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Abstract

We consider a cluster of heterogeneous servers, modeled as M /G/1 queues with different processing speeds. The
scheduling policies for these servers can be either processor-sharing or first-come first-serve. Furthermore, a dispatcher
that assigns jobs to the servers takes as input only the size of the arriving job and the overall job-size distribution. This
general model captures the behavior of a variety of real systems, such as web server clusters. Our goal is to identify
assignment strategies that the dispatcher can perform to minimize expected completion time and waiting time. We show
that there exist optimal strategies that are deterministic, fixing the server to which jobs of particular sizes are always
sent. We prove that the optimal strategy for systems with identical servers assigns a non-overlapping interval range of
job sizes to each server. We then prove that when server processing speeds differ, it is necessary to assign each server
a distinct set of intervals of job sizes in order to minimize expected waiting or response times. We explore some of the
practical challenges of identifying the optimal strategy, and also study a related problem that uses our model of how
to provision server processing speeds to minimize waiting and completion time given a job size distribution and fixed
aggregate processing power.

Keywords - Scheduling, Queueing systems, Load balancing, M/G/1, Processor sharing, First-come first-serve, Paral-

lel servers.

1 Introduction

Many systems that can process multiple jobs in parallel fall into a class of systems that are commonly referred to as
dispatching systems. A simple illustration of a model for these systems is depicted in Figure 1. In a dispatch system, jobs
arrive at a dispatcher, which must immediately decide the server to which the job is assigned. Each server has a separate
queue in which it stores jobs that it was assigned by the dispatcher, and a separate processor that processes its assigned
jobs. We refer to the decision process used by the dispatcher to assign jobs to the various servers as the dispatching
strategy, or simply strategy for short. The choice of strategy depends upon the information available to the dispatcher
when it makes a selection (e.g., size of the received job, number of jobs waiting in each of the servers) and upon the
optimization goal of the system.

In this paper, we investigate state-free, size-aware dispatching strategies for homogeneous and heterogeneous systems
that minimize expected waiting time and completion time of arriving jobs. State-free means that the dispatcher uses
neither the current status of the queues, nor the past history of assignments when deciding where to place an arriving job.
This assumption is traditionally called static in the literature (e.g., in [22]). Size-aware means that the dispatcher uses the
size of the arriving job and the overall job-size distribution as input for its choice of server to which the job is sent. A



homogeneous system is one in which all servers are configured identically, otherwise the system is heterogeneous. A rich
class of systems are best modeled as state-free, size-aware dispatching systems. Some examples are:

e \Web delivery systems. Web providers commonly cluster a set of servers together to serve content. Many systems
[4] dispatch a request to a server by hashing on the URL of the request, sending identical requests to be served by
the same server, ignoring instantaneous loads on the servers. If the response to a particular request is a constant size
that is known in advance by the serving system, it becomes possible to design a hashing strategy that reduces the
expecting serving time of the entire system. Furthermore, since over time, new server components are brought in
and old components slowly phased out, a heterogeneous mix of servers is likely to exist.

e Load-balanced routing. Load-balancing routing allows a router to assign an arriving packet to any of several
outgoing links. A controlling “pushback” mechanism that informs upstream routers of current downstream load,
while useful, is difficult to implement efficiently in practice. Hence, a local, static dispatching strategy that keeps
expected delays small is very useful for such systems.

e Distributed database systems. Database transactions are often very short, lasting less than a second. In contrast,
the feedback on processing loads from the servers is returned at a low period, making it difficult to provide load
information to the dispatcher.

In general, state-free, size-aware dispatching strategies are useful wherever it is not feasible to track the exact state of
the various servers’ queues. Even if feedback from the servers themselves is possible, unless this information is received
instantaneously, it is of little use [16].

The paper proves several important results about the optimality of a variety of strategies that attempt to minimize job
waiting and completion times. In particular, we compare random strategies, where the dispatcher randomly chooses a
server to handle a given job, to deterministic strategies, where the job’s size is used to deterministically selects the server.
An important class of deterministic strategies we consider are interval-based strategies, where each server is assigned all
jobs whose sizes fall within a distinct, continuous interval of sizes. Our main results are:

1. When the servers employ processor sharing, a strategy that assigns jobs randomly to servers is optimal, i.e., there is
no benefit in utilizing job size information (Proposition 3.1).

2. We prove that when the dispatch system is comprised of a set of homogeneous FCFS servers, then there is in fact
an interval-based strategy that is optimal (Theorem 3.3).

3. We show that when the system is comprised of a set of heterogeneous FCFS servers, then there need not exist an
interval-based strategy that is optimal (Example 3.4).

4. We prove that a simple generalization of the class of interval-based strategies that uses nested intervals produces
a class of strategies that does in fact contain an optimal strategy for a system comprised of a set of heterogeneous
servers (Theorem 3.5).

5. When the system is FCFS, we explore how the distribution of job size affects how jobs should be partitioned to
servers. A high-level summary of our results is that if aggregate capacity is fixed, then as job-size distributions
become more heavy-tailed, splitting off a small portion of the aggregate server capacity into a separate queue can
yield significant performance benefits.
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Figure 1: A dispatcher assigns jobs to multiple Figure 2: Three e:xamples of size interval _allocations_given by an

queues with different processing speeds. NSI strategy restricted by a set of four relations sl_wown in the graph:
A<B,A<C,B=<D,and C < D. Therelation A < D is also
implied due to transitivity but is omitted in the graph.

In addition to the above results that prove or disprove the existence of an interval-based strategy, we also focus on iden-
tifying the best or optimal strategy within the class of interval-based strategies proposed by [10]. For homogeneous
systems, since all servers are identical, we must simply determine the boundary points of these intervals. However, in
heterogeneous settings, the optimal strategy must select not only the boundaries of the intervals, but must also determine
the mapping of intervals to the (heterogeneous) servers. While we have not yet identified an optimal strategy, through
experimentation using a variety of traditional job size distributions such as the Bounded Pareto, Log-normal and Weibull,
we show that an optimal strategy depends heavily on the job size distribution.

1.1 Related work

Systems with parallel servers have been studied for decades. If a shared queue is used and the dispatcher follows the
first-come first-serve order and assigns jobs to servers whenever they are idle, then the system is a traditional M /M /s or
M /G/s queueing system. The homogeneous M /M /s system is well studied and can be found in many textbooks, e.g.
[6]. On the other hand, there are only approximations of the mean response time for homogeneous M /G /s systems [8].
With separate queues and exponential service times, Winston [23] shows an optimal dynamic strategy. Ephremides et al.
[7] analyze two dynamic strategies.

Exponential service times are often assumed in the studying of the heterogeneous servers. With shared queue and
exponential service times, Agrawala et al. [1] give an optimal strategy using thresholds for system without arrivals. This
strategy is shown to be optimal for two queues with Poisson arrivals by Lin and Kumar [14], for multiple queues with
a small arrival rate by Rosberg and Makowski [21], and finally for arbitrary arrival rate by Luh and Viniotis [15]. With
separate heterogeneous queues and exponential service times, Chow and Kohler [5] compare three dynamic strategies
(strategies that know the current states of the queues) with the random static strategy. With the random static strategy,
Buzen and Chen [3] give the optimal load partitioning for general services. Ni and Hwang [18] analyze the optimal
load partitioning for multiple classes of exponential service times. Li [13] considers the case that services on different
queues have different coefficients of variation. Hajek [9] considers two heterogeneous queues that the jobs departing
from one queue may be sent to the other with a certain probability. Tantawi and Towsley [22] study a static decentralized
probabilistic strategy that each queue can transfer some jobs to other queues with a communication delay.



For homogeneous queues, if the job sizes are available to the strategy, the dynamic strategy that assigns jobs to the
shortest queue is suggested optimal for exponential service times [17]. The size-interval strategy is proposed and studied
by Harchol-Balter [10]. This strategy is later extended to the TAGS strategy [11]. Using TAGS, long jobs are first assigned
to queues designated to shortest jobs. If the time quota of a job is used up, it gets restarted at a queue for longer jobs.
These two strategies are shown to perform well for heavy-tailed distributions. Oida et al. numerically study the size-
interval strategy with a finite set of jobs and show that the performance of size-interval strategy is close to the solution of
the corresponding optimal deterministic problem under heavy traffic for homogeneous [20] and two-queue heterogeneous
[19] systems.

The rest of the paper is organized as follows. In section 2 we formulate the problem. In section 3 we analyze the
optimal size-aware strategies. In Section 4 we show some numerical results of the mean waiting time for three different
classes of job-size distributions, and study the best mapping of size intervals and the capacity planning problem. In Section
5 we give proofs for optimality. Finally we conclude in section 6.

2 Preliminaries and problem formulation

To initiate our study of state-free, size-aware strategies for parallel heterogeneous servers with separated queues, we first
introduce the notation we will use throughout the remainder of the paper.

2.1 Notation

The capacity of a queue is the maximal amount of processing that can be performed in a unit of time by the server
associated with that queue. This is a formal measure of the processing speed. We denote by the random variable X the
size of a job (the service time in a queue of unit capacity), and by F'(x) its cumulative distribution function (CDF). For a
queue of capacity c, the service time of a job of size X is X /c. The arrival rate of jobs to the entire system (of all queues)
is denoted by \. The waiting and response times are denoted by random variables W and T, respectively.

The load is defined to be p = AE[X] = A\/u, where . = 1/FE[X] is the average departure rate of jobs from a queue
with unit capacity. Load measures the average amount of processing that can be done in a unit of time. We assume that
the load for a queue in the steady state does not exceed its capacity, i.e., p < ¢. The load, similar to the job size, is an
invariant attribute of the arrival process, independent of any particular queue. For a particular queue, the utilization rate is
defined as p/c. Clearly the load of a queue is the same as the utilization rate if the server has unit capacity, and therefore
they are usually used interchangeably in literature, but must be distinguished for heterogeneous queueing systems.

We let w = AE[X2]. This quantity is important and heavily used in the rest of the paper — it measures the performance
of a first-come first-serve queue. We call it the second-order load, in the sense that p = AE[X] is the (first-order) load,
and the arrival rate A = AE[X°] can be considered to be the zeroth-order load.

2.2 Dispatching system model

Let us now define the class of dispatching strategies upon which we focus in this paper. We assume that there are n
parallel queues in the system and the capacity of the i-th queue is ¢;. Without loss of generality, we assume that the sum
of the capacities is 1, i.e., .., ¢; = 1. If ¢; = 1/nforall i = 1,...,n, the system is homogeneous, otherwise it is
heterogeneous. A stochastic, size-aware, static strategy, or simply a static strategy, only uses the size of a job to select the
queue that processes that job. The queue to which a job of a given size is assigned may be selected either deterministically



(using the size of the job) or at random (without considering the size of the job). Such strategies are state-free: neither
history records, current states of the queues, nor sequence numbers of the arrivals are used by these types of strategies.
We also assume the arrivals of jobs are Poisson and job sizes are independent, identically-distributed (11D). Since
independent mixes or Bernoulli selections from Poisson arrivals is still Poisson, each queue’s arrival process remains
Poisson, although the job size distribution for each queue can differ from the distribution of the aggregate queueing
system. In other words, each of the queues is still modeled as an M /G/1 queue.
We denote by the random variable X; the size of a job assigned to the i-th queue, and its CDF by F;(x). Note that

A= >, A where \; is the arrival rate of the i-th queue. We then have
> AiFi(x) = AF(x).
i=1

Note that function A\F(-) sufficiently describes both the Poisson arrival process and the job-size distribution: AF'(z) is
the arrival rate of jobs whose sizes are shorter than or equal to =. Hence its derivative A f(x) is the density function of
the arrival rate for job size x. A static strategy, therefore, is equivalent to an algorithm that divides function A\F'(x) (or
Af(x)) toasum of n parts, i.e., Y i A F;(x) (or Y7, Aif (), respectively), each of which is assigned to a queue. The
performance of the system is evaluated by the mean response time or main waiting time on the per-job basis.

We denote the service time on the i-th queue by X; which equals to X;/c;. Also, we let random variable X be the

overall service time on the entire system. Taking expectations per job, we get

S

]

BIX] = Z NE[X] Z AiE[X )

n
; 2
= A ¢ i=1

i
b)
Ci

> =
> =

where p; = A\ E[X;] is the load of the i-th queue. Finally we denote the second-order load of the i-th queue by w; =
AE[X?]. Clearly we have p = """ | p; and w = >"7 | w;. The overall mean waiting time and the overall response time

are, respectively,

B[T] = %ZAlE[n]:E[WHE[X], @3)

where E[W;] and E[T;] are the mean waiting time and the mean response time of the i-th queue, respectively.

2.3 Specific static strategies

Several particular static strategies are discussed throughout the rest of this paper. Here, we classify these strategies:

Random strategy. Under the random strategy, jobs are assigned to the i-th queue with a fixed probability p;, inde-
pendent of job size. The random strategy is a static strategy such that F;(x) = F(z) and \; = p; \.

Size-Interval (SI) strategy. In the Sl strategy, job sizes are divided into n distinct, contiguous intervals, separated
by n — 1 thresholds. Jobs in each size interval are assigned to a single queue. We denote by &;, ¢ = 1,2,...,n — 1
these thresholds, and let §, = 0 and &,, = oc. The i-th queue gets all the jobs that have sizes between £, ;)—1 and &, i,
where m(+) is a one-to-one mapping from n queues onto n size-intervals, i.e., (m(1),m(2),...,m(n)) is a permutation
of (1,2,...,n). The mapping m(-) indicates how to map size intervals to queues.



Assuming continuous job-size distributions, with the SI strategy, we have

Em(i) Em(i)
i = AF(Em@y) = Flémi-1)]s Pme) = A zdF(z), w;= /\/ a?dF (z),
Em(i)—1 Em(i)—1
and
F(z)iF(gwﬂi)—l)
Fl(m) _ FCom))—F Emiy_1) gm(i)fl <z< gm(i)
0, otherwise

The Sl strategy was proposed by Harchol-Balter, Crovella and Murta [10] (called as SITA in [10]). The optimality of
the Sl strategy for homogeneous systems is discussed in Section 3.
Nested Size-Interval (NSI) strategy. We propose this strategy in order to generalize the Sl strategy.

Definition 2.1. Suppose the minimum and maximum job sizes assigned to the i-th queue are denoted by 51.(0) and 551),
respectively. A static strategy is a nested-size-interval (NSI) strategy if, for each pair of queues, say the i-th and j-th
queues, either of the following is satisfied:

() €2 <€l < ¢l < ¢! (the range of the j-th queue is nested in the range of the i-th queue)
(i) € <&l < ¢V <€l (the range of the i-th queue is nested in the range of the j-th queue)
(iii) §J(.1) < 51.(0) or g§0> > gi(l) (non-overlapping ranges)

In other words, the intervals of job sizes assigned to one queue either fall inside the intervals assigned to another
queue, or all intervals assigned to one queue are smaller than the sizes assigned to the other queue. The optimality of the
NSI strategy for heterogeneous systems is discussed in Section 3.

We can see that, if case (iii) is satisfied for all pairs of queues, the static strategy is an Sl strategy, hence an Sl strategy
is a special case of the NSI strategies. We may say that the j-th queue takes the inner range in case (i) and the outer
range in case (ii). The following definition adds some restrictions on choosing NSI strategies regarding which of a pair of
queues can take the inner range.

Definition 2.2. We say the j-th queue can be nested in the i-th queue if cases (i) and (iii) in Definition 2.1 are the only
allowable cases. We call this asymmetric and transitive relation a nesting relation, denoted by j; < 4. By symmetry,
relation i < j is defined if cases (ii) and (iii) in Definition 2.1 are the only allowable cases. If neither j < i nori < j is
defined for the NSI strategy, case (iii) in Definition 2.1 is the only allowable case.

Figure 2 depicts three possible NSI strategy assignment of interval ranges of job sizes to queues. In the topmost
assignment, job sizes assigned to queue A are nested within jobs assigned to queue D. Jobs assigned to queue B and C are
also nested within jobs assigned to queue D. In the middle example, jobs assigned to A are nested within B, whose jobs
are nested within D. Jobs assigned to queue C are also nested within D.

3 Optimal Static Strategies

We optimize within the class of static strategies. In Section 3.1 we study the scenario that all queues use processor-
sharing. In Section 3.2 we study the scenario that all queues use first-come first-serve. In Section 3.3 we show that, with
proportional partitioning, the Sl strategy is always better than the random strategy in a homogeneous system. This result is
generalized in Section 3.4: the optimal optimal static strategy is always an Sl strategy for homogeneous systems whereas
it is not so for heterogeneous systems.



3.1 PS systems using the static strategy

We now consider the case that the scheduling policies for all queues are processor-sharing (PS). We shall show that no
static strategy can perform better than the optimal random strategy. The closed forms of the steady-state mean response
times for a single M /G/1 queue under these policies are well known for a queue with unit capacity. Scaled to a queue of
capacity ¢, the mean response time of an M /G /1-PS queue for a job of size x is [12]

x/c x
T = = 4
(‘I)PS 1—p/C C—p’ ()
and the overall mean response time is then
1
E[Tw] = . (5)
Tel = =)

For each queue, applying (4) to (3) with ¢ and p replaced by ¢; and p;, respectively, we get the mean response time of the
entire system

PR =Y 5 [ =53 ©

Ci — Pi Ci; — Pi

We can see that the mean response time of a system with PS queues under static strategies depends only on p;, We refer
to the vector [p;]7_, as load partitioning. Then the following proposition immediately follows.

Proposition 3.1. The mean response time of a heterogeneous multi-queue PS system using an arbitrary static strategy is
the same as that under a random strategy with the same load partitioning. In other words, with performance measured by
the mean response time, there is no advantage for a static strategy to use size information in a heterogeneous PS system.

The optimal load partitioning for a PS system is identical to an FCFS system where job sizes are exponentially
distributed with the same mean, as we see in Section 3.2. Note that Proposition 3.1 also applies to the mean service time

E[X]; as seen in (1), the mean service time depends only on the load partitioning.

3.2 FCFS systems using the static strategy

We now derive formulae for the mean waiting time when the queues are FCFS (c.f. (11)). For a single M/G/1-FCFS
queue, the mean waiting time is (scaled from the Pollaczek-Khintchine formula [6])
AE[X?) w

E [Weers| = 2¢(c — p) - 2¢(c —p)’ (7)

and the mean response time is

X w 1
E[TFCFS] =F [WFCFS] +E |:?] = m + a’ (8)

where w = AE[X?]. Note that for exponential service times, since E[X?] = 2/u? (hence w = 2p/ 1), we have

__r 11
E[TFCFS] - C,U(C _ p) + cu /L(C - P)7 (9)

which is identical to (5), the mean response time of a PS queue for any job size distribution with the same expectation.
Unlike the PS policy, the mean response time under the FCFS policy can be significantly improved if size information



is used. From (7) and (8), the mean response time for a heterogeneous FCFS system using a static strategy is
E[TFSCFS] - E[WFSCFS] + E[X] (10)

where

NE[X2) Aiwi
St E . 11
Wierd Z {201 (ci — pz] 2)\Z|:Cz pz} D

=1 Ci
is the mean waiting time. In fact, the quantity (\;w;)/[2¢;(c; — pi)] = N E[W;] is the average number of jobs in the
waiting list of the i-th queue, by Little’s Law [6]. Then the right-hand side of (11) is equal to (3", A E[W;]) /(2X). So

minimizing E| is actually equivalent to minimizing the total number of jobs in the waiting lists of all queues. This

FCFS]
is not surprising, since this is an immediate result of applying Little’s law to the waiting list of the entire system.
Now we consider the special case that the random strategy is used. Using the random strategy we have \; = Ap;/p

and w; = wp;/p. From (11), the mean waiting time is

n 2 2 n 2
w Pi Cx +1 0
E[WFRCFS] =52 Z o (co N > ] N (12)

where C% = E[X?]/E?[X] — 1 = \w/p? — 1 is the square of the coefficient of variation for the random variable X.

Then the mean response time is

C% +1 ¢ p? 1 pi
R _ X i il E 3
E[TFCFS] - 2)\ P i (Ci _ pz) + )\ ‘ . (13)

For the random strategy, Buzen and Chen [3] gave the optimal load partitioning:

. C%+1
(ks = €4 =4\ G4 CF — T a4

where (3 is a parameter satisfying the total load constraint that p = > | pr.
Later, Ni and Hwang [18] give the solution that /3 = (Z?:l \/c_z) /(1— p) for the special case of exponential service
times (so it also applies for all distributions where C'x = 1). In this case, the optimal load partitioning is

* \/C—'L *\S
(07 )rersop = €1 — mm—=(1 = p) = (P s (15)
FCFSlexp Zi:l \/C_z PS
Note that, since (5) and (9) are same, F[T] is also the same as the mean response time for a heterogeneous FCFS system
using the random strategy, E[T}%.], with exponential job sizes, as mentioned in Section 3.1.
By now we have formularized the mean waiting time for the heterogeneous FCFS systems under static strategies. The

following comparison and proofs of optimality are based on these formulas.

3.3 Two strategies with proportional partitioning

Let us now compare the random strategy with the Sl strategy under proportional partitioning for the homogeneous queues.
We shall show that the Sl strategy achieves lower mean waiting and response times for all job size distributions. Earlier, we
define load partitioning to be the vector [];"_;; the proportional load partitioning, or simply proportional partitioning, is

a particular load partitioning such that the amount of load assigned to each queue is proportional to its capacity, i.e., p; =



c¢;p. Proportional partitioning yields more specific static strategies: e.g., random strategy with proportional partitioning
(RP strategy), and size-interval strategy with proportional partitioning (SIP strategy).

It can be seen from (12) that, if the load partitioning [p;])"_, is determined, the mean waiting time under random
strategies can be determined. For a homogeneous system, since the capacities of all queues are the same, the mapping
m(4) is irrelevant to the mean waiting time. Without loss of generality, we can just set m(¢) = 4, and then \; and w; can
be determined by the vector [p;]’-_,. Therefore, we can see from (11) that the mean waiting time of the Sl strategy is also
determined. In short, for homogeneous systems, the load partitioning uniquely determines the mean waiting times under
both random and Sl strategies.

Consider a homogeneous system using the Sl strategy. The following lemma, which is used to prove our main results,
states that, under the Sl strategy, the queue that receives shorter jobs has more zeroth-order load (i.e., arrival rate) and less
second-order load, if queues are given the same first-order load.

Lemma 3.2. Let X; and X; be two job size distributions and \;, p;, and w; (A;, p;, and w;) be the corresponding
arrival rate, load and second-order load of X; (X;), respectively. If X; < & < X holds, then \;/p; > X;/p; and
wi/pl- < Wj/pj. If Pr [XZ < Xj] > 0, then /\z/pz > )\j/pj and wi/pi < Wj/pj.

Proof. Let F;(-) and F;(-) be the CDFs of X, and X, respectively. Clearly we have F;(¢) = 1 and F;(§) = 0. Since

3 3 < I (r © JIF (2
A Afngi(x) N fOEdFi(x) 1o MER® TR 1 (16)
Pi N [SadFi(x) € [SdF(x) € pi Ao wdFi(x) — € [ dFi(x) €

we have \;/p; > X;j/p;. Similarly,

wi _ & Jy wdFi(x)
pi fog xdF;(z)

_ e wdh@) o (17)

~ T TR @

If Pr X, < X;] >0, i.e.,either Pr[X; < & > 0orPr[X; > £ > 0, or both, holds, then at least one of two inequalities
in (16) strictly holds. Same for (17). O

Let us first study a simple scenario: comparing the random strategy and the Sl strategy under the proportional parti-
tioning (i.e., p; = p/n) for homogeneous (i.e., ¢; = 1/n) queues: that is, RP strategy versus SIP strategy. From (12), we
get the mean waiting time of the RP strategy

nw
EWE]= .
[ FCFS] 2(1 _ p)
From (11), we get the mean waiting time of the SIP-strategy
E[W) = o En Nwi = B[] | 2 f Aiwi (18)
FCFS. 2)\(1 . p) P 14 FCFS. \w P 14 |

where \; = A ffim((i?il dF(z) and w; = A ffim((i?il x2dF (x) are respectively the arrival rate and the second-order load
for the i-th queue. Without loss of generality, we assume m(i) = i for homogeneous queues. (Note that we cannot have
this assumption for heterogeneous cases; the mapping of queues matters — we come back to this in a later section.) Since
pi = pi+1 = 1/n (proportional partitioning), by Lemma 3.2, we get \; > A\;y1 and w; < w;yq foralli =1,...,n — 1.

So, )\; is a decreasing series and w; is an increasing series. By applying the discretized version of Chebyshev Integral
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Figure 3: (a) lllustration of a continuous job-size distribution containing three uniform parts at around 4, 1, and 1/6. The
Sl strategy with ascending mapping assigns all jobs of size around 6 and portion of jobs of size around 1 to the slower
queue. (b) As the width of each uniform part goes to zero, the distribution approximates a discrete distribution, and the Sl
strategy probabilistically assigns jobs of size 1. (c) The alternate static strategy that assigns only portion of jobs of size 1
to the slower queue. This static strategy is indeed an NSI strategy for a discrete job size distribution. (d) Illustration of an
NSI strategy that optimizes the mean waiting time for this particular continuous distribution. The jobs of shaded area is
assigned to the slower queue.

Inequality (see [2] for details), we have

Therefore, in a homogeneous system, the SIP-strategy always attains a smaller mean waiting time than the RP-strategy for
any job-size distribution. It also applies to the mean response time since the mean service time in a homogeneous system

is constant.

3.4 Optimal static strategies for homogeneous FCFS systems

The simple deduction above shows, with proportional partitioning, the Sl strategy is always doing a better job than the
random strategy in a homogeneous system, disregarding the job size distribution. Could the Sl strategy generally beat other
strategies? We shall see that the answer is always yes for homogeneous systems but not always yes for heterogeneous
systems, respectively implied by the Theorem 3.3 and Example 3.4.

Theorem 3.3. The optimal static strategies for a homogeneous FCFS system is an Sl strategy, with respect to both the

mean waiting time and the mean response time.

We delay the proof of Theorem 3.3 to Section 5. Harchol-Balter et al. [10] provides an intuitive explanation for why
under the Sl strategy the mean response time is small: this strategy drastically reduces the variability of job sizes for
each queue. Similarly, the optimality of the SI strategy stated in Theorem 3.3 might be intuitively explained as follows.
Within all static strategies, strict thresholding might be the best way to divide the original arrival process AF'(x) into n
arrival processes with smallest possible job-size variability for each queue. Thus, with an optimal load partitioning, the
Sl strategy might be optimal in the entire class of static strategies. Unfortunately, this explanation is unsatisfactory, since

the result does not hold for heterogeneous systems. Here is a counter example:

Example 3.4. Consider the scenario that jobs that have only three different possible sizes: 1 = 6, 2o = 1and z3 = 1/9,
where 0 < 6 < 1, such that the loads of the three kinds of jobs are respectively p., p — 2p., and p., where p. is a small
amount of load. Then, the arrival rates of the three kinds of jobs are respectively %=, p — 2p., and 6p., whereas the
second-order loads of the three kinds of jobs are respectively p., p — 2p. and Z=. The total arrival rate and second-order
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load are the same in quantity: A = w = p + (5 + 6 — 2) p. The mean jobsize is E[X] = \/p =1+ (5 +0—-2) £, a
little more than 1.

We have not defined Sl strategy for discrete distributions. However, we can approximate it by a series of continuous
distributions, as illustrated in Figure 3(a). The limit of the series is illustrated in Figure 3(b) — we consider this limit
strategy is still an Sl strategy. (See also the remark at the end of Section 3.4.)

Suppose we have p. < p—ca < p1 < ¢1 < 1 —2p,, where p; and ¢; corresponds to the slower queue. There are
two cases (mappings) for the Sl strategy: the first (slower) queue gets either (i) all jobs of size 6 or (ii) all jobs of size
1/6. In either case, a fixed portion of job of size 1 is also assigned to this queue. Assuming the case (i), i.e., short jobs are
assigned to the first queue. Then we have

M=k (b =0+ (o1 pl),

0

No=Ope+(p2—po)y  ws =254 (o2 —pe).

0

If we assume the case (ii), the difference is that \; and w; is swapped in quantity for i« = 1, 2. Hence the two mappings
of the Sl strategies result in the same mean waiting time.
Consider an alternative static strategy that assigns only jobs of size 1 to the first (slower) queue (This is in fact an NSI

strategy but not an Sl strategy). Then we have

1
)\1:(,«)1:/)1, AQ_WQ_p2+<§+9—2>p€

Figure 3(b) illustrates the Sl strategy and Figure 3(c) illustrates the alternative NSI strategy.
Let & = 0.5, p. = 0.05, p = 0.9. The following table compares the optimal E[WW]’s for the Sl strategy, the alternate
NSI strategy and the random strategy as in (12). Values in parentheses is the optimal load partitioning, namely p3. Note

that we assume c¢; + c2 = 1 and p3 + pj = p.

o | Bz | Ew) | EWRJ
05| 9.189(0.45) | 9.25(0.4512) | 9.25 (0.45)

0.4 | 9.081(0.3549) | 9.101 (0.3561) | 9.137 (0.3551)
0.3 | 8.743(0.2601) | 8.728 (0.2614) | 8.784 (0.2606)
0.2 | 8.111(0.1662) | 8.077 (0.1676) | 8.136 (0.1669)

As we can see in the table, the alternative NSI strategy is better if ¢, is small (for ¢; = 0.2 and ¢; = 0.3). This shows
that sometimes the optimal static strategy will never be an Sl strategy for heterogeneous systems.

3.5 Optimal static strategy for heterogeneous FCFS systems

In Section 3.4, we give an example to show that the Sl strategy sometimes cannot be optimal. By generalizing the SI
strategy, we can find a set of static strategy that contains the optimal static strategy, as implied by the following theorem.

Theorem 3.5. For a heterogeneous FCFS system, the optimal static strategies (with respect to the mean waiting time) is
an NSI strategy where a slower queue can be nested in a faster queue (c.f. Definition 2.2).

We delay the proof of Theorem 3.5 to Section 5.
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Let us provide an intuitive explanation on why the optimal Sl strategy is probably not an optimal static strategy for
heterogeneous systems. To improve performance, all queues desire variability of jobs as small as possible. However, the
variability of jobs for different queues are correlated to each other, so we have to balance their desires. In a homogeneous
system, their desires are equally strong, whereas in a heterogeneous queues, a slower queue has a stronger desire for less
job variability than the faster queue, since the job variability has a stronger effect in deteriorating the performance on a
slower queue than on a faster queue. So the slower queue gets some priority over a faster queue in choosing job sizes.
As shown in Figure 3(b) and Figure 3(c), the alternative NSI strategy offers the slower queue a size variability of zero,
whereas the S| strategy does not. However the slow queue does not always have a higher priority; in Example 3.4, the SI
strategy is still better for ¢c; = 0.4 < ¢ = 0.6. As the difference between capacities of two queues increases, the desire
for a small job variability from the slower queue gets stronger. Therefore, the optimal static strategy is a strategy that
discriminates against the faster queue by assigning a better interval to the slower queue, as shown Figure 3(d).

Under an NSI strategy, if the size of a job is known upon arrival, the queue, to which the job is assigned, is fixed.
Therefore the NSI strategy is deterministic. Generally, a deterministic strategy can be considered as a special case of
stochastic strategies, where a queue is chosen for a job with probability one.

Remarks on deterministic strategies for discrete job-size distributions. So far, we assume the job size distributions are
continuous, and argue that a discrete distribution can be approximated by a series of continuous distributions. However,
the word deterministic needs a refinement for discrete job-size distributions or distributions containing both discrete
and continuous portions. For these distributions, the strategies must still satisfy certain load partitioning requirement.
Therefore a deterministic strategy may assign jobs of those discrete sizes (where the CDF has a jump) into different
queues probabilistically. Here we abuse the word deterministic a little (we may instead say that the deterministic strategy
is actually deterministic for almost every size); this generalization is necessary to extend the analysis to multiple M/D/1
queues. For Sl strategies, if Pr{X = &;} > 0, i.e., the CDF has a jump on &;, we may allocate part of jobs of size &; to
class 7 with a certain probability and the rest to class ¢ + 1, in order to satisfy the requirement of load partitioning. If two
or more thresholds coincide, the jobs whose size equals to these thresholds are split into three or more classes.

By now, the optimal static strategies for homogeneous and heterogeneous systems are identified but not proved — the
proofs are in Section 5.

4 Mapping of sizeintervalsand capacity planning

Although the optimal Sl strategy is not always an optimal static strategy, it is simpler than the general case of the NSI

strategy. Therefore in this section we restrict our study on the Sl strategy in a heterogeneous system. The SI strategy

has been shown to outperform the random strategy by several orders of magnitude when the job-size distribution is a

heavy-tailed distribution, bounded Pareto in particular, for homogeneous systems [10]. In this section, we first show some
numerical results of SI strategies for heterogeneous systems, with some particular job-size distributions. These results

show that the mapping of size intervals to the queues, or simply the mapping, significantly affects the mean waiting time,
and demonstrate that the problem of finding the best mapping is probably very difficult for general distributions. Then
we present a class of distributions that are mapping-invariant for two-queue systems and discuss the capacity planning

problem.
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Figure 4: Two heterogeneous FCFS queues using Sl strategies of two different mappings, with bounded-Pareto distributed
job sizes. (a,b) The optimal mean waiting time as functions of the capacity of the first queue. (c) The ratio of optimal
mean waiting times between the ascending and descending mappings, as functions of the capacity of the slower queue.

4.1 Three kinds of distributions

Three kinds of distributions are used in this section: bounded Pareto, log-normal and Weibull. Each of them has one
parameter that controls its variability: from heavy-tailed distributions to approximately deterministic. Also, the coefficient
of variation, Cx, is a monotonic function of the control parameter for each kind of the distributions.

Bounded Pareto distribution. A bounded-Pareto distribution has a power-law tail. The CDF is

F(z) = % [1— (E)a} fork <z <m,
1= (%) g
where & is the lower bound of the random variable and 7 is the upper bound. The variability is controlled by the parameter
a € (0,00). We set the ratio n/x to a fixed value (10' by default) and then choose a « such that E[X] = 1/u (= 1
by default). For « € (0, 2], the bounded Pareto is a classical heavy-tailed distribution [2]. As @ — oo, this distribution
approaches a deterministic value 1/; this can be easily seen because, as « — oo, we get k — 1/p and the probability
Pr[X > & + €] vanishes quickly even for a small e.

Log-normal distribution. A random variable X has a log-normal distribution if log X has a normal (Gaussian)
distribution. Its CDF is (1/2) [1 + erf ((Inz — m)/(sv/2))], where m and s are the mean and deviation of the Gaussian
log X, respectively, and erf(x) = % fom e~ dr. The variability is controlled by parameter s, and parameter m is chosen
such that F[X] = 1/u. As s — 0, the Gaussian, log X, is close to a deterministic value, so X is close to a deterministic
value as well. As s — oo, a large variation is shown in both log X and X.

Weibull distribution. A random variable X has a Weibull distribution if X< is exponential. Its CDF is 1 —
exp (—fz®), where 5 = 1/E[X“] and a > 0. The Weibull distribution degenerates to an exponential distribution
when « = 1. The variability is controlled by parameter «, and parameter § is chosen such that E[X] = 1/u. Fora < 1
the distribution has greater variability and a heavier tail than the exponential distribution, and as « — oo it is close to a

deterministic value.

4.2 Numerical results

We show numerical results of heterogeneous systems under the Sl strategy for the above-mentioned three classes of
distributions. We shall see that, for heterogeneous queues, the mapping of size intervals to queues, namely m(-), greatly
affects the waiting time of the SI strategy. Two particular mappings are of special interest: the ascending mapping and the
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Figure 5: Two heterogeneous FCFS queues using Sl strategy, with Weibull distributed job sizes. (a,b)The optimal mean
waiting time as functions of the capacity of the first queue. (c) The ratio of optimal mean waiting times between the
ascending and descending mappings, as functions of the capacity of the slower queue.

descending mapping. With the ascending (descending) mapping, the queues are mapped in the ascending (descending)
order of their capacities: the slowest (fastest) queue gets the first size interval containing shortest jobs. In other words, the
ascending mapping means m(¢) = ¢ and the descending mapping means m(i) = n —i + 1, where i = 1,2...,m. In
a system of two queues, the ascending and descending mappings are the only two mappings. We let E[X] = 1/u = 1,
without loss of generality.

We consider only the Sl strategy in this section. The numerical results in Figures 4, 5 and 6 show how the optimal
mean waiting time E[WZ2_]* changes as the capacity of the first queue changes, for a two-queue system at p = 0.8. In
Figures 4(a,b), 5(a,b) and 6, the X-dimensions are the capacity of the first queue, and the Y-dimensions are the mean
waiting time. Since we require a unit total capacity, i.e, c; + c2 = 1, the difference of mean waiting times between two
mappings can be seen by comparing each curve with its reflex over ¢; = 0.5 (Clearly the smaller waiting time is better).
In order to make this difference clear, in Figures 4(c) and 5(c) we plot the ratio of the optimal mean waiting time under
the descending mapping, E[W22]*, to that under the ascending mapping, E[W.34]*, as functions of the capacity of the
slower queue (so the range of the X -axis is [0, 0.5]). Figures 4, 5 and 6 are for bounded Pareto job-size distributions, the
Weibull job-size distributions, and the log-normal job-size distributions, respectively.

As we can see in these figures, the descending mapping is better for bounded-Pareto distributions, whereas the ascend-
ing mapping is better for Weibull distributions. Note that ascending mapping is also better for the exponential job-size
distribution since it is a special case of Weibull distributions. Similar results can be observed with other load values. For
the log-normal distributions, interestingly, the two mappings are equally good. The difference between two mappings is
on the magnitude of computational errors.

The differences of the optimal E[WZ.]’s (with respect to different ¢;’s) become significant if the variation of the
distribution become larger, in particular for bounded Pareto distributions. So in reality if we have a heterogeneous FCFS
system under the Sl strategy, the mapping of size intervals should be taken into account. For example, in supermarkets,
there are often some express check-out lines with different thresholds; this is an actual application of the SI strategy.
Meanwhile, this system is heterogeneous — senior cashiers and new employees have different processing speeds. The
decision of whether or not to put a senior cashier at an express line, depends on the distribution of service times for a
customer (by an average cashier).

Figure 7 shows the best mapping of size intervals for the system with three heterogeneous queues and exponential
services, at p = 0.8. In Figure 7, the X-dimension is the capacity of the slowest queue, with a range of (0,0.33), and
the Y-dimension is the capacity of the second to the slowest queue, with a range of (0,0.5). So the coordinates of each
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neous FCFS queues using Sl-strategy. The job size strategy, with exponentially distributed job sizes. Note that
distribution is log-normal. 1-2-3 means the ascending mapping and 3-2-1 means the

descending mapping.

point indicates a combination of three capacities (sum to one). The mark of a point represents the best mapping for
the corresponding capacity combination. There are six different mappings but we can see only two kinds of marks in
the figure: if the slowest queue has a small capacity (less than about 0.12), the ascending mapping (1-2-3) is best; if
the slowest queue has a larger capacity (more than 0.16), the best mapping is (2-1-3), i.e., the slowest queue gets the
middle-sized jobs whereas the fastest queue still gets the longest jobs.

From these figures we can see that the best mapping is distribution-dependent, either for heavy-tailed distributions
or for distributions close to a deterministic value. From Figure 7 we notice that, for exponential distributions, the best
mapping depends on the quantity of the capacity of the slowest queue. In fact, all these job size distributions we studied
here are somewhat “regular”; we believe the problem of finding the optimal mapping for a general distribution is a hard

problem, both analytically and computationally.

4.3 Mapping-invariant distributions

It can be observed in Figure 6 that the mean waiting times for log-normal job-size distributions seem to be invariant to the
mapping of size intervals in a two-queue system. In fact, this is not a coincidence; we have the following proposition.

Proposition 4.1. For a heterogeneous FCFS system with two queues, if the partial load p(z) = A foz tdF (t) satisfies
plx) = p — p(v/x) for some positive ¢, then E[W2.] is independent of the mapping of queue. Only load partitioning
affects the mean waiting time.

Proof. Let £ be the threshold used in the ascending mapping and £’ = /£ be the one used in descending mapping. Let
i, pi, w; be the corresponding quantities under the ascending mapping and ., pl, w! be those under the descending

mapping. Clearly we have p1 = p(§) = p — p(¢') = pf and similarly po = p/. In other words, load partitioning is
symmetric for two mappings of queues. Suppose the distribution is continuous. Taking the derivatives on both sides of

p(z) = p— p(th/x) (note that p(x) = A [, tdF (1)), we get f(z) = (¢?/a*) f (¢/x), where f(z) = dF(z)/dx is the
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probability density function (PDF). Then we have
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Similarly we get \, = w/ /¢. Because of symmetry, we get w; = 1\, and wy = ¥ \}. Then

1 Wi )\/,)
1 AiW; 1 (1/, ) (YA
E[W3A —§ _—§ = E[W32
[ FCFS] 2)\ P CZ (Cl _ pz) 2)\ P qu (Ci _ p;) [ FCFS]
Hence the distribution is mapping-invariant in two-queue systems. O

The log-normal distribution and the job-size distribution in Example 3.4 satisfy p(x) = p — p(v/x) and hence is
mapping-invariant in two-queue systems.

4.4 Capacity planning

Given a total capacity of queues, the capacity planning problem is to find the best way to allocate an amount of capacity
to each queue. First let us consider the case that the random strategy is used. It can be derived from (14) that proportional
partitioning is the optimal load partitioning under random strategy for homogeneous systems. From (12) and (13) it is easy
to see that the mean waiting time or the mean response time of a homogeneous system (c; = 1/n) is n times worse than
those of a single queue of unit capacity, as in (7) and (8), respectively. Then what if the capacity is divided unevenly? Let
us assume that the coefficient of variation Cx = 1 so that E[T{,]* = E[Tg]*. Letting n = 2 and plugging p1 = (p})5
from (15) to (6), we finally obtain
2 1-2y/c1(1 —¢q)

B = -~ 2a-n 39)

Since the function /z(1 — ) is a concave function, E[T] is also a concave function of ¢;. It is maximized at ¢; = 0.5
and minimized at c; = 0 or ¢; = 1. So, if we are going to split a unit capacity into two PS queues, the best way is
to allocate all the capacity of one of them, and the worst way is to allocate the capacity homogeneously to each queue.
Clearly it can be extended to n queues. Our numerical results show that, this claim is generally true for an FCFS system
using the random strategy, even if C'x # 1.

Similar results hold for all static strategies if jobs sizes are close to deterministic: since p; ~ \;/u and w; ~ \;/p?,
we get \;w; &~ p?, hence (11) is close to (12).

Generally for static strategies it is no longer true that allocating all capacity to a single queue is the best solution. With
the Sl strategy, if jobs have large variability, it is wise to use more queues. We can see from Figures 4(a) and 5(a) that, for
bounded Pareto and Weibull distributions with a small «, the mean waiting time for two heterogeneous queues with any
capacity combination is smaller than that for a single queue (shown in the figure at ¢ = 0 or ¢; = 1). In other words,
with large job-size variability, the performance is improved by splitting a small amount of capacity to an independent
queue. In this case, the mapping of size intervals is very important; for example, as shown in 4(b), for the bounded Pareto
distribution with o = 1.7, the mean waiting time improves three times as much even if we just split out 5% of the capacity.
This very slow queue must service longest jobs, however, otherwise we get almost no improvement.

For bounded-Pareto and Weibull job-size distributions, the homogeneous capacity allocation (c; = c2 = 0.5) is
usually not the optimal. As seen in 4(a) and 5(a), with the best heterogeneous capacity allocation, we can improve the
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mean waiting time by 10-50% over the homogeneous allocation.

In this section we have discussed the capacity planning problem assuming that the expense of a server is a linear
function of the server capacity. In other words, in the above capacity planning problem we assume Y 7 , ¢; = 1. In
reality, this is usually not accurate. The price of a server is usually a non-linear function, say $(-), of the server capacity.
In future work, we may use an alternative constraint, e.g., > ., $(ci) < $romac-

5 Proofson the optimal static strategies

We show the main results in Section 3 but delay the proofs to this section. In this section, we prove theorems 3.3 and
3.5 and show a proposition that helps seeking the optimal NSI strategy. For each of the proofs, first we show that the
corresponding theorem holds for systems with two queues, and then extend the result to systems with multiple queues.
We use notation «; = 1/[c;(¢;— p;)] to simplify the equations in the rest of this section. Note that by (11) the mean waiting
time of an a static strategy is E[Ws.] = [> i, aiAw;] /(2X). Job size distributions are assumed to be continuous. For
discrete distributions, we can always argue by continuous approximations.

For systems with two queues, consider two actions to improve the mean waiting time: transfer some load from one
queue to the other, or swapping loads between two queues. (Here by saying load transferring or swapping, we actually
mean to transfer or to swap the jobs that constitute the specified load.)

Load transferring. We transfer some jobs from the second queue to the first queue. Let the arrival rate, the load, and
the second-order load of transferred jobs be A\, Ap, and Aw, respectively. They can be either all positive or all negative
(the latter case means we are actually transferring jobs from the first queue to the second queue). If we assume that the
number of transferred jobs are very small, the change of the mean waiting time due to transferring can be approximated
by computing partial derivatives of E[WZ.] in (11) with respect to ), p, and w, i.e.,

1 1 1
A(BWE]) = 2 [a1 A1 — agAa] Aw + o\ [crwr — aowe] AN+ o) [crafhw — coa3Aows]| Ap. (20)

Load swapping. We swap some load between two queues. Let A, p7, and w?, i = 1,2, be the arrival rate, the load,
and the second-order load that are swapped from the i-th queue to the other, and let A}, p!, and w] be the corresponding

quantities that remain in the i-th queue. Then we have

2AE[Wis] = arhiwr + agdows = a1 (A] + A7) (W] +wi) + @z (A5 + A3) (ws + w3)

= 2XAE[W] = (o1 + a2) AT = Aj] [wf — w3] + [a1 A1 — agdo] [wf — w3] 4+ [A] — Aj] [onwr — aswa]  (21)
where E[WS, ] = [a1 (A} 4+ A3) (W] + ws) 4 az (A + A5) (wi + wb)] /(2)) is the mean waiting time after the swap of
loads.

Proof. (Theorem 3.3) For load swapping, we denote by pj the load of the jobs above ¢ in the first queue, for some
&, and by pj the load of jobs below ¢ in the second queue, as illustrated by shaded areas in Figure 8(a). At ¢ = 0,
P =p1>0=ps, whileat{ = oo, pj = 0 < pa = p5. Quantities p; and p5 are continuous, monotonically decreasing
and increasing functions of &, respectively, so they must meet somewhere. We can find such a £ such that 5 = p3.
Assuming p; = p3, by Lemma 3.2, we get A{ < A3 and wf{ > w3.

Then we consider four conditions:
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1. Ifboth a1 A1 > as s and aqwy < asw, are satisfied, from (21), we have
E[WFSCFS] > E[W:ZFS] = E[Wf(':FS]’ (22)

since Af < Aj and w§ > w$. Note that, after load swapping, the static strategy becomes an Sl strategy. If, before

the swapping, the static strategy is not yet an Sl strategy, the inequality in (22) strictly holds, since we have both
Af < A3 and wi > w3 by Lemma 3.2.

2. Ifboth a1 A1 < as g and aqwy > aw, are satisfied, we can swap the first queue and the second queue, then case 1 is
satisfied.

3. If both a1 A1 < as e and aqwy < asw, are satisfied, by (20), as long as a < ¢, we can continuously transfer jobs
from the second queue to the first queue, with any job-size distribution, such that A (E[WZ,]) < 0, i.e. the mean
waiting time is strictly improving, until either a; A1 > asXs Or aywi > aswo is satisfied. (Note that ab; < asbs
if0<a; <azand 0 < b; < byl

4. If both a1 \; > as e and aywy > ajw; are satisfied, by (20), as long as @ > c¢o, we can transfer jobs of any sizes
from first queue to the second to improve the mean waiting time, until either g Ay < as A Or ajwy < asws IS
satisfied.

Note that for homogeneous queues we have ¢; = ¢o. Then one of the four conditions is satisfied. If either Condition 3 or
Condition 4 is satisfied, we can improve the mean waiting time by continuously transferring some jobs from one queue
to the other until either Condition 1 or Condition 2 is satisfied. If Condition 2 is satisfied we can swap two queues so that
Condition 1 is satisfied. If Condition 1 is satisfied, we can swap portions of loads of two queues as illustrated in Figure
8(a). After load swapping, the static strategy becomes an Sl strategy, and the mean waiting time is decreased (strictly if
it is not an Sl strategy before swapping). In short, for any non-Sl static strategy, we can always find an Sl strategy with a
smaller mean waiting time. Hence the optimal static strategy for two equal queues is an S strategy.

The result can by extended to n queues by pairwise using the process described above to improve the mean waiting
time, until the static strategy converges to an Sl strategy®. Hence we have Theorem 3.3. O

Now we look at Theorem 3.5. We need to prove a series of lemmas as follows.

1To be rigorous, we show that the convergence is achieved in fi nite steps. Please see Appendix A for details.
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Lemma 5.1. Suppose function ¢(t) is a monotonic positive function in interval [a,b]. For (a1,b1) such thata < a; <
by <bandb—a = 2(b; — ay), suppose g(t) satisfies flfll g(t)dt = [ g(t)dt + fbbl g(t)dt. Then

[ =L L

Proof. The proof is an application of the convexity of function 1/« for z > 0. Let

) =ar+0= 1 {g(bl)—i%rw—g(al)}’

(01) —g(a1) [ g(a1) g(b1)

be a linear function such that h(g(a1)) = 1/g(a1) and h(g(b1)) = 1/g(b1). By the convexity of 1/z and monotonicity of
g(-), we have h(g(t)) > 1/g(t) fort € [a1,b1] and h(g(t)) < 1/g(t) fort € [a,a1] U [b1,b]. Then

b1 dt b1 by
/a ok / 1 h(g(t))dt—a< / 1 g(t)dt> + Bl — ar)

because of the linearity of A(-). Similarly

“dt boqt a1 b
/a M+/b1@2/a h(g(t))dt+/bl h(g(t))dt

—a </ g(t)dt—&—/b g(t)dt) Y Blar—atb—b)=a (/ 1g(t)dt> + B(b —ar).

With two inequalities above, we complete the proof of Theorem 5.1. O

Lemma 5.2. Suppose two thresholds, &; and &, 0 < & < &, divide the job sizes into three size intervals, such that
p2 = p1 + ps = p/2, where p; is load of the i-th interval. Then, Ao < A; + A3 if we = w1 + w3, whereas ws < wy + w3
if Ao = A1 + A3, where \; and w; are the arrival rate and the second-order load of the i-th interval, respectively, for
i=1,2,3.

Proof. Let p(x) := Afom tdF(t), and let z(r) := p~1(r) be the inverse function of p(z). Assume &, = 0 and &3 = oc.
Then we have, fori = 1,2, 3,

&i &i 1 Ti 1
Ai = A dF (z) = / —dp(z) = / dr, and
Ei—1 13 Ti—1

i & T
s [ aar) = [ sdpo) = [ et
i—1 &i—1 Ti—1

where r; = p(&;), in particular, 7o = 0 and r3 = p.

Suppose we = w1 + ws. Leta =19 =0, a1 = 71, by = ro, b = r3 = o0, and g(-) = z(-), which is an increasing
function. Using Lemma 5.1 we get Ao < A;+A3. Supposing A2 = A1+ and using Lemma 5.1 againwith g(-) = 1/x(-),
we get we < wy + ws. O

Proof. (Theorem 3.5) Again, first we consider two queues. Without loss of generality, we assume ¢ < co. Hence the
c1 > co part of Condition 4 in the proof of Theorem 3.3 no longer holds. However, we show that the following replacement
of the condition 4 holds:
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4’. If both ay A\ > asAs and aywy > aswo are satisfied, we can find a NSI strategy, where the first queue can be nested

in the second queue, i.e, 1 < 2, provides a lower mean waiting time than the original static strategy.

Suppose there are two thresholds &, and &, such that £, < &,. Now we swap load between two queues. Let pf be the load
of the jobs below &, and above &, in the first queue, and 4 be the load of jobs between ¢, and &, in the second queue, as
illustrated by the shaded areas in Figure 8(b). We swap two loads, if both p§ = p§ and A§ = \§ are satisfied. Then, by
Lemma 5.2, we have w$ > wj. Then, from (21) we get E[WS. ] > E[WS,] = E[W!,]. Note that after swapping, the
static strategy becomes an NSI strategy where the first (slower) queue can be nested in the second (faster) queue, i.e., the
slower queue gets the inner range.

For completing the claim in Condition 4°, it remains to show that there are actually such £, and &, satisfying p; = p§
and w§ = w$. First let ¢, = 0 and find & such that p§ = p5. This can be done in the same way as in the proof of Theorem
3.3. At this time, A\{ < A due to Lemma 3.2. Now we shift &, to the right on the real axis and also shift &, to the right
accordingly such that p§ = p3. This can also be done until &, goes to infinity. At § = co we have A{ > A{ once again
because of Lemma 3.2. Then before &, approaches infinity, there must be a value of & and the corresponding &, such that
both p§ = p5 and A\j = A§ are satisfied, due to continuity of all these quantities. Hence the claim in Condition 4’ is true.

With Conditions 1, 2, 3, and 4’, in the same way as the argument in the proof of Theorem 3.3, it is proved that, for any
static strategy, there is an NSI strategy that improves the mean waiting time, for two heterogeneous queues. Note again
that an Sl strategy is a special case of NSI strategies. With this NSI strategy, the slower queue can be nested in the faster
queue, by the claim of Condition 4’. By doing pairwise load transferring and swapping, this results can be extended to

multiple queues?. Hence we have Theorem 3.5. O

We can see that the key elements of these proofs are the two measures, namely A := «a;A; and Q := ayw;, for the i-th
queue, as shown in Conditions 1-4 and 4’. For each pair of queues, generally we have two scenarios:

(i) One queue has a greater A whereas the other has a greater 2 (Conditions 1 and 2). In this case, pairwise swapping of

equal amounts of loads, as illustrated in Figure 8(a), improves the mean waiting time.

(if) One queue, say X, gets both a greater A and a greater {2 than the other queue, say Y (Conditions 3 and Condition 4 or

4”). In this case,

(ii-a) if the capacity of X is greater than or equal to that of Y, we can transfer some load from X to Y in order to
improve the mean waiting time;

(ii-b) if the capacity of X is strictly less than that of Y, load transferring cannot guarantee an improvement in the
mean waiting time. The NSI strategy can be used to improve the mean waiting time: we add a nesting relation
between X and Y, i.e., X<, and do load swapping as illustrated in Figure 8(b).

From the proof of Theorem 3.5, we can observe that Condition 4’ does not actually assume either ¢; > cs or ¢y < ¢o (In
Condition 4 we do have such assumption). Hence if Condition 3 is satisfied, alternatively, we can swap two queues so that
Condition 4’ is satisfied, i.e., we can find a better NSI strategy without load transferring. In other words, we can merge

case (ii-a) to case (ii-b) and then replace the case (ii) above with

(ii”) One queue, say X, gets both a greater A and a greater 2 than the other queue, say Y. The NSI strategy can be used
to improve the mean waiting time: we add a nesting relation between X and Y, i.e., X<, and do load swapping as
illustrated in Figure 8(b).

2To be rigorous, we need to show that the convergence is achieved in fi nite steps. Please see Appendix A for details.
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Clearly, due to Condition 3, the mean waiting time of this NSI strategy cannot be optimal if X is not slower than Y.
However, it can be optimal given that the load assigned to each queue cannot be changed. We summarize this observation
with the following proposition: (Note that the mean service time is fixed if the load partitioning is fixed: c.f. (1)).

Proposition 5.3. For a heterogeneous FCFS system, if the load partitioning is fixed, the optimal static strategy (for both
mean waiting time and mean response time) is an NSI strategy with a set of nesting relations. A relation X<Y is added to
this set if A and €2 of X are both greater than those of Y.

The difference between Theorem 3.5 and Proposition 5.3 is that they uses different set of relations. In Theorem 3.5, a
slower queue can be nested in a faster queue whereas, in Proposition 5.3, a queue with both a greater A and a greater €2
can be nested in the other. Moreover, Proposition 5.3 requires fixed load partitioning. The implication of Proposition 5.3
has two-fold. First, for fixed load partitioning, in particular the proportional partitioning that is fair to each queue, we can
still find an optimal NSI strategy to minimize mean waiting and response times. Note that the propotional partitioning is
safe (it does not overload any of the queues as long as p < 1) in the case that the load of the entire system, p, is hard to
estimate. Second, for an NSI strategy, fewer the number of nesting relations is, more simple and approachable the NSI
strategy would be. In Theorem 3.5, we assume there is a nesting relation for each pair of queues of unequal capacities.
However, by load transferring and Proposition 5.3, we can get an NSI strategy where a nesting relation exists only if the
slower queue has both greater A and Q2. In other words, some nesting relations can be eliminated so that it becomes easier
to search for the optimal static strategy. It is not always possible to remove all the relations, though, as in the case of
Example 3.4; but if one manages to do so, the optimal static strategy degenerates to an Sl strategy, and the problem is then
simplified to finding the best mapping and the optimal load partitioning [p]:-_, .

6 Conclusion

In this paper, we investigate parallel queueing systems with separate heterogeneous queues, using stochastic, size-aware,
static strategies. We showed that, if the scheduling policy of the queues is processor-sharing, the mean response time
of the entire system is determined solely by the load partitioning, i.e., the amount of load received by each queue, and
therefore size information of each job does not help improving the mean response time. For first-come first-serve queues,
we prove that there is a size-interval strategy that optimizes mean response and waiting times within all static strategies,
if the system is homogeneous, whereas a counter-example is found for a heterogeneous system. Then we prove that there
is a nested size-interval based strategy that optimizes a heterogeneous system. We also study the effects of the mapping of
size intervals on the mean waiting time with three kinds of job-size distributions, and show that the best mapping is hard
to determine. Finally we turn to the capacity planning problem and show that splitting capacity is important for systems
with jobs whose sizes have large variability.

It remains to study the optimal dispatching strategy in the scenario that other scheduling policies are used by the
queues, e.g., the shortest-job-first (SJF). In contrast to the FCFS policy, the SJF policy favors jobs with large variability.
Hence, intuitively we conjecture that the optimal dispatching strategy is not deterministic, i.e., the size of a job does not
determine which queue for the job to go, and some randomness mechanism should be used. We also conjecture that, in
contrast to the FCFS queues, the random strategy has a good performance for SIF queues, much better than using the
size-interval strategy.
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A Extend the proof in Section 5 to multiple queues.

In order to extend the proofs for Theorems 3.3 and 3.5 from two queues to multiple queues, we need to show that we can
get an Sl strategy in finite steps by pairwise operations. There are many different sequences of doing so; we provide one
of the algorithms that terminates in finite steps.

Note that we define two measures in the paper that A := o, \; and 2 := «;w; for the i-th queue. We say the i-th queue
is unfairly loaded over the j-th queue if the i-th queue has a greater A and a greater €2 than the j-th queue, i.e.,a; A; > ;A5

and a;w; > ojw;. Also, let us refer to the real interval [{Z.(O), 51.(1)] as span of the i-th queue where, as in Definition 2.1,
51.(0) is the size of the shortest job and 51.(1) is the size of the longest job that assigned to the i-th queue.

Homogeneous systems:

1 procedure SEARCH- A-BETTER-SI STRATEGY
2 LoAD- BALANCE() ; transferring |oad between queues
3 LoAD- SwaP() ; find an SI strategy by pairw se swappi ng | oad
4
5 procedure LOAD- SwapP()
6 S—o ; queues whose intervals are disjoint with each other
7 S —{1,2,...,n} ; queues except for those in S
8 for i—1ton
9 T — argmaxges, QgAk ; the queue maximzing A in &
10 foreach je & — {z}
11 LOAD- SWAP- PAI RW SE( z, j)
12 end
13 S—8Sufz}, S <& —{z} ; mve =z fromS; to S
14 end
15
16 procedure LOAD- SwaP-PAI RW SE( 4, j)
17 swap portions of |oads between queue i and j

(WI th ;N > aj)\j and aiw; > ajwj)

according to Condition 1 in the proof of Theorem 3.3

as shown in Figure 8(a).
18
19
20 procedure LOAD- BALANCE()
21 S {1} ; no unfairly | oaded queues in S
22 for i—2ton
23 LOAD- BALANCE- | NDUCTI VE(S,4) ; bal ance the | oad between i and S
24 S — Su{i} ; add queue i to S one by one
25 end
26
27 procedure LOAD- BALANCE-I| NDUCTI VE( S, 1)
28 S « {z|x € SAUNFAI RLY- LOADED( z, @) }
29 if S1#£9 ; S1o ounfairly | oaded queues in § over queue i
30 while & #9
31 LOAD- TRANSFER- TO( S, 1) ; transfer load fromS; to queue i
32 &1 — & — {z]x € S A “UNFAI RLY- LOADED( z, %) }

; renove queues fromS; that are not unfairly | oaded over i

33 end
34 return
35 end
36 S «— {z|r € SAUNFAI RLY- LOADED( i, z) }
37 if S £ ; Si1: queues in S over which queue 7 is unfairly | oaded
38 while S #9
39 LOAD- TRANSFER- FROM( S, 1) ; transfer load from: to queue &
40 S1 — &1 — {x]z € S A -UNFAI RLY- LOADED( %, x) }
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; renove queues from S; over which ¢ is not unfairly | oaded

41 end
42 end
44

45 function UNFAI RLY- LOADED(i , j)
46 return az\; > Oéj/\j N QWi > Qjw;
47
48 procedure LOAD- TRANSFER- TO( Sy, )
49 transfer |oads fromqueues in S; to i
whi |l e keep | oad bal anced in &
until {z|z € S A “UNFAI RLY- LOADED( z, i) } # &
50
51 procedure LOAD- TRANSFER- FROM Sy, 1)
52 transfer loads fromi to queues in &;
whi |l e keep | oad bal anced in &
until {z|z € S A “UNFAI RLY- LOADED( i, ) } # &
53

Remarks:

Procedures LOAD-TRANSFER-FROM and LOAD-TRANSFER-TO transfer load between a queue, x, and a group of
queues in S; while keeping the orders of A and €2 in the group unchanged. This can be done by finding a feasible
solution for the amount of load transfered from each queue, with a bunch of inequalities. Also, a queue in S; U {z}
is not unfairly loaded over any queue in S — Sy, by the formation of Sy, and vice versa. This property is not affected
by transferring load between S; and x because the load transferring would only shift their A’s and Q’s more close
to each other.

The transferred jobs can have any distribution. The simplest way is to transferred jobs randomly without considering
jobsizes, i.e., AN/ A = Ap/pr = Aw/wy, where k is the index of the source queue.

In Line 9, we always choose queue x to be the queue that has the greatest A in S;. After a pairwise load swapping
between queue x and a queue that has a smaller A (and therefore a greater 2), we can see from the proof of Theorem
3.3, queue z is always at the left-hand side of the real axis. Meanwhile, each load swapping makes A of queue x
even greater so it is always the queue that has the greatest A in S;. During load swapping, we do not change the
total amount of load for queue x while replacing long jobs with small jobs, so the size of the longest job for queue
2 will become shorter and shorter. This property is important for showing finite convergence: if we have done load
swapping between queue = and a queue, say 4, a later load swapping between queue = with another queue, say j,
will not make the spans of queue x and queue ¢ overlap. In other words, we need only one load swapping between
each pair of queues.

Line 28 finds the subset of queues in S that is unfairly loaded over queue 4, where Line 36 finds the subset of queues
in S over which queue ¢ is unfairly loaded. Note that only one of the two subsets is non-empty because of the
transitive property of > and <.

Heterogeneous systems In order to extend the proof of Theorem 3.5 from two queues to multiple queues, we need to
made a few changes to the previous algorithm;

It is fine that a slower queue is unfairly loaded in the load balancing stage. So replace Line 36 with the following:
36"  S1 — {z|]r € SAc¢; > ¢, AUNFAI RLY- LOADED( 4, x) }

The load swapping operation is different from homogeneous systems. So replace Line 3 with the following:

3 LoAD- SwaP- HETERO() ; find an NSI strategy by pairw se | oad swappi ng

We instead use the following load swapping procedure for heterogeneous systems.
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54 procedure LOAD- SwAP- HETERO()

55 S— o ; S: queues whose intervals are disjoint with each other
56 S —{1,2,...,n} ; S10 all queues except for those in S

57 for i—11to n

58 T — arg maXges, Ok Ak ; get the queue having the max A in &
59 foreach je & —{z} — {yly € SiAUNFAI RLY- LOADED( z, ¥) }

60 LOAD- SWAP- PAI RW SE( z, j)

61 end

62 foreach j e {yly € SiAUNFAI RLY- LOADED( z, y) }

63 LOAD- SWAP- PAI RW SE- EXTENDED( z, j)

64 end

65 S—8Sufz}, S <& —{z} ; mve z fromS; to S

66 end

67

68 procedure LOAD- SwaP- PAI RW SE- EXTENDED( 4, j)

69 swap portion of |oads between queue i and j
(WI th i > Oéj/\j and Wi > ajwj)
according to Condition 4 in the proof of Theorem 3.5
as shown in Figure 8(b).

70

Remarks:

e The new load swapping procedure still iterates in the descending order of A. For each queue, say ¢, we first do
pairwise swapping with the queues over which queue ¢ is not unfairly loaded, as illustrated in Figure 8(a) (Line
59-61). As stated earlier, the size of the longest job assigned to queue x will become smaller and smaller and its A
remains the greatest in S;. Then we do pairwise swapping with the queues over which queue i is unfairly loaded,
as illustrated in Figure 8(b) (Line 62-64). Since queue 7 is unfairly loaded, it corresponds to A1 f1 () in Figure 8(b).
Figure 8(b) shows the span of the unfairly loaded queue will become narrower and narrower and meanwhile A of
queue x remains the greatest in S; (since A is unchanged). For the same reason as stated earlier, we need only one
load swapping between each pair of queues.
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