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Abstract

We study multi-dimensional stochastic processes that arise in queueing models used in the perfor-
mance evaluation of wired and wireless networks. The evolution of the stochastic process is determined
by the scheduling policy used in the associated queueing network. For general arrival and service
processes, we give sufficient conditions in order to compare sample-path wise the workload and the
number of users under different policies. This allows us to evaluate the performance of the system
under various policies in terms of stability, the mean overall delay and the mean holding cost.

We apply the general framework to linear networks, where users of one class require service from
several shared resources simultaneously. For the important family of weighted a-fair policies, stability
results are derived and monotonicity of the mean holding cost with respect to the fairness parameter
« and the relative weights is established. In order to broaden the comparison results, we investigate a
heavy-traffic regime and perform numerical experiments. In addition, we study a single-server queue
with two user classes, and show that under Discriminatory Processor Sharing (DPS) or Generalized
Processor Sharing (GPS) the mean overall sojourn time is monotone with respect to the ratio of the
weights. Finally we extend the framework to obtain comparison results that cover the single-server
queue with an arbitrary number of classes as well.

1 Introduction

In recent years a lot of attention has been devoted to multi-class stochastic networks where the capacity
allocated to the various classes depends on the number of users present in all classes. Analyzing multi-
class stochastic systems tends to be very challenging. Metrics like the joint (marginal) distribution of
the number of users of the various classes, or even the mean number of users of the various classes,
can only be determined in some special cases. In order to gain insight into the performance of the
system, researchers have therefore resorted to deriving various broader related properties of the underlying
stochastic processes, such as stability conditions, comparison results and performance bounds.

Stability of stochastic systems is a well-founded theory [28, 9]. Recently new results have been derived for
systems with state-dependent (and time-varying) capacities. For example, in [22] the stability conditions
for utility-based allocation policies in a time-varying scenario are characterized. In [6] necessary and
sufficient stability conditions for parallel-server queues with state-dependent capacities are derived.
There is a wide range of literature on the ordering of random processes, see for example [35, 30]. In
particular, stochastic comparison is often used. In the seminal paper [25] (see also [24]) necessary and
sufficient conditions on the transition rates are given for the existence of a stochastic ordering between
two Markov processes defined on ordered state spaces, starting from any two ordered initial states. It
turns out that these conditions are often too strong in a queueing context. In particular, the conditions
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are not satisfied in the examples we study in this paper. Here we consider a special case of stochastic
ordering: We use a sample-path approach to compare two stochastic networks, that is, for both networks
we assume the same realizations of the arrival processes and service requirements (see [11, 23] for more
details).

A related research direction is to obtain bounds for the stochastic process of interest [5, 41, 8]. In a recent
paper [5] the authors consider a network of processor sharing queues with independent Poisson arrival
processes. The capacity of the various queues is variable and depends on the number of users present in
all the queues. Stochastic bounds for the number of users present in each queue are obtained for so-called
monotone policies (removing a user from any queue increases the capacity allocated to every other user).
Our main interest is in stochastic processes that arise in so-called bandwidth-sharing networks introduced
in [27] to model the dynamic interaction among competing elastic data flows that traverse several links in
the Internet. An important family of rate allocation policies originally introduced in [29] are the so-called
weighted a-fair bandwidth-sharing policies, where as a function of the parameter o« one obtains popular
disciplines such as maximum throughput (@ — 0), Proportional Fairness (PF, a = 1) and max-min
fairness (a — 00). It has been argued that the bandwidth sharing realized by TCP (Transmission Control
Protocol) in the Internet can be well approximated by an a-fair policy with parameter o = 2 [16]. In [4]
it is shown that any a-fair policy (a > 0) achieves maximum stability assuming Poisson arrival processes
and exponentially distributed flow sizes. Obtaining closed-form expressions for the performance metrics
of a-fair policies has proved to be rather difficult. Therefore, researchers have studied the performance
under various probabilistic limiting regimes. For example, in [13, 14, 17] the authors study the number
of users of the various classes under a fluid and a diffusion scaling when at least one node is in heavy
traffic, and investigate diffusion approximations for the queue lengths.

In this paper we start off by considering a general multi-class queueing system setting with general
arrival and service processes. The allocation to the various classes is feasible when it belongs to a rate
region, which may vary in time. We give sufficient conditions on two allocation policies in order to
compare sample-path wise the workload and the number of users of the various classes. We obtain
weaker sufficient conditions on the transition rates than [25, 24]. Since our result is a pure sample-path
comparison, it holds for arbitrary arrival processes, service time processes and rate region variations.
Our sample-path comparison yields stability results and monotonicity of the mean holding cost. Then
we apply our framework to linear networks. This is the canonical model to study the bandwidth sharing
of data traffic that traverses multiple links and the cross-traffic it meets on its route. Linear networks
can also model mutual interference in wireless networks or write permission in a shared database. For
the family of weighted a-fair policies in the linear network, we obtain stability results and, under certain
restrictions on the service requirements, show monotonicity of the mean holding cost with respect to the
fairness parameter o and the relative weights. To cover all service requirement parameters, we consider
a two-node linear network in a heavy-traffic regime and obtain further monotonicity results based on
a conjecture in [13, 14]. For a normally-loaded system we perform numerical experiments that provide
further insight into the performance of the a-fair policies. Finally, we consider a multi-class single-server
queue for which we are especially interested in weighted time-sharing policies such as Discriminatory
Processor Sharing (DPS) [20, 12, 1] and Generalized Processor Sharing (GPS) [10, 32]. For a single
server with two classes we obtain that the mean holding cost is monotone for DPS and GPS with respect
to the ratio of the weights. Then we extend the framework to cover the single-server queue with an
arbitrary number of classes.

The remainder of the paper is organized as follows. In Section 2 the model is introduced and Section 3
describes the results for the general framework. We apply this framework to a linear network in Section 4
and we focus on weighted a-fair policies in Section 5. In Section 6 we consider the multi-class single-server
queue.

2 Model description

We consider a multi-class queueing system with L + 1 classes of users. Class-i users arrive according to
a renewal process with mean inter-arrival time 1/);, and have service requirements B; with mean 1/,
1=0,...,L. Let p; = 2—‘ represent the offered work of class 7 per time unit. The inter-arrival times and
service requirements are mutually independent random variables.

For a given scheduling policy 7, denote by N7 (¢) the number of class-i users in the system at time ¢ and

let N™(t) = (NF(t), NT(t),...,NF(t)). Let W7 (t) denote the total residual amount of work in class i



(i.e. the workload in class i) at time ¢. We assume the processes N7 (t) and W/ (t) to be right continuous
with left limits. We further define NJ” and W] as random variables with the corresponding steady-state
distributions (when they exist).

For a given policy 7, denote by s7(t, ) the instantaneous service rate received by class i at time ¢ when

the system is in state @ = (ng,n1,...,nr). Hence the allocation given to class i can only depend on
the time and on the number of users present in the system. We assume that s7(¢,7) = 0 when n; = 0.
In addition, the allocation vector 57 (¢,7) = (s§(¢,7),...,s7(t,7)) has to lie in a certain rate region

R(t) ¢ RE™ which may depend on the time ¢ but not on the state 7 itself, that is 57 (¢,7) € R(¢). In
the remainder of the paper we suppress the dependence on ¢t and write §7(77) instead of §™(¢,7). The
service discipline within a particular class, the intra-class policy, is the First Come First Served discipline
(FCFS).

Denote by

ST(t) == / ST(N™ (u))du

the cumulative amount of service received by class ¢ during the time interval [0,¢]. Let A;(0,t) be the
amount of class-i work that arrived in the time interval (0, ¢]. Then the workload in class i at time ¢ can
be written as

Wi (t) = Wi(0) + Ai(0, 1) — S7(2). (1)

Remark 2.1 When the service requirements are exponentially distributed, for any non-anticipating intra-
class policy, the stochastic behavior of the system (for example the distribution of the number of users
of the various classes) is determined completely by the allocation vector §™(7) and does not depend on
the intra-class policy used. A policy is called non-anticipating when the discipline is not based on any
knowledge of the actual realizations of the remaining service requirements. This implies that when the
service requirements are exponentially distributed, the results we obtain (by assuming FCFS) are also
valid for non-anticipating policies like the Processor Sharing discipline (PS), the Last Come First Served
discipline and the Foreground Background discipline.

Remark 2.2 When the service requirements are exponentially distributed, the arrival processes are Pois-
son and the rate region R(t) = R does not vary in time, the process {N§(t), N7 (t),...,NJ(t)}+>0 s a
continuous-time Markov process. The transition rates are given by

(ngy -« sy -oynp) — (no,.-.,mg +1,...,n)  at rate N,

and
(noy .- yNiy...,ng) = (noy...,ni — 1,...,n5) at rate  p;s; (7).

As indicated in Remark 2.1, the transition rates are independent of the non-anticipating intra-class policy
used.

Our goal in this paper is to compare the performance of a multi-class queueing system under different
policies. First of all, we will be interested in whether a policy can achieve stability. Another important
performance measure we consider is the holding cost, ZiL:O ¢iNT (t), where ¢; is an arbitrary nonnegative
cost associated with class i, 7 =0, ..., L. Because of Little’s law, a policy that minimizes the total mean
(weighted) number of users present in the system, minimizes the mean overall (weighted) sojourn time
as well.

In Sections 4 and 5 we focus on a particular example of a multi-class queueing system: the linear network,
see Figure 1. It might be convenient for the reader to bear this network in mind when reading Section 3.
A linear network consists of L nodes. The capacity of node i at time ¢ is equal to C;(t), i = 1,..., L.
Class-i users require service at node 4 only, ¢ = 1,..., L, while class-0 users require service at all nodes
simultaneously. Hence the rate region corresponding to the linear network is equal to

R(t)={Fe R 5o +5, < Ci(t), Yi=1,...,L}.

When C;(t) = C for all i and all ¢, we refer to it as a symmetric linear network. The linear network can
model situations such as bandwidth sharing in wired networks, mutual interference in wireless networks,
and write permission in a global database. This will be discussed in more detail in Section 4.
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Figure 1: Linear network.

3 Comparison of policies

In this section we consider the behavior of a linear network under two different policies m and 7 for
the same realizations of the arrival processes and service requirements. The following property states
conditions that will allow us to compare the two policies 7 and 7.

Property 3.1 Let m and 7 be two policies such that
(i) sZ(i™) < s§(A™), when nf =nk and nj > n?,Vj =1,...,L.

(ii) s§(A™) + sT(A™) < s5(A™) + sF(7i"), i = 1,..., L, for all states i™ and ™ that satisfy one of the
following conditions:

e nj >0, ng >ng, 0<n} andn] <nj.

e nf=ny=0,0<nf=nf andn}an?forallj;éO,i.

In Section 4 we show how this property allows us to compare policies in a linear network.
We now establish a sample-path comparison result for the number of class-0 users and for the workload
in the system. This result will play a key role in the remainder of the paper.

Proposition 3.2 Let m and T be two policies that satisfy Property 3.1 and consider the same realizations
of the arrival processes and service requirements. Assume WJ(0) > W{(0) and W{(0) + WF(0) >
WE(0) + W7 (0) for alli=1,...,L. It holds that for all t > 0,

(i) S§(t) — W (0) < S5 (t) — W (0),
(ii) ST (t) — WZ(0) + ST(t) — WF(0) < SF(t) — WF(0) + SF(t) — W7(0), i=1,...,L,
and hence
(iii) N§(t) = N§(t), Wg(t) = Wi (),
(iv) W)+ Wr(t) > Wi(t) + Wit), i=1,...,L.

We like to emphasize that because of the FCFS assumption and the same realizations of the arrival
processes and service requirements, we implicitly assume that at time 0 the k-th most recently ar-
rived class-i user has the same service requirement under both policies, ¢ = 0,1,...,L, k = 1,...,
min(N/(0), N7(0)) — 1. Hence, the condition in Proposition 3.2 always holds when both processes start
in the same state N™(0) = N7(0), where at time ¢ = 0 each user has the same (remaining) service
requirement under both policies.

In the proof of Proposition 3.2 we use f(t*) > g(¢t) to denote that there exists a sufficiently small § > 0
such that f(u) > g(u) for all u € (¢, + d]. Since (N;(t))i>0 is a piece-wise constant right-continuous
process, this ensures that an inequality on N/ (t) and N7 (t) at time ¢, immediately translates to the same
inequality on N7 (t*) and N7 (t*) at time ¢*. This property is used throughout the proof.

Proof of Proposition 3.2: From (1) we obtain that inequality (i) implies W (t) > W{(¢) and in-
equality (i) implies inequality (iv). Also note that W' (t) > W{(¢) implies NT(t) > NF(t), since the
intra-class policy is FCFS and the k-th most recently arrived class-0 user before the current time ¢ has the
same (original) service requirement under both policies. Therefore, it suffices to prove that inequalities
(i) and (ii) hold.



We prove (i) and (ii) by contradiction. Suppose they do not hold sample-path wise. Let ¢ be the first
time epoch at which one of the two inequalities is violated.

First assume that inequality (i) is the first one to be violated, i.e., SF(t) — W (0) = SF (t) — W§(0) and
sT(NT (1)) > sE (N7 (¢1)) (with strict inequality), but S (£) — W (0)4 ST (t) =W (0) < SE(t)— W7 (0)+
ST(t) — WF(0) for all i = 1,..., L. Hence, from (1) we obtain W (t) = W (t) and W[ (t) > W[ (¢t) for

alli=1,..., L. Since the k-th most recently arrived class-j user before the current time ¢ has the same
(original) service requirement under both policies and the intra-class policy is FCFS, we have as well

NF(t) = NF(t) and NF(t) > NF(t) forall i=1,..., L. (2)

The process {N;(t) }+>0 is a piece-wise constant process and is right continuous, hence (2) remains true at
time t*. Together with Property 3.1 this gives sZ(N7(t")) < sf(N™(t")), which contradicts the initial

assumption.
Next, assume that inequality (i) is violated at time ¢, i.e., SF(t) — W (0) + ST (t) — W7 (0) = SF(t) —
(1)) (w1th strict inequality),

WG (0)+SF () =W (0) and s (N7 (£%)) 457 (N™(t7)) > s (N7 (t7)) +5 (J\7 ("
S§()=W§(0)+57 () -W](0)

but 5§ (t) =W (0) < 8§ (t) — W (0) and SF () — W (0)+ ST () = WJT (0 )
for all j # 0,i. Hence W (t) > Wi (t) and W[ (t) < W[ (1), from which (as before) we can conclude that
t

NF(tT) > NF(tT) and NF(t+) < NF(tF). We now distinguish between the following possibilities:
o If Nf(tJr) > 0.

— If NF(t+) > 0, then by Property 3.1 (ii) it follows that s7 (N7 (¢+))+sT(N7 (1)) < s& (N7 (t1))+
sT(N7 (1)) which contradicts the initial assumption.

— If NF(t*) = 0, then NF(t*) = 0 and hence SZ(t) — WZ(0) = SF(t) — W (0) which implies
ST(t) — W (0) = ST (t) — W[ (0) and ST(t) — WI(0) < ST(t) — j( for 7 # 0,7. So
0= Ng(tt) = Ng(t*), NF(tT) = NF(t") > 0, and N7 (tT) > Nj(tT) for all j # 0,i. By
Property 3.1 (ii) it follows that s3 (N7 (1)) + sT(N™(t1)) < s3 (N7 (t1)) + sT (N7 (t1)) which
contradicts the initial assumption.

o If N7 (t*) = 0, then N (t*) = 0 as well, and hence S7(t) — W/ (0) = ST(t) — W/ (0). This
implies S§ (t) — Wi (0) = Sg(t) — Wy (0) and ST (t) — W (0) < S7(t) — W (0) for all j, implying
WJ( ) = Wg (t) and W (t) > W (t). As before, we obtain that N§ (t*) = N§(t*) and N7 (t+) >

N7 (tT) for all j # 0. By virtue of Property 3.1 this means that s§ T(NT(tT)) < sT(N7(t)). Since
’?(t ) = N7 (tt) = 0, we also have that sT(N7(t+)) = sT(N7(t+)) = 0, and hence s3 (N7 (t1)) +
ST(NT(t1)) < sf (N7 (t1)) + sT (N7 (¢1)), which contradicts the initial assumption.

g I
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Remark 3.3 Proposition 3.2 is a sample-path result and does not require any distributional or indepen-
dence assumptions with respect to the inter-arrival times and service requirements. The only assumption
required is that the arrival characteristics are independent of the state of the system, since in Proposition
3.2 we use the same realizations of the arrival processes and service requirements when comparing the
policies.

Proposition 3.2 (iii) states in fact a sample-path wise pre-ordering on two continuous-time processes
{N7(t)};>0 and {N7(t)};>0 starting from ordered initial states. There is a broad range of literature on
the existence of orderings of stochastic processes. An important ordering is the stochastic ordering <
([30, 35]). The sample-path ordering is a special case of this. Let X (¢) and Y (¢) be two continuous-time

processes. We say that {X (¢)}1>0 <st {Y(¢)}i>0 if and only if there exists a coupling (X'(t), Y’ (1)), i.e.

X(t) 4 X'(t) and Y (t) 4 Y'(t), which is order-preserving, i.e. P(X'(t) < Y'(t),Vt > 0) = 1 (here < is an

ordering on the state space). So if the processes X and Y are initially ordered, then the order is kept at
all times.

When X (¢) and Y (¢) are two continuous-time Markov processes, in [25, Theorem 5.3] and [24, Theorem
2] necessary and sufficient conditions on the transition rates are given in order for an order-preserving
coupling to exist ({X (¢) }i>0 <ot {Y () }+>0) for any ordered initial states (X (0) < Y (0)). Here < denotes
a pre-order relation. In particular, in a Markovian setting (Poisson arrivals, exponentially distributed



service requirements and a fixed rate region, see Remark 2.2) the necessary and sufficient conditions on
the policies m and 7 to obtain

{NF(t)}i0 =5t {Ng (t)}e>0, for any two ordered initial states NZ(0) > N (0), (3)

are
sT(A™) < s3(A™) when nl =nl. (4)

(The pre-ordering relation used here for the L + 1-dimensional process N (t) is defined by the number of
class-0 users.) The sufficient condition in Property 3.1 for the sample-path comparison of Proposition 3.2
to hold, and the necessary and sufficient condition in (4) for the stochastic comparison in (3) to hold, are
not directly comparable. Given two policies, it is possible that either only Property 3.1 is satisfied, or
only (4) is satisfied. Note that the stochastic ordering result in (3) holds for any two initial states that
are ordered, N7 (0) > NF(0). In Proposition 3.2 the initial states are ordered as well, but we assume
that at time ¢ = 0 we have additional knowledge on the service requirements of the users present under
policy m and 7. So in this respect we would expect Property 3.1 to be weaker than (4). On the other
hand, in Proposition 3.2 the coupling is specified in advance, namely the two processes are coupled by
their arrival processes and service requirements, while in (3) any coupling is allowed to obtain the desired
order-preserving result. So in this respect we would expect (4) to be weaker than Property 3.1.

In a queueing context, condition (4) is rather strong. One often encounters examples where so(7) — 0
as n; — 0o, i # 0. If this is the case for policy 7, then (4) will not be satisfied. In Sections 5
and 6 we will consider settings for which Property 3.1 is satisfied, while (4) does not hold. In addition,
Proposition 3.2 is not restricted to Markov processes, hence it applies as well for general arrival processes,
service requirements and time-varying rate regions.

The results in [25] and [24] provide a notion of ordering that holds for any ordered initial states. In this
paper we use a weaker notion, that is, we use additional information on the service requirements at time
t = 0. This allows us to prove the auxiliary inequalities in Proposition 3.2 (i) and (ii) for policies = and
7 that satisfy Property 3.1, which are crucial in proving the final ordering result. Since we are interested
in performance metrics like stability and mean number of users, the chosen initial states are not relevant.
In the next two subsections, Proposition 3.2 is used to derive results for the stability and mean holding
cost.

3.1 Stability

Recall that the stability conditions depend on the policy being used. The sample-path comparison in
Proposition 3.2 does not require the system to be stable. In particular, Proposition 3.2 (iv) implies the
following result.

Corollary 3.4 Assume policies ™ and 7 satisfy Property 3.1. If the system is stable under policy , then
it is stable under policy © as well, in the sense that the system is empty under policy ™ whenever it is
empty under policy .

In particular, if the empty state is positive recurrent under policy 7 in the case of Poisson arrivals, then
it is positive recurrent under policy 7™ as well.

Proof: The first statement follows by noting that if Zf:o W7 (t) = 0, then we obtain from Proposi-
tion 3.2 (iv) that ZiL:O W7 (t) = 0. The second assertion is a direct implication of the first one. O

3.2 Mean number of users

In case the service requirements are exponentially distributed with Zle ciy < colo, the sample-path
comparison established in Proposition 3.2 allows us to compare the mean holding cost.

Proposition 3.5 Assume the service requirements are exponentially distributed. Let w and 7 be two
policies that satisfy Property 3.1 and assume policy w gives a stable system. If ZiL:1 citby < colbo, then

L

L
D GR(NT (1) = Y aE(N (), Vit>0.

i=0 =0



Proof: Assume at time ¢ = 0 the conditions as stated in Proposition 3.2 are satisfied (for example,
assume both policies 7 and 7 start with an empty system). From Proposition 3.2 (iii) we have that
NE(t) > Ni(t) for all t > 0. Taking expectations we get

E(NG (t)) = E(NG (1)) ()

From Proposition 3.2 (iv) we have that W (£)+W/ (t) > W (t)+W/ (¢) for all t > 0. Taking expectations
we get E(WJ(t) + E(WF(t)) > E(W{(t)) + E(WF(t)) for all i = 1,...,L. Since the policy is non-
anticipating and the service requirements are exponentially distributed, and thus memoryless, we obtain
E(W/(t)) = ~E(N7(t)) and hence for all i = 1,..., L,

Hei

Lpove) + LEOve) > LBV @) + LE(G
%E(No () + ME(Ni () = MOE(NO (t)) + ME(M (1)) (6)

Inequalities (5) and (6) together with Zle cipi < copo give

< T Coto — ZiLZI Cilbi T - 1 ™ 1 ™
> eE(N(®) = PN )+ (ﬁw@ (0) + ~E(N; (t)))
Cojto — Zf:l Cili 7 - o 1 7 1 7
> BN 0) + ) e (%Em (0) + BN (t)))
L
= S GE(NF (1)
1=0

O

Note that by Remark 2.1, Proposition 3.5 holds for any non-anticipating intra-class policy, so not only
for FCFS.

Remark 3.6 We only obtain a comparison result in terms of the mean holding cost, while we start
from a sample-path comparison as stated in Proposition 3.2. The derivation of stochastic ordering results
remains as a challenging topic for further research.

When N7(t) and N7(t) are two Markov processes, the mecessary and sufficient conditions in order
to obtain EiL:() NT(t) >a ZiL:O NF(t) for any ordered initial states EiL:o NT(0) > EiL:o NF(0), are
Zf:o pisT (™) < ZiL:O wisT (™) for all states with ZiL:O ny = ZiL:O n¥ , [24, 25]. In a queueing context
this condition is rather strong. In Sections j and 6 we will see settings for which this condition is not
satisfied.

4 Linear network

In this section we apply the results obtained in Section 3 to a linear network as depicted in Figure 1. As
mentioned in the Introduction, the linear network provides a useful model for the interaction of data flows
that traverse several links in a wired network, and experience bandwidth contention from independent
cross traffic. A linear network also arises in simple models for the mutual interference in wireless networks.
Consider the following setting of a wireless cellular network. Users can be either in cell 0, cell 1 or cell
2, see Figure 2. Users in cells 1 and 2 can be served in parallel by their own base station. Because of
interference, a user in cell 0 can only be served when exactly one base station is on and transmits the
requested file to the user in cell 0. Hence, class 0 can only be served when both classes 1 and 2 are not
served, which can be modeled by a linear network consisting of two nodes. The results for the linear
network that we obtain later in this section can be applied to a wireless network if coordination between
base stations is possible. Coordination has recently been proposed in [3, 40].

As a further motivating example we could think of write permission in a shared database. Consider
L servers that each perform tasks involving read/write operations in some shared database. Read op-
erations can occur in parallel. However, if a server needs to perform a task involving write operations,
then the database needs to be locked, and no tasks whatsoever can be performed by any of the other
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Figure 2: Two base stations.

servers. This may be modeled as a linear network with L nodes, where class-0 tasks corresponds to the
write operations.

From now on we focus on efficient policies. A policy 7 is said to be efficient if it does not leave any
capacity unnecessarily unused. So for the linear network this implies

sp(f) = Cy(t) —sg () when n; >0, i=1...,L forallt.

Thus, the remaining capacity in node 4 is fully allocated to class-i users whenever possible. It can be
shown that any policy that leaves capacity unused, can be improved sample-path wise (in terms of the
workload and the number of users of the various classes) by an efficient policy. However, an efficient policy
is not sufficient to ensure a stable system under the necessary stability conditions. Consider for example
a symmetric linear network with unit capacities. It is clear that the necessary stability conditions are
po + pi < 1 for all i. In fact, for the policy that gives preemptive priority to class 0 these conditions are
sufficient for stability as well. However, the policy that gives preemptive priority to classes 1,..., L (this
is an efficient policy) is stable if and only if pg < ITZ | (1 — p;) which is more stringent than the necessary
stability conditions. The instability can arise here since the latter policy can leave a substantial portion
of the capacity unused, regardless of how large the number of class-0 users is.

Condition (ii) in Property 3.1 is always satisfied for an efficient policy 7, since sf(7i%) + sT(7i") = C;(t)
whenever nT > 0. Hence, in the specific case of a linear network, Property 3.1 simplifies as follows.

Property 4.1 Let m and 7 be two efficient policies such that s§(ii") < st(A™), when n = nf and
nf >nl foralli=1,...,L.

In particular, Property 4.1 is implied by the following property.

Property 4.1’ Let m and 7 be two efficient policies such that s% (i) < s&(ii), and either s§(7) or
s§ () is non-increasing with respect to n; for all i # 0.

g

In order to see this, assume that Property 4.1 is satisfied with (for example) s
respect to n; for all ¢ # 0. Then we have

() non-increasing with

s6(17) < 5§ (A7) < 5 (77),

with nT > nT for all i # 0 and n} = nj. This is exactly Property 4.1. So for the linear network,
Property 3.1 can be replaced by Property 4.1 or 4.1°.

Assume policies m and 7 satisfy either Property 4.1 or 4.1°. This basically means that higher priority
is given to class 0 under policy & compared to 7w. From Section 3 we then obtain the following results.
Under policy 7 the number of class-0 users is less than under policy = (Proposition 3.2 (iii)) and the
stability conditions are less strict for policy 7 (Corollary 3.4). These results arise from the fact that
when class 0 is served, it simultaneously uses capacity in all nodes. Hence, giving more preference to
class 0 makes better use of the available capacity and hence makes the workload in each node smaller, i.e.
WE @) +Wr(t) > WE)+W7(t), i =1,..., L (Proposition 3.2 (iv)). When in addition couo > Zle Cilbis
that is the maximum weighted departure rate is obtained when class 0 is served, giving higher priority
to class 0 decreases the mean holding cost (ZiL:O ¢ E(N;(t))) as well (Proposition 3.5). More intuition
on this will be given later. One natural choice for the weights ¢; could be to relate them to the number
of links each class uses. For example, take ¢co = L and ¢; = 1,9 = 1,..., L. In this case the result of
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Proposition 3.5 will be valid under the intuitively appealing condition % Zle i < o, i.e. the departure
rate of class 0 is larger than or equal to the average departure rate for classes 1,..., L.

Remark 4.2 Assume N™(t) and N7 (t) are two Markov processes for any two policies m and ©. When
Property 4.1 is satisfied, a sample-path comparison for the number of class-0 users in a linear network
holds. The condition (4) is a necessary and sufficient condition for a stochastic ordering relation for
the number of class-0 users to exist as in the framework of [24, 25]. It can be immediately seen that
Property 4.1 is a weaker condition than (4). Interestingly, for applications as will be given later in the
paper, the policies do satisfy Property 4.1, but not (4).

When copg > Ele cip; and Property 4.1 is satisfied, it is possible to compare the total (weighted)
mean number of users in a linear network under the two policies. As mentioned in Remark 3.6, in a
queueing context the sufficient and necessary conditions to stochastically order the total number of users
for any ordered initial states, are rather strong. For the special case of a linear network it is even never
satisfied. When choosing the states such that i™ = (0,1,...,1) and @™ = (L,0,...,0), it is needed that
Zle wi < po, but when choosing the states such that @™ = (1,0,...,0) and 7™ = (0,...,0,1,0,...,0),
it s needed that po < p;, @ = 1,...,L, see Remark 3.6. Hence, we see that there does not exist any
combination of the variables g, . .., g, for which these conditions are satisfied, and a stochastic ordering
relation for the total number of users as in the framework of [24, 25] does not hold.

A natural objective in queueing networks is to minimize the total number of users in the system or the
holding cost. Classical results for a single-server system indicate that giving preference to “small” users
is beneficial in terms of the number of users present in the system [34, 36, 33, 31]. For exponentially
distributed service requirements, the cu-rule, i.e. giving priority to the class with the highest weighted
departure rate c;u;, minimizes the mean holding cost, Zf{zl ¢;E(N;), among all non-anticipating policies.
The problem of how to allocate the capacity of the nodes among the various users in a linear network is
more complex. Besides trying to maximize the weighted departure rate, we must take into account that
giving more preference to class 0 makes better use of the available capacity.

When Zle cily > colho, it can be the case that the maximum total instantaneous weighted departure
rate is obtained when class 0 is not served. However, this does not necessarily make full use of the
available resources. Some care has to be taken in allocating the available capacity. More information on
the structure of the optimal policy for this case can be found in [39].

When Zle cipti < colbo, there is no conflict between these two objectives. The maximum total instan-
taneous weighted departure rate is obtained when class 0 is served at its maximum possible rate, i.e.
min; C;(t), and the other classes obtain what is left. At the same time, this makes maximum use of the
available capacity. Intuitively it is clear that the policy that gives preference to class 0 minimizes the
mean holding cost. Using Proposition 3.5 it can be proved that this is indeed the case.

Corollary 4.3 Consider a linear network with time-varying capacities. Assume the service requirements
are exponentially distributed. Let polz'cy 7 be the policy that serves class 0 at maximum rate, i.e.,
s () = min; Cy(t) zf no >0 and s§ (1) = 0 otherwise. Classes 1,...,L obtain what is left, i.e.,

sT(R) = Ci(t) — st (N) if ng > 0 and sT () = 0 otherwise. If 25:1 cipi < copto, then policy m*
i(t)

3

manimizes the mean holding cost Ei:O GE(N;(t)), for all t > 0, among all non-anticipating policies.

—

Proof: Note that s7 (i7) is constant with respect to n;, i # 0. In addition, sJ (i) > s§(ii) for any
policy w. Hence, Property 4.1’ is satisfied and from Proposition 3.5 we obtain Zl o GE(N] (1)) >
ZZL o GE(NF (1)) for all t > 0 and any policy 7. O

In [37] it was proved that for a symmetric linear network, policy 7%, as defined in Corollary 4.3, is in
fact stochastically optimal in terms of the total number of users. That is, for every ¢ > 0 and for any
non-anticipating policy m we have Efzo NT(t) >s Zf:o N7Z"(t) given that N™(0) = N™ (0).
Proposition 3.2 and Property 4.1 are stated in order to compare two different policies. However, they
also allow us to evaluate the impact of removing a node from the linear network on the performance of
class 0, i.e., compare two different networks under the same policy. In the following corollary we show
that the number of class-0 users is reduced when a node (and hence the corresponding cross traffic) is
removed.



Corollary 4.4 Let w be a policy in a linear network with L nodes that satisfies the following property:
sg (no,na,...,nL) < s{(ng,m,...,mg_1,0)

foralln; >m;,i=1,...,L—1.

Also consider the linear network where node L is removed (and hence has L — 1 nodes) and apply the
same policy m in the following way: sf(ng,...,np—1) := s§(no,...,nr-1,0).

IF WPt ) > wrt=0) and Wt (0) + WE(0) > WEH0) + WRETH0), then

Nyt () = Nyt ()

and fori=1,...,L—1
Wb () + Wt ) > Wt ) + W),

with Nzr’l(t) and W;r’l(t) the number of class-i users and the class-i workload, respectively, at time t under
policy 7 in a linear network with | nodes.

Proof: Policy 7 in a linear network with L — 1 nodes can be seen as a policy in a linear network with L

nodes by ignoring the class-L users. Denote this policy by #. So for all x > 0, s (ng,n1,...,nL_1,7) =
sf(no,n1,...,nr—1). Hence
sg(no,ni,...,np—1,nr) < sg(ng,my,...,mg_1,0)
= sg(ng,ma,...,mp_1)
= sy(ng,mi,...,mp_1,)

for all x and all n; > m;, ¢ = 1,..., L — 1. This implies that policies 7 and 7 satisfy Property 4.1 and
from Proposition 3.2 the result follows. ]

5 Weighted a-fair policies in a linear network

Weighted a-fair policies are an important family of policies that have received a lot of attention in recent
years [4, 16, 17, 29]. For a given population 7, the weighted-« fair allocation is the solution to the
following optimization problem:

11—«
maXze r(t) EiL:O wmz(;—l) /(l—a) ifa>0, a#l, (1)

maXge r(t) ZiL:O w;n;log(;*) if a=1.

As mentioned in the Introduction, for different values of «, one obtains common bandwidth allocation
principles, like maximum total throughput, proportional fairness, and max-min fairness. Denote the
weighted a-fair discipline with weights w = (wp, w1, ..., wr) and parameter o by 7(c, w) and the corre-
sponding allocation vector by § ’T(O"“’)(]\_f ). The allocated capacity to class ¢ is shared equally among all
class-i users, hence the intra-class policy is PS. Recall that in the model description we assumed that the
intra-class policy is FCFS. In all the results of this section we assume exponentially distributed service
requirements. Thus, the results we obtain will also be valid if the intra-class policy is PS, see Remark 2.1.
In order to compare two a-fair policies we only need to check whether Property 4.1’ holds. In [4] it was
shown that for a symmetric linear network with unit capacity for all nodes the weighted a-fair allocation
is given by )
a\l/a
) = R ©
(wong)!/ ™ + (322, wing)t/

and sT ") (i) = 1 — s7")(7) for all i with n; > 0. Using (8), it can be checked that Property 4.1’
is satlsﬁed for a symmetrlc linear network when comparing policies 7(5,w) and n (v, @) with 8 <~ and
< “’0 ,i=1,...,L (see also [21, Proposition 6.1]). For an asymmetric network we have no expression
for the Welghted Q- falr allocation available. However, the optimization problem (7) allows us to prove
that Property 4.1’ is satisfied then as well. The proof may be found in Appendix A.

Lemma 5.1 The following results hold in a linear network:
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i) sT () s non-increasing in ng,t=1,...,L.

() 0 g 9

) If 8 <, then sTBW) 3y < g7 (7 for all 7.
0 = S5

(iii) If 2o < o =1, L, then s§ ™" (i) < s (77) for all 7.

w; ’

Since Property 4.1’ holds for weighted a-fair policies, the comparison results in Proposition 3.2 apply.
This allows us to gain insights into the performance of such policies in linear networks, see Subsections 5.1
and 5.2.

The stochastic comparison results in [24, Theorem 2] and [25, Theorem 5.3] are not applicable to the
weighted a-fair policies. As we already mentioned in Remark 4.2, such an ordering is not possible for the
total number of users present in the system. Also, an ordering for the number of class-0 users for any
ordered intitial states is not possible, since equation (4) is not satisfied for the class of weighted a-fair
policies in linear networks. Consider for example the simple symmetric linear network and choose states
such that nf = nl, nT = 1 and n] = m with 7 and 7 two a-fair policies. From (8) we see that if m tends
to oo then sg(a’w)(ﬁ’?) tends to 0. Hence (4) cannot hold for any pair of a-fair policies.

In [5] the authors obtain stochastic bounds for the number of users present in any queue for policies that
satisfy the monotonicity property (removing a user from any queue, increases the capacity allocated to
every other user). This property fails to hold for a linear network under a-fair policies, as also indicated
in [5]. For example, removing a class-1 user implies that class 1 gets less capacity and class 0 gets more.
This however implies that classes ¢ = 2,..., L obtain less capacity as well and hence a class-i user gets
less capacity, ¢ = 2,..., L. The only requirement in Property 4.1’ is that removing a class-i user, ¢ # 0,
increases the capacity allocated to the class-0 users. As shown in Lemma 5.1, this holds under natural
conditions on the parameters of weighted a-fair policies.

Remark 5.2 From Lemma 5.1 and Corollary 4.4 we obtain that under a weighted a-fair policy, the
number of class-0 users in a linear network with L nodes is larger than in a linear network with L — 1
nodes.

In Section 5.1 the stability results are presented and in Section 5.2 monotonicity of the mean holding
cost with respect to the fairness parameter and the relative weights is established. In order to broaden
the comparison result, in Section 5.3 we investigate a heavy-traffic regime and in Section 5.4 we perform
numerical experiments. In Section 5.5 we describe a time-scale separation (the dynamics of class-0 users
are infinitely faster than those of classes 1,...,L) and derive approximations for the mean number of
users.

5.1 Stability

In [4] it is proved that for Poisson arrivals and exponentially distributed service requirements, any
weighted a-fair allocation in a bandwidth-sharing network with fized capacity gives a stable system,
in the sense that the queue length process is positive-recurrent, under the necessary stability conditions
that the load in each node is smaller than the available capacity. For example, in the case of a linear
network the necessary stability conditions are pg + p; < Cj, for all ¢ = 1,..., L. Corollary 3.4 and
Lemma 5.1 allow us to derive stability results for a linear network with time-varying capacities.

Corollary 5.3 Consider a linear network with time-varying capacities. Let the service requirements be
exponentially distributed. Assume 8 < v and %‘3 < 204 =1,...,L. If policy m(B,w) gives a stable
system, then policy 7(v, W) gives a stable system as well.

7

Proof: The a-fair policies have PS as intra-class policy. However, since we assume that the service
requirements are exponentially distributed, the stochastic behavior of the network does not depend on
which non-anticipating intra-class policy is being used. Therefore we can assume that we have a FCFS
intra-class policy. From Lemma 5.1 we obtain that Property 4.1 is satisfied, hence the result in Corol-
lary 3.4 applies. O

In [22] the authors consider the stability conditions for systems with a time-varying general rate region
under an a-fair policy with unit weights. They assume that the rate region can be in a finite number of
states according to a stationary and ergodic process. The authors characterize the stability conditions
and show that the stability region is non-increasing in the value of . Interestingly, Corollary 5.3 indicates
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that the stability region is in fact also non-decreasing in the value of « in the setting of a linear network.
We obtain the following result.

Corollary 5.4 Assume Poisson arrivals and exponentially distributed service requirements. Consider a
linear network and assume the set of all the possible capacity vectors (Ci(t),...,CL(t)) can be in a finite

number of states and evolves as a stationary and ergodic process. Let C; be the average of the process
Ci(t).

Policy m(c,w) with w; < wp,i =1,...,L, gives a stable system under the necessary stability conditions
po+pi<Cii=1,...,L.

Proof: In [22] it is shown that for a-fair policies with unit weights (w; = 1,5 =0,..., L) the necessary
stability conditions are given by pg + p; < C;, i = 1,...,L. Moreover, it is established that these
conditions are sufficient as well for the policy 7(a, T) when « | 0. On the other hand, Corollary 5.3 states
that the stability conditions become less strict when « increases. This proves that 7(c, T) is stable under
the necessary stability conditions, for all & > 0. From Corollary 5.3 we can then conclude that the same
holds for policy m(a, w) with w; < wp,t=1,..., L. O

5.2 Mean number of users

We are now ready to derive a monotonicity result for the mean number of users for weighted a-fair

policies in a time-varying linear network. When ZiL:1 ¢ty < colbo, the instantaneous weighted departure

rate of class 0 is relatively large, hence, it will be attractive to give preference to class-0 users, either by

increasing the relative weight given to class 0, wo/w;, or by increasing the parameter «, see Lemma 5.1.

At the same time this makes better use of the available capacity of the nodes, see Proposition 3.2 (iv). In

the next corollary we prove that the mean holding cost indeed decreases when more preference is given
wo

to class 0. More precisely, the mean holding cost is non-increasing in « and in 32,7 =1,..., L.

v; 7

Corollary 5.5 Consider a linear network with time-varying capacities. Assume exponentially distributed

service requirements with Ele ity < copo- If B <y and % < %‘3, i=1,...,L, then
L L i
SR (6) > ST aB(NT (1), V>0,
i=0 i=0

Proof: From Lemma 5.1 we obtain that w(8,w) and m(v,w) satisfy Property 4.1’. The result then
follows from Proposition 3.5. g

When Ele cip; > copo the analysis is more difficult. For example, in a two-node linear network (L = 2)
with ¢ip1 + capta > copo, it is beneficial to give more preference to classes 1 and 2 (and hence less
preference to class 0) since that will maximize the total instantaneous weighted departure rate. From
Lemma 5.1 we see that this can be done by choosing o small. In the case of exponentially distributed
service requirements and a heavily loaded system, the mean holding cost is indeed strictly increasing in
a, as we will see in Section 5.3. For a normally loaded system this is however not the case (see the
simulations in Section 5.4). Then the effect that a smaller o uses the available capacity in each node less
efficiently becomes more apparent.

5.3 Heavy-traffic regime

In this section we compare a-fair policies in a heavy-traffic scenario for a two-node linear network with
fixed capacities C7 and C». Throughout this section we consider a-fair policies with unit weights w; =
1, 5 =0,...,L. We consider the setting of [13, 14, 17], where a general bandwidth-sharing network
under weighted a-fair allocations is considered with Poisson arrivals and exponentially distributed service
requirements. Below we briefly state the results specialized to the two-node linear network under a-fair
policies with unit weights. We refer to [13, 14] for the full details.

Assume the heavy-traffic setting p; + pg = C;, i = 1, 2. Define the diffusion scaled processes as follows:

NTD (k)

NPT (1) =
VE

2

L i=0,1,2
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and

W(Q,T) W(a,f)
~ N, N, 1 T(a .
Vik,w(a) (t) = 0 (kt)/MO\j'E i (kt)/,u - (l)c ( )/ 1o + Nk (@) (t)/:uiv i=1,2.

Here V;k’w(a) (t) can be seen as the total workload in node ¢ under the diffusion scaling. In [14, Conjecture
5.1] it is conjectured that for an arbitrary bandwidth-sharing network, the diffusion scaled workload

process VFm(@) (¢) converges in distribution as k — oo to V™) (¢), where V(@) () is a semimartingale
reflecting Brownian motion (with a covariance matrix independent of «) living in a workload cone. For «
equal to 1 this conjecture is proved in [13, 14] for an arbitrary bandwidth-sharing network. In addition,
it is mentioned that for the case of a two-node linear network, this result can be extended to a # 1.
Throughout this section we will assume that the conjecture holds for the two-node linear network for
general a.

The workload cone for a two-node linear network under an a-fair policy with unit weights is given by

Y
{UZUZ‘: %(QI"'Q2)é +%qiav 41,92 20, 7’:1’2} (9)
C _
={v:v; >0, Ul(C pp)o//:o—i—p/u §v2§v1( 2 p(Z//M:—FPO/MO}’ (10)
1 — o 1 0 0 0 0

which is independent of the parameter o. Hence, the workload process V’T(O‘)(t) is independent of «
as well. The diffusion scaled number of users, N k(@) (t), converges in distribution as k — oo to some

process N ™(@)(t), which does depend on «a (this process is specified in Appendix B).

Since the process of the total workload in a node does not depend on «, we are able to derive monotonicity
results for the mean holding cost over the whole range of the parameter 1. We can express the scaled
holding cost as follows:

2
(o Coog — C1u1 — Col42 71'()/ 71'()/ (o
>N = m NGO +Zcul ”<>+ NI )
R RSy ) (1)

e 1)( t) is decreasing in «, and hence Ng(a)(t) is decreasing in

From Proposition 3.2 we know that N
a as well. Since V (e )( t) is independent of «, and by taking expectations in (11), we obtain that if

cipt1 + capo < copig OT €1y + Copia > coplo, then E(El o c7N7r(a) (t)) is non-increasing or non-decreasing
in «, respectively.

When in addition we use the characterization of N ™(@)(t), we are able to derive a stronger monotonicity
result. The proof may be found in Appendix B.

Proposition 5.6 Consider a linear network with fixed capacities C1 and Cy. Assume that the inter-
arrival times and service requirements are exponentially distributed, and p; + po = C; for i =1,2. If the
conjecture in [14] is valid, then

o Ifcipr + capa < copg, then E(El 0 7NW(O‘)(t)) is strictly decreasing in a.
o Ifcipy + copto = copig, then IEJ(X:7 0 lNW(a)(t)) 1s constant in «.

o Ifcipy + copta > copg, then IEJ(Z:7 0 lNW(a)(t)) is strictly increasing in o.

5.4 Numerical results

In this section we present numerical experiments to provide further insight into the performance of a-
fair policies. We consider a two-node linear network where both nodes have unit capacity. We assume
Poisson arrivals and exponentially distributed service requirements and fix g3 = 1, ue = 0.5, p1 = p2 and
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Figure 3: Total mean number of users under
0.7,p1 = 0.2 and py = 0.2, and b) po = 0.3, p1

p,=0.3, p,=0.2, p,=0.2 and p,=1, 1,=0.5

a-fair policies in a two-node linear network with a) pg
= 0.5 and pa = 0.5.
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Figure 4: Total mean number of users under a-fair policies in a two-node linear network with pg =
0.3,p1 = 0.2 and p = 0.2.

wj =c¢; =1, 7 =0,1,2. The numerical experiments are performed using Matlab®, and in the order of
107 busy periods are simulated.

In Figures 3 a) and b) and Figure 4 a) we let a vary on the horizontal axis and plot the corresponding
total mean number of users for various values of pg. As expected from Corollary 5.5, we observe that
for po > p1 + pe = 1.5 the total mean number of users is decreasing with respect to the value of . When
o < p1 + e = 1.5, we observe that the total mean number of users is monotone (either decreasing or
increasing) in « as well in the range « € [1,00). However, when o € (0,1) and po < p1 + po = 1.5, it
is possible that the total mean number of users is not monotone in «. This fact may be explained as
follows. Since pg < p1 + pe = 1.5, it is attractive to give more preference to classes 1 and 2 when they
are both present (hence less preference to class 0). This corresponds to a small value for a. However,
an a-fair policy with a small « uses the available capacity less efficiently, see Proposition 3.2 (iv) and
Lemma 5.1 (ii). These two opposite effects might cause the total mean number of users to not be
monotone in a. Note that for the heavy-traffic regime as considered in Section 5.3, the workload in a
node was independent of the parameter o and hence every value for a had the same efficiency. Therefore,
there was no trade-off and we were able to prove the monotonicity results for pg < p1 + po as well.

In Figure 4 b) we let uo vary on the horizontal axis and plot the corresponding total mean number of
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users for various values of a. We observe that the total mean number of users is mostly increasing in pg
when o < 1 and decreasing in g when o > 1, respectively. This can be explained as follows. First of all,
if @« = 1, the policy reduces to PF. For PF with unit weights, the mean total number of users is exactly
known and equals

L
E <ZN;(1,1)> o P1 i P2 n Po (1+ P1 i P2 )7 (12)
i=0

S l—po—p  l—po—p2 l—po L—po—p1  1—po—p2

see [26]. In fact, PF is insensitive to the service requirement distributions apart from their respective
means (see [26]) and hence (12) holds for generally distributed service requirements. In particular, the
total mean number of users is independent of the parameters pg, 1 and po for given values of pg, p1 and
p2. When a > 1, from Lemma 5.1 (ii) we observe that class 0 is treated preferentially over classes 1 and
2 (compared to PF). Under an a-fair policy that gives preference to class 0, it is likely that the total
mean number of users decreases when the class-0 users become smaller, i.e., when pg increases, while
1, 2, po, p1 and po are kept fixed. Similarly, when a < 1, classes 1 and 2 are treated preferentially over
class 0 (compared to PF). When o becomes larger (while p1, ps, po, p1 and ps are kept fixed), class-1
and 2 users become relatively larger. Under an o-fair policy that gives preference to classes 1 and 2, it
is likely that the total mean number of users increases when pg increases.

5.5 Time-scale separation

In [5] the authors introduce the so-called quasi-stationary and fluid-limit regimes (see also [18]). In
these regimes, the flow dynamics of the various classes occur on separate time scales, which can greatly
simplify the analysis. It was conjectured in [5] that these limiting regimes provide performance bounds.
For the symmetric linear network with unit weights, Poisson arrivals and generally distributed service
requirements, we refer to the quasi-stationary and fluid regimes when pg — oo and py — 0, respectively,
and keeping p1, ..., pr and pg, p1, - .., pr fixed. From our simulation results for a linear network it seems
that these limiting regimes can indeed be performance bounds, see Figure 4 b). When « > 1, the quasi-
stationary regime (o — 00) is a lower bound on the total mean number of users and the fluid regime
(0 — 0) an upper bound on the total mean number of users, and when o < 1 vice versa. A similar
observation was made in [18] for a DPS queue.

We develop here an approximate analysis of the quasi-stationary regime. The approximate formulae
might be useful in assessing the performance of a-fair policies, since exact closed-form formulae are not
available. In the quasi-stationary regime, o — oo, the dynamics of class 0 will “average out” on the
relevant time scale for class 4,7 =1,..., L. Hence, we can say that class 0 takes away a constant service
rate po and class i sees capacity 1 — pg. Class i behaves as in a PS system with capacity 1 — pg, which
implies that the number of class-i users in the system is geometrically distributed with mean Li

1—po—pi
[15]. Hence, lim,,, oo E(N:(a’w)) = 12—, which is independent of @ and 2.
The time scale of class 0 is infinitely faster than that of classes 1,...,L. Thus on the time scale of
class 0, the dynamics of classes 1,..., L almost vanish. It can be assumed that for a given number of

class-i users, ¢ = 1,..., L, class 0 will reach some sort of statistical equilibrium. We recall from (8)

that sg(a’w)(ﬁ) = ngic, with ¢ = ¢(nq1,...,nz) = (Ele %nj’)l/” Thus, given a population 7, class

0 behaves like a PS system with ¢ permanent users. The mean number of users in such a system is
£ (1 + ¢). Unconditioning and noting that N, (@) i in the limit geometrically distributed with mean

1—pg
1=1,...,L, we get that approximately

Pi
1—po—pi’

lim E(Ng @) = lim > EWNGOINTO =ngi=1,. L) P(NT =i =1, L)

o —00 o — 00 v

ni,...,nL

L
. Z Po Z Wi ayl/a m(a,w) ;
= 1[[] S EE— 1 — : ]PN - 79 :17"')L
}L01—>oon “ ( +( U}Onl) > ( ¢ it )

R
Lyl Po i=1

I 1/«
£o Wy Pi a
L (Y . 13

i=1

Q

We ignored here the non-linearity induced by the parameter a. We see that the performance of class 0
does depend on « and the weights w;, and using similar arguments as in the proof of Lemma 5.1, it
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can be checked that the mean number of class-0 users as given in (13) indeed decreases when « or ¢
increases (as was proved already in Proposition 3.2).
As an approximation for the total mean number of users we then obtain

L (aw) P “w p v - p
. (o, w ~ 0 . Wi i o i
”glinDOIE ( E N; ) T 1+ ( E () ) + ‘:E FE— (14)

pare — wo 1—po—p1

The approximation (14) gives the correct expression for & = 1 and unit weights, see (12). In Figures 3
and Figure 4 a) we plotted (14) against « (denoted in the figures by “perf. bound”). We observe that (14)
provides indeed an upper bound on the performance when a < 1, and a lower bound when a > 1. Even
for moderate values of 1, the bound is quite tight and not off by more than 10% as long as the value of
« is not too small or too large.

Unfortunately, it does not seem possible to derive an approximation for the fluid regime. When pg — 0,

the dynamics of classes 1,..., L “average out” on the relevant time scale of class 0. Thus, class 0 sees
a system with capacity 1 — max(p1,...,pr). The time scale of classes 1, ..., L are infinitely faster than
that of class 0, hence on the relevant time scale of classes 1, ..., L, the dynamics of class 0 nearly vanish.

Thus, given a certain number of class-0 users, class ¢ obtains capacity sf(a’w) () = (Zle %n?)l/ */(no+

(ZiLzl %n?)l/ *), where ng can be considered fixed. From this equation we cannot approximate the

behavior of classes 1,..., L by any known queueing system unless o = 1.

6 Multi-class single-server queue

In Section 4 and Section 5 we have focused on a linear network. In this section we turn our attention to
the multi-class single-server queue with time-varying capacity C(t). There are K classes of users, where
class-i users arrive according to a general arrival process with rate \;, and have generally distributed
service requirements with mean 1/u;, i = 1,..., K. Let p = Efil p;i. The inter-arrival times and the
service requirements are mutually independent random variables. We consider allocation policies that
are work-conserving, i.e. if Efil n; > 0 then Efil si() = C(t), and if n; = 0 then s;(77) = 0. The
intra-class policy is FCFS.

In Section 6.1 we consider two popular weighted time-sharing policies and, using the general results from
Section 3, we obtain monotonicity properties in the case of two classes of users. In Section 6.2 we derive
a framework (similar to the one derived in Section 3) for a multi-class single-server system (with an
arbitrary number of classes) under work-conserving disciplines.

6.1 GPS and DPS policies

The policies we are particularly interested in are GPS [10, 32] and DPS [20, 12, 1], two popular non-
anticipating policies in multi-class single-server queues. Let GPS(¢) (DPS(¢)) denote a GPS (DPS)
discipline that assigns weight ¢; to class j, with Zszl ¢; = 1.

The GPS allocation is given by

sGPSE) () = C(t)KL, i=1,... K,
> i1 @iln;>0)

for Zszl n; > 0. We take as intra-class policy in GPS the FCFS discipline.
The DPS allocation is given by

DPS(¢) = i .
s; ) =Ct)——, i=1,... K, (15)
Yo bim;

for Zszl n; > 0. With DPS, the allocated capacity to class ¢ is shared equally among all class-i users,
hence the intra-class policy in DPS is PS.

Assume the service requirements are exponentially distributed with cip; > cops > -+ > cxpug. The
cp-rule (give priority to the class with highest c¢;u;) minimizes the mean holding cost among all non-
anticipating policies (see for example [31]). For both GPS and DPS, a class is given more preference
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when its weight is increased. Hence it seems plausible that giving relatively more weight to classes with
a high ¢;u;, will decrease the mean holding cost. For a single-server system with only two classes of users
(K = 2) we can indeed prove this. Such a system is equivalent to a linear network with one node (L = 1).
When ¢1 < ¢1, the policies GPS(¢) and GPS(¢) (DPS(¢) and DPS(¢)) satisfy Property 4.1°. Hence,
we can use the results of Section 3 to obtain monotonicity results for GPS and DPS in a single-server

system with two classes of users and time-varying capacity.

Proposition 6.1 Consider a single-server queue with two classes of users and time-varying capacity.
Let ¢1 < ¢1. Assume W (0) > Wi (0), W3 (0) < W3 (0) and W (0) + W3 (0) = WT(0) + W3 (0),

where either 1 = GPS(¢) and @ = GPS(), or m = DPS(¢) and # = DPS($). We consider the same
realizations of the arrival processes and service requirements for both processes.

For generally distributed service requirements it holds that
WSOy > Wi Oy and NSO (1) > NSO (1), (16)

The opposite inequalities hold for class 2.
For exponentially distributed service requirements it holds that

PO (1)), 20 (W25 D )0 and (NPTSO )}, 20 (NPP5O (1)), an)

The opposite inequalities hold for class 2.
If the service requirements are exponentially distributed with cip1 > cops and the system can be made
stable, then

2 2 -
> GBI 1) 2 3BT @), Vi, (18)
=1 =1
and
2 2 -
STEEWNSTIO 1) > N GRS 1)), vie>o. (19)
=1 =1

Proof: Since the respective pair of policies satisfy Property 4.1, equations (16) and (17) follow directly
from Propositions 3.2, and equations (18) and (19) follow directly from Proposition 3.5. For exponentially
distributed service requirements, the stochastic behavior is independent of the used intra-class policy, see
Remark 2.1. For DPS we consider exponentially distributed service requirements. Hence, the sample-
path comparison in Proposition 3.2 obtained for FCFS, allows us to obtain the stochastic comparison
result in (17) for DPS when the intra-class policy is PS. O

Inequalities (16) and (17) are rather natural, but to the best of our knowledge have not been obtained
previously. In particular, the comparison results from [24] and [25] do not allow for such a comparison,
as explained later in Remark 6.10. The result for GPS is particularly interesting. The GPS discipline
is used to model the queueing delay experienced by packets in packet networks. An important body of
research on GPS is devoted to the characterization of the workload when there are two classes of users,
see for example [32, 7].

Inequalities (18) and (19) show that for two classes, the mean holding cost under DPS or GPS is monotone
in the whole range ¢, € [0,00), where one extreme corresponds to giving preemptive priority to class 2
(¢1 = 0) and the other extreme to preemptive priority to class 1 (¢1 = 1). To the best of our knowledge,
this kind of monotonicity result is new for GPS. In the case of a two-class single-server DPS-system with
fixed capacity and Poisson arrivals, this result could also be obtained from the analysis in [12] (see [2] for
more details).

For an arbitrary number of classes little is known on monotonicity results for GPS and DPS. As mentioned
before, motivated by the optimality of the cu-rule, one would expect that giving relatively more weight to
classes with a high ¢;u;, will decrease the mean holding cost. One of the most relevant results is obtained
in [19]. The authors consider a single server with fixed capacity, Poisson arrivals and exponentially
distributed service requirements with pq > po > -+ > pg. Using the results of [12] they prove that if
(251 > g£2 > > (ZSK, then E(Eil NZPS) > IE(X:ZK:1 NZ.DPS(@). Note that PS is equivalent to a DPS
policy with weights ¢; = ¢;, Vi, j, see equation (15). In general, we expect the following results to hold
(a similar conjecture for the steady-state of DPS has been made in [19]).
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Conjecture 6.2 Consider a single-server queue with K classes of users. Assume the service requirements
are exponentially distributed with cipy > ... > cix . If the weights ¢ and ¢ are such that class i obtains
a relatively larger weight (compared to class i + 1) under ¢ than under ¢, that is

bi)bi1 < bi)big1, i=1,...,K—1,

then
K K _
GPS GPS
ST GEWNTTIO 1) > 3 RN 1)),
=1 =1
and
K K B
DPS DPS
ST GEWT O 0) > S GRS 1)), vi>o.
j=1 =1

In the next example we perform numerical experiments that support Conjecture 6.2 for a single-server
system with three classes.

Example 6.3 (Numerical experiments for GPS and DPS) We consider a single server with fized
unit capacity and three classes of users with exponentially distributed service requirements and Poisson ar-
rivals. We consider both GPS and DPS with weights ¢;(r) = Q(r)-r5X=%, r > 1, and Q(r) = 1/(25;61 rt)
a normalization constant. Note that ¢;/¢pix1 =1, i = 1,..., K. Hence, as the parameter r increases,
class i obtains relatively a larger weight compared to class i +1. We choose 1 = 2, us =1 and pusz = 0.5,
hence we expect that the functions E(Ef; NfPS(¢(T))) and E(Ef; NZDPS(QB(T))) are decreasing in .
When r — oo, both GPS(r) and DPS(r) become a priority rule that gives preemptive priority to class 1,
and if class 1 is empty, it serves class 2. Since p1 > po > ps, this policy minimizes the total mean
number of users present in the system (follows from the optimality of the cu-rule).

For GPS with weights ¢;(r) we simulated the system and Figure 5 a) plots the total mean number of users
as a function of the parameter r. We observe that the total mean number of users indeed reduces as r
mncreases.

In Figure 5 b) we consider a single server under DPS(r) and plot the mean total number of users as
a function of the parameter r. The total mean number of users was obtained by solving a system of
linear equations as given in [12]. When r = 1, the policy reduces to PS, hence E(Zfil NDPS(¢(1))) =

3
E(Zfil NPS) = ceitoatos yyre ohserve that the mean total number of users is again decreasing in 7.
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Figure 5: a) Total mean number of users under GPS policies, b) Total mean number of users under DPS
policies.

For a single server with more than two classes, the framework and results as developed in Section 3 and in
particular Property 3.1 are not applicable. Therefore, in the next subsection we develop a similar analysis
as in Section 3, but now for a single-server system with an arbitrary number of classes. Unfortunately,
this sample-path framework does not allow a full comparison of either two DPS or two GPS policies for
more than two classes. This will be explained as well in the next subsection.
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6.2 Comparison results for the multi-class single-server queue

We now focus on a single-server system with K classes of users, K > 2. We only consider efficient policies,
which in a single-server scenario is equivalent to the work-conserving property. In this section we develop
sample-path results similar to the ones obtained in Section 3. We start by giving sufficient conditions on
two policies in order to compare sample-path wise two policies.

Property 6.4 Let m and 7 be two work-conserving policies such that for any k=1,..., K —1 we have
k k

2 ST < ) ST (20)
i=1 i=1

for all states ™ and ©™ that satisfy the following:
o nT >nf, nf <nj,nf , >nj , andnf <nj.
e Ifn} =0, then in addition nT_, <ni_,. Ifnf =0 and n}_, =0, then in addition nT_, < nf_,.
Ete.
o Ifnj,, =0, then in addition n}_ , > nj ,. Ifnf, , =0 and nj ., = 0, then in addition nj 5 >
n’,;7+3. Ete.

Property 6.4 represents a weak notion of priority, with strict priority as a special case. When two policies
satisfy Property 6.4, we can derive the following sample-path comparison result.

Proposition 6.5 Let m and 7 be two work-conserving policies that satisfy Property 6.4 and consider
the same realizations of the arrival processes and service requirements. If .-, W (0) > S W7 (0),

m=1,...,K -1, and Efil Wr(0) = ZZK:1 W7 (0), then for all t >0

S8 - W) < 3 (ST — W), m=1,.... K. (21)

i=1 =1

.

Form = K, (21) holds with equality.
In particular we have

NT(t) > N (t), Ni(t) < Ni(), (22)
and . .
MW =D W), m=1,...,K. (23)

Form = K, (23) holds with equality.

Proof: Equation (23) follows from (1) and equation (21). The first relation in equation (22) follows from
equation (23) with m = 1, since the intra-class policy is FCFS and the k-th most recently arrived class-1
user before time ¢ has the same (original) service requirement under both policies. Similarly, the second
relation in equation (22) follows from equation (23) with m = K — 1 and Zf{zl Wr(t) = Zfil WE(t).
Therefore, it suffices to prove equation (21).

The policies are work-conserving, so Zf{zl W7r(0) = Zf{zl W7 (0) gives that Zfil ST(t) = Zf{zl SE(t),
and hence (21) holds with equality for m = K.

Equation (21) for m < K is proved by contradiction. Let ¢ be the first time epoch at wh1ch (2 )
violated for some k, 1 < k < K — 1. So we have Zizl(Sf( )= W7 (0)) = Zl L(SE(t) — W (0)) a
S sT(NT(0)) > S0, sT(NF(1F)) (with strict inequality), but Y57, (ST (6) =W/ (0) < 37, (SF (1 )
W7(0)), for m # k. Hence,

ST(t) — W (0) < ST(t) — Wi (0), Sp(t) = Wi (0) =
Siea(t) = Wi (0) < Sy () — Wik, (0), Sk (t) = Wi (0) > Sk (t) — Wik (0)
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Together with (1), we obtain WT (t) > W (), W[ (t) < W[ (t), W, (t) > Wi, (t) and WE(t) < WE(t).
Since the k-th class-j user under both policies has the same (original) service requirement and the intra-
class policy is FCFS, we have as well

NT(t) > NT(t), NE(t) < Ni(t), NIa(t) = Nig(t) and NE(t) < NE ().

Since {Ni(t)}¢>0 is a piece-wise constant process and is right continuous, the same holds at time ¢*:
NT(#F) = NT (), NE(#7) < NE(#5), Ni (7) = N () and NE(#7) < NE(E).
Note that if N7 (t*) = 0, then ST(t) — WF(0) = ST (t) — W7 (0) and hence Zk 1(S”T( t) — Wr(0)) =
Sist (ST(t) = W (0)). So Sf_y(t) = Wi, (0) > SF_, (t) — Wi, (0) and by (1) we obtain Nf_, (%) <
N[, (t1). Now if also Nj_;(t*) = 0, then we obtain in the same way that NJ_,(t*) < N7 _,(tT), etc.
Also note that if NJ7, , (t7) = 0, then ST, (t) — W[ ,(0) = S7,,(t) — W[ (0) and hence ZkH(S”( t) —

T k T T T s T
wWr(0)) = Zii}l(Si (t) = W[(0)). So Sp,o(t) — Wi ,(0) < ST.,(t) — W[, ,(0) and by (1) we obtain
N,’CTJrQ(t*) > N[ ,(tT). Now if also N[, ,(t*) = 0, then we obtain in the same way that N 4(t*) >
Niips(tF), ete.
So at time t+ we are in states N™(t+) and N7 (¢+) that satisfy Property 6.4 and hence Zl L ST(NT(t1)) <
Zz 187 sT(NT(t1)). This contradicts the initial assumption. O

Every work-conserving policy gives a stable system whenever possible. However, for a subset of the
classes, the stability conditions can still depend on the policy being employed. We have the following
result:

Corollary 6.6 Assume policies m and T satisfy Property 6.4. If classes 1,2,...,m are stable under policy
w, then these classes are stable under policy 7 as well, in the sense that the system is empty under policy
T whenever it is empty under policy .

In particular, if the empty state is positive-recurrent under policy m in the case of Poisson arrivals, then
it is positive-recurrent under policy 7™ as well.

Proof: If 31", W7 (t) = 0, then we obtain from Proposition 6.5 that Y .-, W/ (t) = 0. The second
assertion is a direct implication of the first one. O

The following proposition states the analogous version of Proposition 3.5.

Proposition 6.7 Assume the service requirements are exponentially distributed. Let m and 7 be two
policies that satisfy Property 6.4 and assume the system is stable. If cipq > copg > ... > cx ik, then

ch E(NT(t >ch E(NT(t)), Vt>0.

Proof: Assume at time ¢ = 0 the conditions as stated in Proposition 6.5 are satisfied. From Proposi-
tion 6.5 we obtain Y ;- W7 (t) > >, W (t). Since 7 is non-anticipating and the service requirements
are exponentially distributed we obtain

= 1 - L
—E(N, — (24)
2Nz 2
for m < K. Define P7(t) := >, I%E(Nf( )). So PT(t) > Pr(t), m=1,...,K and hence
S GE(NT (1) = (cipa — capa) PT(t) + (copa — ca3ps) PF(t) + ... + cxpx PR ()
> (e — cap2) P (1) + (capz — capiz) Py (1) + .. + excpur PR (t)
K
S GE(NF(D)
i=1
where we used that cip; > copg > ... > cxpuk. O
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Example 6.8 (Optimality of the cu-rule:) As mentioned before, for exponentially distributed service
requirements, the cu-rule, i.e. the policy that gives preemptive priority to the class i with the maximum
cilhi, minimizes the mean holding cost among all non-anticipating policies. For a time-varying multi-
class single-server system, this was shown in [31]. In fact this also follows from Proposition 6.7. Assume
Clpin = Cofl 2 ... 2 CKIK- Denote the cu rule by 7, and consider an arbitrary non-anticipating policy
w. Whenever Z 1 nl >0 we have that 27 L ST(i™) = C(t) and hence (20) is satisfied for these states.
Now assume Zi:l nT = 0. Since nT =0 for all i <k, the corresponding states i™ we have to consider
in Property 6.4 should satisfy nT < nT =0 for all i < k, that is Zle nT =0 as well. But then (20) is
by definition satisfied. Hence Property 6.4 is satisfied and the optimality of the cu-rule follows now from
Proposition 6.7.

Proposition 6.7, combined with Property 6.4 gives sufficient conditions in order to compare the mean
holding cost under two policies. When K = 2, Property 6.4 reduces to the rather natural condition
sT(i) < s7(@) for all states . This is for example satisfied by either two DPS policies or two GPS
policies when ¢ < ¢1. Unfortunately, for more than two classes Property 6.4 fails to hold for any two
DPS policies. For a GPS system, Property 6.4 is satisfied under more stringent conditions than the ones
stated in Conjecture 6.2. For example, for the case of three classes it can be checked that for two GPS
disciplines, GPS(¢) and GPS(q@), Property 6.4 is equivalent to

$1 < h1 <_ ¢1_ and g5 > s

$1 + P2 G+ 03 T Py 4 P ba+ b3
Hence, (25) is a sufficient condition to compare the mean holding cost under GPS(¢) and GPS(¢). If we
choose as weights ¢;(r ) = Q(r) - rE=1 r > 1 (as considered in Example 6.3), equation (25) is equivalent
to1l < rand 7> r+r2 We would expect the comparison result already to hold for all 7 > r, so this
shows that there is still a gap of length r2. For an arbitrary number of classes, the sufficient conditions
in order for Conjecture 6.2 to hold for GPS can be obtained as well, however, the derivations become
very cumbersome.
In this section we used sample-path inequalities as given in (21) in order to compare the mean holding
cost under two different policies. Property 6.4 is a sufficient (but not necessary) condition for these
sample-path inequalities to hold. For DPS and GPS, this property is not (always) satisfied. In fact, the
counterexample below illustrates for the case of three classes that the sample-path inequalities (21) do not
need to hold for either two DPS policies or two GPS policies that satisfy the conditions of Conjecture 6.2.
This indicates that for more than two classes Conjecture 6.2 may not be proved using sample-path
arguments and requires a different kind of approach.

(25)

Example 6.9 (Counterexamples for DPS and GPS) We give a counterexample for inequality (21)
that is valid for both DPS and GPS, since the sample-path will exactly be the same under both policies.
Consider a system with three classes, and consider the two policies with weight vectors ¢ = (2,1,1)
and (b = (00,1,1), respectively. It is easy to verify that the vectors ¢ and ¢ satisfy the condition of
Conjecture 6.2. Assume that at time t = 0 there is one user in every class, that is, N™(0) = N7(0) =
(1,1,1) and their service requirements are respectively 4, 10 and 1 under both policies m and 7. At time
t =6 a class-3 user arrives with a strictly positive service requirement. Let us analyze the evolution under
both disciplines over time:

e Policy w: In the interval [0,4) all users share the capacity according to the weights. At time t = 4
the class-8 user departs the system and the remaining service requirements of the class-1 and the
class-2 user are 2 and 9, respectively. In the interval [4,6) the class-1 and class-2 users will share
the capacity according to their wez'ghts thus at time t = 6 the remaining service requz'rements for the
class-1 and class-2 users are 2 and 2, respectively. It follows that ST(6)+5F (6) = 4+10—2— 22 =
5.

e Policy 7: In the interval [0,4) only class 1 will be served and it departs at time t = 4. In the
interval [4,6) the class-2 and class-3 users will equally share the capacity. At time t = 6 the
class-3 user departs and the class-2 user has a remaining service requirement of 9. It follows that
ST(6) + S5(6) =4+10—9 =5.

Due to the new arrival at t = 6 it follows that sT(N™(67)) 4 s3(N™(6T)) = 3 whereas sT(NT(6T)) +

ST(NT(61)) = 1. This together with the fact that ST(6) + S5 (6) = ST (6) + 53 (6) implies that ST(61) +
52 (6%) > ST(6T) + S5 (6T), which contradicts (21) for m = 2.
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In the following remark we explain that Conjecture 6.2 does not follow either from results in [24, 25] and
hence that a novel approach is needed.

Remark 6.10 Assume the processes {N"(t)};>0 and {N7(t)}i>o are two continuous-time Markov pro-
cesses (hence Poisson arrivals with exponentially distributed service requirements and C(t) = C). From
Remark 3.6 we readily see that the conditions on the policies ™ and 7 in order to obtain {Zfil NT(t)} o0
>t {Zﬁl N7F(t)}i>0 for any initial states Zszl NT(0) >4 Zfil N7 (0), are only satisfied when p; = p
for alli. Consider for example the two states i™ = ey, and i" = e;, where e; denotes a vector with the j-
th component equal to 1 and all other components equal to 0. Then the condition as stated in Remark 3.6
becomes Zfil wisT(A™) = pg < Zfil wisk (™) = pj, see also [24, 25]. However, for the states i™ = e;
and " = ey, we obtain similarly that we need p; < py. So only when p; = p for all i, the conditions are
satisfied, but this is not very interesting.

The necessary and sufficient conditions in order to obtain a similar comparison result as in Proposi-
tion 6.5, i.e. {NT(t)}i>0 >st {NT()}+z0 and {NE(t)} >0 <st {NE(t)}t>0 given that NT(0) > NF(0)
and NE(0) < NE(0), are

sT(A™) < s7(A™) for all nT =nT and nf < n, (26)
(—ofr

<
ST (™) > 57 (™) for all nT >nT and nf = ni., (27)

see [24, 25]. In a queueing context, this can only be satisfied when policy T gives preemptive priority to
class 1 (see equation (26) with states such that nf = ... =n% = 0) and policy ™ gives preemptive priority
to class K (see equation (27) with states such that n = ... =n%._, =0). In particular, for any two GPS
policies or two DPS policies (with non-degenerate weights) the inequalities (26) and (27) do not hold.

7 Conclusion and future work

In this paper we have studied monotonicity properties for multi-class stochastic networks and have ob-
tained comparison results for the performance under two different policies in terms of stability, mean
holding cost and the mean overall delay. The results were obtained by using a natural coupling, namely by
choosing the same realization of inter-arrival times and service requirements for both processes. Sample-
path comparisons were obtained for the workload and the number of users of certain classes.

The results were applied to a linear network and a multi-class single-server system. In future work, it
might be interesting to consider different types of networks, like a star or grid network, and use the same
approach in order to compare the performance of different policies.

For the linear network we proved monotonicity results for the mean holding cost under a-fair policies.
In the numerical section, we observed additional monotonicity properties. For instance we have strong
evidence to believe that the total mean number of users in the system is monotone in o € [1,00) when
the other parameters are kept fixed. Another interesting observation from the numerical section is that
the total mean number of users is monotone in ug for given load pg, when the other parameters are
kept fixed. There is no hope that this latter property can be proved using sample-path arguments, since
this requires the same realizations for the service requirements. When we compare the two stochastic
processes for different values of pg, this can no longer be done.

For the single-server system, it is reasonable to expect that for popular weighted time-sharing policies like
DPS and GPS, monotonicity results for expected performance measures hold under natural conditions
on the weights, see Conjecture 6.2. We were able to prove this for some special cases using a sample-path
argument. The other cases remain as a challenging topic for further research.
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Appendix A: Proof of Lemma 5.1

For a given state 7, the a-fair allocation is the vector (sg, s1,...,sr) that solves the optimization prob-
lem (7). If n; > 0, then s; = C; — sp. The objective function in (7) expressed in terms of the value s, is
concave in sg. Taking the derivative of (7) with respect to so and setting it equal to zero, we obtain that

E)

(o, w) (ﬁ)

satisfies

L
wo - g - (sg(a,w)(ﬁ))—a _ Zwi . (Cy — Sg(a,w)(ﬁ))—oz’
i=1
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or equivalently

m(a,w)

122%(&%—%)? (28)

pt no O — Sg(am))(

. L ) ) @, . . . .
The function ), E}’O (;l_() CiS_OSO) is non-decreasing in sg. Hence, when either n; or :jjo increases, by

equality (28) the corresponding value of sy must decrease. Statements (i) and (iii) follow now immediately.
Statement (ii) follows similarly by noting that

ST ) = = GaGe T
= wo \no ¢ — 55 (i) = wo \no ¢; — 550 (i7)
- (DY)
iz Wo 2o O — Sﬂ(ﬁyw)(ﬁ)
Ewg mg o s7” w)(_') 8\ 75
2 (Z—O(_OC w(B.w) ~) )
i=1 0 ()
B Eowrng st @)\ 2
n <;_0<_OC S”(ﬁyw)(ﬁ)) ) ’
with 73 =~ and r > 1. Hence s> (77) < st (7). O

Appendix B: Proof of Proposition 5.6

By the conjecture of [14], the scaled workload in a node is independent of «. In addition, it is stated
that the diffusion scaled number of users, N*7(@)(¢), converges in distribution as k — oo to N™(®)(t) =

A(V7™@) (1)), where the lifting mapping A : R? — R3 is as defined in [14, 17]. This is equivalent to
saying that there are ¢1(«), g2(«) > 0 such that

NI = pigi(@)®, i=12 and NJ' = po(qi(a) + g2(a))=. (29)

Using this representation for the number of users, we can describe the effect the parameter o has on the
holding cost.

We compare the holding cost under two a-fair policies with parameters oy and as for a given workload

in both nodes. So we have at each time that the workload in a node is ‘A/f(a) = ©;, independent of «,

i =1,2 (from now on we will drop the dependence on t). Using the representation as in (9) and the fact
that pg + p; = C;, this gives
(€= po)ai(@) 1 + po i (ar (@) + aa(e)) V1 = b (30)

Together with (29), the holding cost for an a-fair policy can be written as

2
SN = aopo(qr(@) +g2(a) + e1(Ch = po)ar(@)F + ca(Ca = po)ga(a)
=0

= e1((@ = poar(@) + polt (an(0) + g2(0)) %)

+e2((C2 = p0)aa(@)* + po 2 (ar () + a2()) /)

Coo — C1h1 — C2ld2
Ho

c101 + cata +

ES
a

+

po(q1(a) + g2(a))

Cofto — C1H41 — Copl2
Ho

[l

po(1+ f()*) = ga(a)7, (31)

Q=

where f(a) := (ql(a))

q2 (o)
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For ¢ = 2, equation (30) gives
ga(ar) '/ (02 —po+ PO%“ + f(al)m)l/m) = g2(az)/o2 (02 —po+ Poﬁ(l + f(0f2)°‘2)1/a2)' (32)

From (32) we conclude that

1

(14 f(a1)™) 7 ga(a1) ™1 < (=) (1+ f(a2)®)7 go(ag) ™ (33)

if and only if

(14 f(as)2)52
(Cs — po+ po2(1 + f(ag)2) 1/

Ho

(1+ fla)™)er
(Cy — po + po2(1 + f(al)al)l/al

Ho

< (=)

if and only if ) )
(14 fla)®™) s < (=) (L4 flag)™) 2. (34)

Let b be such that ©; = bvs. Assume without loss of generality (Cz_[)f;’/% < b < 1. (For states

with b > 1 the analysis is the same, with only the roles of nodes 1 and 2 interchanged.) Note that when
po /o

b= —"LUE ___ we are on the edge of the cone as described in (10). In Lemma 1 (see below) we
(C2—po)/m2+po/mo )
prove that (1+ f(«)®)= is indeed strictly decreasing in o when (Cr[);’;’/% < b <1 and is constant
po/ ko

when b = (C2—po)/m2+po/io

on the edge of the cone, we conclude from (31) and the equivalence between (33) and (34), that the mean
holding cost is strictly decreasing (strictly increasing) in o when ¢; 1 4 copa < copto (€161 +capta > copo)-
U

, the edge of the cone. Assuming the probability mass is not all concentrated

The following lemma is used in the proof of Proposition 5.6.

1

Lemma 1 The function (1 4+ f(a)*)"* with f(a) = (Z;EZ;)E, is strictly decreasing in o when

% < b< 1 and is constant when b = %. Here b satisfies 91 = bis.
Proof: From 9, = bi; and (30) we obtain the relation
1 11 1 1 1
(Cr = po)qu ()i + (1 — b)ﬂt)%(ql(oéi) +q2(os))> = b(C2— Po)th(ai)‘” ;
hence when we divide both sides by qg(ai)a%:, we obtain
Jaa! N M1
1= po)fla; —b)po— o o= 2 — Po)—-
(¢ )f (i) + (L =b)po—(1 4 f(ai)*)" b(C: ) (35)
Ho H2
By (35) we have that f(«) =0 if and only if b = (Cr[);’;’/%. 1
Assume b = %. Then f(a) = 0 and hence the function (1 + f(«)®)= is constant.
Now assume (CTPO”)O/% <b<1. So f(a) >0 for all . Take a3 < ag and let » > 1 be such that
as = raq. Then
(14 f(2))77 = (17 + f(ray)"™) ™1 < (1% + f(ra1)™) ™1 = (1+ f(ray)®)7,  (36)

since 1+ f(ray) > 1. Suppose f(az) = f(rai) < f(a1). From (36), we then obtain (1 + f(ozg)(”)% <
1+ f(al)o‘l)“%l. However, from (35) we know that when f(az) < f(a1), then (1 + f(ag)‘“)% >

1+ f(al)o‘l)‘%l, hence we have a contradiction. So we conclude that f(az) > f(a1), and hence f(«) is
strictly increasing in o and from (35) it then follows that (14 f(a)®)a is strictly decreasing in a. [

26



