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ABSTRACT

Many computer networks such as wireless networks are stochas-

tic in nature. In order to perform performance guarantee
analysis of such networks, a theory, called stochastic network
calculus, has evolved. In the stochastic network calculus lit-
erature, most results are based on space-domain traffic and
service models where the arrival process and the service pro-
cess are respectively characterized by the cumulative amount
of arrival and the cumulative amount of service. Recently,
a novel approach called time-domain approach to stochas-
tic network calculus (SNC) has been proposed, where the
traffic and service models are defined based on the cumu-
lative inter-arrival times and the cumulative service times
respectively.

In this paper, we concretize the time-domain SNC traffic
and service models by linking some well-known stochastic
processes to them. In addition, we exemplify the temporal
analysis approach by investigating the delay performance of
a Gilbert-Elliott channel. The results show that the delay
bound can be improved under the independence condition.
Furthermore, a comparison between the temporal and the
spatial analysis results reveals that the two analytical ap-
proaches essentially yield close results.

1. INTRODUCTION

Nowadays computer networks are so widespread in our ev-
eryday life and provide a fast and convenient way to access
various network services. One inevitable trend of network
development is to deliver information with various traffic
characteristics and diverse Quality of Service (QoS) require-
ments. In response to the continually growing demand for
more bandwidth, it is necessary to improve existing technol-
ogy and develop new ones. Performance analysis is needed to
optimize the performance of existing technologies and eval-
uate the efficiency of new ones.

Performance models capture the behavior characteristics
of networks. The behavior of a computer network is often
subject to many irregularities and stochastic fluctuations.
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The reason behind this phenomena is manifold. First of all,
the diverse network applications incorporate some compli-
cated dynamics which generate the varying traffic patterns,
accordingly. Secondly, in many network systems, the ser-
vices provided by the networks are non-deterministic. Such
networks are stochastic in nature and are called stochas-
tic networks in this paper. A representative type of such
networks is wireless networks, where the error-prone na-
ture of wireless channels causes data transmission inherently
stochastic and influences the link capacity over time. In
addition, aggregate multiplexing has been employed exten-
sively in order to improve resource utilization. From the
perspective of individual flows, the service received dynam-
ically changes over time because new flows join or existing
flows leave.

Stochastic network calculus is an analytical theory orig-
inated for stochastic performance guarantee analysis. The
fundamental elements of this theory are stochastic arrival
curve and stochastic service curve. The former is a traffic
model characterizing the behavior of the traffic arrival pro-
cess. The latter is a service model describing the service
provided by a network element. The significant progress on
modeling and analyzing network behavior from the spatial
perspective is summarized in [3][7][9]. The study from a
temporal perspective is, however, very limited.

Recently, a novel approach called time-domain approach
to stochastic network calculus (SNC) has been proposed [12].
In this temporal approach, the traffic and service models are
defined based on the cumulative interarrival times and the
cumulative service times respectively, based on which de-
lay and backlog bounds are derived [12]. However, a clear
guidance of finding the time-domain arrival curve or service
curve characterization of an arrival process or a service pro-
cess is missing. An objective of this paper is to provide this
missing link.

Another objective of the paper is to compare the temporal
SNC approach and the spatial SNC approach. This is ex-
emplified through delay analysis of a Gilbert-Elliott channel,
for which, performance bounds derived under the temporal
SNC approach are available in the literature. Particularly,
the analysis is based on the time-domain traffic and service
models defined in the temporal SNC approach, and delay
bounds are obtained. For the analysis, a new service model
called time-domain stochastic strict service curve is defined
to help find the stochastic service curve of a network element.
In addition, martingale inequalities are adopted when appli-
cable. Furthermore, the analytical results from the temporal
SNC approach are compared with those from the temporal



SNC approach. The comparison reveals that the two SNC
approaches essentially give close results.

The rest of the paper is organized as follows. Sec. 2 in-
troduces preliminary knowledge and relevant mathematical
background. In Sec. 3, we investigate the stochastic arrive
curve characterization of the arrival process from the tem-
poral perspective. In Sec. 4, the service process is character-
ized through the time-domain stochastic strict service curve
model and stochastic service curve model. The detailed pro-
cedure of analyzing the Gilbert-Elliott channel service char-
acterization is given in Sec. 5. Sec. 6 demonstrates how
to find the system delay bound and discusses the numer-
ical results, based on the time-domain SNC approach. In
addition, the delay bounds derived from the temporal anal-
ysis are compared to those derived from the spatial analysis.
Conclusions are drawn in the last section.

2. PRELIMINARY AND BACKGROUND

This section first describes the system model and defines
notations used throughout this paper, and then gives rele-
vant mathematical background that is indispensable in the
following analysis.

2.1 System Model and Notations

Consider packets arriving to a system. We use P(n), a(n),
d(n) and d,, to denote the nth packet entering the system,
its arrival time to the system, departure time from the sys-
tem and the service time provided by the system, respec-
tively, where n = 1,2, .... The inter-arrival time and inter-
departure time between P(n — 1) and P(n) are denoted by
T, and T, respectively.

From the temporal perspective, an arrival process counts
the cumulative inter-arrival time between two arbitrary pack-
ets and is denoted by I'(m,n) = > 7_ . Tk A service
process describes the cumulative service time received be-
tween two arbitrary packets and is denoted by A(m,n)
> .. 0k. A departure process represents the cumulative
inter-departure time between two arbitrary packets and is
denoted by T'"(m,n) = >°_ ., 7i. All processes are de-
fined onn >1,m > 1.

The following function sets are often used in this paper.
Particularly, we denote by G the set of non-negative wide-
sense increasing functions:

G={f():V0<z<y,0< f(x) < f(y)}

where for any function f € G, we set f(z) =0 for x < 0.

We denote by G the set of non-negative wide-sense de-
creasing functions:

G={9():V0<z<y0<g(y) <glz)}

where for any function g € G, we set g(z) = 1 for x < 0.

2.2 Preliminaries

Min-plus algebra has been used to characterize and ana-
lyze network behavior from the spatial perspective [1][8][7].
Interestingly, modeling network behavior from the temporal
perspective can be easily represented using max-plus algebra
[8][12]. We review the basics of both min-plus and max-plus
algebras used in this paper.

The min-plus convolution of single variate functions F, G €
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F denoted by ® is defined as below:
onggt {F(s)+ G(t—s)}

F®G(t)

The max-plus convolution, denoted by ®, of single variate
functions A, B € F, is defined as:

A®B(n) sup {A(m)+ B(n—m)}.

0<m<n

Note that the single variate min-plus and max-plus con-
volutions are commutative.

The moment generating function (MGF) Mx (n) of a ran-
dom variable X is defined for all values n by

Mx(n) = E[e"],

where E is the expectation of its argument.

A martingale is a stochastic process, where the conditional
expectation of an observation at time ¢, given all the obser-
vations up to some earlier time s, equals the observation at
time s. Let A, be a discrete-time process with finite mean,
then it is a discrete-time martingale iff there holds for all n,

E(An+1|A1,A2,...,An) = A,.

Ay, is said to be a submartingale iff for all n,
E(An+1|A1,A2,...,An) > A,.

Ay, is said to be a supermartingale iff for all n,
E(An+1|A1,A2,...,An) < A,.

Every martingale is a supermartingale and a submartingale.
Lemma 1 presents an inequality for supermartingale which
is derived from the Doob’s submartingale inequality [6].

Lemma 1. If {Uk,l <k< n} is a supermartingale and
all U, k =1,...,n, are non-negative, then for any real value
x > 0, there holds:

it

3. ARRIVAL PROCESS CHARACTERIZA-
TION

In this section, we first recall the definitions of time-domain
stochastic arrival curve models and then obtain the stochas-
tic arrival curve characterization of the arrival process.

31

sup Up >z
1<m<n

} E[Un) (1)

< —
-

Moment Generating Function of Inter-
arrival Time

When observing the traffic arrival process I'(m,n) from
the temporal perspective, it is indeed formed from process
{Tm+1}, where 741 = a(m+1) —a(m). In order to guaran-
tee a certain level of QoS to this arrival process, the packet
inter-arrival times should be constrained. For the arrival
process I'(m,n) formed by identically distributed {7Tm+1},
suppose there exists ¢(n, n — m) satisfying

E[enl“(m’n)] > N(n—m)e(n,n—m)
which becomes the following expression

1 m,n
WZOQE[SWF( ™) > p(n,n —m).



If {7m-+1} are independent and identically distributed (i.i.d.),  arrival curve A\ € G with bounding function h € G, if for any
then it is easily verified that n(n;logE[e”F(m’”)} = %logE [e’”l} m,n > 1 and x > 0, there holds

—m)
which is independent of n — m, and we hence adopt: P{ sup {)\(n —m)— F(m,n)} S :c} <h(z). (5)
1<m<n

llogE [e”n} > p(n)-
n The left-hand side of (5) represents an instantaneous prop-
erty which is generally hard to calculate [10]. To address this

3.2 ia.t Stochastic Arrival Curve Characteri- difficulty, additional constraint on the bounding function is

Z;:lthIl ) ) ) needed. Assume {7,} are identically distributed. Without
The i.a.t stochastic arrival curve is defined as below [12]: loss of generality, assume when m takes myo, the following
DEFINITION 1. (i.a.t Stochastic Arrival Curve). A holds
flow is said to have an inter-arrival-time (i.a.t) stochastic sup {p(n,n—m) - (n—m)—T(m,n)}
arrival curve A € G with bounding function h € G, if for all 0<m<n
m,n > 1 and x > 0, there holds = p(n,n—mgp) - (n—mo) — L(mo,n).
P{F(m, n) < P‘(n —m)— er} < h(z). (2) Then from (5), we can write, for any = > 0,
Remark. We adopt A(0) = 0 by convention. P{ O<S711112n {e(mn—m)-(n—m)-T(mn)} > :c}

Assume {Tm+1} are identically distributed. Let ¢(n,n — e
m) < —n(nim) logE[e”F(m’”)}. Then (2) is rewritten as = Plo(n,n—mo) -k —T(mo,n) >z} <e™™,
where, the last step is obtained from (4).
P{np(n,n —m)-(n—m)—T(m,n) > :c}
_ P{en[so(n,nfm)-(nfm)fl“(m,n)] N e”z} LEMMA 4. For an arrival process I'(m,n), if there exists

w(n,n — m) which satisfies, for any 1 < m < n,

< efan[en[so(n»n*M)-(n*M)*F(mm)]} (3)
ne(n,n—m)-(n—m) f[ogE[enF(m,n)} 2 ¢(n,n—m)
_ _pze n(n —m)
E[ent(m.n)] then this process has a v.w.d stochastic arrival curve A\(n) =
< e (4) w(n, n) - n with bounding function h(z) = e~ "* forn > 0.
for n > 0. Here (3) is known as the Chernoff bound, and (4) If the arrival process is formed by the i.i.d. inter-arrival
is obtained due to E[enl—‘(m,n)} > en(n—m)p(nn—m) by defini- times, it has a stochastic arrival curve given by Lemma 5.

tion. The following lemma summarizes the above result. LEMMA 5. If the inter-arrival times of arrival process

T'(m,n) arei.i.d., then the arrival process has a v.w.d stochas-
tic arrival curve A(n) = @(n) - n with bounding function
h(z) = "™ Ele™"]e™" forn > 0, where p(n) < %logE[e’m]

LEMMA 2. For an arrival process I'(m,n), if there exists
»(n,n — m) which satisfies, for m,n > 1,

I'(m,n . . .
logE [en ( )} > p(n,n—m), PROOF. Consider a sequence of non-negative random vari-

n(n —m) ables {Vin}, m=1,2,...,n — 1, formed by

then this process has an i.a.t. stochastic arrival curveA(n) =

‘m—nl'(n—m,n m— n__ T,
w(n,n) - n with bounding function h(z) = e~ "* forn > 0. Vi = "¢t ) = DT Rn g1 Tk,

If {Tm+1} are i.i.d., (2) is rewritten as follows: Since {7} are i.4.d., we then have

P{np(n) -(n—m) —T(m,n) > :c}
< efan[en[so(n)*‘rl]}

Vinp1 = e (m)-(m+1)—nl'(n—m—1n)
enPm)-(mAD)—n 35 Tk
s — P M= Y 1 T GNP TN T

from which, we have the following lemma. Vi - €MW1 n—m

LEMMA 3. If the inter-arrival times of arrival process In addition, there holds:

F'(m, n) arei.i.d., then the arrwalprocgss has an'z.a.t. staghas— E[Vm+1|V1, 7Vm} _ E[Vm+1|7'n,7'n71, -7Tn7m+1}

tic arrival curve A(n) = @(n) - n with bounding function

h(z) = efan[en[so(n)fn]} , where (1) < %logE[e”Tl} for = E[Vm L e"PM=NTn—m £ ---77—n7m+1}

n > 0. _ E[thm ---77—n—m+1} . E[ew(n)fwnim} (6)
Remark: Lemma 2 becomes Lemma 3 by taking into con- ene(m)

sideration the independence condition of inter-arrival times. = YmR [ 6,771} (7)

3.3 v.w.d Stochastic Arrival Curve Character- < Vn (8)

1zation where, step (6) is due to that 7, is independent of {75, Tn—1,

The v.w.d stochastic arrival curve is defined as below [12]: vy Tnmi1}, step (7) is because {71,72,...} are identically

DEFINITION 2. (v.w.d Stochastic Arrival Curve). A distributed and

flow is said to have a virtual-waiting-delay (v.w.d) stochastic E[Vm (T Tr—1y ooy TnH—m—+1)| Ty Tn—1, ...,Tn,mﬂ} = Vi,
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and step (8) holds since E[e"™] = ™ by definition.
Hence Vi, V5, ..., V,, form a non-negative supermartingale.
From Lemma 1, there holds

P{ sw {0 (n—m)-T(mn)} >z}

1<m<n

= P{ sup {e“’(”)'(”fm)fr(m’”)}>ez}
1<m<n

P{ sup Vi > ez}
1<m<n

E[Vi]e "™ = enw(n)E[efn‘rl]e*nz
O

IN

which ends the proof.

Remark. Lemma 4 becomes Lemma 5 by taking into ac-
count the independence condition. The bounding function
in Lemma 5 contains a scaling factor e"?(MWE[e~"™] with
regard to (n). This scaling factor will yield tighter arrival
curves if it is smaller than 1.

ExXAMPLE 1. Ezponential inter-arrival time distribution.

Consider an arrival process of packets generated at times
{a(n)}. Suppose the inter-arrival times {7,,} are i.i.d. expo-
nentially distributed random variables with mean % Then
the arrival process I'(m,n) follows gamma distribution with
parameters n — m and p. We thus have

E[enf‘(m,n)} ( H )nfm
p—n
= logE[e™m™] = Ligg
nn—m) 7 [ } R

Let ¢(n) = %logﬁ. By applying Lemma 3 and Lemma
5, the i.a.t stochastic arrival curve and the v.w.d stochastic
arrival curve of the arrival process can be obtained. Specifi-
cally, this arrival process has a v.w.d stochastic arrival curve

A(n) with bounding function h(z), where

I
r=n
enw(n)E[efn‘rl]e*nz — T

n
¢(n)-n=—log
(n) 7

4. SERVICE PROCESS CHARACTERIZA-
TION

This section first reviews the i.d stochastic service curve
model, from which we define a stochastic strict service curve
model to facilitate obtaining the i.d stochastic service curve.
Moreover, a time-domain error process is introduced to de-
couple the characterization of the cumulative impaired ser-
vice time from the real service process.

4.1 Stochastic Strict Service Curve

Consider a stochastic system. The following definition [12]
describes the service process of this system by comparing the
packet actual departure time d(n) with a virtual departure
time a®~(n).

DEFINITION 3. (i.d Stochastic Service Curve). A sys-
tem is said to provide an inter-departure time (i.d) stochas-
tic service curve v € G with bounding function j € G,if for
anyn > 1,2 >0, there holds

P{d(n) — a®y(n) > :c} < j(x). 9)
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Remark. We adopt v(0) = 0 by convention.

Although (9) explores the relationship between the ar-
rival process and the departure process, it does not explic-
itly characterize the service process. To solve this problem,
we expand (9) as follows [12]:

d(n) — a®~(n) [a(m) + A(m,n)} —a®~(n). (10)

= sup
1<m<n

Without loss of generality, assume a(mo) (1 < mo < n) is
the beginning of the backlogged period in which packet P(n)
is served. Then, sup;,,<, [a(m) + A(m,n)] a(mo) +
A(mo,n) and a®y(n) > a(mo) +v(n —mo +1). We rewrite
the right-hand side of (10) as

a(mo) + A(mo,n) — a®vy(n)
a(mo) + A(mo,n) — a(mo) — vy(n —mo + 1)
A(mo,n) —y(n —mo + 1). (11)

Note that (11) holds for arbitrary mo < n. Inspired by this,
we define a new service curve model as below.

IN

DEFINITION 4. Stochastic Strict Service Curve. A sys-
tem is said to provide stochastic strict service curve y(n)
with bounding function j(x), if the cumulative service time
between two arbitrary packets P(m) and P(n)' satisfies

P{A(m,n) —y(n—m+1) > :c} <j(z)

for any z > 0.

Moreover, (11) reveals a relationship between the i.d stochas-
tic service curve and the stochastic strict service curve.

LEMMA 6. If a system provides stochastic strict service
curve y(n) with bounding function j(x), then it provides
an i.d stochastic service curve y(n) with the same bound-
ing function j(x).

With Lemma 6, we can further explore the stochastic ser-
vice curve characterization. If the service times {d,} are
identically distributed, we have

P{d(n) —a®~y(n) > :c}

< P{eW[A(m»”)*W(”*mJFl)] > enz}
< efan[en[A(m,n)f(lf(n,nfm+1)+m)-(n*m+1)}}
< efnzefmw(nfﬂwl) < e MMy

where y(n—m+1) = (v(np,n—m+1)+ny) - (n—m+1)
with v(n,n —m + 1) satisfying

v(in,n—m+1) > logE [e"A(m’”)}.

n(n —m+1)

If the service times {d,} are i.i.d., we have

P{d(n) — a®y(n) > :c}

< efan[en[A(n,n)*(V(n)anv)] —nz _—nny

where y(n —m + 1) = (v(n) + ny) - (n — m + 1) with v(n)
satisfying

n7m+l} e

<e

v(n) %logE [6”51} .

The following lemma summarizes the above discussion.

f P(m) and P(n) are in the same backlogged period,
A(m,n) =d(n) —d(m —1)=T"(m — 1,n).



LEMMA 7. If the system provides stochastic strict service
curve y(n) with bounding function j(x) and

e the service times {0n} are identically distributed, then
A(n—m+1) = W(in—m+1) + ) (n—m+1)
and j(x) = e " e”" for alln > 0,1y > 0, where

vinm—m+1) > logE[e"A(m’”)};

n(n —m+1)

e the service times {0} arei.i.d., then y(n—m+1) =
(v()) + 1) - (0 —m + 1) and j(z) = e e~ for
n > 0,1y > 0, where

v(n)

1 5
~logE|[e"™"].
LogB(er®)

4.2 Error Server Due to Impairment

The error server model consists of an ideal service process
and an error process [11]. The former describes the service
process when there would be no error. The latter charac-
terizes the errors in the service. We investigate a typical
example of error server in this subsection.

Consider a wireless channel providing service with stochas-
tic nature which is due to some random impairment process.
The impairment degrades the network performance because
packets may not be transmitted successfully when the chan-
nel condition is ‘bad’ or packets are queued in the buffer until
the channel condition becomes ‘good’. Either dropping/re-
transmitting the unsuccessfully delivered packets or holding
the queued packets longer can be counted as errors in the
service time. The cumulative error in service time can be
explicitly described by an error process.

If the channel is always in ‘good’ condition, the service
time of packet P(n) equals the packet transmission time de-
noted by bn. However, the varying link condition may cause
P(n) to suffer additional delay denoted by &,. Then the ac-
tual service time equals the packet transmission time plus
the additional delay, i.e., §n = 0n +€n.

Let A(m,n) = > r_,. Ok represent the ideal service pro-
cess without errors, E(m,n) = >_7_ e represent the er-
ror process, and A(m,n) represent the actual service pro-
cess. The cumulative actual service time satisfies, for any
1<m<n,

A(m,n) = A(m,n) + E(m,n). (12)

If the ideal service process A(m,n) has a (deterministic)
strict service curve? 4(n), i.e., A(m,n) < 4(n —m + 1) for
any 1 < m < n, then from (12), there holds

A(m,n) <y(n—m+ 1)+ E(m,n).

Furthermore, if the error process E(m,n) has a stochastic
strict service curve yg(n), we get a further result

A(m,n) —(n—m+1) —ye(n—m+1)

< E(m,n) —ye(n —m+1).

The following lemma illustrates that the above-mentioned
error server provides a stochastic strict service curve.

2The deterministic strict service curve is a special case of
the stochastic strict service curve with bounding function

j(z)=0.
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LemMA 8. Consider an error server consists of an ideal
service process A(m,n) having a (deterministic) strict ser-
vice curve y(n) and an error process E(m,n) having a stochas-
tic strict service curve ye(n) with bounding function je(x).
Then, the error server provides a stochastic strict service
curve y(n) with bounding function je(x), where

v(n) =4(n) +z(n).
Remark. With Lemma 7, if {e,} are identically dis-
tributed, then ~g(n) (ve(n,n) + ny) - n with bounding
function jr(z) = ¢™"e™ """ where

>

ve(n,n—m+1) > logE [e”E(m’”)]

nn—m+1)
If {e,} are i.i.d., then ve(n) = (ve(n) +ny)-n with the same
bounding function jg(z), where vg(n) %logE [em<1].

S. SERVICE CURVE EXAMPLE

This section gives an example to demonstrate how to ob-
tain the stochastic service curve characterization of a Gilbert-
Elliott channel. We first analyze the constant rate server
which can be considered as the ideal service process of an
error server. Then we investigate the Gilbert-Elliott channel
in detail.

5.1 Constant Rate Server

Consider a server with constant service rate C. Let L,
denote the packet length of packet P(n). If all packets have
the fixed-length L, then the server provides a deterministic
strict service curve y(n) = % -n. If the packet lengths are
i.i.d. random variables with the MGF My (n) = E[e""1], we
have the following result.

LEMMA 9. Consider a server with constant service rate
C'. If the arrival packets have i.i.d. packet lengths, then the
server provides stochastic strict service curve y(n) = (v(n)+
Ny) - n with bounding function j(x) = e~ e~ " for n >
0,my > 0, where v(n) 77iclogML (n).

EXAMPLE 2.

If the packet lengths follow the exponential distribution with
parameter A, then the server provides the stochastic strict
service curve (v(n) + ny) - n with bounding function j(z) =

e e " where
1
= —log——.
v(n) Prolacdy we

EXAMPLE 3.

If the packet lengths are uniformly distributed over the range
[a, B], then the server provides the stochastic strict ser-
vice curve (v(n) + ny) - n with bounding function j(z) =
e e " where

1 eB _ gne

YO = e ey

5.2 Gilbert-Elliott Channel: Markov Chain
Modeling
Consider a time-slotted® Gilbert-Elliott ON-OFF commu-
nication channel [2][4] which is modeled by a two-state ho-
mogeneous Markov chain. The time (number of time slots)

3 As the slot length approaches zero, the service process is
approximately continuous.



between state transitions is a random variable with a memory-
less distribution’.

P01

P11
P10

Figure 1: G-E channel model

In state ON, the channel transmits packets with a con-
stant rate C. In state OFF, the channel does not transmit
any packet and thus has the transmission rate 0. Here, we
assume that when the packet is being transmitted, the chan-
nel is always in ON state and does not change to OFF state,
i.e., the packet transmission will not be interrupted due to
the channel state change.

As shown in Fig.(1), the transition probability from state
i to j is denoted by p;j, 4,7 = 0,1 where 0O represents the
‘ON’ state and 1 represents the ‘OFF’ state. The transition
probability matrix P is as follows:

P= [Poo p01] .
pio pn

For such ON-OFF service process, we define the packet
service time as the interval between the time when a packet
reaches (HOL) and the time when the last bit of this packet
has been successfully transmitted. Let v(n) denote the time
when a packet reaches the head of line (HOL) and be called
the virtual start time defined by:

v(n) = max[a(n),d(n — 1)]. (13)
The service time ¢,, is
0n = d(n) —v(n).

If the packet reaches the HOL when the channel is in ON
state, the packet is transmitted immediately. Otherwise, the
packet has to wait until the channel state becomes ON. Let
TO!F denote the OFF interval before packet P(n) can be
successfully transmitted. The service time is computed by

8 =TI + 47, (14)

where t is the time (number of time slots) of transmitting
a packet with length L,. Assume that the packet lengths
are i.i.d. and follow some general distribution.

T) d]uj v 1(;;) v r; d]m)

‘ ON ON OFF

k)

OFF ON

v

Figure 2: On-off model

Fig.(2) shows three scenarios of the packet service time.

e Scenario I: v(n) is within the ON interval, thus

on

tx
= ¢,

4Strictly speaking, the intervals between state transition are
conditionally independent and follow geometric distribution.
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e Scenario II: v(k) is the boundary between the ON in-
terval and the OFF interval, thus

5o = TOI 4 412
e Scenario III: v(m) is within the OFF interval, thus

S = Tl 457

For any packet P(n) served in a backlogged period, Sce-
nario III will not happen because v(n) = d(n—1)+¢ (¢ — 0)
and d(n — 1) is always in the ON interval. Thus, the ser-
vice time of packets which are served in backlogged periods
equals either ¢ or T/ + t**. Since Scenario III takes
on value between Scenario I and Scenario 11, it is suffice to
analyze only Scenario I and Scenario II.

The cumulative service process A(m,n) (in any back-
logged period) is formed from process {6Y } that takes on
values Y - T°7F 4 Ly where Y = 1 if v(n) is exactly the
boundary between the ON interval and the OFF interval;
Y = 0 if v(n) is within the ON interval. The MGF of the
i.i.d. random variables §Y are Msy (1) = E[e”‘sy}. Let M
be the diagonal matrix

0

_ | Mso(n)
M ' Msi(n)|”

- 0
Given the initial condition v(1) = ¢ (¢ = 0, 1), from Kol-
mogorov backward equation, we have
E[e""™p(1) = 4]
E[e" [o(1) = i]|B[e" @G y(1) = ]

Myi(n) D E[e" M [0(2) = j,u(1) =] -
=0

P(v(2) = jlv(1) = 1)

Myi(n) Y E[e" A=Wy (2) = j]pi;
j=0

My:i(n) Y E[e"™EM[0(2) = j]pi;
=0

(15)

Let
®(n,n) = (E[e"C™|u(1) = 0], B[ |u(1) = 1])

and ®(n,n)T be its transpose. We then rewrite (15) in ma-
trix form:

Applying (16) to its right-hand side iteratively results in

®(n,n)" = (MP)" " d(n,1)". (17)

The initial condition can be obtained by
o(n, )" =n"

where 1 = [1 1] is a vector with two entries being one.
Let ; be the steady probability at state ¢ and ¢ = [mo 1]
which is computed by

_ P1o
2 —poo —p11’

Po1
T = .
2 — poo — P11

o



Then we have

B0] = ()t

n—1
Q/J(MIP’)
Let p(-) denote the spectral radius of a matrix:

p(-) = sup{lal : v € o)}

where |-| denotes the absolute value of «, and o(-) represents
the set of all eigenvalues of a matrix. Then the spectral ra-
dius of matrix MP is denoted by p(MIP’). Note that MP is
a non-negative matrix. Having known the transition proba-
bility matrix P, the spectral radius of MP is

poo Mo (n) + pr1iMyi(n) +VZ
2

= M7, (18)

p(MP) = (19)

where

Z = (pooMyo () — pr1 M1 (n))* + dporpro Mo () Mya (1).

A useful corollary (see Corollary 5.6.13 [5]) is introduced
here to facilitate the following analysis.

COROLLARY 1. Let A be an k X k matriz and € > 0 be
given. There is a constant o’ such that

[(A™)ij| < oc(p(A) + €)™
for allm=1,23,... k.

(20)
andi,j =1,2,...,
From Corollary 1, we know that the every entry of matrix
(MP)" is bounded above by oc(p(MP) + ¢)" for any € > 0

and some constant o. > 0.
Then (18) is bounded by

E[e"A(l’”)} < o (p(MP)+e)n71M1T
= oc(p(MP) +¢)" 'yM1”
= oc(p(MP) 4 ¢)" (21)
< (p(MP) +¢)"

for oe < p(MP) + e.
M = ¢ and then 17

Here step (21) is obtained because
= 1. Hence, we have

1 A o1
nnlogE e ] < 7Ilog(p(MIP’) +e).
As e is arbitrary, letting € — 0 results in the stochastic strict
service curve (v(n) + ny) - (n — m + 1) for the service pro-
cess A(m,n) with the bounding function j(z) = e~ e~ ",
where

v(n) = ~logp (V). (22)

EXAMPLE 4.

Consider a flow of variable-length packets. Suppose the packet
lengths are i.i.d. variables with moment generating func-
tion Mz (n). The OFF intervals follow geometric distribu-
1
tion with parameter mo. Then Mso(n) = (ML(n))© and
Msi(n) = Mso(n )1”;’51" for me" < 1.
and M; 1 (n) into (19), we obtain the stochastic service curve
(v(n) +ny) - n with bounding function j(x) = e~ e~ """ for
such flow, where

Inserting Mo (n)

P117T[)6
1—mien

1 M(;O

+7]
—log
n

(n) [poo +
2

v(n) (23)

PR -
°This parameter is relevant to e.
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with

T:\/(poo—

EXAMPLE 5.

p11moe”
1 —men

4p1opo1moe”
1—men '

)+

(24)

Consider a flow consisting of fixed-length packets. The OFF
intervals follow geometric distribution with parameter mo.
Let the packet transmission time be T time slots. Then
Mso(n) = " and Msi(n) = T 1f°6 —. Inserting Mjo(n)
and M1 (n) into (19), we have the stochastic service curve
(v(n) +ny) - n with bounding function j(z) = e~ "%~ " for
such flow, where

+ P117T[)6
1—myen

1 e’ [pOO + T]

—log
n

v(n) 3

P117T06
+ 1—mpen

2

Poo + 7

1
T+ Elog (25)

where T is given in (24).

5.3 Gilbert-Elliott Channel: Error Process
Analysis

The previous subsection is based on directly analyzing
backlogged periods. In this subsection, we adopt an intu-
itive way which models the channel OFF intervals as an
error process. The channel is treated as an error server con-
sisting of an ideal service process and an error process. The
ideal service process provides service at a constant rate C.
The error process is described as an ON-OFF process. The
channel ON state corresponds to the error OFF state and
the channel OFF state corresponds to the error ON state.
When the channel is in error ON state, the error process pro-
vides service time e, following geometric distribution with
parameter mo. When the channel is in error OFF state, the
error process does not provide service, i.e., the service time
is zero. The transition probability matrix is the same as P.
However, the diagonal matrix Mg is diag{ Mz,0 (n), Mz,1(n)}
where Mz o(n) =1 and Mg 1(n) = lf;’r‘izn.

The error process provides a stochastic strict service curve
Ye(n) = (%logp(MEP)—Fm)n with bounding function jr(z) =
e e where p(MgP) is obtained from (19):

P117T[)6
1—myen

2

Poo + +7

p(MeP) =

(26)

where T is given in (24).
The error server thus provides a stochastic strict service
curve v(n) = 4(n) + ye(n).

EXAMPLE 6.

Consider the same flow given in Example 4. Then the Gilbert-
Elliott channel provides a stochastic strict service curve (v(n)+
71y) - n with bounding function j(xz) = e~ "%e~ ", where

L
v(n) = %logE[e"TD}—F%logp(MEP)

o

P117T[)6
1—myen

1. E [e”

+7)
—log
n

} (poo +
2

which matches the result of Example 4.



EXAMPLE 7.

Consider the same flow given in Example 5. Then the Gilbert-

Elliott channel provides a stochastic strict service curve (v(n)+

7y) - n with bounding function j(x) = e~ "¢~ "7, where

p1imge” +
1—myem

2

Ppoo +

1
v(in) = T+ Elog (27)
which matches the result of Example 5.
Remark. By comparing the above two examples to Ex-
ample 4 and Example 5, we notice that the backlogged pe-
riod analysis and the error process analysis yield the same

results for analyzing the two-state Gilbert-Elliott channel.

6. STOCHASTIC DELAY BOUND

In the previous sections, we have introduced applying
the logarithmic moment generating function to finding the
stochastic arrival curve and the stochastic service curve for
several arrival processes and service processes. If the stochas-
tic arrival curve of an arrival process is known and the service
process provided to the arrival process can be characterized
by a stochastic service curve, we readily obtain the delay
bound based on results of the time-domain SNC [12].

6.1 Delay Bound Analysis

We recall the main steps® of deriving the delay bound
given the stochastic arrival curve A(n) with bounding func-
tion h(z) and the stochastic service curve y(n) with bound-
ing function j(x).

For any packet P(n), its system delay D(n) is:

D(n) d(n) — a(n)
[d(n) = a@y(n)] + [a@y(n) — a(n)]
{Mn—m) = T(m, )}

(28)

< d(n) - a®y(n) + sup

1<m<n

+i1;13 {v(k+1)— \K)}

In order to ensure network stability, we shall assume

. 1
o

[v(k) = A(R)] < 0.

Since (k) and A(k) are linear functions of the variable k,
we obtain

sup {rk+1) = A(k)} =~(1).

From the given conditions, the system delay is bounded by:
P{D(n) >z} < j @ h(lz - y(1)]") (29)

where [y]* = max [0, y].
If the arrival process I'(m, n) is independent of the service
process A(m,n), the stochastic delay bound is given below

*

PO > 2} <1- [ (1= ja —2)d1-h() (0)
0
where z* = [z — v(1)] .
Remark. Step (28) requires that the arrival process has
a v.w.d stochastic arrival curve and the service process has

SWe refer the reader to [12] for the detailed derivation pro-
cedure.

415

an i.d stochastic service curve. (29) and (30) are obtained
from Lemma 1.5 and Lemma 6.1 [7], respectively. Moreover,
(30) implies that at least one of h(x) and j(z) is integrable.

EXAMPLE 8.

Consider a flow of fixed-length packets, of which the inter-
arrival times follow the same exponential distribution as Ex-
ample 1. Packets of this flow arrive to a wireless node and
are queued in the buffer before they are transmitted over a
Gilbert-Elliott On-Off channel as given in Example 7. Con-
sidering the assumption that when a packet is being trans-
mitted, the channel state will not change to OFF, we set the
time slot length to one packet transmission time.

Then according to (29), the delay that a packet experi-
ences in this system is stochastically bounded by

inf inf [e7"Me " 4 e @ 7A)]
0<n<n* 0<z<zx*
(31)

where z* = [z — v(n) —n,]" with v(n) given in (27), and n*
is the maximal value that 7 can take under me” < 1.

If the arrival process is independent of the service process,
according to (30), the stochastic delay bound is given by

P{D(n) >z} <

inf —nz* * o =n(ny+z*)
dng [T e O],

P{D(n) >z} < (32)

where z* is the same as that in (31).

6.2 Comparison between Spatial and Tempo-
ral Analysis Approaches

As mentioned in Sec. 1, the available SNC literature for
performance guarantee analysis focuses on the spatial per-
spective. In this subsection, we derive the system delay
bound using the spatial analysis approach. The arrival pro-
cess given in Example 1 and the network system given in
Example 7 are used here for ease of exposition.

The spatial approach characterizes the arrival process based
on the cumulative amount of arrival traffic and the service
process based on the cumulative amount of service. Ac-
cordingly, the space-domain stochastic arrival curve and the
space-domain stochastic service curve are the bounds on the
cumulative amount of traffic and service, respectively. Let
A(t) and «(t) denote the arrival process and its arrival curve
which is with the bounding function f(y), and S(t) and 5(t)
denote the service process and its service curve which is with
the bounding function g(y).

EXAMPLE 9.

The arrival process given in Example 1 is a compound Pois-
son process from the spatial perspective. Let L be the packet
length for all packets. The arrival rate of the Poisson process
is p. This compound Poisson arrival process has the stochas-
tic arrival curve as below [6], for ¢ > 0 and 6 > 0,0, > 0,

0=(4

For the Gilbert-Elliott ON-OFF channel, its space-domain
stochastic service curve is the variation of the ON-OFF model’s
envelop process (see [1]), for all ¢ > 0 and 6 > 0,

(€ —1)+0a) t, fly)=e ""e .

=0
B(t) = zlog(p—11 T Pooer T Y)7 gly) = e,

0 2



where

Y= \/(pn -|—po06%9)2 — 4(p11 + poo — 1)6%9-

Here 1/T represents the channel transmission rate (number
of packets) in the ‘ON’ state due to the time-slotted channel
with the slot length T

We define the maximum horizontal distance between func-
tions a(t) and B(t), denoted by H(«, 3) as follows:

H(a,p) = igro) { inf{T >0: a(s) < B(s —|—T)}},

which can be considered as the maximal system delay of
a virtual system, where the arrival process is a(t) and the
service process is 3(t).

Let D(t) denote the system delay of the traffic arriving
at time ¢ > 0. The system delay bound is known as (see
Theorem 5.4 [7]):

P{D(t) > H(a+y, 6)}

inf [67990‘6792 + efe(yfz)]

< inf
0<0<6* 0<z2<y

(33)
Similar to (30), if the arrival process A(t) is independent of
the service process S(t), the system delay is stochastically
bounded by the Stieltjes convolution of f(y) and g(y):

P{D(t) > H(a+ v, ﬁ)}

00

e % 4 Oye e,

< inf

0<0<o* (34)

Remark. Although the bounding functions obtained by ap-
plying the spatial approach (see (33) and (34)) look very sim-
ilar as those obtained from the temporal analysis (see (31)
and (32)), their arguments have different meanings. To com-
pute the delay bound, the spatial approach uses the amount
of traffic denoted by y as the argument, while the temporal
approach uses the time denoted by z (or z*) as the argu-
ment. Since the bounding functions of both approaches are
negative exponential functions, a larger argument yields a
smaller result and vice versa.

6.3 Numerical Results

The available literature [7] provides a simple example to
illustrate that by considering the independence condition,
the tightness of the delay bound may be improved, i.e., (30)
may provide a tighter bound compared to (29). In order
to intuitively illustrate these two bounds, we use Matlab to
numerically compute the two bounds derived in Example 8
(see (31) and (32)). Then, we investigate how the optimal
parameter 7, impact the delay bound. Moreover, the sys-
tem delay bounds obtained by the temporal and the spatial
approaches are compared.

The Gilbert-Elliott channel provides C' = 2Mbps capac-
ity when it is in the ON state. All packets have the same
length 250 bytes. Hence the packet transmission time 7" =
1lmsec which is the time slot length. The transition proba-
bilities between ON and OFF states hold such relationship
p1o/po1 = 3, from which, we calculate mo = 0.75, m1 = 0.25
and poo = (24 p11)/3. If we set poo = 0.95, the correspond-
ing transition probabilities are po1 = 0.05, pio = 0.15 and
p11 = 0.85, respectively. Moreover, according to m1 = 0.25,
we obtain the maximal value of n, n* = 1.386.

In the following figures, we use Bound 1 and Bound 2
to represent the bounds given in (31) and (32), respectively.
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T
—+— Bound1:etagamma=0
—©— Bound2:etagamma=0| ]|

Violation probability bound
5

. . .
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System delay (number of time slots)
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Figure 3: Bound Comparison: 7, =0

As shown in Fig. 3, Bound 1 is looser than Bound 2 under
the same condition, i.e., the same arrival process and the
same network system. This result implies that by considering
the independence condition, the bound may be improved.
The same phenomenon has been discussed in [7].
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System delay (number of time slots)

Figure 4: Bound 1 vs. Varying 7,

Since both (31) and (32) contain the scaling factor, e~
how does this scaling parameter impact the delay bound?

From the definition of 7, it should be set in terms of v(n).
Fig. 4 shows Bound 1 when 7, takes 0, 0.5v(n) and 0.6v(n).
The bound obtained by setting 1, = 0.5v(n) is tighter than
that obtained by setting 1, = 0. However, when 7, exceeds
0.5v(n) such as 0.6v(n), the bound becomes more loose than
that obtained by setting 1, = 0.5v(n). Thus, n, = 0.5v(n)
is the optimal value.

Similarly, Fig. 5 shows Bound 2 against various 7,. As
7y increases from 0 to 0.3v(n) or 0.5v(n), the bound be-
comes looser. This is because the increase of 7, results in
the decrease of y in (32) for a fixed . Moreover, taking the
infimum impacts the final result as well.

Fig. 6 shows the bounds obtained from the spatial and the
temporal approaches. When computing the space-domain
delay bound according to (33), we need to first compute the
space-domain arrival curve «a(t) and the service curve ((t)
under an implicit relation, a(t) < B(t), which ensures sys-
tem stability. With this condition and varying the arrival
rate p of the Poisson process, we can determine the maxi-
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Figure 5: Bound 2 vs. Varying 7,

mal 6, 0. As the amount of traffic y varies, the bound on
the probability that the system delay exceeds H (o + y, )
can be obtained with 6*. Let n = 0* and z = H(a + vy, )
when computing the time-domain delay bound according to
(31). In Fig. 6, p = 0.6 or u = 0.75 means the arrival rate
per time slot. As p increases, more packets arrive and then
the system delay becomes longer. Thus, fixing a certain time
and observing the bounds obtained by setting ;1 = 0.6 and
p = 0.75, the trend is that a smaller p causes a tighter
bound. When p = 0.75, the space-domain bound and the
time-domain bound are very close. However, when p = 0.6,
the space-domain bound is tighter than the time-domain
bound. The reason is that under the current parameter set-
ting, the amount of traffic y used to compute the space-
domain bound is larger than the time H(a + y,3) — v(1)
used to compute the time-domain bound. A larger argument
yields a smaller result for the negative exponential functions
as we have discussed in Sec. 6.2. From Fig. 6, we notice that
the spatial and the temporal approaches give close results.
However, how the individual parameters of bounding func-
tions influence the final result still needs more investigation.

Violation probability bound

—#— Space domain bound:mu=0.6
"t | —©&— Time domain bound

Space domain bound:mu=0.75
— - — - Time domain bound

. . . . .
0 5 10 15 20 25 30
System delay (number of time slots)

Figure 6: Space and time domain bound comparison
vs. Varying p (6* =n, ny =0 and 6, = 0)
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7. CONCLUSION

We introduced a temporal network calculus approach to
performance guarantee analysis of stochastic networks. A
key technique used in linking an arrival process or a service
process to the time-domain stochastic arrival curve char-
acterization or stochastic service curve characterization is
MGF. Based on the arrival process characterization and
the service process characterization, performance bounds
such as delay bound can be further derived from tempo-
ral stochastic network calculus. In addition, the Gilbert-
Elliott channel was particularly studied to demonstrate how
to obtain the MGF of the service process. The numerical
results showed that the delay bound was improved by tak-
ing into consideration the independence between the arrival
process and the service process. Finally, we illustrated that
the temporal and the spatial analysis approaches give close
performance bounds under the appropriate match between
the arguments used in both approaches.
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