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A New Method for Integrated End-to-End Delay Analysis
in ATM Networks

Joseph Kee-Yin Ng, Shibin Song, Chengzhi L1, and Wei Zhao

Abstract: For admitting a hard real-time connection to an ATM
network, it is required that the end-to-end delays of cells belong-
ing to the connection meet their deadlines without violating the
guarantees already provided 1o the currently active connections.
There are two kinds of methods to analyze the end-to-end delay
in an ATM network. A decomposed method analyzes the worst
case delay for each switch and then computes the total delay as
the sum of the delays at individual switches. On the other hand,
an integrated method analyzes all the switches involved in an inte-
grated manner and derives the total delay directly. In this paper,
we present an efficient and effective integrated method to compute
the end-to-end delay. We evaluate the network performance under
different system parameters and we compare the performance of
the proposed method with the conventional decomposed and other
integrated methods [1], [3], [5]-[9].

Index Terms: Real-time communication, ATM networks, end-to-
end delay analysis, performance evalnation.

L. INTRODUCTION

ATM network is becoming increasingly popular in supporting
hard real-time applications. As a connection-oriented packet-
switched technology, the ATM network requires that before two
hosts slarl to communicate, a connection must be established.
In the case of real-time applications, every connection has Lo
meel its delay requirement. Thus, we must have an efficient and
effective method Lo derive the worst case end-to-cnd delays of
cells belonging to the connections in the ATM networks.

For the delay analysis method to be effective, it must be able
to produce delay bounds that are relatively tight. Excessively
overestimating the delays may make the system admit less con-
nections than it could, resulting in under-utilization ol resources.
On the other hand, a delay analysis method should also be effi-
cient, i.e., it should be simple and fast in order to be used in
on-line connection admission.
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There are two different approaches to derive the end-to-end
delay for an ATM network. A decomposed approach analyzes
the worst case cell delay for each ATM switch involved and
computes the worst case end-to-end delay as a summation of
the worst case delays at individual switches. An advantage of
the decomposed method is its simplicity. However, it is usually
pessimistic because a cell suffers the worst case delay at one
switch possibly may not suffer the worst case delay at the next
and subsequence switches.

The second approach is to analyze the involved ATM switches
in an integrated manner and derive the end-to-end delay directly.
This kind of integrated methods can produce a tighter end-to-
end delay bounds than the decomposed method and thus, im-
proving the system effectiveness. However, such an integrated
delay analysis may be very complicated and hence may not be
suitable to be used in on-line connection admission control.

Several studies have been reported to address this problem.
By introducing the concepl of guarantee service curves and the
operation of min-plus convolution, an end-to-end service curve
for a connection can be obtained. The service curve provides
a lower bound on the service a connection may receive in the
given time interval. Then, the end-to-end worst case delay can
be derived as in [1], [3], [9]. As we will show in the later part
of this paper, this integrated method can be efficient as well
if proper traffic model is utilized. However, the service curve
based approach tends to underestimate the service a connection
may receive. As aresull, it may still overestimatc the end-to-end
delay. In this paper, we propose a new integrated method to deal
with this problem by taking a system equivalency approach. In
this approach, for a given ATM network with multiple switches,
we will manage to derive a single switch system that has the ex-
act same input and output behavior as the multiple switch one in
terms of cell timing delay characteristics. We then compute the
end-lo-end delay based on this simplificd system. While as effi-
cient as its predecessors, our new method produces much tighter
delay bounds than the others. hence improving the system ef-
fectiveness dramatically. Extensive simulations are performed
to verify the improvement in the system performance.

Our work [22]-[24] complements the recent progress in real-
time communications [2], [12]-[13], [18], [211, [29], [30].
Much of the previous work in ATM has been concentraling on
obtaining the delay bounds and connection admission criteria
for individual scheduling [4]-[9], [16], [19]-[20], [25]-[28],
[33]. [34]. Ferrari and Verma [ 10] and Zheng and Shin [39] stud-
ied the use of Earliest Deadline First scheduling in wide arca
networks. Zhang and Ferrari [36] discussed how local deter-
ministic delay bounds can be guaranteed over an ATM link for

1229-2370/99/$10.00 @) 1999 KICS



190 JOURNAL OF COMMUNICATIONS AND NETWOQRKS, VOI., 1, NO.3, SEPTEMBER 1999

bursty traffic, even when the sum of peak ratcs of all the con-
nections exceeds one. Deterministic delay bounds in networks
have also been studied by Yates, Kurose and Towsley [33] and
by Cruz [5]-[9].

Analyzing delay in an integrated manner has been addressed
in [9], [11]. While Cruz provided a general framework for inte-
grated analysis [9], Georgiadis, Guerin, Peris and Sivarajan con-
centrated on networks consisting of rate-controlled service [11].
Furthermore, several research groups have also becn investigat-
ing the admission control based on the delay analysis utilizing
the service curves [11, [3], [31].

The remainder of this paper is organized as follows. In Sec-
tion II, we give a brief review for the hard real-time connec-
tions, present our ATM network model and introduce the tralfic
description functions. Section III discusses the two integrated
methods in analyzing the worst case end-to-end delay. In Sec-
tion 1V, the performance comparison among the decomposed
method and the two integrated methods on the worst case end-
to-end delay are presented. Section V concludes the paper.

II. SYSTEM MODELS AND DEFINITIONS

A. Nerworks

An ATM switch consists of input ports, switching fabric and
output ports. A cell that arrives al an input port of a switch is
transported by the switching fabric to an output port where the
cell is then transmitied along the physical link associated with
the output port. Refer to Fig. 1 [or a general architecture of an
ATM switch.

The scheduling policy at an output port controller of an ATM
switch determines the order of the cells (from different connec-
tions) to be transmitted. In this paper, we assume that a pri-
ority driven scheduler is utilized at the output ports of the ATM
switches. Priority driven schedulers arc popular for real-time ap-
plication commercial products. Many commercial vendors have
implemented them in their products. For cxample, the ForeRun-
ner switch from the Fore Co. adopts a priority driven scheduler.

In ATM networks, messages are segmented into fixed size
packets called cells. Let 7 be the transmission lime of an ATM
cell. In this paper, we assume that time is normalized by tau as
one time unit. This simplifies our analysis without any loss of
generality.

B. Connections

ATM 1s a connection-oriented technology. Before two hosts
begin (o communicate, a connection has to be set up between
them. The term connection s often used to denote the stream of
messages send from a source host (0 a destination host. In this
paper, we deal with hard real-time connections. A hard real-
time connection has a stringent deadline constraint on the delay
of its cells.

Let D; be the deadline of connection M and M =
{My, M, ..., My, } denote the connection set. Without loss of
generality, we assume that the priorities are assigned in the same
order as the connection indices, i.e., [?, =i, fori = 1,2, ..., m.
M, has the highest priority and M, has the lowest priority. Spe-
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Fig. 1. A general ATM switch architecture.
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Fig. 2. An ATM LAN with 3 switches.

cific priority assignment methods will be discussed in Section
V.

Fig. 2 shows an ATM nctwork with three switches. This
sample network will be used to illustrate various concepts in-
troduced in this paper.

C. Servers

To simplify the analysis, a concept of a server was introduced
in [5]. A server is an abstraction of a network component that
is traversed by the cells of a connection. The input ports, the
switching fabric, the output ports and the physical links can be
modeled as servers serving the ATM connections. We can there-
fore model an ATM network as a collection of servers.

Servers are classified into two categories: constant servers
and variable servers [5], [28]. A constant server offers a con-
stant delay to each cell that uses it but does not by itself change
the traffic flow characteristics of a connection. For example, the
physical links and switching fabric are constant servers. Fur-
thermore, the function of an input port is to de-multiplex the ar-
riving cells based on the information in the cell header. This can
be achieved in constant time by the hardware associated with the
input port. Thus, we can also model the input port of an ATM
swilch as a constant server.

On the other hand, the functionality of an output port of a
swilch is more complex. An output port may simultaneously re-
ceive cells belonging (o different connections competing for the
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Fig. 4. Connection-server graph.

transmission on the link associated with the output port. The
cells may be transmitled in an order determined by the schedul-
ing policy adopted by the switch. A multiplexor server must
therefore be considered as a variable server since the delay suf-
fered by a cell in this server depends on the queue length in the
buffer. Consequently, the traffic characteristics of a connection
at the output of a variable server may differ from that at the input
of the server.

D. Connection-Server Graph

A connection-server graph is constructed as a labeled, di-
rected graph with the servers as its node. A directed edge is
introduced [rom server A to server B if there is a connection that
is served by server A followed by server B. The edge is labeled
by the connection that uses it. Fig. 3 presents the connection-
scerver graph for the network shown in Fig. 2. Note that there are
four connections in the system. They travel through Switch [ or
Switch 2 and exit at Switch 3.

Recall that the constant servers serving a connection only add
a fixed amount of delay to its cells and do not change its traffic
characteristics. Hence, if we subtract the appropriate constant
delays encountered at these constant servers from the deadline
of the connection, the impact of constant servers can be elim-
inated. For the rest of the paper, we assume that the delay
requircments of connections are modified as described above.
Consequently, we eliminate all the constant servers from further
consideration and focus only on the variable servers in the re-

mainder of the paper. Thus, we can view a connection as being
served by a sequence of variable servers only. Fig. 4 shows the
connection-server graph after eliminating the constant servers
for the system shown in Fig. 3. For the rest of the paper, we
will often omit the prefix "variable’ when referring (o variable
servers to avoid repetitiousness.

The end-to-end delays of the connections depend on how the
severs are connected. Thus, the network topology plays an im-
portant role. It is easy to recognize that a connection will suf-
fer the worst case end-to-end delay when the network is tree-
structured, i.e., when connections from different hosts eventu-
ally merge into one single scrver. Many studics have assumed
this kind of topology [17], [27]. Hence, in this paper we will
also focus on this kind of topology. We will discuss how to ex-
tend our methods to other topologies in Section V.

Fig. 4 shows the connection-server graph for a 2-layer multi-
server tree network system. The first layer consists of Swiich 1
and Switch 2. The second layer consists of Switch 3. In general,
we consider N-layer multi-server systems in this paper.

E. Traffic Descriptions

The main challenge of analyzing the worst case end-to-end
delay in a network lies in the difficulty of accurately describing
the connection’s traffic inside the network. Many traffic models
have been presented (o characierize the neiwork traffic. Refer to
[37], [38] for detailed information.

Definition 1: The arrival function R; (1) of conpection M,
on the k-th layer server is defined as the amount of data com-
ing from the connection M; to the k-th layer scrver during time
interval [0,t).

Note that the output traffic of the connection M; at the k-
th layer server is the input traffic of the connection A4; at the
(k + 1)-th layer server

Definition 2: A function £ ; (/) is called the arrival curve
for connection M; at the k-th layer serverif forany ¢ > (0,1 > 0,

Rip(t+ 1) — Rip(t) < Fip(I). ()
In this paper, we assume that the initial arrival curves

£ (D), i =1,...,m, belongs to the (3, p) model proposed by
Cruzin [5], i.e.,

where

L= 2. (3)

III. INTEGRATED DELAY ANALYSIS

In this section, we derive the end-to-end worst case delays
using integrated analysis methods. The first method is based on
the guaranteed service curve [1], [3], [9] and the second method
is based on system equivalency.
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A. Notations

Let us define some notations that will be used for the rest of
this section.

Definition 3: Let d; ; be the worst case delay experienced by
connection Mj at the k-th layer server and dE4=t0=¢nd be the
worst case end-to-end delay experienced by connection M;.

Definition 4: G, = {j : j < i, connection }M; enters the
same server at the k-th layer with M, } .

That is, G, ;, is the set of indices of the connections that enter
the same server at the k-th layer with connection A4; and have
higher priorities than connection A;. For example, for the net-
work shown in Fig. 4, G3» = {1,2}. It is easy to show that
Gi7k C Gi,k—l—l fork = 1,2,. .. ,N.

Definition 5: A time interval [¢1,to) is a busy period of con-
nection M; at the k-th layer server if during this interval,

(1) the k-th layer server only serves the traffic coming from
connection M; or other connections with higher priority
than connection A;, and

(2) the capability of the k-th layer server is fully utilized.

Definition 6: A time interval {¢1, t2) is a maximum busy pe-
riod of connection M; at the k-th layer server if [#1,£q) is the
longest busy period of M, that contains #;.

It is obvious that during the life-time of a connection, there
are possibly many maximum busy periods of connection M; at
the k-th layer server. However, by definition these maximum
busy periods do not intersect each other.

B. Integrated Delay Analysis by Guaranteed Service Curve

In this subsection, we will derive an upper bound for the
end-to-end delay based on the guaranteed service curve. This
method was the first integrated method to be proposed [9]. Vari-
ous issues related to this method have been discussed in [1], [3],
[311-[32]. In this paper, we derive a closed-form formula of the
delay bound. Using the closed-form formula, performances of
different methods can be compared analytically. Closed-form
formula also simplifies the connection admission control proce-
dure in practice.

We first formally introduce the definition of guaranteed ser-
vice curves [1], [3], [9], [32], which characterizes the service
received by a connection at a particular server. Hence, it can
help to derive the worst case delay at the scrver.

Definition 7: Function C; ;(t) is called a service curve guar-
anteed by the k-th layer server to connection M; if for any 7,
there exists s, 0 < 5 < 1, such that

Rip1(s) = Rig(s) =0,
Rip1(t) — Rip(s) 2 Cip(t — 5)-
The main idea of an integrated method is to treat the entire
network as one server. From this point of view, the guaranteed
network service curve is defined as follows.

S

Definition 8: Function C77~'°~¢"(¢) is called a guaran-
teed network service curve to connection Ay, if for all £, there

exists s, 0 < 5 < ¢, such that

R;ni1(s) — Ria(s) =0,

Rinia(t) = Rip(s) 2 CPrEtoend(t — 5). )
To derive a closed-form formula for the delay bound, we need a
closed-form formula for the gnaranteed service curves. For the
syslems we concern in this paper, we have the following results.

Lemma 1: A service curve C;;(I) guaranteed by the k-th
layer server to connection A, is given as follows:

0, 0<T< b

CI’A(I) - {(1 - 71—1',/6)(‘[ - 97'.7/\:)7 I> 0":7"’ (6)

where 7 and 8, are defined as follows:

Tih= Y P (7)

JEG'I.]\:

and

5.
B = 20— )

1 — 7k
Proof: For the proof of this lemma, see Appendix A, also
available in [24]. ]

Lemma 2; A network service curve guaranteed to connec-
tion A is given as [ollows:

CEﬂd—to—end(I)

N
0, 0T g 97' B
_ - A-.zzzl O
= N _ N
(1—min) (7-— > 0:.,k-> ) I> 3 0k,
=1 k=1

where 7; x and @; 5, are defined in (7) and (8), respectively.

Sketch of the Proof: According to [9], if the k-th layer server in
the route of connection M; guarantees a service curve C; (1)
to connection My, k = 1,2,..., N, the network guarantees a
network service curve of C7"/=1°=¢"4([) o connection M;,
where

N
C;’:}nd—to—fﬂd(]’) = 1nin {2 C‘Lk(m/f)

k=1

N
L Z O,Z ZI}.
k=1
(10)

Substituting (6) into (10) with certain algebraic manipulations,
we can then derive (9). For the details of the proof, see Appendix
A or [24].

Based on Lemma 2, wc are now ready to derive the closed-
form formula for the end-to-end delay bound. The result is
shown in Theorem 1.

Theorem 1: With the integrated method by guaranteed ser-
vice curve, the end-10-end delay diE nd=to—end oy perienced by
connection M, is bounded by

N
diEnd—tc:—end < Z ei,k + Iz’ : i1;TN , (11)

1 N



NG e al.: A NEW METHOD FOR INTEGRATED END-TO-END DELAY ANALYSIS IN ATM NETWORKS 193

where T;,m; n, and 6; 5, are defined in (3), (7) and (8), respee-
tively.

Sketch of 1the Proof: According to Theorem 2.7 in [32], the worst
case end-to-end delay bound satisfies the following inequality

dzl_:‘nd—to—rfnd < 1{;;1(3( {Ci—lE"d_L”_=“d (C) _ Fi:Ll (C)} ’ (12)
Substituting (2) and (9) into (12), we can derive (11). For the
details of the proof, see Appendix A or [24].

C. Integrated Delay Analysis by System Equivalency

In this section, we derivc end-to-end delay bound based on
equivalent systems.

Definition 9; Two network systems are said to be equivalent
if whencver they have the same input traffic, they have the same
output traffic.

In this section, we first show that the multi-server system
with a tree lopology and priority driven scheduling algorithm
is equivalent Lo a single server system with the same priority
assignment.

For connection M, in a multi-server system, we define
RIM(ty and REVTM (1) to be the arrival traffic function at
the entrance ol the network and the output traffic function at the
exit of the network, respectively. Thus, B;1(t) = RIM (1)
and Ry v (t) = RYVTM. Let RINS (1) and RV (1) be
the corresponding functions for a single server system as show
in Fig. 5.

To prove the cquivalence between a multi-server and a sin-
ale server system, we need to establish the relationship between
their input and output traffic. The following lemmas provide the
required results.

Lemma 3: In the single server priority driven system, the
output traffic function of connection M; is given as

R;:)UT,S (t)
i—1

_|_
_ il}i; { [(L —s) - Z (RJOUT’S(t) _ R;)UT,S(S))}

Jj=L

+Rﬂﬂw}

i—1 +
= {(t =5 = 3 (RS - R;)UT’S(SI)) ]
=1
+ B[V,
(13)

where [z]T = max{0,z} and s’ is the starting point of the
maximum busy period of connection M; which contains time
t. If time ¢ is not in any connection M;’s maximum busy period,
s ="t

The proof of this lemma can be found in [1]. Here we ex-
plain its physical meaning. Because s’ is the starting point
of the maximum busy interval, all arrival traffic of connection
M; at time s’ is transmitted. The amount of this part of out-
put traffic at time s is R/ "*(s). Starting from ', the server

R11f~s(t) . I, R01UT~S(t)
RI;‘S (t) R%UT.S (t)
: Server .
R’]]1“1~S(t) R%ms (t)
—_—

Fig. 5. A single server system.

will serve connections with the highest priority first. The left-
over time is given to serve the connection M,. No connec-
tion with priority lower than 4 is served. Hence. the amount
of traffic of the connection M; served by the server is given by

i—1 +
l(t _ ) — Z (R?UT,S(t) _ R?UT,S(g/)) _

j=1
This explains why

R?UT’S (t) —

i—1 +
{(t — &) - Z (R;')UT,S(LL) _ R;-DUT’S(S'))] . RQ_IN‘S(S:)_

=1
For a multi-server system, the relationship between its input
and output traffic is given by the following lemma.
Lemma 4: In a multi-server system, the output traffic func-
tion of connection M; is given as follows:

ouT.M
R (t)

1—1 +
_ f%fz { [(t — &) — Z (R?UT,M(t) _ R;)UI,M (S))]

J=1

rR)

—1 -
— [(t . Z (R?UT,M(t) _ R;)ULM (Su))}
Ji=1
+ B,
(14)

where s'' is the starting point of the maximum busy period of
connection M;, which contains ¢, at the N-th layer server. If
time ¢ is not in any maximum busy period of connection Af; at
the N-th layer server, then 8" = .

Proof: For the proof of this lemma, see Appendix A or
[24]. Now we can prove our main result. ]

Theorem 2: A multi-server priority driven tree system is
equivalent to a single server priority driven system if the pri-
orities of connections are assigned in the same way, i.e., if
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Table 1. Delay formulae for the worst case end-to-end delay in an ATM network.
Methods Delay Formula
N
Decomposed Method qfrd—toend Z (9;-,,C + Iz,kA>
k=l L= mik
Integrated Method (Guaranteed Service Curve) qEnd—to—end Z Oipg +I; ———
1 - 77, N
. TN
Integrated Method (System Equivalency) gfnd=to=end — g, v + I ﬁ"
— N

RI™5(t) = RI™M(1), then ROV (1) =
1,2,...,m

Proof: For the proof of this Theorem, see Appendix A or
[24]. This equivalency result greatly simplifies the computation
of end-to-end delay bounds. In particular, we have the following
closed-form formula for the end-to-end delay bound. a

ROUT M (t) .7

Theorem 3: The end-to-end delay, dZE nd—to—end experi-
enced by connection M; in the multi-server priority driven tree
system is bounded by

TN

df}nd—-to—end < 97;7N + 1
1- T, N

(15)

7

where I;, m; v, and 05y are defined in (3), (7) and (8), respec-
tively.

Proof: TFrom Theorem 2, the tree system is equivalent to
a single server priority driven system. Therefore, the end-to-
end delay for the tree system is the same as the delay in the
equivalent single server system. Therefore, we can find the end-
to-end delay bound for the tree system as if it was a single server
system by using Theorem 1 directly. O

IV. PERFORMANCE COMPARISON

In this section, we first compare the closed-form formulae
for the worst case end-to-end delay bounds derived by various
methods. We then introduce the performance metric and eval-
uate network performance with different delay derivation meth-
ods.

A. Comparison of Delay Formulae

Table 1 shows the delay formulae for the worst case end-to-
end delay bounds derived by the decomposed method, the inte-
crated method by guaranteed service curves and our new inte-
grated method by system equivalency. The derivation of delay
formulae with the decomposed method is given in Appendix B
or in [24]. Comparing between the decomposed method and the
guaranteed service curve (GSC) method, since 6} : > 6; and

the second term in both formulae differs by Y5 b1 Lik 1:?1\

it is seen that the GSC method produces a smaller delay bound
than the decomposed method. Similarly, comparing the two in-
tegrated methods, we can clearly see that the integrated method
by System Equivalency (SEQ) produces an cven smaller de-
lay bound. In particular, the delay bound derived by our SEQ

method will always be Zi’:"]l f;.r better than that by the GSC
method. In short, our newly proposed integrated method is the
best among the three methods that have been proposed and ana-
lyzed so far.

B. Performance Metric

We wish to evaluate some statistical performance of network
systems with different delay derivation methods, Performance
metric we are interested in is admission probability, the prob-
ability that a hard real-time connection can be admitted to the
ATM network. Recall that a hard real-time connection is ad-
mitted if and only if its worst case end-to-end delay can meet
its deadline constraint without violating the deadline constraints
of connections that are already in the system. Obviously, the
method to derive the worst case end-to-end delay will impact
the admission probability. For the simulations, the admission
probability P, 4, is defined as follows:

Nacccpz‘

Pogm =
T 2
-Na.ccepl. + Nr’ejecl,

(16)

where Nyeceps 18 the number of connections accepted and
Nicjeer 1s the number of connections rejected.

C. Simulation Experiments

We have written a discrete event simulation program to sim-
nlate the ATM network. The simulation program is written in
the C++ programming language in a SUN/Solaris environment.
We used a randomly generated synthetic workload which mod-
els video communications over an ATM network. Although the
quantitative accuracy of our results are not validated, we believe
that the qualitative conclusions based on the simulation data are
correct. There are five system parameters for our video commu-
nication simulation: A is the mean of inter-arrival rate between
connections; £ is the mean of the life-time of each connection; p
and 3 are as defined in earlier sections for connection utilization
and burstiness and D is the relative deadline for a connection.
For each connection, p, 3 and D are chosen from uniform distri-
bution with D having a minimum value of 3/ p. The inter-arrival
time and the lifetime of connections are chosen from exponen-
tial distributions. Hence, the estimated utilization of the server
at the N-th layer is U = Ap/p. All simulations reported here
are based on a network with 4 layers and 15 swilches.

For the priority assignment, we use the Deadline Monotonic
policy in which the priorities of connections are assigned in ac-
cordance to their relative deadlines. The smaller the deadline,
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the higher the priority. For each run of our simulation exper-
iments, we generate over 5,000 connections according to the
predefined system parameters and record the admission prob-
ability. We started the simulation with no connection in the net-
work initially. To eliminate the warm-up effect, the system was
allowed to reach the steady state before collecling the data. In
particular, we let the system run through at least U/ p number of
connections before recording the data. For each connection ar-
rival, the worst case end-to-end delays under a particular method
werce calculated. The system then decided to accept or reject the
newly arrived connection.

D. Simulation Results

Fig. 6 shows the admission probability for the network sys-
tems when using different delay derivation methods. All three
methods show similar trends between the admission probabil-
ity and the total utilization. When the total utilization is low
(< 30%), almost all the connections are accepted no matter
which method is used. As the total utilization increases, the
admission probabilities start to decrease. That is because some
newly arrived connections have to be rejected so as to keep the
guaranteed delays given to the previous connections. Finally,
when the system is almost fully utilized (~ 100%), the admis-
sion probability drops to around 0.78 for SEQ, 0.75 for GSC and
0.71 (for the decomposed method) respectively. As expected,
throughout the entire spectrum of system utilization, both inte-
grated methods work better than the decomposed method. And
between the two integrated methods, our new method (SEQ) al-
ways performs better.

Fig. 7 shows the performance of the three methods under the
test of deadline sensitivity. In this experiment, we fixed the total
utilization at 75% and varied the relative deadline to the connec-
tions. From Fig. 7, we observe that with very tight deadlines,
the admission probability is low. As the deadline to the con-
nections increase, the admission probabilities for all three meth-
ods increase. With relatively large deadlines, almost 99% of the
connections are admitted to the network. Again, our integrated
method performs well throughout the deadline sensitivity test
and performs especially well with tight deadline assignments.
We also tested the different methods for traffic burstiness. Re-
call that the burstiness of connection traffic is defined by its 8
value. The results are shown in Fig. 8. With less bursty traffic,
the admission probability [or all three methods is higher. As the
burstiness increases, all three methods experience performance
degradation in terms of admission probability. Among the three
methods, the decomposed method is the most affected. Our in-
tegrated method (SEQ) performs the best and can maintain the
admission probability at about 90% even for large 3 settings.

V. CONCLUSIONS

In this paper, we have proposed and analyzed a new method
for deriving the worst case end-to-end delay bounds in ATM
networks. We have shown both analytically and through exten-
sive simulations that our new method performs better than other
conventional methods. This is observed through both analytical
comparisons and extensive simulation experiments.
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For future investigation, the work reported in this paper can be
extended in several ways. Our methodology can be extended to
handle networks with different topologies. When dealing with a
non-tree topology, we ought to carefully take into account those
connections that branch out from a server, so that we will not
overestimate the traffic and delay at the next layer. On the other
hand, in this paper, we adopted the Deadline Monotonic pri-
ority assignment method, which is a homogeneous priority as-
signment scheme. TIntegrated end-to-end delay analysis under
heterogeneous priority assignment schemes should also be in-
vestigated.
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APPENDIX A: PROOFS OF LEMMAS AND
THEOREMS !

Lemma 1: A service curve C; (/) guaranteed by the k-th
layer server to connection M; is given as follows:

07 0 S I S gi‘kv

Cix(l) = {(1 — i) d = Oik)y I >0k, ©

where 7; , and 0, 1, are defined as follows:

Tk = Y. P @)

JEGi s
and
‘e%: g
Oy = —=—. (8)
1-— ik
Proof: For any time t > 0, according to [1], we have
Ri gt (2)
+
=|t-9— > Risn ()= Rip1(s)| + Rox(s),

JeG.
(A-1)

where s is the starting point of the maximum busy period of
connection M; which contains time £ at the k-th layer server.

Observe that if, for very small £ > 0, s — £ is not in any
maximum busy period of connection M, at the k-th layer server,
§ — ¢ is not in any maximum busy period of connection M; at
the j-th layer server for j = 1,2,...,k — 1. Hence, at time s
all arrival traffic coming to the first layer server from connec-
tion M; has been transmitled from the k-th layer server, i.e.,
Rj7k_|_1_ (Q) = Rjﬂ_(s). On the other hand. R, ;11 (t) < Rj (1).
Thercfore, for j € Gy, .

Rjr1(t) — Rjrsa(s)

= Rjpe1(t) — Bj(s) < Rjn(t) — Ry (s) < Fyt — s).
(A-2)
Using (A-1) and (A-2), we have
Rjr41(t) — Rix(s)
— _l_
=|(t=8)— > Rykri(t) = Rjr+1(5))
L JEG;
[ ) (A3)
> (t—9)— Y (Byu(t) = Rja(s)) “
B JEGin
- +
> |t-9)— Y Falt—s)
L JEG &
1These proofs can also be found 124] availahle at

(http://www.comp.hkbu.edu.hk/~jng/Tech-Rpt/).

Thus, by Definition 7,
+

Cip(D) = |T= > Fia(l)

JEU k

(a-4)

is a service curve guaranteed by the k-th layer server to connec-
tion M;. Finally, substituting (2) into (A-4) with some algebraic
manipulations, we have

. B 07 0 S I S gi,kv
C/z,k(\‘[) - {(1_72”],;)(-[_977,")7 ]>9i7,"'

O

Lemma 2: A network scrvice curve guaranteed to connec-
tion M; is given as follows:

C_E‘nd—to~c'nd ( ]-)

N
O, 0<I< 91 -5
_ - kz——;l RANC)
= N N
(1—mn) (-’ -2 9z‘,k> ) I> 3 0ir,
P k=1

where 7; v and 0; 4 are defined in (7) and (8), respectively.

Proof: By Lemma 1, for connection M;, the k-th layer
server guarantees a service curve C; ([):

07 0 g I E H'i,,ka

Ci!k(-[) - {(1 - Tr’i,f\‘)(‘[ - 6I,k')7 I> ei,k‘ (A-S)

According to Theorem 3 in [9], we have

CviEncl—lo—encl(I)

= min ZCL;\.(:L’,\.) 1z > 0, andz =1;.
k=1

k=1

First, we show that it J = Y ¢, 8, 5, CEP4=toend(1) = 0.
Let z;, = 6, . Then, we have

N N
> Cinlwr) =Y Cip(Bin)
k=1 k=1

0

(A7)

[l
M= T

£
I

1

I
=

Therefore, CF "~ =" (T) = (. Since any scrvice curve is a
. L, N
non-decreasing function, for I < Ek:] Bk,

C’Fndﬂto—cnd(j) —=0. (A-S)

Second, we consider the case when T > Z,{,\’:]_ 0; ». For any par-
lition {:tk tk=1,... ,N,Z,}:;l =1, 2 > O} such that
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I > Zf’_] f; k. there must exist some x;, > 6;5. Let H =
{k @k > 01} Then

Z (xr — i) > Z (@ — Oig) + Z (xp —6ix)

keH KEH kgH
N
= (@ — 1)
k=1
N N (A-9)
=Y =Y Ok
k=1 k=1
N
=1-> 0
k=1

Furthermore, T; ; < 7, & because of G 5 C G; . Hence,

Z(”" Ty) = ZCH. zp)

hEH
= > (L= mk)(mp — Oip)
keH
> Z (1 —min) (@6 — Oik) (A-10)
kEH
= (1 —7ik) Z(-Tk - 0ir)
keH
N
Z (1 - ’JT.L‘)N) (I — ZGU") R
k=1
According (o Lemma 1, if
I — S0 0k > bin, Cin (I S lﬁzk) = (1-

Tok) (I - Zf‘:\le GM) . Otherwise, C; N (I Z e ,) =
0. Therefore,

=" CialBin) + Con (I = > 1)
- (A-10")

This means

N-1 N~—1
Cf/nd.to.--cnd([) 2 Z 01'7/;(97'7;;) + 07;7]\[ (I — Z 97/~) .

k=1 k=1

(A-11)

On the other hand, {92-71,9,-,2, cey iy, I — Zi\;_ll ﬁivk} is
one of I's partition. According to (A-6), we know that

N-1 N-1
Cibnr]—to—end(_[) < Z Ci,k,(ei,k) +Cin (I — Z 97,,],;) .
k=1 k=1

(A-12)

Hence, for I > 3,7, 0; ;. we have

N-1 N-1

CFnd-to—end(1y — Z Cir(Bir) +Con (f - Z 9;‘,/;) .
fo==1 k=1

(A-13)

O

Theorem 1: With the integrated method by guaranteed ser-
vice curve, the end-to-end delay dZ"4~1°=¢"? experienced by
connection M; is bounded by

N
. e
diE'ucl—l,o—.sncl < E : et ]— __7L’ (11)

Ty, N

where [;, m; v, and 6, x are defined in (3), (7) and (8), respec-
tively.

Proof: According to Theorem 2.7 in [32], the worst casc
end-to-end delay bound satisfies the following inequality

gEnd—to—end < pay {CL lEud_w_énd(c) ~F (C’)} :

=0
(A-14)
According to (9) and (2), we have
Dndet d N 1
CTTTTTT N =Y 0+ ———*c A-15
; (c) k;z,m-l_ﬂm ¢ (A-15)
and
e, 0<ce< ],
—1/.n _ . _
Fz,l (C‘) - _& + l * ¢, L_ S c. (A 16)
Pi £i
So,
_t1LEnd=to—cnd .
ot ©-x (o)
297 e L 0<e< I,
— 7y,

Zell +

( 1 1)
— — — ) ®q, I<ec.
l-mn~x

(A-17)

Since we assume that Zh 1 Pk < 1, tlm, resultsin 1 — @ v >
pi. Therefore, we have that —N — — £ 0. Consequently,

(¢) = FriHo) is
I;, the derivative of C{lmd_m_md(c) -
This means that C;1° " ™ (¢) —

Fi]l(c) has the global maximum value at ¢ = /;. Thus,

En:.l Lu end
when ¢ < I, the derivative of C' !

positive. When ¢ >
F;;'(¢) is negative.

1}:138( {C_lmd_m_em(c) - FL_] c) } Z O+ I; e _-“ o
k=1 E

(A-18)

O



198 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL.1, NO.3, SEPTEMBER 1999

Lemma 4: In a multi-server systcm, the output traffic func-
tion of connection is given as follows:

R?UT,M(t)
- ﬁl}}j { l(t —s)— i (R?UT,M(t) . REJZIT,M(S)”
+ R;N_l(s)}

i—1 4
- l(t _ S”) _ Z (RjOUT,I\/I(t) _ Rj_)UT,M (S”)) :I
=1
+R{MM (s, (14)
where 5" is the starting point of the maximum busy period of
connection M;, which contains ¢, at the N-th layer server. If
lime £ is not in any connection M,’s maximum busy period of
connection Af; at the /V-th layer server, then &'/ = ¢£.

Proof: According to [1], forany ¢ > 0,

R7EH ()
i—1 =+
i B ouUT, M _ poUT.M
_%Ht ) ;(R (t) — RS (s))}
+RY —1(5)}

i—1 +
— [(t _ S”) _ (R;?UT,M(Z,:) _ R;?UT,M(SH)) ]

=1

+ RN, (A-19)
where s is the starting point of the maximum busy period of
connection M;, which contains £, at the V-th layer server. Ob-
serve that if s/ — £ is not in any maximum busy period of
connection M; at the N-th layer server for very small ¢ > 0,
8" — £ is not in any maximuom busy period of connection at the
j-th layer server for j = 1,2,...,N — 1. Hence at time s",
all arrival traffic coming to the first layer server from connec-
tion M; has been transmitted from the IV-th layer server, i.e.,

RfN’M( "y = RN7!(s"). Thercfore, we have
R,ZOUT’-M-('[I)
i—1 +
; OUT,M OUT,M
= ixg: { [(t —5)— Z (Rj (t) — R; (5)) }
< paery
+ Rﬁv_l(s)}
i—1 +
= |(t-s") - Z (RJQUT,M(t) _ RjOUT,M(Sn)>
i=1
R[N’M(SH) (A—ZO)
O

Theorem 2: A multi-scrver priority driven tree system is
equivalent to a single server priority driven system if the pri-
orities of connections are assigned in the same way, i.e., if
R;_IN,,S( ) R.[.NM( ) then ROU.[ b( ) ROUFM(t)7 i =
1,2,...,m.

Proof: We prove this theorem by induction.
Let » = 1. In the single server priorily driven system, by
Lemma 3, the output traffic function of connection M; is
RYUT (1) = (t = ') + B{O (), (A-21)
where ¢ is the starling point of the maximum busy period of
connection M; which contains 7.
In the multi-server priority driven tree system, by Lemma 4,
the output traffic function of connection M; 18

RYVEHM (1) = (1 = ") + Run(s™), (A-22)
where s is the starting point of the maximum busy period
of connection M;, which contains £, at the /V-th layer server.
Since connection M; has the highest priority, &' = s and
RIMM(s"y = Ry n(s"). This means that for connection
M the maximum busy periods at the single server system and
at the N-th layer server of the multi-server system are the same
and

ROUFM(T) — ROUT,S( ) (A-23)

Letn > 1. Suppose that for 1 < i < n, ROV™9(1) =
R?Ul (1) and connection M; has the same busy periods at the
single server system and at the /N-th layer server of the multi-
server system. We claim that RSUT5 (1) = ROUVTM(¢) and
connection M, has the same maximum busy periods at the sin-
gle server system and at the /V-th layer server of the multi-server
system.

By Lemma 3 and Lemma 4, we have

RUTM (1)
n—I1 +
— | —s") - Z (R?IJT,M(t) _ R;JUT,M(S//))
i=1
+ R;I;N-’NI(SII)j
(A-24)
and
ROUTS (3)
n—1 +
—|(t—#)— Z (R?UT,S(t) _ R;)[JT,S<SI)> (A-25)

Ji=1
+ RINS (s,

Because for each connection M;, i < n, the single server sys-
tem and the N-th layer server in the multi-server system have
the same maximum busy periods, the remaining capabilities of
systems that connection M, can utilize are the same. Therefore
the maximum busy periods of connection M,,, which contains
time ¢ at the single server system and at the N-th layer server of
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the multi-scrver system are identical, i.e., 8’ = 5. From (A-24),
(A-25) and the induction hypothesis, we have

RQUTS(t) = RQUT-M (1), (A-26)

O

APPENDIX B: DELAY ANALYSIS BY THE
DECOMPOSED METHOD.

The decomposed method was first proposed in [5] to derive
the end-to-end delay bound. We include the derivation here for
the sake of completeness. The formula derived here allows us
to compare the decomposed method via the integrated method.
The following lemma is one of the famous results obtained by.
Cruz in [5]. It states that the shape of arrival curve of a con-
nection inside network remains the same except that the burst
parameter increases as the number of hops visited by the con-
nection increases,

Lemma 5: For connection M,;, if the worst case delay
dij, 7=1,2,...,k—1,is known, the arrival curve of connec-
tion Fj i (t) of M; at the k-th layer server is given as follows:

_ I 0< I < i,
Firl) = {/Bi,k +pixI, L <1, (B-1)
where I; k, £i.1, Bi.x are defined as following:
Bix = B, (B-2)
Bir = Bir—1+pi*xdir_1, (B-3)
and
L= Bik (B-4)
1—p

Proof: See Lemma 1 in [5] and Theorem 6 in [19].
After the traffic description for every comnection at each
server is given, it is easy to derive the following formula, |

Theorem 4: The worst case delay d; ;, experienced by con-
nection M; at the k-th layer server is bounded by
i,k

—_— (B-5)

dip <0 +1,,; %
Lk = Vg (] 1_ Ton

where m;; is defined in (7), I; 4 is defined in (B-4) and 6] ,
deflined as follows:
> B

¢ I€GLk
ik —

- (B-6)
L=k
Proof: At the k-th layer server, the input traffic of con-
nection M; is constrained by arrival curve F; (). Hence, a
service curve guaranteed by the k-th layer server to connection
M; is given by

i—1
Cip(l) = max ¢ 0,1 - > F; ;(I)
=1 (B-7)
_ 0, 0<I<o,,
a {(1—7T::,k)(f—9§,k)a i <1

According to Theorem 2.7 in [31], we have

dig < I?Zagc {C"f,iL (¢) — Fijk] (c)} . (B-8)

Substituting (B-1) and (B-7) into (B-8) with certain algebraic
manipulations, we have

Tk

di <O+ 7 1 (B-9)

— Wik
g
Now, an upper bound of the end-to-end worse case delay can
be obtained by summing up the worst case delays at individual
servers.

Theorem 5: The worst case end-to-end delay dZn4—to—¢nd

experienced by connection M; is bounded by

N
T p:
d?nd—to—end < E 9: E T I.;,J‘, * _.......L
' PN L= Tk

) , (B-10)

where H’i,k, I; 1, and 7; ;, are defined as in (B-6), (B-4) and (7)
respectively.
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