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Abstract

We study a multi-class time-sharing discipline with relative priorities known as Discriminatory
Processor Sharing (DPS), which provides a natural framework to model service differentiation in
systems. The analysis of DPS is extremely challenging and analytical results are scarce. We develop
closed-form approximations for the mean conditional (on the service requirement) and unconditional
sojourn times. The main benefits of the approximations lie in its simplicity, the fact that it applies
for general service requirements with finite second moments, and that it provides insights into the
dependency of the performance on the system parameters. We show that the approximation for the
mean conditional and unconditional sojourn time of a customer is decreasing as its relative priority
increases. We also show that the approximation is exact in various scenarios, and that it is uniformly
bounded in the second moments of the service requirements. Finally we numerically illustrate that the
approximation for exponential, hyperexponential and Pareto service requirements is accurate across
a broad range of parameters.

1 Introduction

The Discriminatory Processor Sharing queue (DPS) is a versatile queueing model providing a natural
framework to model service differentiation in systems. It is a multi-class extension of the well-studied
egalitarian Processor Sharing (PS) policy, where the various classes are assigned positive weight factors.
The service capacity is shared simultaneously among all customers present in proportion to the respective
class-dependent weights. More precisely, given there are K classes of customers, if at time ¢ there are
nk(t) class-k customers present in the system, k = 1,..., K, under DPS each class-k customer is served
at rate gi/ Zszl gjn;(t), where g1, ..., 9Kk, are the class-dependent weights. The DPS queue has received
lot of attention due to its application to model the impact of service differentiation in systems.

When all the weights are equal, the DPS queue is equivalent to the PS queue. The PS queue has gained
a prominent role in evaluating the performance of a variety of resource allocation mechanisms (see for
example [19, 15, 29]), and in recent years it has received renewed attention as a convenient abstraction
for modeling the flow-level performance of bandwidth-sharing protocols in packet-switched networks, in
particular TCP, see for example [10, 24]. In multiple practical situations, the actual service shares that
users obtain may show substantial variation among users with heterogeneous characteristics. For example,
TCP flows that share a common bottleneck link but traverse distinct routes, may experience diverse packet
loss rates and round-trip delays. Besides TCP-related effects, the heterogeneity in bandwidth shares may
also be due to deliberate service differentiation among competing flows (for example different quality-
of-service in the Internet). For instance packet scheduling algorithms, such as Weighted Fair Queueing
(WFQ) and Weighted Round-Robin (WRR), have been proposed as potential instruments to implement
differentiated bandwidth sharing.

In this context, the Discriminatory Processor-Sharing (DPS) provides a natural approach for modeling
the flow-level performance of TCP. The DPS model was introduced by Kleinrock in [18]. Despite the
simplicity of the model description and the fact that the properties of the egalitarian PS queue are quite

*A conference version of this paper was published in [14].



thoroughly understood, the analysis of DPS has proven to be extremely difficult. For example, results
on an important basic metric like the mean sojourn time in the system have only been derived in a very
implicit manner or under certain limiting regimes (time-scale decomposition, heavy-traffic, overload etc.).
In a seminal paper Fayolle, Mitrani & Iasnogorodski [9] studied the mean conditional (on the service
requirement) and unconditional sojourn time. For general service time distributions, the authors obtained
the mean conditional sojourn time as the solution of a system of integro-differential equations. In addition,
the authors provided a thorough analysis for the case of exponentially distributed service requirements.
However, except for the case of two classes, no closed-form expression is available and numerical analysis
is needed in order to calculate the mean sojourn times. Since we use the results of [9] in order to evaluate
the accuracy of our approximation, we will give further details on them in Section 2. Avrachenkov et
al. [3] established that the mean queue lengths of all classes are finite under the usual stability condition,
regardless of the higher-order moments of the service requirements. Asymptotics of the sojourn time have
also received considerable attention for example in [5] and [4]. An important result in this area establishes
the asymptotic equivalence between the sojourn time distribution and the service time distribution.
Time-scale separations have been studied in [25] and [6]. In particular, the authors of [6] approximate
the distribution of the sojourn time for a DPS queue with admission control. However the expressions
derived in [6] need to be solved numerically. The performance of DPS in overload and its application
to model TCP flows is considered in [2]. The application of DPS to analyse the performance of TCP is
also considered in [17]. For more applications of DPS in communication networks see [7, 8, 13]. DPS
under a heavy-traffic regime (when the traffic load approaches the available capacity) was analysed in
Grishechkin [11] assuming finite second moments of the service requirement distributions. Subsequently,
assuming exponential service requirement distributions, a direct approach to establish a heavy-traffic
limit for the joint queue length distribution was described by Rege & Sengupta [20] and extended to
phase-type distributions in [26]. We refer to Section 2 for more details on heavy-traffic results. Game-
theoretic aspects of DPS have been studied in [28] and [12]. For an extensive overview of the literature
on DPS we refer to the survey [1].

Motivated by the difficulty in analyzing the system in exact form, in this paper we derive a closed-form
approximation for the mean conditional and unconditional sojourn time in the system. We first obtain
a light-traffic approximation using the framework obtained in [23]. To the best of our knowledge, we are
the first to obtain a light-traffic approximation of a time-sharing system, that is, when all users in the
system simultaneously get served. We then use results from the heavy-traffic literature in order to obtain
a polynomial approximation for any value of the load of the mean conditional sojourn time for service
requirements with finite second moments. Unconditioning on the service time distribution, this allows us
to readily obtain an approximation for the mean unconditional sojourn time. We will show that in some
cases our approximation becomes exact, for example when there is only one class in the system or when
all the weights are the same. The approximation provides insights into the performance of the system.
We show that the approximation for the mean conditional sojourn time of a class-k user is decreasing
(resp. increasing) as the weight gi (resp. g;, j # k) increases. Another important observation is that
the approximation is uniformly bounded in the second moments of the service requirements. This was
a major property of PS, which is in sheer contrast with FCFS queues, where the mean waiting time
explodes as the second moment grows. In the particular case of exponential service time distributions
we see that the expression greatly simplifies and that the approximation for the mean unconditional
sojourn time is exact when the mean service times for all classes are the same. Finally, we numerically
investigate the accuracy of the approximation by comparing it with the exact results obtained in [9)].
We consider exponential, hyper-exponential and Pareto service time distributions, and our results show
that our approximation works extremely well across various parameter values. An important benefit of
the approximation is that it provides insights into the dependency of the performance on the system
parameters (weights, service time distributions, etc), and we thus believe it will provide an interesting
tool in order to implement service-differentiation in real systems.

The remainder of the paper is organized as follows. In Section 2 we provide a detailed model description
and gather results from Fayolle et al. [9] and Grishechkin [11] that will be used in the paper. In Section 3 we
develop a light-traffic analysis. The light and heavy-traffic interpolation approximation for the conditional
and unconditional sojourn time is presented in Section 4. Section 5 presents the results for the particular
case of exponentially distributed service requirements. In Section 6 we numerically test the accuracy of
the obtained approximations.

2 Model description and preliminaries

We consider a multi-class single-server queue with K classes of customers. Class-k customers, k= 1,..., K,
arrive according to independent Poisson processes with rate Ay > 0. We denote the overall arrival rate by



A= Zszl Ak. A class-k customer has a generally distributed service requirement denoted by By and we
assume E[B?] < oo, k = 1,..., K. The traffic intensity for class-k customers is denoted by py := A\, E[B]
and the total traffic intensity is denoted by

K K K
pi=> pp= ME[Bi] =D aE[Bi] = AE[B],
k=1 k=1 k=1

where aj = A/ denotes the probability that an arrival is of class k& and the random variable B is the
service requirement of an arbitrary arriving customer.
The K customer classes share a common resource of capacity one. There are strictly positive weights
g1, - - -, 9K associated with each of the classes. Whenever there are ny class-k customers, k = 1,..., K,
in the system, each class-k customer is served at rate

gk

e
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We denote by Si(A\,b) the conditional sojourn time of a tagged class-k customer with a given service
requirement b, when the arrival rate is A\. We are interested in approximating Si(\,b) := E[Sk(),b)],
the mean conditional sojourn time of the tagged class-k customer. We further denote by Sj(A\) :=
fooc Sk(\, b)dFy(b) the mean unconditional sojourn time of the tagged class-k customer, where P(B), <
b) = F(b) is the distribution function of By, and S(\) := Zszl arpSk()\) is the mean unconditional
sojourn time of an arbitrary customer.

The analysis of DPS is extremely difficult compared to that of egalitarian PS, which arises as a special
case when all g;, are equal. Fayolle et al. [9] obtained that the derivatives of the mean conditional sojourn
times of the various classes satisfy the following system of integro-differential equations:

8SK(\, b)
b
95, (A : 9S,(\y) =
—1+AZ/ gjy)[le(wagib)]der)\/o at yz gk(b y))ldy,

(1)

for k =1,..., K. The natural boundary conditions are Si(),0) =0, k=1,..., K.

The only known analytical solution for this system of equations has been obtained under the assumption
of exponentially distributed service requirements. In this case we denote by p; := 1/E[B;], ¥j. In [9] it
is proved that

d;
S,(A,b) +ngcﬂﬁj * 21— emitlon), (2)

where —3;, j =1,2,...,m, are the m distinct negative roots of

K

s s

> =, 3)

i Mgt s
and where ¢; and dj, j = 1,...,m, are a function of the input parameters and §;, j =1,...,m.
Furthermore, for the mean unconditional sojourn time with exponentially distributed service require-
ments, it is shown in [9] that Si(A\), ¥ = 1,..., K, is the unique solution of the following system of

equations:
K K =
= Ajgj AjgiS;(A 1
S [1-3 —2% _szi. (4)

i3 Mi95 + HkGk i Mi9i Tt PkGE Pk

A closed-form solution for this system of equations (4) is available only for the case of K = 2, and is

given by ( )

= _ 1 p1p2(92 — g1

14 = pa(l—p) (1 - D ) ®)
and

< _ 1 p2p1(g1 — go)

where D = p191(1 — p1) + pi2g2(1 — p2).



The above shows how hard and challenging it is to study analytically the DPS model. For this reason,
as mentioned in the introduction, research has focused on analysing the DPS queue in limiting regimes,
like tail asymptotics, heavy-traffic limits, fluid limits etc. In this paper, we take a different approach,
and we develop a light and heavy-traffic interpolation based approximations for Si(),b) and Si()\). In
the numerical section we will use Equations (2), (4)-(6) in order to numerically verify the accuracy of our
interpolation approximations.

The approximation is obtained by interpolating the mean sojourn times obtained under the light-traffic
regime and the heavy-traffic regime.

The light-traffic regime consists in letting p | 0, or equivalently A | 0. Hence, it concerns the performance
when the system is almost empty. Therefore, in Section 3 we analyze the mean conditional sojourn time
in the light-traffic regime.

The heavy-traffic regime consists in letting p 1 1, or equivalently A 1+ 1/E[B]. Hence, it concerns the
performance when the system is close to congestion. Heavy-traffic results have been obtained in [11,
20, 26]. For our analysis, we use the results by Grishechkin [11, Theorem 4.1] who studied a general
M/G/1/GPS system of which our model is a particular case. In particular, for the DPS queue as
studied in this paper Grishechkin derives the distribution of the conditional sojourn times, scaled by
1 —AE[B] =1-p, as AT 1/E[B]. In particular, the mean of this distribution is given by

. b E[B?]
E[ lim (1— AE[B])Sk(\b)] = — =% . (7)
AM1/E[B] 9k 32—, E[B?]/g,
For our interpolation result, we are interested in limyqy/gip)(1 — AE[B])Sk(\,b) = limyp /By (1 —

AE[B])E[Sk(A, b)]. Although we cannot verify that the limit and expectation can be interchanged, we use
the expression in (7) as an approximation for limyy/g[p)(1 — AE[B])Sk (A, b). Numerical experiments as
performed in [26] indicate that indeed the limits can be interchanged.

3 Light-traffic analysis

In this section we analyse the mean conditional sojourn time of the tagged class-k customer under the
light-traffic regime. The light-traffic regime concerns the performance of the system for small values of
the arrival rate ), i.e., when the system is almost empty. We will approximate S (), b) by a Taylor series
expansion of Si(\,b) at A = 0. Assuming that the first n derivatives of S (), b) with respect to A at A = 0
exist we have the following approximation for the mean conditional sojourn time of a class-k customer
when A is close to zero:

A" (n)

50 0) =52 0,0) + 25(0,5) + -+ 25 (0, b). 8)

n!

We will refer to this as the light-traffic approximation of order n. Here ?,(CO) (0,b) = Sk(0,b) and we refer

to it as the zeroth light-traffic derivative. Moreover, gfgm) (0,b),m =1,2,..., denotes the m-th derivative

of Si(\,b) with respect to A at A = 0, i.e., % . We have based our analysis on Reiman and

Simon [23] where it is shown how to obtain the derivatives of arbitrary order m > 0 at A = 0 under a
general admissibility condition. Following the discussion in [23, Appendix A] we make an assumption on
the service requirements By, that is,

E[e"PF] < oo (9)
for some 1 > 0,Vk. This finite exponential moment condition entails admissibility; it is likely stronger
than needed but its purpose here is to provide a convenient framework where calculations can be justified.
In this paper we set n = 1 in (8) as this will already provide us with an accurate approximation of the
performance. Let A(s,t) denote the number of arrivals in the interval [s,¢) in addition to the tagged
customer who is assumed to arrive at time 0. Then, the zeroth and first light-traffic derivatives satisfy

5,(0,b) :=E [Sk(O,b)‘A(—oqoo) - o] (10)
and

o0

5. 00):= [

— 0o

(E [sk(o, b)]A(—oo, %) =1,7 = t} _E [sk(o, b)‘A(—oo, o0) = o] )dt, (11)

where 7 is the arrival time of the first customer, see [23].

In Section 3.1 we provide a brief intuitive approach of how to obtain the light-traffic derivatives (10) and
(11) and we refer to Reiman and Simon [23] for more details. In Section 3.2 we then calculate the first
order light-traffic approximation for the DPS queue.



3.1 Light-traffic approach

In this section we provide an intuitive approach of how to obtain the zeroth and first light-traffic deriva-
tives. This approach is based on the analysis of J. Walrand in [27, Chapter 6.3.]. Higher order light-traffic
derivatives can be obtained in a similar way.

Consider a system that starts at time —Z and that keeps going until time T, being Z,T > 0 given. Let
Sk(A, b, —Z) denote in this case the sojourn time of the tagged class-k customer who arrives in the system
at time ¢t = 0 and note that limz_,oc Sp(A, 0, —Z) = Si(A,b). Let A(s,t) denote the number of arrivals
in the interval [s,t) in addition to the tagged customer who is assumed to arrive at time 0. Throughout
this section we assume that the limits (with respect to Z and T') and expectations can be interchanged.
We then have

AT+ 2)" _sre2)

a! - (12)

E [min{Sy(\,b,~2),T}] = 3 E [min{Sk()\, b, —Z),T}’A(—Z, T)=al-
a=0

where E [min{Sk(/\, b, —Z),T}‘A(—Z, T) = a} is the expected minimum between the sojourn time and
T, conditioned that there are exactly a arrivals. Evaluating it at A = 0 gives

E[min{Sk(\,b,—2),T}]| =E [min{sk(o, b,—Z}, T})A(—Z, T) = 0] : (13)
A=0

and now taking the limit Z, T — oo we obtain the zeroth light-traffic derivative

S,(0,0) := lim E[min{Si(\,b,—Z),T}]

Z,T—o0

—E [Sk(O,b)’A(—oo,oo) - o} :
A=0

where the second equality follows from (13).
Next, consider the derivative with respect to A in Equation (12) and evaluate it at A = 0. This gives

0 .
aI['E [min{Sk(\, b, —Z),T}]

A=0
- E [mm{sk.(o, b,—2), T}’A(fZ, T) = 0] (T+Z)+E [min{Sk(O, b,—2), T}’A(fZ, T) = 1] (T + 2)

_ /T <E [min{Sk(O, b, —Z),T}‘A(—Z, T)=1,7= t} _E [min{Sk(O, b, —Z),T}’A(—Z, T) = o} )dt(14)

-7

where 7 is the arrival time of the first customer. The second equality holds because the arrivals follow a
Poisson process. Hence given that the number of arrivals in [—Z, T) is one (A(—Z,T) = 1), we have that
7 is uniformly distributed on [-Z,T).

Now taking Z,T — oo we obtain the first light-traffic derivative

500 =l B min{SyA,b.~2),T)]

A=0

_ /OO (]E [54(0,5)[A(o0,00) = 1,7 = 1] ~ E [54(0,5)| A(~o0,00) = ] )dt,

—00

where the second equality follows from (14).

As stated above, higher order light-traffic derivatives can be obtained in a similar way.

In the next section we use the expressions (10) and (11) to calculate the zeroth and first light-traffic
derivatives of the DPS model.

3.2 Light-traffic approximation

In this section we derive the first-order light-traffic approximation. As we will see in Sections 4, 5 and 6,
the first order light-traffic approximation provides us with an insightful and accurate approximation of
the performance.



Equation (E)) represents the situation where nobody enters the system except the tagged customer.
Therefore, S,(0,b) is equal to the service requirement of the tagged customer, which we denote by b.
Hence, B

Sr(0,0) =b. (15)
Let us denote by Skt ,p,, the sojourn time of the tagged class-k customer when there is exactly one
arrival at time ¢ on R, u; describing the class of the customer arriving at time ¢ and b,, denoting the
service requirement of the customer arriving at time ¢. Hence, E {Sk(O,b)‘A(—oo,oo) =1,7= t} and

E[Sk.tv,, But] are equivalent, where U; and By, are dependent random variables and are distributed as
follows: with probability «; we have U; = i and By, is distributed as B;, ¢ = 1,..., K. We can write
Skt ur,b,, as follows:

t+bu, +0 ift <0<t+by, andgik>“grﬂ
vt
%b iftgoft‘?butandqikgtj;&
‘ - Jug
b ift+b, <0
Skt by, = . bt - bu (16)
) b+but 1f0<t<bandﬁ>gt
Ik +Gu, . bt buz
t(b—t)® 2 if0<t<band ot < o
b ifo<b<t.

The first expression describes the case where the customer arrives before the tagged customer and leaves
after the tagged customer arrives, but before the tagged customer leaves. Hence, by the work conserving
property, the tagged customer stays in the system until all the work present at time 0 is done, that is,
by, —(—t)+b. We recall that the work-conserving property states that as long as the system is non-empty,
the server does not idle. The second term describes the case where the other customer is in the system at
time 0 and is still present as the tagged customer departs. Hence, the tagged class-k customer is served

-1
at rate _- i’; , so that its sojourn time is b (gk j’r"é ) . The fourth expression describes the case where
ug e T Yuy

the customer arrives after the tagged customer and leaves before the tagged customer. Hence, by the
work-conserving property of the system, the sojourn time of the tagged class-k customer is given by the
total amount of work that needs to be done, that is, b+ b,,. The fifth term describes the case where the
customer arrives after the tagged customer, and departs after the tagged customer departs. Then, the
sojourn time of the tagged customer is composed of ¢, the time it was in the system until the customer

-1
arrived, plus (b —t) (gk i’“g ) , the remaining service requirement multiplied by the inverse of the rate
ut

at which the the tagged class-k customer is served. The third and sixth case is when the tagged customer
does not coincide with the other customer. Hence, the sojourn time is given by its service requirement,
b.

From Equations (11), (15) and (16) we then obtain the following expression for the first derivative.

Lemma 3.1. We have

?S)(O,b) = /R (IE [Sk(O,b)’A(foo,oo) =1,7= t] — b) dt = A(E[Sk7t7Ut7BUt] — b)dt

1 gk \ . JU, 2 gu o . gu. gk + gu
(14 2y min{ By, b9%32 — (9% 4+ 95 B Y min{ By, , 020y 4 LTIV p | (17
2( gUt) {Bu, o = o o v,) min{ By, 0 } o v, |- (A7)

=E

See Appendix A for the proof.

From (8), (15) and (17) we now derive the following approximation for the mean conditional sojourn time
when A is small.

Corollary 3.2. The light-traffic approzimation (of order 1) of the mean conditional sojourn time for a
tagged class-k customer with service requirement b is given by

ST (A, b) = Sk(0,6) + XSV (0,b)

1 Gk \ . 9u, 2 qu. ol . qu, qu.
=b(1+p)+AE|=(1+ =) min{By,,b=—"}* — (b= + =By, ) min{By,, b=} + =*bBy, |. (18
( P) 2( gUt) {Bu, gk} ( o 90, Uf,) {Buy, gk} o Uy (18)



Remark 1. We consider in the paper the light-traffic approzimation of order 1. Calculating the second
light-traffic derivative would imply having to consider events that either 0, 1, or 2 customers arrive in the
system (besides the tagged customer). The latter would result in going through 22 different cases, while
for the first derivate we only needed to go through 6 cases, see Equation (16).

We will see in Sections 4, 5 and 6 that already the first order light-traffic approximation provides an
insightful and accurate approximation of the performance

We can infer several nice properties from (18). For instance, we will show in Section 4 that (18) is
decreasing in g; and increasing in g;, j # k. In other words, the approximation for the mean sojourn
time reduces as its own weight increases, and it increases as the weight of any other class increases.
Another interesting observation is that the light-traffic approximation of the mean conditional sojourn
time can be uniformly bounded in the second moment. This important feature helps obtaining a good
performance in the presence of highly variable service distributions (like the ones observed in nowadays
communication systems). See Section 4.4 for details.

4 Light and heavy-traffic interpolation

In this section we present the light and heavy-traffic interpolation result. This technique was popularized
by Reiman and Simon [21, 22, 23] and consists in interpolating

t(0) 1= (1= p)Sk(A,b) = (1 = AE[B])S(Ab),
by a polynomial #(\) of order n + 1:

th(A) = ho + A+ ... 4+ ko AV (19)
To determine the coefficients hg, ..., h, we use the so-called light-traffic conditions
(0 = t,(0) and £™(0) = t{™(0), form=1,...,n, (20)
and the heavy-traffic condition
te(1/E[B])™) = tx ((1/E[B])7), (21)

]
2
where ¢, ((1/E[B])~) is given by gkaK 3[2[22]/97 see (7).

Once we have obtained the coefficients we undo the normalisation so that
ti(X)
1 — AE[B]’

5T b) =

0 <A< 1/E[B], (22)
provides an approximation for the mean conditional sojourn time Sy (A, b). We refer to this approximation
as the light and heavy-traffic interpolation of order n + 1.

In the following proposition we characterise (22) in terms of the light-traffic derivatives and the heavy-
traffic equation. To the best of our knowledge, this is a new result and it applies to any model, i.e., it is
not restricted to the DPS model.

Proposition 4.1. The light and heavy—tmﬁic interpolation of order n+ 1 can be written as

INT _ (AE[B])"*!
S Z . “50(0,6) + 14 (1/E[B]) )m. (23)
Proof. From the light-traffic condition (20) we obtain
<(®) <(i-1)
ho=S,"(0,b) and h; = 72,! [ ]7@,_1)! ,i=1,2,...,n,
and from the heavy-traffic condition (21) we obtain
- h
— n+1 7
n+1 O) - 1 gg) (07 b) ggil)((h b)
= E[B" | t((1/EB)) - -2 R L v T
i=1 : :

E[B
- mmwﬂemumwwv—E Qb)

Equation (23) follows after substituting these expressions in (22). O



Notice that in the previous section we derived the light-traffic derivatives up to order 1. Hence, this allows
us to obtain the light and heavy-traffic interpolation of order 2 as stated in the following proposition.

Proposition 4.2. The light and heavy-traffic interpolation (of order 2) of the mean conditional sojourn
time for a tagged class-k customer with service requirement b is given by

S ()
1
— b+ ME[B] + AE | = (1 + 2 min{By,, 62432 — %% 4 9& B Y min{By,, 6%} + b2y,
2 9u, 9k 9k 9u, Ik Ik
CEB) b BB o0
(1= AR[B]) gk S5 | o, B[B2]/g;
Proof. This follows from Equation (23) together with (15), (17) and (7). O

In [14] Proposition 4.2 was proved by calculating the coefficients hg, h1, ho using Equations (20) and (21).
Thanks to Proposition 4.1, the proof of Proposition 4.2 is now immediate.

In Section 6 we will numerically evaluate the accuracy of the approximation formulas derived in Propo-
sition 4.2. In the subsections below, we first make several interesting observations.

Remark 2. In Appendiz B we describe an alternative way to obtain the light-traffic derivatives. This
method makes use of Equation (1), and hence it applies only to the DPS model. It allows us to derive
higher order light-traffic approrimations. We observe numerically, see Figures 14-17, that the light-traffic
approximation (of order 2) gets more accurate, whereas the accuracy of the interpolation (of order 3) for
intermediate loads does not necessarily get better.

4.1 Processor Sharing

For the standard Processor Sharing queue the mean conditional sojourn time is known and is given by
b/(1—p), [16]. If either (i) there is only one class or (ii) all weights are the same, our model is equivalent to
a processor-sharing queue. Below we will verify that our approximation as stated in (24) indeed coincides
with /(1 — p).

We first consider the case of one class, that is, a; = 0, Vi # k and ay = 1. Then Equation (24) is equal
to

2
b(1 + p) + AE | min{ By, , b}> — (b+ By,) min{By,, b} + bBy, | +b (1” )
—p
2
P b
=b(1+p+ ) = ;
(I=p)" 1-=p
where we used that min{By,,b}* — (b + By, ) min{By,, b} + bBy, = 0.
We now assume all weights are the same, i.e., g; = gx, Vi,k =1,..., K. Equation (24) is then equal to
: . bp? E[B?]
b(1 4 p) + AE| min{By,,b}? — (b+ By, ) min{By,,b} + bBy, | +
(AR B O 0 BB 080 |4 s i
2
0 b
Arera ) =1,

Hence, both cases coincide with the PS queue.



4.2 Priority queue

We now consider the case when the weight of the tagged customer grows large, i.e., g — co. Hence,
class k is prioritized in the limit. Then, the approximation simplifies to

lim (b(l +p)

gk — 00
= 1 g g g g g
+ A, E (min But,b w12 4 min Bu”b e )— b=t min{B,,, b=~} + B,, min But—k,b
u; 2 { } gut { } ( 9k { 9k ; { ' Gu, )
Ly |, DOEB)? E[B?)
gk “ (1 - )‘E[B]) ngleajE[Bf—]/gj =+ OzkE[BI%]
i#k
1
=b(l+p)+E Z)\u,( (0+0) — (O+bBut)+O>
=1
itk
=b(1 + pg)-

Note that the conditional sojourn time as g — oo is known and its given by b/(1—py). Since 1/(1—py) =
Z;’io pt, we directly see that the approximation is the first order approximation of the exact expression.
The relative error is equal to 100% (b/(1 — pr) — b(1 + px)) /b/(1 — px) = p3100%, and we thus see that
the relative error increases as the load of class k increases.

4.3 Monotonicity in the weights

It can be checked that the approximation for the mean conditional sojourn time of a tagged class-k
—INT . . . . )

customer, S}~ (A, b), is decreasing in gi and increasing in g;, ¢ # k.

This can be seen as follows. Conditioning on U; we can write

K
S’iNT(Aab) = p)+ Z [ 1—|— gk)mln{Bl,bgl 32— ( ' +ngi) min{Bi,b&}—kb&B
=1,i#k 9i 9i gk gk
oEE) b B

(1= XEB]) g 5, o, E[B2]/g;

where for U; = k we used that min{ By, b}? — (b + Bk) min{ By, b} + bBy = 0.
Now, if B; < %b, then

1 Gk . 9i\2 9i | 9k : i gi 1.9 9k
—(14+ =) min{B;,b=}" — (b= + =B;) min{B;, b=~} + b—DB;, = -B; (1 — =),
2 ( gi ) { Ik P 9k i ) { Ik ) gk 2 ( gi )

which is decreasing in g, and increasing in g;. If B; > g—;b, then

1 Gi 1o o . gi gi 1,59
1+ mlnB,b + =B;)min{B;, b=} +b—B; = =b*—(1 — +bB;(=— —1
2( gz) B } (9 9i ) win{B: gk} g 2 gk( gk) (gk )

which is decreasing in g and increasing in g; (can be derived by taking the derivative and the fact that

B; > 4tb). The monotonicity of ?,ICNT(/\, b) in g and g; now follows immediately.

4.4 Uniformly bounded in the second moment

A very relevant property of processor sharing is that the mean sojourn time depends on the service time
distribution only through its mean [15]. This has been an important argument to claim the interest of
time-sharing disciplines with respect to more classical scheduling policies like FCFS. Indeed, the classical
Pollaczek-Khinchine formula for the mean waiting time in a FCFS queue shows that it explodes as the
second moment of the service time distribution grows large. For a DPS queue, Equation (1) does not
allow to reach any conclusion regarding the dependence of the mean conditional sojourn time on the
moments of the service time distribution.

It then becomes interesting to observe that the approximation (24) is uniformly bounded in the second
moments of the service time distribution. To see this, we first note that min{BUt,bgq%}2 < BUtbgg%,
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which directly implies that the first three terms in (24) are uniformly bounded by a function that de-
pends on the service requirements only through its first moment. We are now left with the heavy-traffic

E[B?] . ) _ E[B?]
term — 55— Let j* be such that E[B5.] > E[Bj5], Vj. We then have —3 5 =
Z_j:l O‘jE[Bj]/gj Zj:l O‘j]E[Bj]/gj
o E[B? E[B2. -
2. BB < [57-] = 9" We thus finally conclude that (24) can be upper bounded

SN aE[B3/g; ~ o-EIBLl g oy
by an expression that depends only on the first moment of the service time distributions. This indicates
that the DPS queue provides a satisfactory performance even in the presence of service time distributions
with a high variability.

4.5 Mean unconditional sojourn time

As a corollary of Proposition 4.2, we obtain the mean unconditional sojourn time of the tagged class-k
customer.

Corollary 4.3. The light and heavy-traffic interpolation (of order 2) of the mean unconditional sojourn
time for a tagged class-k customer is given by

—INT —INT

5T () = / SIVT (X, b)dEL (b)
=E[Bk](1+ p)

+>\E[ (1+ 25 ) min{By,, B 9 }2 (B2t + 22 B Ymin{By,, By 2} + B, 2% By,
qu, 9k qu, gk 9k

(AE[B])* E[By] ]E[B2]

(1-XE[B]) 9« YK oE[B?/g;

(25)

5 Exponential service requirements

In this section we focus on the case in which the service requirements of the customers are exponentially
distributed. We recall that a random variable B; is exponentially distributed if P(B; < b;) = 1—ebi/E[Bi],
In Section 5.1, we further simplify the expression for the light and heavy-traffic interpolation of the mean
conditional and unconditional sojourn time and compare the latter for two classes of customers with the
exact formulas as stated in Equations (5) and (6). In Section 5.2, we calculate the relative error (for
different service requirements) and we verify that our approximation for the mean unconditional sojourn
time for an arbitrary customer is exact when the service requirements of all customers are the same.

5.1 Mean conditional and unconditional sojourn time

In the case of exponentially distributed service requirements, our approximations for the mean condi-
tional and unconditional sojourn time can be significantly simplified. This is a direct consequence of
Proposition 4.2 and Corollary 4.3, respectively.

Corollary 5.1. Assume class-k customers have an exponentially distributed service requirement with
mean 1/pg, k = 1,..., K. The light and heavy-traffic interpolation (of order 2) of the mean conditional
sojourn time for a tagged class-k customer with service requirement b is given by

ST () — b4 ABIBb+ A S % (1 - %) (1) 4 LB D Lo oslh]
L = (U= ABIB]) 9 3521/ (u39;)

and the mean unconditional sojourn time is given by

—INT / SINT M b)dE (b)
! (9:-9) , QEB)® 1 Yitioi/u
-1y Dgp +>\Zaj J + & 5  (26)
Wk ik =My 9k gk (1 AE[B]) grtik > i1 i/ (1395)

where E[B] = Zfil o/

Proof. These results can be derived from Proposition 4.2 and Corollary 4.3 after doing some manipula-
tions. 0
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In the case of two classes of customers, Fayolle et al [9] have closed-form expressions for the mean
unconditional sojourn time, see Equation (5) and (6). Rewriting (26) for K = 2 in such a way so that
the similarity with Equations (5) and (6) is clear, we obtain

K 2
_ 1 Qg _k(g_k — 1—-p)D
SéNT(A) _ 1402 -1+ Zé_l il 13 +#kP k(g—k —gr) (1-p) (27)
#i(L = p) 9k 2 5= 5/ (1795) D g1 + pi2ge

with k = 1,2, —k = mod(k, 2) + 1 and where D = p191(1 — p1) + pagz(1 — p2).

We directly observe that the difference with respect to the exact expression for the mean unconditional
K 2

> i /1 1—p)D
Jj=1 J//”Lj > and ( p)

2 .
Ik Ej:l O‘j/(ﬂ?.‘]j) g1+ p2ge
It can easily be seen that our approximation is exact for the two extreme values of the traffic inten-

sity, p = 0 and p = 1. That is, the expressions giNT(O) = 1/pp and limy_,; /g (1 — p)giNT()\) =

1 o —
— <1 + P19k gk)) are satisfied.

sojourn time ((5) and (6)) is in the terms p? (1 +

H b INT
S\ =S A
Let us denote by Rel.Errory, the relative error of a class-k customer, that is, Rel.Errory = Skl )F (S;\k) ) ;
k
k= 1, 2. Now, let us consider g; + g2 = 1. We then obtain limg,4+; Rel.Error; = pf -100% and
PLI2
pepr — (1 —p1) <P2 + pgpr (1 — p))
lim Rel.Error = P2 . 100%.
g1l p1(l = p1) + papr

Hence, the relative error of class-1 customers (when g1 1 1) increases as the load of class 1 increases but
does not depend on the parameter of class 2. The same result was obtained in Section 4.2 for the mean
conditional sojourn time for an arbitrary number of classes and general service requirements. Moreover,
the absolute relative error of class-2 customers (when g; 1 1) increases as the load of class 2 decreases.
In Figure 1 we plot the relative error of the mean unconditional sojourn time for K = 2 with respect to
g1- The parameters considered are p; = 0.2,p2 = 04,41 =1,u3 = 1,92 = 1 — g1 and from the formulas
presented above we obtain lim,,+1 Rel. Errory = 4%, limg, 41 Rel. Errory = —0.8%, limg, ;o Rel. Error; =
—12.8%, limg, ;o Rel. Errors = 16%, which coincide with the extreme points in the figure.

5.2 Mean unconditional sojourn time for an arbitrary customer

In this section we calculate the relative error of the mean unconditional sojourn time for an arbitrary
customer when K = 2 and p1 or us takes extreme values, and we verify that our approximation for the
mean unconditional sojourn time of an arbitrary customer is exact when the service requirements of all

customers are the same. , .
a0
o1 arSk(Y)

100%, where S1(\) and S2(\) are given in Equations (5) and (6), respectively. Then, if we keep constant
p1 and pg, such that \; = pjpy and Ay = paps change, we obtain

- 1
1<P2(92 91) (1_ 1+p>p2 (1+92>>
lim Rel.Error = 9 PL 97 100% (28)

o (15 + o

We denote by Rel.Error the relative error of an arbitrary customer, that is, Rel.Error = (1

and lim,, 4o Rel.Error = lim,, o Rel.Error. The intuition behind the latter equation can be seen as
follows: having p; — oo and A\; — o0, i.e., having many class-1 arrivals of small size, is equivalent to
having g2 — 0 and A2 — 0, i.e., having very few class-2 arrivals of large size.

In Figure 2 we plot the relative error of the mean unconditional sojourn time for an arbitrary customer.
We fix p1, p2 and p1 and we let ps and Ay = pouse change. The chosen parameters are p; = 0.2, p =
0.6, 11 = 1,91 = 1, g2 = 2. We observe that the results obtained from Equation (28), lim,,, o Rel.Error =
—0.2105% and lim,,,+oc Rel.Error = 8.307%, coincide with the extreme points in the figures. We know
the expression of the latter equality because lim,,1oc = lim,, 1o and the symmetry of the latter with
Equation (28).
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Figure 1: Relative error for Figure 2: Mean unconditional sojourn time for an arbitrary
the mean unconditional sojourn customer.

time for K = 2 with respect to
g1-

We now show that our light-traffic approximation for the mean unconditional sojourn time of an arbitrary
customer is exact under the assumption that the mean service requirements of all customers are the same,
ie, E[B;]=1/u,Vj= 1,...,K. This result holds for an arbitrary number of classes.

As btated earlier, the mean unconditional sojourn time of an arbitrary customer is defined as S(\) :=
25:1 arpSk()\). Since we assume exponentially distributed service requirements and E[By] = 1/u,Vk =
1,..., K, the total number of customers in the system is distributed as that in a processor sharing queue
with arrival rate A = Zszl A and service rate p. By Little’s law, we therefore have that the total mean

1/p
p

unconditional sojourn time is given by that of an M/M/1 queue, i.e, il
For our light and heavy-traffic interpolation we have

gINT()\) _ ZakleT

K
- 1+p+AZ Z w)? EKJ L Yt
ugju+gku (L=A/p) = ugkz <o/ (n2g5)

1+p+1p Kock 1 1/p
I ul—pklgkzjla]/g] 1y

where we used that

_ gk lKKl i 9k 9k — 95\ _
S > e, 2 LSS, o)

- = gu+gku uklgl Jg+gk Pt g+gk 95 + 9

Hence, the obtained light and heavy-traffic interpolation is exact.

In Figure 2 (left) we observe that when ps = 1, so when the service requirements of both classes coincide,
the relative error is 0, as proven in Equation (29).

6 Numerical results

In this section we numerically investigate the accuracy of the approximations obtained in this paper. In
Section 6.1 we consider the mean conditional sojourn time and in Section 6.2 the mean unconditional
sojourn time, whose approximations are stated in Proposition 4.2 and Corollary 4.3, respectively.

As stated in Section 2, Fayolle et al. [9] obtain analytical expressions of the mean conditional and un-
conditional sojourn time under the assumption of exponentially distributed service requirements. For
exponentially distributed service requirements, we will evaluate the accuracy of the approximations by
comparing the exact formulas as obtained in [9], see Equations (2) and (4), with the approximations as
given in (24) and (25).

In order to obtain a more complete understanding on the accuracy of the approximation, we will also
consider hyperexponential and Pareto distributions. Hyperexponential and Pareto distributions have a
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decreasing hazard-rate, and their second moment can be made arbitrarily large, and because of these
features it has been proposed as an appropriate distribution to model service time distributions in the
Internet.

We say that B; has a hyperexponential distribution with m; phases if P(B; < b;) = 1= ", pipe(~0i/ElBik])
where p;i, is the probability that a class-i customer is exponentially distributed with mean E[B;;]. In
order to derive exact expressions for the mean sojourn time when the service requirements are hyperexpo-
nentially distributed, we make the observation that if classes kK = 1,...,m; are exponentially distributed
(where class k has arrival rate A\, and mean service requirement E[By]) and have the same DPS weight,
g1 = ... = gm,, then they can be seen as a single (merged) class ¢ with a hyperexponential distribution
with parameters p;, = A,/ > A and E[B;;] = E[By], for each phase k = 1,...,m;. This allows us
to calculate the performance with hyperexponential distribution using Equations (2) and (4) which are
derived for exponential distributions.

We say that B; has Pareto distribution with scale parameter ¢; and shape parameter v, if P(B; < b;) =

1 Vi
1-— <1+b) . In order to derive exact expressions for the mean unconditional sojourn time we solved
Ci0;

numerically Equation (1). However, the output was not stable enough and therefore we opted to simulate
the DPS queue instead (using MATLAB). The simulation results are based on averaging 10 runs with
each run comprising 5 - 10° busy periods. A busy period is defined as the interval of time between two
consecutive time epochs when the system becomes empty, such points being regenerative points for the
stochastic process of interest.

Note that the hyperexponential distribution satisfies the sufficient condition to hold admissibility (Equa-
tion (9)), whereas Pareto does not satisfy it; for any value of v; in the Pareto distribution, higher order
moments than v; are unbounded. In the latter we show that even thought condition (9) is not satisfied
the light-traffic interpolation remains accurate.

Throughout this section the performance criteria will be the relative error. For instance, for the mean
<INT

conditional sojourn time, we will caleulate 100% x W, and for the mean unconditional
k »
<l <INT
sojourn time 100% x W

Before explaining in detail the numerical results we have obtained, we summarize our main conclusions:
e The approximation is accurate over a broad range of parameter values.

e For a given set of parameters, the relative error for the mean conditional sojourn time increases as
the service requirement of the tagged customer increases.

e The error increases as the disparity among the weights increases.
e For any given scenario, the largest relative error occurs in an intermediate load between 0 and 1.

e The largest relative errors for the mean conditional sojourn time occur for service requirements b
that are very unlikely to occur. This also explains the high accuracy of our approximation for the
mean unconditional sojourn time.

6.1 Conditional sojourn time

In this section we measure the accuracy of the mean conditional sojourn time given in Proposition 4.2.

Scenario 1. In Figure 3 we consider four classes K = 4 with exponentially distributed service require-
ments. The parameters of the classes are fixed, and we vary the total arrival rate in order for the load
to cover the range of stable values. We consider E[B;] = 2, E[By] = 5, E[B;] = 7, E[B4] = 10, g1 = 30,
g2 = 25, g3 = 20, g4 = 10, and «; = 10/36, ay = 5/36, ag = 8/36, ay = 13/36 such that A\; = «; * A,
i=1,...,4, where X is the total arrival rate. In Figure 3 we plot the relative error of our approximation
for the mean conditional sojourn time of a tagged class-i customer, for ¢ = 1,...,4, where the size of
the tagged class-i customer, b;, is selected such that the probability of the event is P(B; < b;) = 0.01,
P(B; < b;) = 0.50 and P(B; < b;) = 0.99, respectively. As can be seen, the relative error for the mean
conditional sojourn time remains small and always below 6%.

Scenario 2. In Figure 4 we consider two classes K = 2 with exponentially distributed service require-
ments. We fixed the parameters E[B;] = 2, E[Bs] =1, g1 = 1, g2 = 3, a; = 0.415, ay = 0.585 and
Ai = a; * A\. We let the service requirement of the class-i tagged customer span between 0 and b; max
where P(B; < bimax) = 0.99 and for each b we plot the largest absolute relative error that can be found
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Figure 7: Scenario 4: Relative error for the mean conditional sojourn time for a tagged class-i customer
with service requirement b; such that P(B; < b;) = 0.01 (left), P(B; < b;) = 0.50 (middle), P(B; < b;) =
0.99 (right).

for a p € [0,1). We observe a largest error of at most 6%.

Scenario 3. In Figure 5 we consider again two classes with exponentially distributed service requirements.
As parameters we fix: E[B1] =2, E[B2] =1, A = 0.2, Ao = 1.5\ and b = 1. We chose g2 = 1—g; and let
g1 vary on the horizontal axis. In the figure we plot the mean conditional sojourn time and our approx-
imation. We see that the property stated in Section 4.3 is satisfied, namely as g; increases F{NT(A, b)

—INT . . . R
decreases and S, (A, b) increases. Besides, it can be observed from the figure that the approximation
looses accuracy as one class is given more priority, i.e., g1 — 0 or g1 — 1.

Scenario 4. In Figure 11 we consider two classes with hyperexponential distributed service requirements
with E[B;] = 11/3, E[Bs] = 44/3. Each of the hyperexponential distributions has 3 phases. The param-
eters are as follows: for class 1 we take E[Bq1] = 3.5, E[B12] = 2, E[B13] = 5, p11 = 10/21, p1o = 5/21,
p13 = 6/21, and for class 2 we take E[Bg;] = 10, E[Bgs] = 15, E[Bas] = 20, pa; = 4/15, pay = 8/15,
po3 = 3/15. The weights are set to g1 = 2 and go = 5. We assume that an arriving customer is of class
1 (class 2) with probability a; = 7/12 (ag = 5/12). As in Scenario 1, we select the service require-
ment of the tagged customer such that P(B; < b;) = 0.01,0.5 and 0.99. We see that the error increases
as the size of the tagged customer increases. However it is remarkable how accurate the approximation is.

In Figure 6 we consider Scenario 4. We vary the service requirement of the class-i tagged customer
between 0 and b; e, Where P(B; < bimax) = 0.99 and for each b we plot the largest absolute relative
error that can be found for a p € [0,1). We observe that the error increases as the size of the tagged
customer increases. The largest absolute relative error is of the order of 22% for the class with the
smallest weight and of the order of 3% for the class with the highest weight.

6.2 Unconditional sojourn time

In this section we evaluate the accuracy of the mean unconditional sojourn time given in Corollary 4.3.

In Figure 8 we consider the same parameter setting as in Scenario 1, and we observe that the largest
relative error for the mean unconditional sojourn time is less than 3.5%.

In Figure 9 we consider two classes with hyper-exponentially distributed service requirements. The pa-
rameters are the ones considered in Scenario 4. We conclude that the largest relative error for the mean
unconditional sojourn time is around 3%.

As pointed out in the beginning of the section, we observe that the relative error for the mean uncondi-
tional sojourn time tends to be smaller than the ones observed for the mean conditional sojourn time.
This can be explained by noting that the largest errors in the mean conditional sojourn time tend to
occur for service requirements that happen with a very low probability.

In Figure 10 we consider two classes with hyper-exponentially distributed service requirements. The
parameters are the same as in Scenario 4. We chose go = 1 — g1 and let ¢g; vary on the horizontal axis.
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Figure 11: Scenario 4: Relative error for the mean conditional sojourn time for a tagged class-¢ customer
with service requirement b; such that P(B; < b;) = 0.01 (left), P(B; < b;) = 0.50 (middle), P(B; < b;) =
0.99 (right).

For each given g; we calculate the largest absolute relative error for the mean unconditional sojourn time
as we let p range from 0 to 1. We observe that the relative error for the unconditional sojourn time is at
most of 30%, and that this happens when class 2 receives full priority.

Scenario 5. In Figure 12 we consider Scenario 1 but in this case with Pareto distributed service require-
ments. We consider four classes with ¢; = 1/4,¢0 = 1/10,¢3 = 1/14,¢4 = 1/20 and v = 3,72 = 3,73 =
3,74 = 3, such that, E[B;] = 2, E[Bs] = 5, E[Bs] = 7, E[By4] = 10, the weights are set to g; = 30,
g2 = 25, g3 = 20, g4 = 10 and o1 = 10/36, aa = 5/36, a3 = 8/36, ay = 13/36 such that A\; = a; * A,
i =1,...,4, where X is the total arrival rate. Notice that E[B;],g;,a;,% = 1,...,4 are the same as in
Scenario 1. We note that the point p = 1 is not obtained from simulations, and that instead it comes
from the heavy-traffic condition and it is therefore exact. We conclude that the largest relative error for
the mean unconditional sojourn time is around 5%.

Scenario 6. In Figure 13 we consider Scenario 4 but in this case with Pareto distributed service require-
ments. We consider two classes with ¢; = 3/22,¢o = 3/88 and 1 = 3,72 = 3, such that, E[B;] = 11/3,
E[Bs] = 44/3 and the weights are set to g1 = 2 and g2 = 5. We assume that an arriving customer is of
class 1 (class 2) with probability ay = 7/12 (aa = 5/12). Notice that E[B;], g;, ai,i = 1,...,2 are the
same as in Scenario 4. We note that the point p = 1 is not obtained from simulations, and that instead
it comes from the heavy-traffic condition and it is therefore exact. We conclude that the largest relative
error for the mean unconditional sojourn time is less than 5%.
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Appendix A: Proof of Lemma 3.1

To calculate ?,(:)((),b) we need to calculate [ E[Sk,t,v,,By,]dt, where Sk ¢4, p,, is as given in Equa-
tion (16). We first focus on the calculation corresponding to the first term of (16), that is, the case when
t<0<t+ By, andt < gg%b — Buy,, (where the inequalities of the random variables hold sample-path
wise). We have

ey _ By, | (t+ By, +b)
9k

dt

0
[ E
0

E[/ 1|:BUtZt>BUthtb:| (*t+BUt+b)dt
0 9k

1 |:_BUt <t<

g

Ut b} (~t+ By, +b) |dt
9k

1|:BU1, Zt>BUt_

i

as we make use of Tonelli’s Theorem. It follows that

/ 1 [BUt >t¢> By, — gUtb] (—=t+ By, +b)dt
0 9k

BUt t2 BUt
:/ (—t+ By, +b)dt = {—+BUtt+bt} . (30)
( ? (Bo-e0)"
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We can now consider two cases. If By, — gg%b > 0, then Equation (30) is equal to

t2 BUt
[— 2+BUtt+bt:|

9(}1,
By, —Ztb

B (BUt B %b) gu, gu,
:—&—l-BUtBUt—FbBUt — _—+BU1, <BUt —t’b) +b<BUt — tb)
2 2 Ik Ik
2 2
1 <9Utb> gu,b
= =) e
2\ gk gk

If By, — gg%b < 0, then Equation (30) is equal to

2 Pue B B
{2+Bmt+bt} = ——* + By, By, +bBy, = —* + bBy,.
0

We thus obtain

9032 4 hmin{ By, , b2 }} .(31)
9k gk

> 1
E |:/ 1 |:BUt >t > BUt — 9. ] (—t + BUt + b) dt:| =K |:2 min{BUt,b
0 9k

Second, we focus on the calculation corresponding to the second term of (16), that is, the case when
t <0<t+ By, and gg%b—thUt. We have

0 00
/ E|1 {g“bBUt §t} Gk 90y g — / El1 [gUthUt < t} Gk T 90 | gt
o 9 I o 9 9
- E / 1 [gUthw < t] Ik T 9044y
0 9k 9k

as we make use of Tonelli’s Theorem. It follows that

o (Bu,—22e) " +
/ 1 [t < By, — gU‘b} Gk 9 gy — 96+ 90, / © par = p %I <BUt - g“b) . (32)
0 9k 9k 9k 0 9k 9k

We can now consider two cases. If By, — %b > 0, then Equation (32) is equal to

bgk + 9u, (BUt _ gU’b) i
9k 9k

If By, — gg%b < 0, then Equation (32) is equal to 0. We thus obtain

E [/ 1 {gU*b— By, < —t} mbdt} —E {g’“LgUtb (BUt — min{By,, 2 b})] G
0 9k 9k gk 9k

Third, we focus on the calculation corresponding to the third term of (16), that is, the case when
t+ By, < 0. We have

/0 E[1[t < —BUt]b—b]dt:/OooE[l [t < —By,]b—bdt = E {b/oooa (Bu, < 1] —1)dt}

—00

as we make use of Tonelli’s Theorem. It follows that
s} e’} BU,,
b/ (1[By, <t]—1)dt = b/ —1[By, > t]dt = —b/ dt = —bBy,.
0 0 0

We thus obtain -
E [/ (1[By, < t]b—b)dt} — _bE[By,]. (34)
0
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Fourth, we focus on the calculation corresponding to the fourth term of (16), that is, the case when

0<t<band % BU‘ . We have
& B o B
/ E {1 [t<b—gkUt] (b+BUt)} dt—E U 1 {t<b—gkUt} (b-l—BUt)dt] ,
0 Gu, 0 qu,
as we make use of Tonelli’s Theorem. It follows that
9k Buy +
oo B b— 90,
/ 1{t<b—gngUt] (b+BUt)dt:/( ") (b+ Bu,)dt. (35)
0 t 0

Ifb— g’;% > 0 then Equation (35) is equal to

bingUt
B
(- )<b+But>dt<b+BUt><bg’“ w) =g 1 2

9k 2
bBy, — I- B2 .
Jgu, gUt> gy U

0

Ifb— g’;% < 0 then Equation (35) is equal to 0. We thus obtain

00 B
/ E [1 [t <b-— “M} (b+ BUt)} dt=E {bQ (By, — min{b, 2% By, })b — min{b, 2= By, } By, | . (36)
0 gUf gUt gUt

Fifth, we focus on the calculation corresponding to the fifth term of (16), that is, the case when 0 <t < b
and b < BY  We have

9k — QU
/ E [1 {b— gBu. 4 b} <—thf 4 I T 90 +9Uf>} dt
0 qgu, gk 9k

—E [/ 1 [bg’“BU'« §t<b] (th*+bgk+gU‘)dt}
0 gu, 9k 9k

as we make use of Tonelli’s Theorem. It follows that

o0 B b
/ 1 [b P20 <t < b} ( (2% g pPh T I +9Ut> dt =/ oy, \* ( 1% 4 p Ik 90 +gUf) dt
0 Gu, gk gk (b_-"kTUt) gk gk

2 ’
_ [_ " gu, +tbgk + 9u,

2 gk 9k ](b_%%>+

U,

Ifb— g;;% > 0 then Equation (37) is equal to

o B 2 b
/ 1[b—gkU‘<t<b] (_thtHWgUt)dt:{_gw 98T 90,
0 gu, 9k Gk 2 gk 9k p_ 9KBU,

U,
o By,

= ~—By (b .

9u, Ut,( + 9 )

Ify— g’;% < 0 then Equation (37) is equal to

/ 1 [bg’“BU‘ §t<b] (thf+bg’“+gU‘)dt { £ v +tbg’“+gUf} = (gU* +1>.
0 0

9u, 9k 9k 2 gi 9k 2gx
We thus obtain

E[ [ 9rBu, <t<b} <—t9“+bg’“+g“>]dt
9k 9k

1
gU’ b, Bu,) <2 min{ggU" b, By, } + bﬂ . (38)
k
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Sixth, we focus on the subtraction between the sixth term of (16), that is, the case when 0 < b < ¢, and
E [Sk(O, b)‘A = O} = b. We then have
/ E[1[b<t]b—0bldt=-E [/ 1[()<t<b]bdt}
0 0
as we make use of Tonelli’s Theorem. It follows that
9] b
—/ 1[0<t<b]bdt:f/ bdt = —b2.
0 0

We thus have -
/ E[1[b < ]b— b dt — —b2. (39)

0
In conclusion, summing Equations (31), (33), (34), (36), (38) and (39) we obtain

50 = [ (E[s:0.0]A0.0 = 1.7 = ] =B [si0.8)|A(=00.00) = o] ) at

=E

1
2 min{Bu,, 6912 4 bmin{ By, , b7} 4 95T 90, (BU, — min{By,, 9%}) — bBy,
2 [ 9k Ik Ik

b2 + (BUt ~ I in{9Y b,BUt}> b— 2% min{%%, By By,
qu, gk qu, 9k

9k . (9U, L . gu, 2
+-— min b, By, (mln b, By, —i—b) —b
2 min{ %b, By, ) 5 min{ b, By, ]

=E

Jer2 | (b— Gk X GUy kg Ik gy I b) min{ By,
9k gk qu, qu, qu,

1 gk) .
-1+ min{ By,, b
2( gu, { v

L9 B  bBy, 45 + BBy, — bﬂ
gk

=E

1
- (1 L > min{By,,b

qu, i <bgUt 4 9k BUt,) min{By,, b
2 qu, gk

qu, } + gk + qu, bBU
g gu, Ik !

9k

Appendix B: Alternative way to derive light-traffic derivatives

In this section we show that the light-traffic derivatives can also be obtained from the integro-differential
equation (1). The calculations below are only valid for the DPS model, while our approach is constructive
and can easily be adapted to other models. As explained at the beginning of Section 3, for A small enough,
Sk(\,b) can be approximated by a polynomial

> AT (b), (40)
m=0

<(m)

Sy (0,0
where 7, (b) = A")mz =0,1,2,....

m!
In Section 3.1 we described how the coefficients r,,(b) could be derived. This holds true for a large class
of models. We now show how the coefficients could alternatively be obtained for the DPS model. This
can be done using the expression for the mean conditional sojourn time by Fayolle et al (Equation (1)).
dSy(0,b dro(b

For the zeroth coefficient we have from Equation (40) kd(b7 ) = Tzé ) and from Equation (1)
dSy(0,0)

db

= 1. This immediately gives us
’I“Q(b) =b. (41)

Since we assumed that for A close to zero the function Sy (X, b) can be approximated by > oo _j N7, (b),
we have for m =1,2,...

qu,
ple
9k }
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rn(b) = lim - (Sk()\ b) — Z_: Nrg(h) = > A%(b)) lim Aim (Sk()\,b) -y Xﬂ(b))
=0 i

i=m-+1 1=0
1 b Yal 7 m—1 , 7T ~
= lim — / 956X b) 3o dri®)) g,
A=0 A™ Jg ob pae db

Now, substituting Equation (1) in the above formula, one can easily derive the terms r,,(b),m =1,...,
recursively. For the first and second order derivatives we obtain in this way

;aj 9; / (E [Bj] + (z’“ - 1) E[min{B;, Ziz}ﬂ) db (42)

J

and

Zajgf z; 9‘/ db( ( B ]+(g’“—1> E[min{Bj,gzg}D

gj

+ <’“ 1) / [mln{Bl,j—;( zﬂ Y1 — Fy(2)]dz

i 95
gi arb

< - )/b mm{Bw%<5—%z)}]~[1—Fj(z)]dz>. (43)

L (b—b) 9k 9j

We observe that 7¢(b) coincides with the zeroth light-traffic derivative obtained in Equation (15) and we
verified that r1(b), obtained in Equation (42), coincides with the first light-traffic derivative shown in
Equation (17).

We can now derive the following light-traffic approximation (of order 2) of the mean conditional sojourn
time for a tagged class-k customer with service requirement b when A is small

2
Sy (B) = 3 A (b) = ro(b) + 11 (B)A + ra(B)A%, (44)

m=0

where 79(b),r1(b) and ra(b) are given in Equations (41), (42) and (43), respectively. Using this result
together with Proposition 4.1 and the heavy-traffic result (7) we obtain the third order light and heavy-
traffic interpolation immediately

2 3
ST (A b) = ro(6) + r (DA + a0 4 BB OEB)
9k Z] 145 [sz]/gj 1 - AE[B]
We next assess the impact of having the second light-traffic derivative, thus obtaining a second order
light-traffic approximation and a third order light and heavy-traffic interpolation. Then, we numerically
compare the accuracy of Equations (18) and (44), and Equations (24) and (45).

In Figures 14 and 15 we plot the difference of the relative errors of Equations (18) and (44). Since we know
that all relative errors are positive and since the resulting functions are also positive, this implies that
the higher order light-traffic approximation is always more accurate. However, if we focus on Figures
16 and 17 and compare them with Figures 3 and 11, respectively, we conclude that the accuracy of
the interpolation for intermediate loads does not necessarily improve as the degree of the interpolation
increases. In both cases, having a third order light and heavy-traffic interpolation reduces the largest
relative error only for the case P(B; < b;) = 0.99.

(45)
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Figure 14: Scenario 1: Difference of the relative errors of Equations (18) and (44) for a tagged class-i
customer with service requirement b; such that P(B; < b;) = 0.01 (left), P(B; < b;) = 0.50 (middle),
]P)(BZ < bl) =0.99 (I‘ight).
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Figure 15: Scenario 4: Difference of the relative errors of Equations (18) and (44) for a tagged class-i
customer with service requirement b; such that P(B; < b;) = 0.01 (left), P(B; < b;) = 0.50 (middle),
]P)(.BZ S bl) =0.99 (I‘ight).
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Figure 16: Scenario 1: Relative error for the 3rd order mean conditional sojourn time for a tagged class-i
customer with service requirement b; such that P(B; < b;) = 0.01 (left), P(B; < b;) = 0.50 (middle),
P(B; < b;) =0.99 (right).
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Figure 17: Scenario 4: Relative error for the 3rd order mean conditional sojourn time for a tagged class-i
customer with service requirement b; such that P(B; < b;) = 0.01 (left), P(B; < b;) = 0.50 (middle),
]P)(.BZ S bl) =0.99 (I‘ight).



