogs of the associated scheduling policies, rather thasimply
maximizing the system’s throughput. In this study, we inves-
gate a class of throughput maximizing scheduling policiesadled
MaxProduct policies. The objective is that through a use of g-
namically changing “optimal” queue weights, the correspouling

duced the largest weighted delay first (LWDF) discipline and
showed that it is an optimal solution of delay tails in a multi
class network using large deviations techniques. In sules#q
work, he showed that the equivalent workload of a generdlize
switch model is minimized under heavy traffic assumptions by
extending the MWM algorithm to the MaxWeight policy [12].
Ross and Bambos [9, 10] introduced a randomized algorithm
and compared its QoS performance with a class of projective
cone scheduling policies. It is worth noting that most ofsthe

QoS performance measure -e.g. the average system delay- carscheduling policies can be shown to belong to the class of Max

be significantly improved. The proposed approach involves ata-
tistical smoothing technique for tracking the system’s wokload
and utilizes the result of how the MaxProduct policies drainout
an initially placed workload in the shortest possible time. It is
further shown that the proposed modification of the MaxProduct
policy, achieves maximum throughput without requiring knowl-
edge of the incoming traffic’'s statistics. The scheduling dizy is
illustrated on a small SPS subject to different types of inptitraf-
fic.

|I. INTRODUCTION

Switched Processing Systems (SPS) arise in diverse appl
tion areas such as computing, manufacturing, packet-sintgc
wireless networking and call centers. An important featfre
such systems is that servers are flexible, interdependedt,
have randomly varying service capabilities. A basic obje
tive in the study of such systems is to dynamically select t
service configurations, so that the throughput of the syste
is maximized. Over the years maximum throughput issug
have been extensively studied for many scheduling polici
[1,2,5,7,14, 15]. More recently, increased attention resesb
paid to the quality of service (QoS) that these such scheglul

policies can achieve.

Analytical studies for the QoS performance of scheduli
policies go back to the work of Cruz [4] and Chang et al. [3],

h

Product policies introduced by Armony and Bambos [1]. This
class of policies are also known &onepolicies since they
partition the workload space into adjacent decision cones.

In the present paper, we further explore the class of Max-
Product policies. Our goal is to associate an “optimal” vagig
with each queue in a multi-class SPS, so that a QoS measure
(e.g. average system delay) can be significantly improved. |
should be noted that by placing an arbitrary (but meaningful
weight on each queue, a new cone partition (see Section II)
of the workload space is formed, which does not affect the
throughput of the system [1]. However, a bad cone partition
of the workload space might not be able to manage well the
6%8 tradeoffs. In order to construct an optimal cone partiti
of the workload space, we propose a two-stage approache Inth
first stage, a flexible model for estimating the traffic infgns
8f each input traffic flow is developed by tracking the amount
6t work coming into the system. This flexible model allows
IS to capture well the fluctuations of traffic intensity focka
ut flow. In the second stage, the “optimal” weights are as-
ned on each queue at certain decision points in time,ato th

MaxProduct policy performs well. These optimal weights
are obtained by utilizing the flexible model derived in thstfir
stage and the result of how the MaxProduct policies drain out
an initially placed workload in the shortest possible tirfibe
oposed approach exhibits the following characterisiics



(i) throughput maximizing (ii) adaptive to traffic fluctuatis later on. In a recent study [1], a family of scheduling poli-
and does not require explicit knowledge about the shapecof tties, calledConepolicies, were constructed as follonSone
input traffic. policies partition the workload spad® into geometric deci-
The remainder of the paper is organized as follows. In Sesion cones. When the workloddl (t) = (w;(t), ..., wq(t))
tion Il, a general switched processing system and the MakPrds in a certain cone, the system is switched into any service
uct scheduling policies are introduced. In Section Ill,dfgp- mode associated with that cone. To illustrate the naturaaf s
rithm of obtaining the optimal weight for each queue togethecheduling policies, let us consider an arbitrary weiglttee
with some theoretical results are presented. In Sectica$tq- & with each component, > 0 corresponding to each job class
tistical smoothing technique for estimating the traffieimsity ¢, ¢ = 1, ..., Q. The weighted inner product of every two vec-
is introduced, while in section V a performance assessnfentars ¥ (¢) and/i,, is then defined as
the proposed policy is undertaken through a simulationystud o

Finally, some concluding remarks are drawn in Section VI. = -
Y g < W(t), fim >a= Zaqwq(t)ﬂmw 3)
q

Il. SWITCHED PROCESSINGSYSTEMS =1

The MaxProduct policy, denoted ky;, structures its cones by
Consider a multiclass queueing system comprise@ p&r-  choosing the service vectors that have maximal inner prtoduc
allel, infinite capacity, first-in-first-out (FIFO) queuegth each with the workload vector. The decision cone corresponding t
queue corresponding to a different class of job traffic. Thex service moden in the workload space is then defined as
q jobs arrive according to a general proceks ¢ = 1,..., Q. - - .
Suppose thg'" job of classq arrives to the system at time Cm = {W(t) : m = arg ecnax < W(t), fim: >a}-

. 8 _ {1,...,M}
t?‘- € R and carries the service requwemeﬁt We model these (4)

random quantities as elements of a random marked point prote that these decision cones form a partition of the watklo
cessI, = (tj,07), j € Z, defined on some probability spacepace, which is presented by = U,,C,,. One example of
(©2,F, P). Define such decision cones for a 2-queue system is shown in Fig. 1.

W

. 1
pg = lim |~ > i1 (0,0} 1)
JET C

to be the long-terntraffic intensityof jobs of class;. At any C
point in time, the system can be in one &f service modes.
When it is in service mode, the jobs of the queugreceives
service at rate,,,. Therefore, mode. is associated with the 3
service rate vectll,, = (tm1, m2, ---s bmQ)- o) 1

Assume the service requirements are mutually independe
and independent of the arrival processes. @hekload pro-
cessW (t) = (Wi (), ..., Wq(t)) is then defined as

rEigure 1: The decision cones of in the workload space
for a 2-queue system with service vectars = (0,4),
ﬁQ = (2a 3)! ﬁ3 = (3a O) andﬁ4 = (257 1)

Wa(t) = Z il ie.) It is noted that in Fig. 1ji, is never selected by the Max-
i€z Product policy, since it is “dominated” by a convex combina-
M t * tion of ji» andji3, and therefore never maximizes the above
- Z Hmg / Liw, (s)>0 and fin, is used at time s}d5‘| (2) defined inner product at any point in time. In the special case
m=1 0 whereW (¢) is on the boundary segment of two or more de-
ision cones, the policy arbitrarily chooses any serviagore
fam those having maximal inner product wiltﬁ(t).
emark:In many practical situations, the MaxProduct policies
can be modified by using the queue length or delay rather than

for everyq = 1,2,...,Q. This basic queueing model can b
viewed as a generalization of switch models under compl
resource pooling.

A. Scheduling Policies the workload. If the queue length is considered, it is called
At certain points in time the system needs to decide whié isec?;ﬁ:;e[':lg]‘gth driven MaxProduct policy [1] or Max\Weight

service vectofi; € {fi1, fis, ..., iias } Should be used, or which
service mode to switch into. Furthermore, it is assumed tH&tSystem Stability

th_e allocation of resources is preem_ptive; that is, theisenf It is shown in [1] that policyrs maximizes the throughput
a job under a service mode can be interrupted and be resurgﬁg maintaingate stability of the queueing system. Specifi-



cally, thestability regionof the system under consideration is For any initial workloadi?,, let us denote the desired op-
defined as timal solution of@ by @(W). In order to better illustrate the
M construction of(1¥'), we focus our attention on 2-queue sys-
S — {ﬁe R"f L pg < Z Wmpimg forallge {1,...,Q} tems. The proposed algorithm works in sequential fashiah an
the steps are summarized below.
(5) Step 1. Construct simultaneously all the con€s, generated
wherew,, € [0,1]forallm =1,..., M andznj\lewm = 1. by the admissible (non-dominated) service veci@sin the
It can further be shown that the stability region is twvex workload space by choosing= I, m € {1, ..., M}. Further,
hull generated by all service vectois,. To illustrate, the note that every two adjacent (and admissible) service v&cto
stability region for a 2-queue system with 4 service vectofg andi; also generate a corfg; which can be treated as a
i = (3,0), fia = (2,3), fis = (0,4) and iy = (2.5,1) is subset of the workload spat® (see the left panel in Fig. 3).
shown in Fig. 2. Without loss of generality we assume the workload space can
then be represented By = UC,, = US;;. Therefore, as
P, shown in the left panel of Fig. 3, for any given initial worlkid
) Wo = (Wh, W) € W we have that

m=1

ITe W € S;; forsomei,j € {1,...,M},i# j. (6)

W, Step 2.1dentify the two coneg’; andC;; corresponding t&;;
derived in Step 1. Denote the boundary segmertt;adndC;

P, by the lineL;; and Ietl:»j = (I3,12) be an arbitrary vector on it.
Thenl:-j is a solution ofid which satisfies

o [Tl

Figure 2: The stability regiof for a 2-queue system with

i1 = (0,4), fiz = (2,3), iis = (3,0) andjiy = (2.5, 1). < iy W >y=< flj, W >7 . (7)
Step 3.Solved = (a1, ) from the following equation
Remark The rate stability of the system is defined as follows. -
For all input loadsy € S, with probability 1,lim; ., %2 = lij = (1, l2) = (a1 W1, a2 Wa). (8)
0

. ] ] ) ) ) The solution found in this step is denoteddw/f/), and
Notice that by choosing different weight vectats a rich

family of MaxProduct policies; can be generated. Although
these weight vectors do not affect the system throughput [1]
they nevertheless play an important role on improving th& Qo
performance. It is easy to see that the higher the individtRémark For generat)-queue systems, the solution @(I/f/)
queue weighty, is, the more system resources, poligywill  can be found in an analogous fashion. However, one must pay
devote to queueg. The latter is achieved by selecting servicattention to the computational issues arising for ideitifythe
vectorsii,, having large service raie,,,. Therefore, increas- geometric cone to which the initial workloatl belongs. This
ing the weight of a queue will result in lowering its backlogssue is further discussed in Section VI.
and delay. Note that by choosingi = @(W) in Step 3, the original
decision coneg’y, ..., Cy (or decision boundaries;;) are
I1l. OPTIMAL SELECTION OFWEIGHTS tilted so that a new partitiofC’}, . .., ', } of the workload
Eg]ace (or new decision boundarigs) is formed (see the right
hel of Fig. 3). The following fact explains the benefits ob-

A7) = (72 ©

We begin our discussion of selecting the optimal queue vige
by considering the following hypothetical setup. Suppbsd t ,_. . N
an initial workloadiV is placed in the system and that all su ained from the proposed pO“%(W)'
sequent job arrivals are blocked; then, an interestingtiures B. Properties of ther; Policy
is how policiesr; empty all queues in an optimal fashion. Ob: ) - o . .
viously, the specific choice of the weight vectdwould influ- Fact L. For any initial workloadV’, my empties the system in

ence the result. The proposed solution is to selesb as to the shortest path_ by choosiag= a(WV'). .

T o . Proof We establish the result for a 2-queue system; the proof
minimize the emptying time folly;. We proceed by describ- S .
ing the algorithm that constructs the optimal weiaht veetor for the general case follows along similar lines. It is nateat

9 9 P 9 in Step 3 of the algorithm, a new cone partition of the work-

for any given initial workload¥,. The properties of schedul-load spacelV is formed by choosing — &(W) in - The
ing policy 75 are discussed later on. P y 9 = o

idea behind is that, by tilting the decision cones accoriging
A. Algorithm for Constructing Optimal Weights ; and fi; will have two maximal projections ofil, among
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Figure 3: (Left panel): The particulaf;; cone shown in the workload space such that S;;. (Right panel): A new

-,

decision cone partition (the dash line) of the workload sdacchoosing the weight vectar= &(WW) in 7.

all service vectors. Therefore&(W) will use only fi; andf; This implies that, by choosing;, ;) according to (13), pol-

to drain out the initial workloadV,. Furthermore, we assumelCY a7, Not only empties the system in the shortest path but

that it is allowed to split service modeand service modg /SO minimizes the total emptying time. The minimal empgyin
with proportions; andr;, respectivelyr; +r; = 1. The ini- time is then given by
tial workloadiW, can then be viewed as being drained out by an

average service vectoffi; + r;fi;. DenoteWy = (W1, Wa),
fi = (pir, piz) @nd fi; = (pj1, p152), and without loss of
generality assume that;; < pj1 andps > pjo, it is clear
thatr; i; + r;fi; can empty the system in the shortest path (i.
rifl; + r;jfi; is exactly located on the vectdiry) by choosing

|Wol
|rafii + 755

here the norm ofV, is defined as,/W?2 + W2 and that de-
ined similarly forr; fZ; + r; ;.
Remark The preceding minimal emptying time based on the
Wo — oW, MaxProduct policy is the same as that derived by the Fastigmpt
S Hi1Wa — fi2Vha d 10 T . . :
T, = (v — 1i39)Wh + (11 — o)W and (10) policy introduced in [1]. However, the difference is thaeth
2T a2l q1 a2 FastEmpty policy might not drain out the initial workload in

rj = picWi — pin Wa (11) the shortest path (i.e. in a straight line).

(tiz — p2) Wi + (pg1 — par)Wa'

: . L V. ESTIMATION OF TRAFFIC INTENSITY
The latter fact can be easily established by considering the

ratio (slope ofri/i; + 7 fi;): In this Section, we proceed to make the proposed palicy
i - 7t W operational. Suppose the system starts empty at time 0 and
Tibia W Tylyz _ 72 (12) no service is allowed before time(wheret is considered to
rifin + g Wa be fairly large); then we have thal;(t) ~ p;t for any input
. L, . traffic flows wherep; does not change over time. This implies
The re_s.u.lt of Fact 1 srloyvs that, by choosig- O‘(W)Jn that the result of Fact 1 can directly be applied by replatieg
g, the initial workload" is decomposed along; andi;, initial workload 1, with the traffic intensity7 in the proposed
say, W = k(rifi; + r;fi;) for somek > 0. Moreover, the a|gorithm. In this case, we denote the optimal weight sofuti
result also agrees with the solution to the following op#iaai by (7). However, it may be hard to implement the policy
tion problem. Supposg; = (ui1, jui2) is used for time; and  associated with this optimal weight solution since in mapy a
fij = (pj1, pj2) is used for time; to drain out an initial work- plications the traffic intensities are unknown or changingro
loadW, = (W7, W>). We consider the optimization problem:time (i.e. for non-stationary input processes). Therefounéd-
o ing a flexible model that predicts well the fluctuations of the
m|2|7|;r]]|ze (ti +1;) traffic intensity over time is a necessary component for @npl
mentation purposes. We describe next a statistical smapthi
technique calledunning median$16], whose objective is to
Wa < pigti + pjat;. provide a time series smoother for the traffic intensity aftea
If (¢,t;) is the one solving the above optimization problen%r,]%ﬂ by_ tracking the amount of work coming int_o the system.
itis easy to show that onsider a sequence of equally spac_e_d tw_ne m_te(@alﬁ],
(A, 2A],. .., where queug hasN,(n) arriving jobs in thenth
* +* time interval and thgth job of queuey carries the service re-
(13) quirementr?, j = 1,..., Ny(n). The traffic intensity of queue

subjectto W1 < pat; + pjits,




g in the nth time interval can be estimated by aggregating allfractional Brownian motion, and the other by a non-statign
the service requirements; that is, process based on fractional Brownian motion. The system has
the following three admissible service vectogg; = (0,4),

) 1 Na(m) \ iz = (2,3), andjis = (3,0). Note that the stability region of
Pq(n) = A Z 955 (14)  such a system was shown in Fig. 2. We next simulate a 3-queue
=1 system with the input traffic generated by compound Poisson
n = 1,2,.... Thus, a sequence of estimated traffic intengR'ocesses. The results are summarized next.

ties {p4(1), pg(2), ...} over the equally spaced time interval\ A 2-queue System with Compound Poisson Input Processes
is obtained. A running median smoother with window siZe

calculates the smoothed valgg(n) for the nth time interval _ ASSume jobs of queug arrive according to a compound

location by Poisson processl,, where the interarrival times! are i.i.d.
exponential random variables with megnand the correspond-
pq(n) = mediar{ p,(j) : j € K-nearest neighbors af}. ing service requirements/ are i.i.d. exponential random vari-

(15) ables with mears,, ¢ = 1,2. Therefore, each input process
Note that large values df result in a smooth trajectory, Whi|eAq has a long term traffic intensity, = %7 g = 1,2. For
small values ofK result in a rougher trajectory. Ideally, thesimplicity, we assumé, = S, = 1 and first consider the input
choice of the window siz&” should be adaptive to the changeg affic with 7, = 0.345 and 7, = 10 (i.e. the inputs have the
of th(_atraffic i_ntensity. Fig. 53hows an exam_ple of constn_g:t traffic intensitiesp1, p2) = (2.9,0.1)). In addition, the length
running median smoothers for different choices of the windogt each time interval chosen to estimate the traffic intéssis
size K. Itis worth noting that this approach is measuremen _ o0 while the window size for constructing the smoothed
estimate of the traffic intensities is chosen tokie= 21 (see
e section V). Computer simulations are then performed to de-
. &=t | rive the average system delay of the proposed policy and the
MaxProduct policyr; with differentbut fixed throughouthe
simulation choices of weights. Note that the weight vector
a = (a1, ap) can affect the cone partitions of; only through
its “directions” (see Section Il, Part A), so it suffices tmko
at (a1, ap) satisfyinga; + a2 = 1 (which includes all possi-
ble directions inR?). The resulting average system delays are
shown in the left panel of Fig. 5.
We next consider the input traffic with, = 2 and7; =
. 0.286 (i.e. the inputs have traffic intensitiés, , p2) = (0.5, 3.5)).
@z % w0 s o 7w s a0  Again, computer simulations are performed to derive the-ave
age system delay under the proposed strategy of dynamically
Figure 4: Running median smoothers with window size updating the weight vector and the MaxProduct pofigywith
K = 3 andK = 31 for 100 data points generated from different choices of weight&. The resulting average system
a fractional Brownian motion with Hurst parametér= delays are shown in the right panel of Fig. 5. It can be seen
0.6. from Fig. 5 that by dynamically updating the queue weights a
significantly lower average system delay is obtained coetpar
) _ ) .. to that corresponding to almost any fixed choice for the Max-
based, and does not require any information aboutthel::xtansproduCt policies. In a large number of cases, the improvémen

of the input processes. Once a good Smofﬁé’@“) is_ derived, performance is over 10%, and exceeding 40% for some pre-
we can then construct a sequence of optimal weiglitgn)) specified weight vectors.

so that the MaxProduct policy can be applied on each decision _ _ _ .
epoch. For the system under consideration, the running nffe-A 2-queue System with Fractional Brownian Input Traffic

dian is based on the trailing K-neighbors, since the eséroft We consider next the same 2-queue system, fed by the fol-
the traffic intensity vector and the corresponding weigloto® |, iny fractional Brownian type of traffic, considered by-Le
would be obtained at the beginning of eakhime interval. land et al. [6] and Norros [8]:

1

Exploratory Data

V. PERFORMANCEASSESSMENT
Ay(t) = pgt +04Z4(t), ¢=1,2, (16)

To assess how the proposed strategy improves the QoS mea- . . . .
sure under consideration, i.e. the delay performance. e ﬁx?/%ereAq(t) is the total service requirement accumulated in the

: : : me interval(0,t], Z1(t) and Z5(t) are independemntormal-
simulate a 2-queue system by feeding three types of input trg . ’ ) . )
fic: one generated by a compound Poisson process, anothe'r289 fractional Brownian motion§=BM) with the same Hurst
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Figure 5: (Left panel): The resulting average system defayuo approach ane; with possible choices ofi. The input
processes are compound Poisson With= S, = 1, and7; = 0.345, 72 = 10. (Right panel): The resulting average system
delay of our approach ant}; with possible choices af. The input processes are compound Poisson &ith- S» = 1, and

T, =2,7;, =0.286.

parametefd, p, is the traffic intensity, and, is the variance of for ¢ € [2500¢, 2500(¢ + 1)), ¢ = 0,2,4, ..., and

traffic in a time unit. For simplicity purposes, we assume tha

the job interarrival times of each queue are deterministg, (p1(t), p2(t)) = (3.0, 1.8) (19)
equal to one unit. Further, assume the system starts at time 0

and that thexth job of queus; carries the service requirement©' ¢ € [25004,2500(i + 1)), ¢ = 1,3,5,.... Note that the
long-term traffic intensities for both queues are then p2) =

Ay(n) = Ay(n—1) = pg + 04[Z4(n) — Zy(n —1)], (A7) (1.9,2.9), which clearly belong to the stability region. Analo-
gous to (21), the service requirement of il job of queugy

q = 1,2. We first consider the system withy, p2) = (2.9,0.1) which arrives at time € [25004, 2500(i + 1)), is denoted by
(similar to the first example in part A), and assume= 100

ando, = 10. Note that such choices foy, ando, can guaran- pq(t) + 04(t)[Z4(in) — Zg(in-1)] (20)

tee that4, (¢) will not go negative, almost surely. In addition,

the Hurst parameter is chosen toHe= 0.7 for Z,(t), so that Wherei,, andi,_, are the arrival times of theth and(n —1)th

the two input processes can be characterizddragrange de- job of queuey in the time interval25003, 2500(i + 1)), i =
pendentOnce again, computer simulations were performed 1.2, ..., ando,(t) is the corresponding variance of traffic.
derive the average system delay under the proposed adapfigealso assume that the variance functions for both queees ar
strategy and the MaxProduct policies based on fixed choicadt) = 10, ¢t € [25004,2500(i + 1)), i = 0,2,4,..., and

for the weights@. The resulting average system delays are(t) = 50, ¢ € [25004,2500(i + 1)), i = 1,3,5,. .., respec-
shown in the left panel of Fig. 6. We next consider the systelfiely. The resulting average system delays and anothéiper
with (py, p2) = (0.5,3.5) (similar to the second example inmance measure—the 95th percentile of job delays, are shown i
part A), and assume; = 10, oo = 100. The resulting sys- Fig. 8. Note that our policy chooses a smaller window size
tem delays are shown in the right panel of Fig. 6. As can Be = 11 for the running median smoother in this case. The
seen from the results shown in Fig. 6, the adaptive policy o@0al is to be able to detect early the change of traffic intessi
performs the entire class of the fixed MaxProduct policigs (i Over time, so that the MaxProduct policy can quickly respond
outperformsrs for almost all possible choices af). For the by choosing the optimal queue weights accordingly. As can
cases where the fixed MaxProduct policy performs betten(rig’e seen from Fig. 8, our policy significantly outperforms the

side in the right panel of Fig. 6) the numerical differencess aMaxProduct policies with fixed weight vectors both in termis o
practically negligible. the average system delay and in terms of the 95th perceftile o

. . job delays.
C. A 2-queue System with Non-stationary Input Processes

. . : . .D. A3-queue System with Compound Poisson Input Processes
We next consider the same fractional Brownian motion in-

put processes but with changing input rates (i.e. nonestaty Let's now consider a 3-queue system with 6 admissible ser-
input processes) for the 2-queue system. Assume the sysuieg vectorsii; = (0,0,6), iz = (4,0,3), iis = (6,0,0),
starts at time O with the initial traffic intensitigp,, po) = s = (4,5,0), iis = (0,8,0), andjisc = (0,5,3). Analogous
(0.8,3.0) and(p1, p2) can change periodically at certain point$o the setup in the 2-queue system, assume the input precesse
in time, sayt = {2500, 5000, 7500, - - - }. Specifically, define are Poisson with mean interarrival timégs = 2, 7, = 2,
the traffic intensities at timeby 73 = 0.19 and mean service requiremeits = S; = S3 =

1. The long-term traffic intensities are thép;, p2, p3) =

(p1(t), p2(t)) = (0.8,4.0) (18)
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Figure 6: (Left panel): The resulting average system defayuo approach ane; with possible choices ofi. The input
processes are based on the FBM with= 0.7 and the traffic intensities afe1, p2) = (2.9,0.1). (Right panel): The resulting
average system delay of our approach apdwvith possible choices af. The input processes are based on the FBM with
H = 0.7 and the traffic intensities af@;, p2) = (0.5, 3.5).
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Figure 7: (Left panel): The resulting average system defapuoapproach and; with all possible choices af. The input
processes are based on the FBM with= 0.7 with changing rate;sg described in (22) and (23). (Right panel): The resulting
95th percentile of job delays of our approach andwith all possible choices af. The input processes are based on the
FBM with H = 0.7 with changing ratesf] described in (22) and (23).
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Figure 8: (Left panel): The resulting contour plot of the mage system delay for; with all possible choices af. (Right
panel): The resulting contour plot of the 95th percentilgbfdelays forr; with all possible choices af.

(0.5,0.5,5.3). In addition, the length of each time interval chothata; + as + a3 = 1 (which include all possible directions
sen to estimate the traffic intensitiesAs= 40, while the win- in R3). The result for the MaxProduct policy with different
dow size for constructing the smoothed estimate of the ¢rafthoices of weight$a,, as) (and thereforevs = 1 — a3 — aw)
intensities is chosen to i€ = 21. Computer simulations areis shown in Fig. 8. Numerical results reveal that the min-
then performed to derive the average system delay and the 9Btal average system delay and the 95th percentile of delays
percentile of job delays for the proposed policy and the Maare both given around=(0.35,0.55,0.1). The minimal values
Product policyrs with different choices of weight&. Note are 121.97 and 238.1, respectively. In addition, the simula
that it suffices to look at the weightsy;, s, a3) satisfying tion result shows that our policy has the average systenydela



119.38 and the 95th percentile of delays 206.12, which gre si[3] C.S. Chang, W. Cheng, and H. Huang, “On Service Guar-

nificantly smaller than the minimal values of that deriveshir
the MaxProduct policy with fixed weights.

V1. CONCLUDING REMARKS AND FURTHER RESEARCH

[4]

In this paper, an adaptive strategy was proposed for improv-
ing the QoS performance for a class of MaxProduct policies in
general switched processing systems. The proposed approarg]

employees a statistical smoothing technique, which allosvs

to capture well the changes of traffic intensity over time and
is based on the nature of the MaxProduct policy for draining
out an initial workload in the shortest path. As noted before[6] W.E. Leland, M.S. Tagqu, W. Willinger, and D.V. Wilson,

this dynamic resource allocation policy is throughput max+

ing and does not require a priori knowledge of the input traffi

statistics. The simulation results show that it achievgribi

icant improvement in terms of average delay or the 95th pelm

centile of delays for various types of traffic.

We are currently investigating the following topics: (ieth

performance of the policy for general non-stationary inpot
cesses; and (ii) the computational complexity of obtairtimey

(8]

optimal weight solution in a SPS comprised of a very large
number of queues and service configurations. The issues in

(i) are best illustrated by the well-known example—ffie< N
input-buffered crossbar switch. Intuitively, the optimaight

[9]

solution can also be found by applying the Birkhoff-von Neu-

mann decomposition, that is, to decompose the initial vzl

(or the estimate of traffic intensity) on the right serviceve

tors. However, finding such a decomposition for lafgés an

(10]

NP-hard problem. One way to reduce the computational com-

plexity is considering a policy which searches “locally’ana

small neighborhood of service vectors on each decisiontep
and then chooses a better one. However, as shown in [

1)

such a search procedure will cause higher delay. Our further

research will focus on how to utilize all these ideas to invgro

our proposed approach by considering the trade-off betwgen]

complexity and delay.
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