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Abstract—Studies of multi-server networks are usually con-
ducted on the assumptions of independent servers and specific
arrivals, which may not capture the characteristics of realistic
networks. In this paper, we propose a novel stochastic network
calculus approach to perform delay analysis for a general multi-
server network. The stochastic network service curves are derived
in two ways with different assumptions. After that, we use these
service curves to derive queueing delay bounds including delay
bound distribution and mean delay bound for a specific scenario
of which the classical M/M/N model is a subset. Compared with
previous studies, it is worth highlighting that our analysis contains
the cases where the arrival and service processes as well as the
servers can either be independent or correlated. In addition, the
accuracy of the analytical delay bounds are verified by comparing
with the queueing theory results in an M/M/N model.

Keywords—Multi-server network; stochastic service curve; delay
bound; stochastic network calculus

I. INTRODUCTION

Multi-server network refers to a network with multiple
parallel servers or channels which can transmit data simultane-
ously. Examples include LTE-OFDM (Long Term Evolution-
orthogonal frequency division multiplexing) networks in which
the available bandwidth is divided into hundreds of orthogonal
channels (subcarriers) to be shared by different users [1]. QoS
(quality of service) for multi-server networks is an active area
of research in both academia and industry. Particularly, delay
is one of the key performance metrics being considered.

Traditional queueing theory is a classical approach to deal
with delay problems in multi-server networks [2]. Retrospect-
ing previous researches, delay analysis based on queueing
theory have been performed in several multi-server networks.
For instance, Lu used an M/M/N model to derive mean delay
based on his traffic scheduling algorithm in hybrid fiber-coaxial
networks [3]. Delay analysis in MAC (medium access control)
layer with M/M/N queueing model can be found in [4, 5].
However, queueing theory has two drawbacks. One is the
statistically independent assumption between the arrival and
service processes and amongst the servers. The other drawback
is that the results of queueing theory are usually presented as
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mean values rather than probabilistic distributions especially
when network structure is complicate. Hence, queueing theory
based analysis is usually intractable for realistic multi-server
networks [6].

In this paper, we propose a stochastic network calculus
approach to analyze the queueing delay for a one queue multi-
server network of which the queueing models of [3–5] are
all subsets. Specifically, the paper considers networks with
arbitrary number of parallel servers, stochastic arrival traffic
and time varying service in MAC layer. In particular, the arrival
and service processes can either be independent or correlated,
and so are the servers. After deriving the stochastic service
curve for a general network model, we perform delay analysis
in a specific scenario which will reduce to an M/M/N model if
arrival and service processes as well as servers are statistically
independent. The delay distributions and mean delay bounds
are derived for different cases. Moreover, for verifying the
accuracy of our analysis, we compare our analytical results
with the comparable queueing theory results through numerical
simulations.

As an analytical tool employed in this paper, stochastic
network calculus [7, 8] has been proved to perform well in
performance analysis for single server networks and tandem
server networks (e.g. [9–14] etc.). Its core idea is to use arrival
curve and service curve to yield performance bounds (e.g.
delay and backlog bounds). While dealing with problems, the
results of stochastic network calculus are usually presented
as probabilistic bounds, which in turn simplifies the complex
nature of non-linear problems albeit at the expense of some de-
gree of accuracy. Further, it has been shown that the stochastic
network calculus results are in accordance with the queueing
theory results in M/M/1 and M/D/1 queueing models [13, 14].

In the literature, the limits of queueing theory in de-
lay analysis have been highlighted in the second paragraph
above. To the best of our knowledge, researches of multi-
server networks based on stochastic network calculus are few.
Usually, these works were carried out on the assumption of
statistically independent servers with constant service rate,
such as the works in [15, 16]. Additionally, analysis based on
other theories can be found in [17–19]. In such works, specific
arrivals (e.g. Bernoulli arrivals) and independent servers with
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constant service rate were often assumed.

Therefore, compared with the previous works, the main
contributions of this paper are as follows:

• We extend the theory of stochastic network calculus
to a multi-server framework which is applied to arbi-
trary number of servers, stochastic arrival process and
stochastic service process. Significantly, we syntheti-
cally consider the interdependence between the arrival
and service processes and amongst the servers. Thus,
our work is more close to the realistic scenario.

• We derive stochastic service curves of the whole
network and delay bounds for different cases. Partic-
ularly, the delay bound distributions are infeasible in
queueing theory when the arrival and service processes
or the serves are not independent.

The rest of the paper is structured as follows. Section II
describes a general multi-server network model and the analyt-
ical tool. In Section III, we first derive the stochastic network
service curves for different cases. After that, we conduct delay
bound analysis in a specific scenario. In Section IV, numerical
analysis is presented. Finally, Section V concludes the paper.

II. SYSTEM MODEL AND NETWORK CALCULUS BASICS

A. System Model

We consider a multi-server network model containing N
servers, infinite waiting buffer and a scheduler as depicted in
Fig. 1. A server is meant to serve only one packet at a time
and a packet can be served by only one server. The arrival
packets are served in the principle of first-in-first-out (FIFO).
The scheduler will allocate a server to serve the head packet
of the buffer based on a given mechanism (e.g. load balance,
priority servers etc.) provided that there are any idle servers.
If all the servers are busy, the packets would have to wait in
the buffer.

In this paper, we can use different stochastic processes to
characterize the services of different servers and the arrival
traffic respectively. We use S(s, t) to denote the cumulative
service guaranteed by the whole network within time interval
(s, t], and S(t) = S(0, t), such that we have S(s, t) =
S(t)− S(s). The server indexed i (1 ≤ i ≤ N) is denoted by
Si. The cumulative service guaranteed by Si up to time t is
denoted by Si(t). Similarly, we denote the cumulative arrivals
and departures of the network by A(t) and A∗(t) respectively.
The arrival process and departure processes for server Si are
denoted by Ai(t) and A∗

i (t) respectively. In addition, the buffer
and the cumulative processes for the network are all set to 0
at time 0, thus, A(0) = A∗(0) = S(0) = 0.

B. Stochastic Network Calculus Basics

There are two basic concepts in stochastic network cal-
culus: the stochastic arrival curve (SAC) and the stochastic
service curve (SSC), which are used to describe the arrival
process of input traffic and the service process of server
respectively. For ease of understanding, we introduce basic
definitions and theorem which are useful to the subsequent
analysis [8].
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Fig. 1. Multi-server network model

Definition 1. (Stochastic Arrival Curve) A flow A is said
to have a stochastic arrival curve α ∈ Ψ1 with the bounding
function f ∈ Ψ̄1, denoted by A ∼< f, α >, if for all t ≥ s ≥ 0
and all x ≥ 0, there holds

Pr{ sup
0≤s≤t

{A(s, t) − α(s, t)} > x} ≤ f(x).

Definition 2. (Stochastic Service Curve) A system S is said
to provide a stochastic service curve β ∈ Ψ with the bounding
function g ∈ Ψ̄, denoted by S ∼< g, β >, if for all t ≥ 0 and
all x ≥ 0, there holds

Pr{A ⊗ β(t) − A∗(t) > x} ≤ g(x),

where operator ⊗ represents the min-plus convolution, and

A ⊗ β(t) = inf
0≤s≤t

{A(s) + β(s, t)}.

Theorem 1. (Delay Bound Distribution) Consider a system
S with input A. Suppose A has a SAC as A ∼< f, α >; and
server S provides service with a SSC as S ∼< g, β >. Then,
for all t ≥ 0 and x ≥ 0, no matter whether the arrival process
is independent of the service process or not, the delay W (t)
is bounded by:

Pr{W (t) > h(α + x, β)} ≤ [f ⊗ g(x)]1 , (1)

where function [·]1 represents min{·, 1}, and h(α+x, β) holds
as follows

h(α + x, β) = sup
s≥0

{inf{τ ≥ 0 : α(s) + x ≤ β(s + τ)}}.

Particularly, if the arrival process is independent of the service
process, there holds

Pr{W (t) > h(α + x, β)}
≤1 −

∫ +∞

−∞
(1 − f(x − y))d(1 − g(y))

. (2)

For using Theorem 1 to ascertain the delay bound distribu-
tion of the multi-server network, the key challenge is to derive
an equivalent SSC of the whole network. In this paper, we call
this equivalent SSC the stochastic network service curve and
use S ∼< g, β > to denote it. Also, the delay bound derived
in this paper is an upper bound of the queueing delay.

1In this paper, we use Ψ and Ψ to denote the set of non-negative wide
sense increasing and decreasing function respectively.



III. PERFORMANCE ANALYSIS

In this section, the stochastic network service curve will
be derived. Thereafter, we will perform delay bound analysis
for a specific scenario of which the classical M/M/N system
is a subset.

A. Stochastic Network Service Curve

The stochastic network service curve will be derived in
two ways and formulated as Theorem 2 and Theorem 3. In
Theorem 2, the service process of each server is not required
to have finite moment generating function (i.e., the SSC of
each server could be derived in other ways other than the
limited terms of [20]), however, the information of the SAC
and the SSC for each server is needed. In Theorem 3, we derive
the stochastic network service curve without any information
of the arrivals on condition that the service process of each
server has finite moment generating function and stationary
increments.

Before deriving the stochastic network service curve, the
following lemma is needed (proof can be found in [8]).

Lemma 1. For the sum of a collection of random variables
Z =

∑N
i=1 Xi, no matter whether they are independent or

not, there holds for the CCDF (complementary cumulative
distribution function) of Z

F̄Z(z) ≤ [F̄X1 ⊗ F̄X2 ⊗ · · · ⊗ F̄XN
(z)]1

Theorem 2. Consider a multi-server network S with N
servers {Si|1 ≤ i ≤ N}. For ∀i, the SSC of Si is given
by Si ∼< gi, βi >, Suppose a stochastic arrival traffic
A ∼< f, α > is divided into N arrival processes as
{Ai ∼< fi, αi > |1 ≤ i ≤ N} to be served by Si respectively
based on a given scheduling principle. The whole network then
guarantees a stochastic network service curve S ∼< g, β >
with

β(t) =
N∑

i=1

βi(t)

g(x) = [f1 · · · ⊗fN ⊗ g1 ⊗ · · · ⊗ gN (x −
N∑

i=1

αi � βi(0))]1

,

where αi � βi(0) = sups≥0{α(s) − β(s)}.

Proof: In light of the description of Section II-A, the
network arrivals can be regarded as the aggregation of the
arrivals for each server. Hence, we have A(t) =

∑N
i=1 Ai(t).

Similar relationship between the departure processes can be
expressed as A∗(t) =

∑N
i=1 A∗

i (t).

We first find out the upper bound of the expression A ⊗
β(t) − ∑N

i=1 Ai ⊗ βi(t). We have

A ⊗ β(t) −
N∑

i=1

Ai ⊗ βi(t)

= inf
0≤s≤t

{A(s) + β(s, t)} −
N∑

i=1

inf
0≤s≤t

{Ai(si) + βi(si, t)}

≤
N∑

i=1

(Ai(t) + βi(t, t)) −
N∑

i=1

inf
0≤s≤t

{Ai(si) + βi(si, t)}

=
N∑

i=1

sup
0≤si≤t

{Ai(si, t) − αi(si, t) + αi(si, t) − βi(si, t)}

≤
N∑

i=1

( sup
0≤si≤t

{Ai(si, t) − αi(si, t)}

+ sup
0≤si≤t

{αi(si, t) − βi(si, t)})

≤
N∑

i=1

sup
0≤si≤t

{Ai(si, t) − αi(si, t)} +
N∑

i=1

αi � βi(0)

Applying Definition 2, we have

Pr{A ⊗ β(t) − A∗(t) > x}

≤Pr{
N∑

i=1

(Ai ⊗ βi(t) + sup
0≤si≤t

{Ai(si, t) − αi(si, t)}

+ αi � βi(0) − A∗
i (t)) > x}

(a)
=Pr{

N∑
i=1

( sup
0≤si≤t

{Ai(si, t) − αi(si, t)}

+ Ai ⊗ βi(t) − A∗(t)) > x −
N∑

i=1

αi � βi(0)}

(b)

≤ [f1 ⊗ · · · ⊗ fN ⊗ g1 ⊗ g2 ⊗ · · ·gN (x −
N∑

i=1

αi � βi(0))]1

,

where the steps from (a) to (b) are based on Definition 1 and
Lemma 1. Therefore, Theorem 2 is proved.

Significantly, the stochastic network service curve in The-
orem 2 is applied to arbitrary service processes as long as the
SSC of each server can be obtained. However, it is correlated
with the arrivals. If we augment an assumption that for all
1 ≤ i ≤ N , Si(t) has finite moment generating function and
stationary increments, the arrival and service processes will be
decoupled.

The moment generating function of a stochastic process
X(t) is defined as E[eθX(t)] [7]. Moreover, if log E[eθX(t)]/t ≤
∞, we say X(t) has finite moment generating function.

Theorem 3. Consider a multi-server network S with N
servers {Si|1 ≤ i ≤ N}. If ∀i, Si(t) has finite moment
generating function and stationary increments, then no matter
whether the servers are independent or not, for all t ≥ 0 and
x ≥ 0, the whole network guarantees a stochastic network
service curve S ∼< g, β > with

β(t) =
N∑

i=1

βi(t) =
N∑

i=1

(−1
θ

log E[e−θSi(t)])

g(x) = [Ne−
θx
N ]1

. (3)

Here, βi(t) = − 1
θ log E[e−θSi(t)], denotes the SSC of Si, and θ

is a nonnegative free parameter. In particular, if all the servers
are independent, a tighter bounding function holds as follows

g(x) = e−θx. (4)

Proof: Let us consider any time t ≥ 0. There are two
cases.



Case 1: t is not in any backlogged period. In this case,
there is no backlog in the network at time t, which means all
the traffic arriving up to time t has left the network. Hence,
we have A(t) = A∗(t), and

A ⊗ β(t) − A∗(t) = β(t, t) − S(t, t).

Case 2: t is within a backlogged period. Suppose t0 is the
start time of the backlogged period and t0 ≤ t. Thus, we have
A(t0) = A∗(t0), and

A ⊗ β(t) − A∗(t) ≤ A(t0) + β(t0, t) − A∗(t)
=β(t0, t) − A∗(t0, t) = β(t0, t) − S(t0, t)

=
N∑

i=1

(βi(t0, t) − Si(t0, t))
.

Thus, for all x > 0, we have

Pr{A ⊗ β(t) − A∗(t) > x}

≤Pr{
N∑

i=1

(βi(t0, t) − Si(t0, t)) > x}.

Then for the service processes {Si(t)|1 ≤ i ≤ N} with finite
moment generating functions and stationary increments, no
matter whether the servers are independent or not, there holds

Pr{A ⊗ β(t) − A∗(t) > x}

≤Pr{
N∑

i=1

(βi(t0, t) − Si(t0, t))) > x}

(a)

≤ inf
x1+...+xN=x

{
N∑

i=1

(Pr{βi(t0, t) − Si(t0, t)) > xi})}

(b)

≤ inf
x1+...+xN=x

{
N∑

i=1

(e−θxiE[e(θ(βi(t0,t)−Si(t0,t))])}

= inf
x1+...+xN=x

{
N∑

i=1

(e−θxiE[e(θ(βi(τ)−Si(τ))])}

(c)
= inf

x1+...+xN=x
{

N∑
i=1

e−θxi}

=[Ne−
θx
N ]1

.

Here, in (a) we apply Lemma 1 and in (b) we apply the
Chernoff bound. In (c) we let βi(t) = − 1

θ log E[e−θSi(t)].

On the other hand, if all the servers are statistically
independent, we have;

Pr{A ⊗ β(t) − A∗(t) > x}

≤Pr{
N∑

i=1

(βi(t0, t) − Si(t0, t)) > x}

(a)

≤ e−θxE[eθ
∑ N

i=1(βi(t0,t)−Si(t0,t))]
(b)

≤e−θx
N∏

i=1

E[eθ(βi(t0,t)−Si(t0,t))]

=e−θx
N∏

i=1

E[eθ(βi(τ)−Si(τ))]

(c)
=e−θx

.

Here, in (a) we applied the Chernoff bound. Step (b) holds
since the servers are independent. In (c), we let βi(t) =
− 1

θ log E[e−θSi(t)]. Hence, Theorem 3 is proved.

Actually, the assumptions of finite moment generating
function and stationary increments in Theorem 3 are logical,
because many types of stochastic processes have these charac-
teristics, such as Poisson process, exponential on-off process,
Markov modulated process etc. [20].

B. Delay Bound Analysis for Specific Scenario

In this subsection, we consider a specific multi-server
network scenario as follows. The number of arrival packets
follows a Poisson distribution with mean rate λ (packets/s).
The packet size is fixed to L (bits). The service rate of each
server is time varying and the service time is exponentially
distributed with mean time 1/μ (second per packet) for all the
servers. The servers are randomly chosen to serve the packets
by the scheduler, such that equal arrival rate is input to each
server. We denote the utilization factor by ρ = λ/Nμ, and
assume for stability that ρ < 1.

Note that if the server are statistically independent and
the arrival process is independent of the service process,
the scenario will be reduced to a classical M/M/N queueing
network. Using queueing theory [2], the delay distribution and
the mean delay of M/M/N model can be derived as follows;

Pr{W (t) > t} =
(Nρ)Np0

N !(1 − ρ)
e−Nμ(1−ρ)t

W =
(Nρ)Np0

NμN !(1 − ρ)2

, (5)

where p0 = (
∑N−1

k=0
(Nρ)k

k! + (Nρ)N

N !
1

1−ρ )−1.

In what follows, we will use the stochastic network ser-
vice curve to derive the delay bound distributions and the
mean delay bounds for different cases. To derive the delay
bound distribution, the following sufficient stability condition
is widely used in the framework of stochastic network calculus
(e.g. [8–12]).

lim
t→+∞

α(t)
t

≤ lim
t→+∞

β(t)
t

, (6)

Due to the fact that Poisson process has finite moment
generating function, the SAC and the SSC with their bounding
functions can be obtained through moment generating function
in terms of [20]. The stochastic arrival curve with the bounding
function for the multi-server network is

α(t) =
1
θ

log E[eθA(t)] =
λt

θ
(eθL − 1)

f(x) = e−θx
. (7)

In light of the system model description that the head packet
of the buffer will be immediately served whenever there have
idle servers, the arrival process for each server Si (1 ≤ i ≤ N)
is also Poison process with mean rate kiλ, where ki ∈ [0, 1]
denotes the proportion of the arrival traffic A being served by
Si and

∑N
i=1 ki = 1. Hence the arrival curve with bounding



function for server Si (1 ≤ i ≤ N) holds

αi(t) =
kiλt

θ
(eθL − 1)

fi(x) = e−θx
. (8)

The stochastic service curve with the bounding function
for server Si(1 ≤ i ≤ N ) is

βi(t) = −1
θ

log E[e−θSi(t)] =
μt

θ
(1 − e−θL)

gi(x) = e−θx
. (9)

According to Theorem 2 and Theorem 3, the stochastic net-
work service curve holds as

β(t) =
N∑

i=1

βi(t) =
Nμt

θ
(1 − e−θL). (10)

Applying the stability condition in (6), we have

λ

θ
(eθL − 1) ≤ Nμ

θ
(1 − e−θL). (11)

In Theorem 1, since both f ∈ Ψ̄ and g ∈ Ψ̄, it can easily be
verified that the delay bound distribution also belongs to Ψ̄. In
order to minimize the delay bound, θ which conforms to (11)
is optimized as

θ =
ln (1/ρ)

L
. (12)

Furthermore, h(α + x, β) in Theorem 1 holds as

β(h(α + x, β)) = x.

Replacing h(α + x, β) by t, there holds

x = β(t). (13)

Delay bound analysis by applying the stochastic network
service curve in Theorem 2:

At first, we derive the bounding function in Theorem 2 as
follows

g(x) = [f1 ⊗ · · · ⊗ fN ⊗ g1 ⊗ · · · ⊗ gN (x −
N∑

i=1

αi � βi(0))]1

= [2Ne−
θx
2N ]1

.

(14)
We conduct our analysis for two cases, i.e. case 1: the arrival
and service processes can either be correlated or independent;
case 2: arrival and service processes are assumed to be
exclusively independent.

Case 1: According to (1) in Theorem 1 and (13), the delay
bound distribution holds as follows

Pr{W (t) > t} ≤ [f ⊗ g(β(t))]1 ≤ [(2N + 1)e
−Nμ(1−ρ)t

2N+1 ]1 .
(15)

The mean delay bound holds as

W = E[W (t)] =
∫ +∞

0

Pr{W (t) > t}dt

≤
∫ +∞

0

[(2N + 1)e
−Nμ(1−ρ)t

2N+1 ]1dt

=
∫ (2N+1) ln (2N+1)

Nμ(1−ρ)

0

1dt+
∫ +∞

(2N+1) ln (2N+1)
Nμ(1−ρ)

(2N + 1)e
−Nμ(1−ρ)t

2N+1 dt

=
(2N + 1) ln (2N + 1) + (2N + 1)

Nμ(1 − ρ)

. (16)

Case 2: Similarly, we first derive the delay bound distri-
bution by using (2) in Theorem 1. When 0 < t ≤ 2N ln (2N)

Nμ(1−ρ) ,
1 − g(y) ≡ 0 , we have

Pr{W (t) > t} ≤ 1 −
∫ +∞

−∞
(1 − f(x − y))d(1 − g(y)) = 1 .

(17)
When t > 2N ln (2N)

Nμ(1−ρ) , according to (2) and (13), the delay
bound distribution holds as follows

Pr{W (t) > t}
≤1 −

∫ +∞

−∞
(1 − f(x − y))d(1 − g(y))

=1−∫ t

2N ln (2N)
Nμ(1−ρ)

(1 − e−Nμ(1−ρ)(t−τ))d(1 − (N + 1)e
−Nμ(1−ρ)τ

N+1 )

=
(2N)2

2N − 1
e−

Nμ(1−ρ)t
2N − (2N)(2N)

2N − 1
e−Nμ(1−ρ)t

.

(18)
The mean delay bound holds as

W ≤
∫ +∞

0

Pr{W (t) > t}dt

=
∫ 2N ln (2N)

Nμ(1−ρ)

0

1dt +
∫ +∞

2N ln (2N)
Nμ(1−ρ)

(
(2N)2

2N − 1
e−

Nμ(1−ρ)t
2N

− (2N)(2N)

2N − 1
e−Nμ(1−ρ)t)dt

=
2N ln (2N) + (2N + 1)

Nμ(1 − ρ)

. (19)

Apparently, the stochastic network service curve in The-
orem 3 will yield similar analysis when compared with The-
orem 2, because the only difference between Theorem 2 and
Theorem 3 is the bounding function g(x). Hence, we omit the
derivation for saving space and just give the results as depicted
in TABLE I. In particular, the scenario in case 6 is actually an
M/M/N queueing network. By the way, the approach in this
subsection is applicable to other arrival and service processes
as long as the SSC of each server is given or the service process
for every server has finite moment generating function.



TABLE I
STOCHASTIC NETWORK CALCULUS RESULTS

Case Delay Bound Distribution Mean Delay Bound

Case 1: Theorem 2

arrival and service can either be independent or correlated [(2N + 1)e
−Nμ(1−ρ)t

2N+1 ]1
(2N+1) ln (2N+1)+(2N+1)

Nμ(1−ρ)
servers can either be independent or correlated

Case 2: Theorem 2 1, t ≤ 2N ln (2N)
Nμ(1−ρ)

arrival and service are independent (2N)2

2N−1 e− Nμ(1−ρ)t
2N − (2N)(2N)

2N−1 e−Nμ(1−ρ)t, t >
2N ln (2N)
Nμ(1−ρ)

2N ln (2N)+(2N+1)
Nμ(1−ρ)

servers can either be independent or correlated
Case 3: Theorem 3

arrival and service can either be independent or correlated [(N + 1)e
−Nμ(1−ρ)t

N+1 ]1
(N+1) ln (N+1)+(N+1)

Nμ(1−ρ)
servers can either be independent or correlated

Case 4: Theorem 3 1, t ≤ N ln N
Nμ(1−ρ)

arrival and service are independent N2
N−1 e− Nμ(1−ρ)t

N − NN

N−1 e−Nμ(1−ρ)t, t > N ln N
Nμ(1−ρ)

N ln N+(N+1)
Nμ(1−ρ)

servers can either be independent or correlated
Case 5: Theorem 3

arrival and service can either be independent or correlated [2e
−Nμ(1−ρ)t

2 ]1
2 ln 2+2

Nμ(1−ρ)
servers are independent

Case 6 (M/M/N model): Theorem 3
arrival and service are independent (1 + Nμ(1 − ρ)t)e−Nμ(1−ρ)t 2

Nμ(1−ρ)
servers are independent

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results for the network
scenario described in Section III-B. The total mean service
rate is fixed as 5000 packets/s (i.e. Nμ = 5000 packet/s). The
variables are the number of servers N and the service rate
for each server μ. The results of analytical delay bounds for
different cases will be compared with that of queueing theory.
Also, the impacts of interdependence between the arrival and
service processes and amongst the servers will be discussed.

A. Numerical Results

Fig. 2 shows the delay bound distributions under the
assumption that the utilization factor ρ = 0.8, the number
of servers N = 10 and the mean service rate for each server
μ = 500 packet/s. The probabilistic bounds derived based on
Theorem 3 (i.e. cases 3-6) are tighter than the ones derived
based on Theorem 2 (i.e. cases 1-2). This is because the results
derived based on Theorem 2 dependents on both arrival and
service processes while the ones based on Theorem 3 only
dependents on service process. In particular, the analytical
delay bound distribution for the M/M/N scenario (i.e., case 6)
is close to the queueing theory result in (5), which confirms
the accuracy of our analysis.

Fig.3 illustrates the mean queueing delay bounds under the
assumption that number of servers N = 10 and the mean
service rate for each server μ = 500 packets/s. The mean
delay bound increases with the utilization factor. Particularly,
the increasing tendency is conspicuous when the input traffic
becomes heavy (i.e. ρ ≥ 0.9). Also, the mean delay bound
derived by using Theorem 2 is more conservative than the one
derived using Theorem 3. Furthermore, the subfig of Fig.3
shows that the analytical mean delay bound for the M/M/N
scenario (i.e, case 6) is in accordance with the exact result in
(5).

Fig. 4 depicts the relationship between the probabilistic
delay violation bound and the number of servers. As the total
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mean service rate Nμ is fixed, the number of servers N
have no impact on the probabilistic bounds for cases 5 and
6 according to results in TABLE I. Consequently,we present
results for cases 1-4 only where the servers can either be
independent or correlated. The utilization factor ρ and delay
requirement are set to 0.8 and 0.1s respectively. We observed
that the probabilistic delay violation bound increases with N .
Hence, Fig.4 suggests that it is more difficult for a multi-
server network with fixed network capacity to guarantee the
delay requirement whenever the network has more servers.
In addition, we also observed that the probabilistic bounds
derived by using Theorem 3 is tighter than the ones derived by
using Theorem 2, which agrees with the results demonstrated
in Fig. 2 and Fig. 3.

B. Accounting for Impacts of Interdependence

In what follows, we are going to discuss the impacts of
interdependence between the arrival and service processes and
amongst the servers.

At first, the six cases in TABLE I are divided into three
subsets, which are subset 1 (including cases 1 and 2), subset 2
(including cases 3 and 4) and subset 3 (including cases 5 and
6). The only difference between the two cases in each subset
is whether the arrival and service processes are independent
or not. Fig. 2 and Fig .3 illustrate that in each subset, the
independent case guarantees tighter probabilistic bound and
smaller mean delay bound. Similarly, if we divided the six
cases based on the same interdependence between the arrival
and service processes, we get subset 1 (including cases 1, 3
and 5) and subset 2 (including cases 2, 4 and 6). In each
subset, the delay performance for the case where servers are
independent are better than the cases where servers can either
be independent or correlated. Moreover, Fig. 2 and Fig. 3 also
indicate that the impact of interdependence amongst the servers
is much greater than that between the arrival and service
processes.

V. CONCLUSION

In this paper, we use stochastic network calculus to perform
delay analysis for a general multi-server network where the
number of servers is arbitrary and the arrival and service
processes are stochastic. General stochastic network service

curves were derived in two ways and formulated as Theorem
2 and Theorem 3. Queueing delay bound distribution and mean
queueing delay bound were derived for six cases (as classified
in TABLE I) in a specific network. Moreover, our analytical
results were proved to be close to the queuing theory results in
an M/M/N network. We conclude that while analyzing a multi-
server network, service processes which have finite moment
generating functions can improve the analytical bounds. Also,
a multi-server network could guarantee tighter delay bounds if
the arrival and service processes are statistically independent
or the servers are statistically independent. Moreover, the
interdependence amongst the servers has greater impact on the
analytical bounds than the one between the arrival and service
processes.
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