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Abstract

We study the steady-state queue-length vector in a multi-class single-server queue with relative
priorities. Upon service completion, the probability that the next customer to be served is from
class k is controlled by class-dependent weights. Once a customer has started service, it is served
without interruption until completion. This is a generalization of the random-order-of-service
discipline. We investigate the system in a heavy-traffic regime. We first establish a state-space
collapse for the scaled queue length vector, that is, in the limit the scaled queue length vector is
distributed as the product of an exponentially distributed random variable and a deterministic
vector. As a direct consequence, we obtain that the scaled number of customers in the system
reduces as classes with smaller mean service requirement obtain relatively larger weights. We
then show that the scaled waiting time of a class-k customer is distributed as the product of two
exponentially distributed random variables. This allows us to determine the value of the weights
that minimize the m-th moment of the scaled waiting time for a customer of arbitrary class. We
simulate a system with two different classes of customers in order to numerically verify some of
the analytical results.

1 Introduction

In this paper we study a multi-class M/G/1 queue with relative priorities. Service is non-preemptive
and upon service completion, the probability that the next customer to be served is from class k is

NPk
= (1)
> 3 Py
where, p;, j = 1,..., K, are given class-dependent weights, and n; is the number of class-j customers

at the decision epoch. The intra-class scheduling discipline is non-preemptive and it does not use
information of the actual service time requirements. The relative priority model can have application
in various domains, in particular in telecommunication networks [5].

A special case of this model is when the intra-class scheduling discipline is uniform random, that is,
within a class a customer is selected uniformly at random. This model was proposed in [9] and it
is referred to as discriminatory-random-order-of-service (DROS). In recent years several interesting
studies have been published on DROS, [10, 11, 12]. Expressions for the mean waiting time of a
customer given its class have been obtained in [10]. In [11, 12] the authors derive differential equations
that the transform of the joint queue lengths and the waiting time in steady-state must satisfy,
respectively, and this allows the authors to find the moments of the queue lengths as a solution of
linear equations.

In the single class case, DROS reduces to the well-studied random-order-of-service (ROS) discipline.
Classical papers on ROS are for example [14, 15, 16]. The Laplace transform for the waiting time
distribution was obtained in [14]. In [14, 15, 18], ROS is studied in a heavy-traffic setting and for



service requirements having finite variance it was shown that (i) the scaled queue length converges to
an exponential distribution, and (ii) the scaled waiting time is equal in distribution to the product of
two independent exponential random variables. More recently, the authors of [6] obtained the waiting
time distribution in heavy traffic for certain service requirements having infinite variance. In addition,
waiting time tail asymptotics have been obtained in [6]. In [4] the authors derive the relationship
between the waiting time under ROS and the sojourn time under the processor-sharing discipline.

In the present study, we establish a state-space collapse for the scaled queue length vector in the
heavy-traffic regime for a multi-class M/G/1 queue with relative priorities. We note that a similar
state-space collapse result was observed in [17] for the discriminatory processor sharing model. The
result shows that in the limit, the queue length vector is the product of an exponentially distributed
random variable and a deterministic vector. In particular, this allows to show that the scaled number
of customers in the system reduces as classes with higher value of ¢;/E[By] obtain a relatively larger
weight, where ¢ is the cost associated to class k, and E[By] is the mean service requirement of a
class-k customer. This can be seen as an extension of the optimality result of the cu-rule [8], the strict
priority discipline that gives priority in decreasing order of ¢ /E[By].

For DROS, i.e., under the additional assumption that the intra-class discipline is uniform random we
study in addition the waiting time in the heavy-traffic setting. Using the state-space collapse result,
we obtain the distribution of the waiting time for a customer of a given class in heavy traffic and
prove that it is distributed as the product of two exponentially distributed random variables. This
generalizes [15] where this result was shown for the single-class ROS queue. Moreover, we also find the
value of the weights that minimizes the m-th moment of the waiting time for a customer of arbitrary
class.

Finally, we simulate a system with two different classes of customers under a DROS discipline and
depict the queue length distribution and the first and second moments of the queue length and the
waiting time in order to evaluate the analytical results outside the heavy-traffic regime.

The paper is organized as follows. In Section 2 the model is introduced and the heavy-traffic scaling is
defined. In Section 3 and 4 the distribution of the scaled queue length vector at departure epochs and
arbitrary epochs are presented, respectively. In Section 5 the distribution of the scaled waiting time
of a given customer is presented. In Section 6 it is shown how the results presented in the previous
sections can be used to optimize the scaled holding cost and the moments of the scaled waiting time
of an arbitrary customer. In Section 7 we present our numerical results.

We note that an extended abstract version appeared in the proceedings of short papers in Performance
Evaluation Review 2011, [2].

2 Model description

We consider a multi-class single-server queue with K classes of customers. Class-k customers, k= 1,...
arrive according to independent Poisson processes with rate A\y. We denote the overall arrival rate
by A = Zi{:l Ar. We assume that class-k customers have i.i.d. generally distributed service require-
ments By, with distribution function By(t) and Laplace-Stieltjes transform Bj(s) = [;° e *'dBy(t),

and we define By (s) = %. We assume E[BZ] < oo, for all k. The traffic intensity for class-k
customers is pr = A\;E[Bg] and

K K K
p = Zpk = Z )\kE[Bk] = )\ZakE[Bk]7
k=1 k=1 k=1

denotes the total traffic intensity, where o = A/ denotes the probability that an arrival is of class k.
Service is non-preemptive and upon service completion, the probability that the next customer to be
served is of class k is given as in (1). Once a class is chosen to be served, an intra-class scheduling
discipline determines which customer in this class will be served. We assume the intra-class discipline
to be non-preemptive and not to make any use of information on the actual service requirements of
the customers. We investigate the queue when it is near saturation, i.e., p 1 1, which is commonly
referred to as the heavy-traffic regime. This regime can be obtained by letting

a 1
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since then p = A Zszl arE(Bg) T 1. When passing to the heavy-traffic regime we keep the fraction
of class-k arrivals, o, fixed and we define e 1= Qg

We denote the steady-state number of class-k customers in the system at departure epochs by Q and
at arbitrary epochs by Ni. We denote the waiting time of an arbitrary class-k customer by Wy. In
Section 3, Section 4 and Section 5 we will analyze Q, Ny and Wi, respectively, in the heavy-traffic
setting.

3 Queue length at departure epochs

In this section we present the state-space collapse result for the steady-state queue length distribution
at departure epochs. The result shows that in the limit, the queue length vector is the product of
an exponentially distributed random variable and a deterministic vector. The next proposition states
the main result of this section. The proof is provided in Section 3.2.

Proposition 3.1. When scaled by 1 — p, the queue length vector at departure epochs has a proper
limiting distribution as (A1,..., k) = (A1,..., Ak), such that as p 1 1,

d A A oLd M Aie

(1 _p)(Qla7QK) — (Qla"'aQK) = (7%"77) }/7

p1 PK

d o . . . .
where — denotes convergence in distribution and Y is some one-dimensional random variable.

In Remark 2 of Section 4 we will show that, in fact, Y is exponentially distributed. To show this we
require additional results presented in Section 4, and thus we refer the reader to Remark 2 for more
details.

Before focusing on the heavy-traffic regime, we will introduce a system of equations that is satisfied
by the probability generating function of the queue length distribution, as obtained by Kim et al,
see [12]. Define

71—(ql?"'vq1<) ::P((Q17"'7QK):(Q17"'7qK))7
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p(Z)zE[z?1~ Z Zz 2w ()
q1=0 aK

be its joint probability generating function. We define
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In [12] the distribution of the queue length was studied assuming that the intra-class scheduling is
uniform random. However, since the service discipline is non-preemptive and all class-k customers in
the queue are stochastically equivalent, the distribution of the queue length vector does not depend
on the particular choice of the intra-class policy. Hence, for any arbitrary work-conserving intra-class
policy we have the following result from [12].

Theorem 3.2. [12, Theorem 1 and 2] (a) The probability generating function p(z1,...,zK) of the
joint stationary queue lengths at departure epochs satisfies

p(z1,. .., 2K *1fp+2pzzz r(z1,...,2K). (3)

Z

(b) The function r(z1,...,2K) satisfies

K K K
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In Section 3.1 we will show that Equations (3) and (4) simplify under the heavy-traffic scaling, which
we will use in Section 3.2 to prove Proposition 3.1.



3.1 Heavy-traffic scaling

In this section we present three lemmas needed for the proof of Proposition 3.1. In the first lemma
we show that the scaled queue length at departure epochs is tight. The proof may be found in
Appendix A.

Lemma 3.3. The random vector (1 — p)(Q1,...,QKk) is tight.

It will be convenient to use the change of variables z; = e™% with s; > 0,4 = 1,..., K. Denote
§=(s1,...,5x) and e~ (1725 = (e=(1=p)s1  o=(1=p)s) Tf
limp(e”(1=7%) = limE[e~(1=P)51@1 .. o=(1=P)sx@x] (5)
pT1 pT1

exists, then there is a (possibly defective) random vector (Ql, Qs, ..., QK) such that (1—p)(Q1,Q2, ..., Qk)
converges in distribution to (Ql, Q, ..., QK) and the distribution of (Ql, Q, ..., QK) is uniquely
determined by the limit in (5) (cf.the Continuity theorem, see Feller (1971) [7]). For now, we assume
that the limit exists; we come back to this assumption in Section 3.2.

Below we give two lemmas that describe properties of lim,44 p(e=(1=P)%) In particular, in Lemma 3.5

we obtain a partial differential equation which will be the key element in the proof of Proposition 3.1.

In order to describe the behaviour of the generating function, we define

R 1 _6731Q1 ,,_eszQAK
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The “1”7 in the numerator is to ensure that the expression between brackets remains bounded when
the @;’s are all near zero.

Lemma 3.4. If lim,1; p(e=1=P)%) ezists, then it satisfies

K ~
imp(e 009 =Y pE . 7

S
i=1 s

Proof: From (3) we have
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In the third step we used that % e~ (1=P)s1Q1. e~ (1=p)skQxk -1(2;7:1 Q,>0) is upper bounded
by m, and, cf. the continuous mapping theorem, converges in distribution to ZKQW e S1Q1.
j=1%iPlj
oK Qr l(zK 0, >0) From (8) and (9) we obtain (7). O

In the following lemma we show that the partial differential equation as given in (4) simplifies consid-
erably in the heavy-traffic regime.



Lemma 3.5. If lim, p(e=(1=P)%) exists, then the function 7#(5) satisfies the following partial differ-
ential equation:
(97"(4)

0=F() 0s;

F(3)-vi(®), V§=0,

where F(5) = (F1(3), ..., Fx(3)), and

F;(8) = pi(—s; + E[B

H'MN
T
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=
=
=

with \j = a;\ and X as defined in (2).

Proof: Taking 7 equal to e~(*=#)¥ in (4), dividing both sides by 1 — p and taking the limit of p 1 1,
this gives

K K
0
- N o= (=P)si _ Br(y\ — o~ (=p)s;y | L
0 = 21)1 e B; (A Zl)\]e ) 8Zir(zl,...,zK) e
K K
87" (8)
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In the second step we used (9) and the fact that lim,4; ”(l:)p_l =In(z). O

3.2 Proof of Proposition 3.1

This subsection contains the proof of Proposition 3.1. The proof is based on the fact that the proba-
bility generating function satisfies the partial differential equation as described in Lemma 3.5. From
this partial differential equation the following property for the function #(-) can be derived:

Lemma 3.6. The function #(s) is constant on the (K — 1)-dimensional hyperplane
K .
H,:={§>0: Z—]sj =c},c>0.

The proof of Lemma 3.6 may be found in Appendix B. We can now give the proof of Proposition 3.1.

Proof of Proposition 3.1: As 7(S) is constant on H,, see Lemma 3.6, # depends on § only through

s
szl —jsj). From Lemma 3.4

s
K ~Ls;, so there exists a function 7#* : R — R such that #(5) = #*(3
Dj J

Jj=1

and ‘{g—(f) = ;—1 8’:(;5”) 5, we obtain
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which again depends on § only through Z sj Equivalently, we can write

le

Efe SH @] :E[e BT, o (@R~ —a (R 2a)]

Since this only depends on Z sj, it 1mphes Li QZ =L Qj almost surely for all 7, j, and we obtain
J
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almost surely. Writing Y 4 %Ql we get
. . Mo A
(@1,.,0k) < (2,2, Ey. (11)
P1 P2 PK

Recall that we assumed in Section 3.1 that lim,; p(e’(lfp)g) exists, thereby showing that there is a
unique limit (11). Since (1 — p)(Q1,...,QK) is tight, see Lemma 3.3, and since for any converging
subsequence of p we obtain the same limit, we obtain that the limit itself exists (see corollary on page
59, Billingsley 1999). This concludes the proof. ([

4 Queue length at arbitrary epochs

In this section we focus on the number of customers in the system at arbitrary epochs, (N, ..., Ng).
The following result shows that in the limit the queue length vector is the product of an exponentially
distributed random variable and a deterministic vector, referred to as a state-space collapse. The
proof is presented in Section 4.2

Remark 1. We note that a similar state-space collapse result was observed in [17] (Proposition 2.1.)
for the discriminatory processor sharing model. In fact, the proof technique is similar to that of [17].

Proposition 4.1. When scaled by 1 — p, the queue length vector has a proper limiting distribution as
(Myeo oy Ak) = (A1, -0, AK), such that p 11,

. Ao A
(1= p)(Ny,...,Ng) -5 (Nq, ..., Ng) £ X (22,22 25, (12)
P1 D2 PK

where % denotes convergence in distribution and X is an exponentially distributed random wvariable
with mean 1/v(p), where

23K, ME(B)]
v(p) = m. (13)

Before focusing on the heavy-traffic regime, we will introduce a system of equations that is satisfied
by the probability generating function of the queue length distribution, as obtained by Kim et al,
see [12]. Let 9(z1, ..., zx) be the joint probability generating function of the stationary queue length,
including the one in service if the system is nonempty, at arbitrary time, i.e,

(21, 2K) = E[z{vl . ng]

As mentioned in Section 3, the distribution of the queue length vector is independent of the particular
choice of the intra-class scheduling discipline. We can therefore use the following result from [12].

Theorem 4.2. [12, Theorem 3 and Theorem 4] The joint probability generating function ¥(z1, ..., 2k )
of the stationary queue lengths at arbitrary time epochs is given by

K K
1= B (A= > k1 Aezr)
w(zl,...,zK) :1—p+ZAij¢j(Z1,...,ZK) J —
j=1 A= Z?:l Ak 2k

; (14)

where ¢;(z1,...,2K) (representing the joint probability generating function of the stationary queue
lengths excluding the customer who has already started service, at service initiation epochs of class-j
customers) is given by
Ap;j 0O

¢j(z1,.2x) =1—p+ Ta—r(zl, ZK)- (15)
In Section 4.1 we will show that Equation (14) simplifies under the heavy-traffic scaling, and in
Section 4.2 we will use this to characterize the distribution of the scaled queue length vector at
arbitrary epochs.



4.1 Heavy-traffic scaling

In the next lemma we characterize Equation (14) in heavy traffic.

Lemma 4.3. The limit of (e~ =P)%) as p 1+ 1 exists and satisfies

, (s ;07" (v)
(1-p)3y —
peeT =,

X5
v=) = | =L5;
=17p; %

Proof: Since (1 — p)(Q1,...,Qk) converges in distribution to (Q1,...,Qx), we know that the limit

of p(e~(17P)%) exists, and hence, by Equation (8), the limit of 65(2‘) e exists. It now follows
Zi —p)5&
AZ] oi(s)
Js; °

As we have seen in Lemma 3.6, #(8) is constant on H.,. Therefore, it depends on § only through

directly from (15) that lim,3; ¢;(e~(*=P)%) exists and it is given by

=1 j=1 0s;
J J
& or* (v)
i ov — K by
pi V=215=1 ;Tjsj

This, together with (14) gives that
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where in the first step we used 'Hopital’s rule and B} (0) := dBjs(é) T —E[B,] for all j. O
In particular, Lemma 4.3 implies that there exists a vector (]\71, N k) such that the scaled queue

length vector at arbitrary epochs converges in distribution to it.

4.2 Proof of Proposition 4.1

This subsection contains the proof of Proposition 4.1. It consists of two steps. Firstly, we show that
the queue length vector is the product of a random variable and a deterministic vector, and secondly,
we determine the distribution of the random variable X, concluding that it is exponentially distributed
with mean as given in (13).

Proof of Proposition 4.1: Since lim w(e’(lfp)g) exists, see Lemma 4.3 we know there exists a
random vector (IVy,..., Nk) such that

E[e’EJK:lS'N] —hmw(e (1=p)%) — 8 “(v)

by

pT1 ov = ;{ 15y “Ls; '
Using the same steps as in the proof of Proposition 3.1 we obtain that
- . M A A
(Ny, o M) £ (22,22 25, (16)
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with X distributed as ’3 1 N1

In order to determine the distribution of X, we consider the total workload in the queue at arbitrary
epochs, denoted by V. We first note that the total workload at the system is independent of the
work-conserving scheduling discipline being used. In [13], Kingman considered a FCFS queue and
showed that the scaled total workload in a M/G/1 queue has a proper distribution as p 1 1:

(1 _ p)Varb i ‘A/arb’



where Vb ig exponentially distributed with mean

S, ME[B

E[Varb] — 5

(17)

Under the discipline DROS, the total workload at arbitrary epochs can equivalently be represented as

K N;—-1 K ~
Va'rb — Z Z Bj,h + ZBJ7
j=1 h=1 j=1

with B;j the service requirement of the h-th class-j customer and Bj the remaining service require-
ment of the first class-j customer in line. On one hand, note that the service requirements of all class-j

customers are i.i.d., more precisely, B; p, £ B; for all h. On the other hand, Bj is distributed as B; if
the N;-th class-j customer is not being served, and otherwise is given by the forward-recurrence time
of B;. Hence, for the scaled workload at arbitrary epochs we can write

_gyard . _(1—p)sV TP
E[e v ] zlgrllE[e (1=p)sV ]
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is bounded by 1 and converges in
1% N
distribution to e~*2-=1 B8N " From (18) we obtain that

K
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and together with (16) this gives
K ~
. A
vert £ x N ZR(B)). (20)

Since Var? is exponentially distributed, the same is true for X. Hence, taking expectations in (20)
and applying (17) we obtain

ZK:1 &-E[Bz]
ElX] - SO
2 Zj:l F;E[Bj]
which concludes the proof of Proposition 4.1. O

Remark 2. In this remark we show that the two random variables that characterize the heavy traffic
at departure and arbitrary epochs, Y and X, respectively, are equal in distribution.

Let us consider the arbitrary arrival of a class-j customer. By the PASTA property, the number of
class-k customers in the system at this time is equal to Ni. The number of customers in the system
after the first departure epoch is distributed as (Q1,...,QK). The number of customers that arrive in
the time it takes for the customer in service to depart is of the order p, since it is distributed as the
number of arrivals in a residual service requirement. It then follows that

Q; < N;+O(p).

Multiplying the above equation by (1 — p) and taking the limit p T 1 we get that Qj 4 Nj and hence
d
X=Y.



5 Waiting time

In this section we investigate the waiting time in the heavy-traffic setting. We focus on the random
intra-class scheduling discipline, that is, we consider the specific model DROS. In order to study
the scaled waiting time, we will need to assume throughout this section that (1 — p)@5 is uniform
integrable. As we mention in Section 7.2, numerics show arguments to believe that this is indeed
satisfied.

Assumption 1. For a random intra-class scheduling discipline, the random variable (1 — p)Qj} is
uniform integrable for all k.

We can now state our result, which shows that in the limit, the waiting time of a tagged class-
k customer, denoted by Wy, is the product of two exponentially distributed independent random
variables.

Proposition 5.1. Let Assumption 1 be satisfied and consider the random intra-class scheduling dis-
cipline (i.e., DROS). Then, as p 11,

A A
(1_p)(Wk?Ql)'7QK)%X(ZkH 1?"'77}()7
p1 Pk

where % denotes convergence in distribution and X and Zjy are exponentially distributed independent
random variables with E[X] = 1/v(p) and E[Z;] = 1/py.

Remark 3. Proposition 5.1 is a generalization of Kingman’s result, see [15], where the asymptotic
waiting time distribution is obtained for the single-class DROS queue (i.e., ROS).

The proof of Proposition 5.1 is based on a result obtained in [12]. Let Q} denote the number of class-k
customers in the system (excluding the tagged customer) immediately after service initiation of the
tagged customer in case the tagged customer arrives while the server is busy, i.e., Wi > 0. We now
define the following joint transform:

)= E[e*“W’“z?i .-

Tk(u,zl,...,zK ~Z£K1{Wk>0}]. (21)

Note that the joint transform of the waiting time W, of an arbitrary class-k customer and (Q7, ..., Q%)
is given by
Ele Wi o@1 . 0k — Ble 020 20 1y oy +e W@l 2@ 1 0] = 1—p+ Tk (u, 2), (22)

since 1 —p is the probability that the tagged class-k customer arrives in an idle period. For the random
intra-class scheduling discipline we have from [12] the following result for the transform T (u, ).

Theorem 5.2. [12, Theorem 8] For the random intra-class scheduling discipline, the joint transform
Ti(u,z1,...,2K) satisfies

K
Z pJ 87Tk U, 21, ..., 2K)) (25 —B;(u—i—)\—z Nz )+ Te(u, 21,0 2i0) = Wi(u, 21, ..., 20), (23)
J r=1
where Wk(u, z1, . .., 2k) satisfies
Wkl(u,zl,...,zK)
K K
K 9 B; ()\—l; Xizi) - B; (u—l—)\—l; Xizi)
Z Hpja (21, 2K)) - S (24)

In order to prove Proposition 5.1, we need the following technical lemma that characterizes the value
that the function W} (u, 21,...,2k), as defined in (24), takes in heavy traffic.



Lemma 5.3. We consider the random intra-class scheduling discipline (i.e., DROS). Then, as p T 1,
the limit W} ((1 — p)u,e=(1=P)s1 e~ (1=P)sK) exists and satisfies

)

lim W ((1 - p)u e~ (=p)st e_(l_p)sK) = —V(ﬁ)
s ’ ) ) K 5
v(p)+ 2 85t
Jj=1
with 1/v(p) as given in (15).

The result of Lemma 5.3 implies that in heavy traffic the function W} ((1—p)u,e=(1=P)s1 e~ (1=p)sk)
depends on s only through a linear combination of its components. The proof of Lemma 5.3 may be
found in Appendix C. In the following lemma we show that the scaled waiting time of a class-k
customer has a proper limit.

Lemma 5.4. Let Assumption 1 be satisfied and consider the random intra-class scheduling discipline
(i.e., DROS). Then, there exists a random vector (W, Q1, ..., Qk) such that (1—p)(Wi, Q1, ..., QK)
converges in distribution to (Wy,Q1,...,Qk) as p T 1.

Proof: By definition, the following two equalities are satisfied:

Tk(ua la R 1) = E[eiuWkl{Wk>0}}7 (25)

and

0 * —u
P Tk(ua Zlv"'7zK) ~ :E[Qje Wkl{Wk>O}]' (26)
Zj zZ=1

Now, considering Equation (23) with Z =1 in heavy traffic we get:

lpl%Ilkal((].—p)u,l,,l) (27)
K *
, D, ) 1-B3((1-p)u)
= 1 —_— 1 - T 1- ’ 90ty
B T (R
+lm T ((1 = p)u,1,...,1)
K D
=i ZLuRE[B,IE[(1 — p)Qte”(1mP)ulWiy + lim E[e~(1=PuWiq
,}{?; oy VELBi] [(1-p)Q; wi>0p] + HmE[ (Wi>0}]
K D
— %lE KZ Fiu]E[Bj]a - Qi+ 1> e—“—P)"Wu{WM}}
j=1
K D
= E[lpl%l (Z p—iu]E[Bj](l -p)Q; + 1) e_(l_p)uw"l{Wpo}} (28)

where in the second step we used (25) and (26) and in the fourth step we used the hypothesis that
(1—p)Q} is uniformly integrable (Assumption 1), [3, Theorem 3.5]. Note that W} ((1— p)u,e=(1=A)%),
which is defined in Equation (24), has a proper limit when p 1 1, see Lemma 5.3. Since (27) con-

K
verges, the same must hold for (28). Besides, > %UE[Bj](l — p)Q; converges in distribution to
j=1

K A
> %UE[BJ']Q]' and therefore, we conclude that the waiting time of an arbitrary class-k customer in

j=1
heavy traffic, Wy, converges in distribution. O

From Lemma 5.3, we note that (28) should in fact be independent of u. It can be checked that in case

(1—p)(W,Q1,...,Qk) is distributed as X (Zy, %, ce ;—I’j), as we want to show, see Proposition 5.1,
this is indeed satisfied.

We can now prove Proposition 5.1 which consists in finding Tj(-) by solving Equation (23) after the
heavy-traffic scaling.

10



Proof of Proposition 5.1: We know by Lemma 5.4 that there is a random variable W, such that
(1 — p)W}, converges in distribution to Wj. Hence, we can define the function Ty (u, §) as follows:

Tk(u,g‘) = E[e—uWke— K, s,Q:]
i Efe- -9 (1-010] | (=1
pT1
= lim Tk((l — p)u7 e*(lfp)m’ o ’e*(lfp)sK)'
pT1

We will evaluate Equation (23) in the point (u, 2) = (u(1 — p),e=17)%) as p1 1. We have

0 o
1;%111(1 — )@Tk(u’ Z) u=(1—p)u,F=c—(1-p)7

Q;fe—(l—p)uWke—(l—p)leI ceie—(1=p)s(QF—1) | o= (1-p)sk QK

- 1,}{?(1 — P)E( JREG RSP

T S R YO (29)
J

where in the second step we used Assumption 1 and [3, Theorem 3.5].
Moreover, realize that lim 1 T)((1 — p)u,e” (17751 | e~(1=P)sK) depends on 5= (s1,...,sk) only

K . .
through y = > %sj. Thus, we will write Ty (u, §) = T (u, y) and by the chain rule:
1 j

Jj=

d . dy A O -

<u§>f— W) = g Ty = Lo Btwn)| s, (30)

JlJpJ

aa

Then, taking the heavy-traffic limit in Equation (23) and using Equations (29), (30) and Lemma 5.3
we arrive to the following ordinary differential equation (ODE):

pj aTk (u, y)‘ V(ﬁ)
—_— < s; + E[B;](u+ AiSi) —I—Tk U,y ,
Zpkp] y:/glsj%( J Z ) (ﬁ')_’_y
that is R
u aTk(uay)‘ 7~ V(@
- L T y) |+ Trlny) = =52 31
pe Oy =% a3 D=Ly (31
=
The solution of the ODE (31), see Appendix D for the details, is
. P e, [ _ee, v(D)
T Pk oSy we 2P gy 32
k(uvy) ’LLe /y € V(ﬁo)_’_m € ( )

Let Zj, and X be two exponentially distributed random variables with E[Z;] = 1/n and E[X] = 1/v(p).
Then, the Laplace Transform of (Z - X, %X, ceey ;—iX) is given by:

E[efuzkxfsl%)(f...fsk;—gx] _ E[e—uzk X — ZJ 155 ;] X] _ E[e_uzk.x—yx]

= e_quX—yXZ _ — & — * e—nzky(—m 5
_E[E| = 20 = Bl /077 D,

00 . . 00
-, / o= B VD) g VDI s / et Lde
u

U Jv(p)+y €z v(p)+y x

. o0 -1
= YOI etz / i, (33)
v(P)+y

U l

v(p)+x
p At

Making the change of variable [ = p in Equation (32) we obtain

A Pk v [ e 1 v(p) . vty /°° 711
7 L i1 gy — o VP p B 2oL
k(u,y) = v(p) u /y ¢ v(p) +x R G (TG

11



Hence, it coincides with the Laplace Transform of ((1—p)Wy, (1—p)@3, ..., (1—p)Q% ) obtained in (33)
with pr = 1. Since the Laplace transform of a probability distribution is unique, (uniqueness theorem,

[7]), we conclude that (1 — p)(Wg, Q7F, ..., Q%) converges in distribution to (Zy - X, %Xﬂ e 2K X),
where, as we have previously mentioned, Z; and X are exponentially distributed independent random

variables with E(Zy) = 1/p, and E(X) = 1/v(p).
Moreover, from (22) we have
E[e_u(l_P)Wke—Sl(l—P)Ql .. _e—sx(l—p)QK}

= pE[e (=PI Wio=s1(1=p)Q1 .. o=k (1=P)Qk] 4 (1 — p),

where we used that p = P[W}, > 0]. Hence

]E[e—uWke—81Q1 .. .e—SKQK]
= lim Efe #(1=PWee=s1(1=p)Q1 .. =5k (1=p) Q]
pT1

= T(u,y) = Ble ¥ e X TN,

6 Optimal selection of the weights

In this section we show how the results of Proposition 4.1 and Proposition 5.1 can be used in order to
optimize the performance. In particular, in Section 6.1 we focus on the holding cost and in Section 6.2
we find the weights that minimizes the moments of the waiting time of an arbitrary customer.

6.1 Holding Cost

With each class of customers we associate a cost ¢; > 0,7 =1, ..., K. As performance measure we take
the holding cost Zj{zl ¢; N;. In this section we will write N;(p), N;(p) instead of N;, N; to emphasize
the dependence on the weights p' := (p1,...,pk). From Proposition 4.1 we obtain that the scaled

holding cost, (1 — p) Zszl ¢; N;(p), converges in distribution to an exponentially distributed random
variable with mean

K Zth' K
> GEIN;(9)] KJ—;’Z,\ (B2, (34)
i=1 2> -1 5-E[Bj] j=1

as p T 1. Using this expression, we obtain the following monotonicity result in the heavy-traffic regime:
The holding cost decreases “stochastically” as more preference is given to customers with a large value
of [ BT This can be seen as an extension of the cu-rule for the heavy-traffic setting [8].

Proposition 6.1. Consider two policies with weights (p1,...,px) and (q1,...,qK), respectively. Let

c; > 0,5 =1,...,K. Without loss of generality we assume that the classes are ordered such that
- P q
ﬁ_ﬁz..._m_fﬁ{] fp]il_qj,forall]—l L, K —1, then

lim(1 —p ch ﬁ)>5thm1— ch

pTl

where >4 denotes the usual stochastic ordering, i.e., X >4 Y if and only if P(X > 2z) > P(Y > z2)
for all z.

Proof: We have that (1 — p) Zle ¢; N;(p) converges in distribution to an exponentially distributed
random variable with mean as stated in (34). Since exponentially distributed random variables are
stochastically ordered according to their means, it only remains to check that

EK ij\j ZK Cj&j
J=1 p; > J=1 g

S MEB) YK, MEB)
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This holds since

K {1 K 3 K
CiAj A A .
(Z ’ 'J )(Z JE[BJD = AjAi( — G [Bi] + cE[B;]) + Z )‘?fCJE[BJ]
j=1 pj j=1 q; jrig i Djiqi 45 j=1 7 qj
| GRS S PR
> > NA—gEIB+ —eBB)]) + )N —cEB] = () ~)(Y “TEB))
Py Didg; P;idqi = P;iq; =1 qj =1 pj
Here we used that ¢;E[B;](-2- — —1-) > ¢,E[B;](-5- — —%-), which follows from the fact that 2: < &
) c; ] ‘Ih qJ Piqi piqj P;iqi pj qj
andmzm,forzgj. O

6.2 Moments of the waiting time

In this section we will give the optimal values for the weights that minimize the m-th moment of the
scaled waiting time. From Proposition 5.1 we know that

im(1l — p)Wi £ X - Zy, (35)
pT1
where X and Z, are exponentially distributed independent random variables with E(Zy) = 1/px and
E(X) = 1/v(p). Now taking the expression in (35) and using that X and Zj are independent random
variables we observe that the m-th moment of Wy, is given by

m

X«
m! om! o1 D1 )‘J'E[B]z]

E[W;"] = E[X™Z}"] = E[Xm]E[ZIT}:W@* m!) 7\ 2y K gp)
j=1p; =3

Hence the m-th moment of the waiting time for an arbitrary customer is given by

K ] K < K 3 m
Z Mg = (mi)? <Z AA,;> ijl AfE[BJZ] . (36)

k=1 k=1 )\pk 223‘:1 %E[BJ]

In what follows we will write W(ﬁ) instead of W to emphasize the dependence on the weights p.
Note that E[W ()] = X Zle E[N,(p)]. Hence, by applying Little’s law to the result obtained in
Proposition 6.1, we obtain the following corollary, which means that the mean waiting time decreases
as more preference is given to customers with a small value of E[B;],i = 1,..., K.

Corollary 6.2. Without loss of genemlity we assume that the classes are ordered such that
E[By] < ... < E[Bg]. If 2 e -, forall j=1,...,K —1, then E[W(p)] > E[W(q)].

p+1_QJ

Remark 4. The monotonicity result for the waiting time holds in the heavy-traffic setting. In the
case of two classes, K=2, Corollary 6.2 is true for any stable system, i.e., for any value of p, not

necessarily close to one. This can be seen as follows. The expression for the mean waiting time for
K=2is the following:

EW @] = Z% W]
_ ME[BY] + ME[B] A1(1 = pp1) + A2(1 — ppo) (37)
2A (L= p1 = p2p2)(1 = p2 — p1p1) — pip2p1pe’

where the expression of E[W;],i = 1,2, was obtained in [12], Equation (38). Without loss of generality
we assume that p1 + po = 1. Then taking the derivative of (37) with respect to p; we obtain the
monotonicity result as stated in Corollary 6.2 .

Moreover, we have written a code to calculate the mean waiting time as given in [12] for any value of
K, i.e., for any number of classes of customers. We choose the weights such that -2 = V] In the

Pj+1
figures we chose exponentially distributed service requirements, however, the monotomczty observed
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p=0.2610, E[B,}=0.0143, E[B,]=0.0167, E[B,]=0.02
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160
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Figure 1: The mean waiting time for three classes of customers in the system, K=3, under DROS for
the loads p = 0.2610,p = 0.6083 and p = 0.99, respectively. The horizontal axis corresponds to
L P

c=2L =1, ,K—-1

T Pjt1

p=0.2535, E[B,]=0.0083, E[B,]=0.0087, E[B,]=0.0091, E[B,]=0.009 0=0.9951, E[B, }=0.0182, E[B}=0.0294, E[B_]=0.0345, E[B,]=0.0476
1

p=0.6304, E[B,}=0.0125, E[B,]=0.0143, E[B,]=0.025, E[B,]=0.0286
33
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Figure 2: The mean waiting time for four classes of customers in the system, K=4, under DROS for
the loads p = 0.2535,p = 0.6304 and p = 0.9951, respectively. The horizontal axis corresponds to
1_ P

= 1,...,K — 1.

T P4

holds for any service requirement distribution (with the same first moment). The results obtained are
shown in Figure 1 and Figure 2, for K=3 and K=/, respectively, for different values of the load. It
can be seen that under the assumptions of Corollary 6.2, as more priority is given to customers with
small mean service requirement (i.e., as % becomes large), the mean waiting time decreases for any
value of the load.

In Corollary 6.2 we considered the first moment of the scaled waiting time. In Proposition 6.3 we will
investigate the m-th moment of the scaled waiting time and find the optimal value for the weights,
which is non-trivial.

Proposition 6.3. The m-th moment of the scaled waiting time, E[W™(p)], is minimized in p* =

1/m—1
*._< 1/E[By] )
by =\ =k 1 )
2.j=1 B[5;]

foreach ke {l,..., K}, m=2,3,....

(38)

Proof : We need to show that E[W*(p*)] < E[W*(p)]. This holds if and only if

Zf:l NE[B;]k/k=1 . (Z;(—15‘JE[B]2])]€ < N 1 . (E]K—IS‘JE[BJQ])]C
A, AE[B,]F/A- 1)k 2 T b (oK Mg 2
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which follows by definition. Now, simplifying the terms which do not depend on the weights we obtain

k
1 Zz 1 ;T
< K2
E 3 1 = s
(g ME[BIME T (DI E(B)])k
and rewriting it
K 5\ k 5\ k
)< k E—1\k—1
SIEETAED S T @)
j=1*%7 i=1 b; =1
which holds by Hoélder’s inequality. O

Remark 5. By Equation (38) we get that the ratio of two optimal weights is the following:

pi _ (EB]Y Y
v C “0)

In general, the optimal choice for the weights is non trivial. However, note that when m — 1 we
deduce that under the optimal weights a class-k customer has strict priority over a class-j customer
if E[Bi) < E[B,]|. This is exactly the result that the cu-rule states. In addition, when m — oo, from
(40) we see that the ratio of the optimal weights converges to 1. This implies that as m gets larger, it
becomes optimal to treat all classes equal.

7 Numerical results

In this section we present numerical experiments related to the results obtained in this paper. We
consider a system under the discipline DROS with two classes of customers (K = 2) and assume
exponentially distributed service requirements. For each experiment in the order of 10° busy periods
are simulated. A busy period refers to the period of time between two consecutive time epochs in
which the system is empty, and every busy period is a regenerative point of the stochastic process.
In Section 7.1 we present the numerical results corresponding to the distribution of the number of
customers in the queue, in Sections 7.2 we focus on the moments of the queue length and waiting time
and in Section 7.3 we investigate the optimal weights.

7.1 State-space collapse for the queue lengths

In this section we simulate the distribution of the joint queue length vector. As parameters we chose
A1 = 215,y = 2.85,E[B;] = 1/4 and E[Bs] = 1/6, so that p = 0.9994. In Figure 3 we plot the
joint queue length probabilities (obtained by simulation) for the weights p; = 0.7,p2 = 0.3. The
horizontal and vertical axis correspond to N7 and Ns, respectively. As a consequence of the state-
space collapsp stated in Proposition 4.1, in heavy traffic the probabilities will lie on a straight line

N. A
with slope N2 %—2 ~ 3.1, starting from the origin. This result coincides with the slope of the
1 1 D2
figure obtained.

7.2 Moments of waiting time and queue length

In Figure 4 we plot (1— p)E[N] (using Little’s Law and Equation (37)) and (1 — p)2E[N?] (obtained by
simulation) for different values of the load p. When doing so, we keep the mean service requirements
fixed, E[B;] = 1/4 and E[By] = 1/6, and take A» = 1.5A\;. Moreover, we calculate the first and
second moment of the scaled queue length as p 1 1, ie., E[limy1(1 — p)"N™] = E[Nm],m =1,2,
using (12), giving as a result the values indicated with a dot in Figure 4, which are E[N] = 0.9589
and E[N?] = 1.9510. As it can be seen in Figure 4, in both cases, as the load gets close to one
the functions E[(1 — p)™N™],m = 1,2, converge to the values indicated with the dot. This would
imply that an interchange of the limit and expectation holds for the random variable (1 — p) Nk, i.e.,
limpp E[(1 — p)" Nj*] = Ellimppi (1 — p)™ N, m = 1,2.
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p=0.9994, ). =2.15, A, =2.85,E[B.]=0.24, E[B }=0.16, p,=0.7, p,=0.3

700

600

500

o 400

300

200

100

0 50 100 150 200 250

N,

Figure 3: Joint queue length probability. The darkness of the points specifies the probability of being
into a particular state. The darker the point is, the higher the probability of being in that state.

(1-p)E[N]
(1-p)°EIN?]

o
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p

Figure 4: First and second moment of the scaled queue length obtained for different values of the

load p. The dots in both pictures are calculated by using (12) giving as a result E[N] = 0.9589 and
E[N?] = 1.9510.
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Figure 5: First and second moment of the scaled waiting time obtained for different values of the load

p- The dots in both pictures are calculated by using Equation (36) giving as a result E[W] = 0.1906
and E[W2] = 0.1713.

We note that if the limits are indeed interchangeable, together with the convergence in distribution of
the scaled queue lengths this would imply the uniform integrability of the scaled queue length (see [3,
Theorem 3.6]), as assumed in Assumption 1.

In Figure 5 we plot (1 — p)E[W] (using Equation (37)) and (1 — p)2E[W?] (obtained by simulation) for
different values of the load p. The simulation setting is the same as the one used for the queue length.
We calculate the value of Equation (36) for the cases m = 1 and m = 2 giving as a result the values
indicated with a dot in Figure 5, which are E[W] = 0.1906 and E[IW2] = 0.1713. In both cases, as
the load gets close to one the functions converge to the value obtained in Equation (36), which would
imply again that an interchange of the limit and expectation holds for the random variable (1 — p)Wy,
ie., limyp E[(1 — p)" W] = Ellimyi(1 — p)™ W], m = 1,2. In fact, for the first moment, taking
the limit as p 1 1 in Equation (37) it is easy to see that it indeed converges to the heavy-traffic limit
as characterized by Equation (36) when K = 2.

7.3 Optimal values for the weights

In Proposition 6.3 we presented the optimal choices for the weights p* in order to minimize the
moments of the scaled waiting time W. In this section we numerically evaluate the validity of the
optimal weights outside the heavy-traffic regime. We set E[B;] = 0.2439 and E[B2] = 0.1667 and
plot (1 — p)?E[W?2(p1,1 — p1)] for three different values of the load, p = 0.7, p = 0.8 and p = 0.9, see
Figure 6. The value of p; is in this particular case equal to pj = 0.4059 (see (38)). It can be seen
that the weight p} = 0.4059 is a good approximation for the minimizer of (1 — p)?E[W?2(p1,1 — p1)]
for load equal to p = 0.9. As the load decreases the approximation becomes worse, but it is still close
to the minimum of the function. We also plot E[lim (1 — p)2W2(p1,1 — p1)] = E[W2(p1,1 — p1)],
which is seen to be a good approximation for (1 — p)?E[W?(p1,1 — p1)] as the load gets close to 1.
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Appendix A: Proof of Lemma 3.3

The total workload at departure epochs can be represented as

K Qj

VP =3%"% Bjn,

j=1h=1
with Bj ) the service requirement of the h-th class-j customer. Note that the service requirements of

all class-j customers are i.i.d., and B, 4 B; for all h.
For ¢ > 0 we have

]P)((l - p)Qj = M) = P(Qj > (1_A4p)>

Q |M/(1—p)]
< P(ZB»7h> Z th>
h=1 h=1
K Qj (1 _ p) LM/(lfp)J
< P((l - p) Z Bjn = M M Z Bj’h)
j=1h=1 h=1
|M/(1—p)]
(1= pvaier (1-p)
— ]P’(M ~E[B)) = S B —E[B]]
h=1
|M/(1—p)]
(1—p)vaer (1-p)
- p( O w2 B B, ~E(B)
h=1

[M/(1-p)] [M/(1-p)]
(1-p) (1-p)
’ i > Bjx—E[Bj]> —€>P(M > Bjn—E[Bj]> —6>
h=1 h=1

[M/(1=p)]

i P((l_pj\}‘/dep —E[B,] > (1]\_4/)) h; B;n —E[Bj]

(1 _ p (1 _ p) L]V]/(l—p)J
’ i > Bjn-E(B)< —6>P< " > Bjn-E[Bj < —e)
h=1

( —E[Bj] > —e) +é€
= p{a- oy 2 el - 9) +4
)

€ =¢, for p close enough to 1 and M large enough. (41)
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In the last step we used the fact that the workload, independently of the work-conserving schedul-
ing discipline being used, is tight in heavy traffic, see Kingman L13], that is Ve’ IM’ such that
P((1 — p)V9eP > M') < €. From (41) we conclude that (1 — p)(Q1,Qa, ..., QK) is tight. O

Appendix B: Proof of Lemma 3.6

The proof of Lemma 3.6 is based on the proof of Lemma 3 in [17]. We have

2

@\w
HMN
@\w
i”
+
ﬁ
Mx

7j=1

| et

i=1 i=1
K K

= - E Aisi + E AjSj
i=1 j=1

This implies that for all §€ H,, the vector ﬁ("’) is parallel to the hyperplane H.. Since Fis Ct, for

—

each state § > 0 there exists a unique flow f(u) = (f1(u),..., fx(u)), parametrized by u > 0, such
)

that
Y g af’b(

f(0) =35 and Fy(f(u)), for all i and u > 0. (42)

ou
Since ﬁ(§) is parallel to H, for all § € H,, when started in H., the flow f(u) will stay in H.. Another
important property of this flow f(u) is that

O7(f(u)) _ x~0fi(u) 07 (3)
du _Z ou 0s;

i=1

which follows from the chain rule, Lemma 3.5, and equation (42). Hence, along each flow 1 (u), which

lies in H,, the function 7( f (u)) is constant. We will now show that each flow in H,. converges to a
certain point ¢- §* > 0 as u — 00. . . .
From (10) we get that (42) can be written as f(0) = 5 and f'(u)” = Af(u)T with

pr(—1+ E[Biﬂjq) mE[B1] R o pl]E[Bl]é\K
p2E[Ba] A p2(—1 4+ E[B2]A paE[Ba| Ak
A 2 ['2] 1 2( ' [Ba]A2) | 2 [.2] (43)
prE[Bk]A PrE[Bk]As - pr(—1+E[Bk]Ak)
In Lemma 7.1 below it is proved that one eigenvalue of A is 0 with eigenvector §* Z_‘G, §" € Hy, and
all the other eigenvalues have a Strlctly negative real part. Hence, the solution of f’(u)? = Af(u)T
with f(0) € H, can be written as f(u) = ¢- & + g(u), where limy_. §(u) = 0 and § > 0. This
implies that all the flows in the hyperplane H. converge to one common point ¢ - §* > 0

Since the continuous function 7(3) is constant along each flow, and all flows in the hyperplane H,.
converge to ¢ - §* € H., we obtain that the function #(S) is constant on H.,. 0

The following technical lemma is used in the proof of Lemma 3.6.

Lemma 7.1. Consider the matriz A as defined in (43). One eigenvalue of A is 0 (with multiplicity
1), and all the other eigenvalues have a strictly negative real part. In addition, there exists a vector

7= (n,....nx) > 0 with Zle n; = 1 such that 8 = (si,...,s}) with s} = %773' is an eigenvector
J
of A corresponding to the eigenvalue 0, and §* € H;.
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Proof: Define D as the diagonal matrix diag[d;,da, ..., dk| with d; = %, and let S be the matrix

P1(—1j- E[Bi]A1) p2ME[B] ) E PK§\1E[B1]
§— DAD-! — pl/\zl.E[Bﬂ pa(—1 +.E[BQ])\2) ‘ pK/\z.E[Bﬂ (44)
PAKEBK]  pAEBk] o pie(-1+EBili)

The matrix A is similar to S and therefore A, S and ST have the same eigenvalues. The sum of each row
of ST is 0 because Zfil E[Bl]j\l = 1, and the off-diagonal elements in ST are all strictly positive. This
implies that the matrix ST is a generator corresponding to a finite-state continuous-time irreducible
Markov chain. Hence, it has a unique equilibrium distribution 7, i.e., 7S7 = 0 and Zszl n; = 1. In
particular, 0 is an eigenvalue of the matrix S, with multiplicity 1 and corresponding to the left eigen-
vector 77, and, cf.(Proposition 6.2,[1]), the real parts of all other eigenvalues are strictly negative. Since
the eigenvalues of A and ST coincide, the same holds for the matrix A. The eigenvector of A corre-
sponding to the eigenvalue 0 is given by &' = D17, since A5* = D~'DAD~ il = D-15iT = (7.
O

Appendix C: Proof of Lemma 5.3
Taking (u, 21, ..., 2x) = (1 — p)u,e=A=P)s1  e=(1=P)sk) in (24) we get

W (L= pyu e ==

< )
Z (1=p)A; + )\pjgr(zl, ey 2K)

Zj:ef(lfp)sj’)

K K
B]* ()\ B z /\ke_(l_p)Sk) - Bj*((l - P)u + A - 2_: /\ke_(l—P)Sk)

k=1 k=1
o . (45)

By applying 'Hopital’s rule we get the expression below:

lim Wl 1-— u’e_(l_p)slw”’e—(l—p)sK
lim W' (1~ p) )

1 (. ~ 0 K K
j=1 k=1 k=1
K
N A 0, <0 .,
= A;E[B]]pg;;%r (v) b f %57 = )\%T (v) v, B,

where 7(3) is defined in (6) and satisfies (9). Hence, W} does not depend on u in heavy traffic. In
order to calculate lim,; Wil((l — p)u,e_(l_")“(“7 e 7e_(l_’))“”() it is therefore sufficient to study the
left hand side of Equation (24) in the point © = 0. This is what we will do in the remainder of the
proof.

We also remark that lim,1(1 — p)Q7 is distributed as Qi This follows by setting u = 0 in Equa-
tion (22):

—(1— K ey —(1— K 5.0,
Ele-(1-A) X 5:Qi] = E[1{w,—o0y] +Ele (1-p) 32y lQZ‘l{WPO}],E[l{Wkw}]
(1 - p) + pE[e~ (=P L, 51 (46)

Taking the limit p 11 in equation (46) we immediately obtain that lim, (1 — p)QF £ Q; 4

where the last step follows from Proposition 3.1.
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Using this result and taking v = 0 in (21) we get:

lim T3, (0, e~ (1=P)s1 ,e_(l_p)sK) = limE[e_(l_p)leI o -e_(l_p)sKQ;(}
pti pti
K oA
_Ee SR o v (47)

K
v(p) + 2 85t
i=1
Let us now calculate the derivative of T} with respect to z;. By definition (see (21)) we have

T(0,2) = B[220 - 286 1, 09)-

Hence, the derivative is

T (0, %) Q;‘»Z?l K
= E

aZj

Taking the limit when p T 1 we get

Zj

T(0. 7 —(1— o= (1=p)s1Q7 ... o= (1=p)sk Q%
lim(1 — ,o)M =limE 1= 0)Q;
! 0z; lz=e(-»3s  pt1 e—(1=p)s;
= ]E[Q;fe—leT .. .e—SKQ}] = A v(p) ’ (48)

Dj LY
T (v(p) + lej%)2
=

where in the second step we used Assumption 1 and [3, Theorem 3.5], and in the last step the fact
that Qj 4 %Y with Y exponentially distributed with rate v(). Let us consider the term which is
J

multiplying =27} (u, 21, . . ., 2zx ) in Equation (23):
82
J

ef(lfp)sj — B;k ((]_ — p)u + = Zf_il )\ref(lfp)s'r'))

lim

ptl 1—-p

, K
sje" (1795 — BY (1= phu+ A — T Ao 150)) (= 3 Ao (1-0ors, )
= lim r=1
Pl -1
K K

= —(s; — B; (0)(—u— Z)""ST)) = —(s; —E[X,](u+ Z Arsr)), (49)

r=1 r=1

where in the first step we used I’Hopital’s rule.
Due to the fact that the limit of a sum is the sum of the limits and it satisfies the same property for
the product, substituting (47), (48) and (49) in equation (23) and since we know that W} does not
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depend on s in heavy-traffic we get what we desired, namely,

Lm W (1= plu,e” (=Pt e~ (=Psk) = lim W (0,6~ (P51 e~ (1=P)sK
i W2((1 ) ) = tim v ( )

K K
. i 0 .
= lim & (lTk(O, 21y y2K) L (1,0)5) (zj - Bi(A - E )\Tzr)) + Tx(0, 21, ..., 2K)

i TAN r=1
K
K 5 (2 = Bj(A = X Avzr))
= lim ]<(1p)Tk(0,Z1,u-,ZK) ) =
ot = p; 9z; Fmem(mns (1=p)

j=1 Pi \Pj (v( S r=1 5 A
7) + le]p) V(p)+2183,,
i= i=
K K
B plz ¥7) A ( - 5‘353 + err) + V(i) N
i 2
=L (D) + X i3t = v(P) + 3 sip
j j=
_ v(p)
B K
v(p) + '21 8ipy
5=

Appendix D: Solution of the ODE (31)

The solution of (31) is given by the sum of the solution of the homogeneous case, T{ (u,y), and a
particular solution, T]f (u,y). The homogeneous solution is given by:

PE

T (u,y) = Clu)e ", (50)
where C'(u) is an arbitrary function of . In order to find the particular solution we rewrite (31) as

T (u,y) Dk op e V(D)

= =T (u,y) = ——————. 51
T T N R oy
=
Let us solve the new equation using the integrating factor technique. In order to do so, let define the
function p(y) = e~ ¥ and multiply (51) by it. The derivative of u(y) satisfies d‘é—;y) = —p(y) e

Then, our equation becomes

pr v(P) ITE (u,y) Dk +.p
_ Pk Z\P) — e\ I/ K . = gk ,
W, =T ]_Z u() BT ()
0T (u,y) 2 p du(y)
= u(y) 9y ’y: é % + T} (U,y)idy
_9 PP
= 3y(u(y) e (u,y))



which can be solved by integration. Integrating each side with respect to y gives us a particular
solution for (31), which is,

A p Y p
Tlf(uvy) = 7&e%y/ 67%I V(IT) dxa
0 v(p) +

or which is the same

2 Pk Pk e v(p)
TP (u,y) = Zew 7// e” vt ———dux. 52
k ( y) u y I/(ﬁ) g ( )
In conclusion, the general solution of the ODE (31) is given by
N - P o < _mey, v(p)
Tr(u,y) = TH (u,y) + T (u,y) = C euy—i— y/ e v ——"—dx 53
k(u,y) =T (u,y) + Ty (u,y) = C(u) ; ) + 2 (53)

We will now show that the constant C(u) is equal to zero. First, note that the solution for the

homogeneous case (50) goes to infinity as y — oo. Second, from (47) it is immediate that Ty (u,y)
K -

converges to 0 when y = > sj% — o00. Moreover, if we take the particular solution (52), appling
i—1 J

I’'Hopital’s rule for y — oo we obtain that it also converges to zero, namely:

I e e dx —e~ Y1
lim Ti(u,) = lim 22k v T _ lim (PP p(f) ~ im 2P
Y—00 y—00 u e—Ty y—00 U TPk o= Y y—00 I/(m +y

Then, the necessary condition for C(u)es ¥ to converge to zero as y — oo is C'(u) = 0. As a conse-
quence, we conclude that the solution of (31) is

O A
u Y v(p)+x
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