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1 Introduction

Recent advances in ATM network and real-time computing have opened up opportunity for new
applications such as tele-medicine, video conferencing, video-on-demand, control systems in manu-
facturing, etc. Many of these systems are classified as distributed real-time systems. Tasks in these
systems could be executed at different sites in different machines. They communicate among each
other by exchanging messages. Furthermore, these systems are also considered to be hard real-time
because the correctness of the system relies on meeting the stringent timing requirements or not.
Thus, the underlying network must ensure on-time delivery of messages.

ATM networks are becoming increasingly popular in supporting hard real-time systems and appli-
cations. ATM networks is a connection-oriented packet-switched technology such that when two ma-
chines communicate, a connection must first be established between them. A new connection requires
a certain quality of service (QoS) and is admitted by the network only if the network can guarantee
the requested quality of service without violating the guarantees already made to the currently active
connections. In order to guarantee that the message deadlines are met for each particular connection,
we must derive the worst case cell delay for all cells corresponding to a particular connection within
an ATM switch.

The deterministic delay bounds have been studied by many researchers [1, 2, 3, 5, 9, 11, 17, 18,
21, 22, 23, 12, 27, 28, 29, 30, 35, 36, 39, 41, 44]. Much of the previous work has been concentrating
on obtaining the delay bounds and connection admission criteria for individual scheduling polices
[3, 5, 9, 17, 35, 36, 41, 12]. Ferrari and Verma [10] and Zheng and Shin [45] studied the use of the
Earliest Deadline First scheduling policy in wide area networks. Zhang and Ferrari [44] discuss how
local deterministic delay bounds can be guaranteed over an ATM link for bursty traffic, even when
the sum of peak rates of all the connections exceeds one. Deterministic delay bounds in networks
have also been studied by Yates, Kurose and Towsley in [43], by Cruz in [5, 9] and by Agrawal in [1].

In our previous studies [27, 28, 29], we present an efficient and effective method to derive such
worst case cell delay. In [27, 28], we derived formulae for the worst case cell delay experienced in an
regulated ATM switch with either a FIFO or a priority driven scheduler. In [29], we extended our
model and derived formulae for the worst case end-to-end delay in a regulated ATM network with
either a FIFO or a priority driven schedulers.

In [32], we present a framework for the worst case delay computation and apply the results to a
delay-based admission control with different variations of D-BIND traffic models. By using a piecewise
linear D-BIND traffic function [17, 18], we obtain the formulae of the worst case delay for some typical

ATM output port schedulers. Variations of D-BIND traffic models include: 1. to use a fixed points



computation method instead of a nonfixed points (arbitrary points) computation method; 2. limit
the segment number of the D-BIND traffic constraint functions to a fixed value.

In terms of computation complexity, we find out that our proposed method is no harder than
any other existing methods in finding such worse case delay. While other researchers tackle different
schedulers with different approaches, our method is general enough and is applicable to schedulers
that adopt the FIFO, static priority, EDF and GPS scheduling policies. Furthermore, through our
simulation experiments based on real-time MPEG video traffic, the loss in accuracy for estimating
the worst case cell delay is shown to be negligible for connection admission control. Thus, we have an
efficient and effective way to estimate the worst case cell delay for the connection admission control
for an ATM network.

In this paper, we constructed a series of simulation experiments for the connection admission control
of an ATM network carrying streams of MPEG Video traffic. These experiments are constructed to
study on how the following factors affect the performance of the D-BIND traffic model: 1. The number
of segment used by the CAC; 2. Fixed points computation method vs. nonfixed points computation
method; 3. EDF scheduler vs. FIFO scheduler within the ATM switch;

By comparing the results of the simulation experiments, we arrived with the following observations:
1. If the deadlines are not greater than 0.2205 second, the performances of the CAC remains the same
if more than 5 segments are used; 2. The fixed points method could efficiently reduce the computation
complexity of the connection admission control by more than 50% with little performance loss; 3. The
EDF scheduler do not always give better performance than that of the FIFO Scheduler. Comparing
to the FIFO Scheduler, the EDF scheduler has an advantage only in the region where traffic is less
bursty and posses a wider range in deadlines.

The rest of the paper is organized as follows: We present our ATM Switch model with Real-Time
connections and D-BIND model with its variations in Section 2. Section 3 describes our simulation
experiments, its setup, and performance metric. Section 4 presents the simulation results. Lastly, we

concluded the paper in Section 5.

2 ATM Switch & D-BIND Traffic Model

2.1 ATM Switch Model & Real-Time Connections
2.1.1 ATM Switch Model

As cells belonging to different connections traverse through the network, they may share network

resources such as communication links and ATM switches. Referring to Figure 1, a typical ATM
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Figure 1: A general ATM switch architecture.
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Figure 2: Connection-server graph.

switch consists of input ports, input controllers, switching fabric, output controllers, and output
ports. A cell that arrives at an input port of a switch is transported by the switching fabric to an
output port where the cell is then transmitted along the physical link associated with the output port.

The scheduling policy at an output port controller of an ATM switch determines the order of the
cells (from different connections) being transmitted. Typical scheduling policies utilized in the ATM
switches are either FIFO or priority driven. However, there are other scheduling policies such as EDF

(Early Deadline First), or GPS (Generalized Processor Sharing) [33, 34].

2.1.2 Real-Time Connections

As mentioned before, ATM is a connection-oriented packet-switched technology. Before two hosts
begin to communicate, a connection has to be set up between them. The term connection is then

often referred as a stream of messages sent from a source host to a destination host. In ATM networks,



messages from individual connections are segmented into fixed size packets called cells. Let 7 be the
transmission time of an ATM cell. Without loss of generality, we assume that time is normalized in
terms of 7 as one time unit.

In this paper, we deal with hard real-time connections. A hard real-time connection has a stringent
deadline constraint on the delays of its cells. The problem of admitting a hard real-time connection is
as follows: Consider that a network has already admitted a set of n—1 connections M1, Ms, ..., My,_1
and their deadline constraints are all satisfied. Let the new request of a hard real-time connection M,
arrives. Now the network must determine if M, can meet its deadline constraint without violating

guarantees already provided to connections My, M, ..., M,_;.

2.1.3 Connection-server Graph

To simplify the delay analysis, network components are abstracted as servers and these servers provide
the service for cell transmission. An ATM network can be modeled as a connection-server graph in
which the nodes are the servers. The servers are classified into two categories: constant servers and
variable servers [5, 35, 36]. A constant server offers a constant delay to each cell that traverse through
it. A variable server, on the other hand, offers different delay to each cell.

For example, the physical links and switching fabric are constant servers. Since the function of
an input port is to de-multiplex, thus impose a constant time delay to each cell, so an input port is
also a constant server. The output port, on the other hand, is a multiplexor and therefore, must be
considered as variable servers and the delay suffered by a cell in these servers should depend on the
queue length in the buffer and the scheduling policy.

Note that the constant servers serving a particular connection only add a specific amount of fixed
delay to its cells within this connection and do not change its traffic characteristics. Hence, we can
subtract the appropriate constant delays encountered by a connection from its deadline. We can then
eliminate all the constant servers from further consideration and focus only on the variable servers.
Thus, we can view a connection as being served by a sequence of variable servers only. Figure 2 shows
how we can construct a connection-server graph from an ATM switch having 4 real-time connections

passing through it.

2.2 D-BIND traffic model and Delay Analysis
2.2.1 A Framework for the Worst Case Cell Delay

Consider a server system with some connections. Suppose in any time interval of length I, the

maximum number of the cells from connection M; that can arrive at the server is upper-bounded by
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Figure 3: Traffic and service functions.

the following constraint function F;(I), we can select F;(I) to be an increasing, right-continue and
sub-additive function [3, 23].
Let F;(t,I) be the number of cells arrived from connection during time interval of (¢,¢ 4 I]. Then,
for any t > 0
Fit,1) < FiI) 1)

Given this relation, F;(I) is called the mazimum arrival function for connection M;.
Now, we can specify the definition of an inverse function. Let H(z) be a non-decreasing function.

H1(y), the inverse function of H(z) is given as
H'(y) = inf{z|H(2) 2> y} (2)

Definition 2.1 A server is sequential if for every connection it serves, cells from the same connection

are served in the order of their arrivals.

A busy period of a connection in a server is the time interval during which any extra cell from
the connection arrived at the server, the cell must be waiting for the service. Obviously, we are only
interested in the busy period. We further state that an instant time ¢ is the starting point of a busy
period if at ¢~ (at the time just before t), the queue of the server is empty and starting at ¢, it is not.
For the sake of simplicity, any time interval mentioned in the rest of this paper has its left boundary
being a starting point of a busy period.

From Fj(t,I), we can find the arrival time of the c-th cell in the busy period starting at time t.

Denote t. , T, be the arrival time of the c-th cell when the arrival functions are F;(t, I)andF;(I),



respectively. Then

te=t+F '(t,c), T.=t+ F'(c), T. <t (3)

where F;"'(t,c), F; ! (c) are the inverse functions of F;(t, T) and F;(I) with respect to the variable 7,

respectively.

Definition 2.2 S;(t,I) is the service function for connection M; during the time interval [t,t + I)
in a busy period starting at time t. That is, S;(t,I) specifies the number of cells from connection M;

that can be served (i.e., transmitted) by a server during the time interval between t and t + I.
From S;(¢,I), we can find s., the departure time of the c-th cell in the busy period started at ¢.
se=1t+57"(t,c) (4)

If a server is lossless and sequential, from Equation (3) and (4), we can compute d;[t, |, the delay of

the i-th cell in the busy period started at ¢, as follows:
di[t,c] = sc —t. = S;H(t,¢) — F;L(t, ¢) (5)
Then, in the busy period started at ¢, the maximum delay of M; is given by
d;[t] = max(8; ' (t,¢) — F; ' (t,c)) (6)
And the maximum delay of connection M; is
d; = max(S; ! (t,c) — F; ' (t,¢)) (7)

where ¢ is the starting point of any busy period.

Figure 3 shows conceptually how we can compute the delay of the c-th cell for a connection M;
during the busy period starting at time ¢, given the arrival function F;(¢,I) and the service function
Si(t, I).

Because it is very difficult to know the exact arrival and service functions, we must have some other
estimates in order to compute the delay. In many occasions, an upper bound of the arrival function
and a lower bound of the service function are known.

Let F;(I) be the maximum arrival function for connection M;, and C;(I) be the lower bound of the

service function for M;. C;(I) is defined as

for any busy period starting at time ¢ with a time interval of length I.



Theorem 2.1 Given F;(I) and C;(I), the upper bound of Fi(t,I) and the lower bound of S;(t,I)

respectively, the worst case delay bound for the cells from connection M; is

1

d; < max{C; ' (c) — F; '(c)} (9)
c>0
where F'(c) and C;(c) are the inverse functions of Fi(I) and C;(I), respectively.
Proof. Since Fi(t,I) < F;(I) and C;(I) < S;(t,I), we have
F7 ) < F7(t,c) and C;(c) < 871t ¢) (10)

1

Replacing F; !(t,c) and S; !(t,c) with F;"!(c) and C; !(c) in (7) respectively, we have (9). Q.E.D.
Note that Cruz et al. [1, 2, 7, 9] present a service curve method for the delay computation. The

service curve of a connection is the lower bound of our service function. However, the delay bound

in Theorem 2.1 could be overestimating sometimes. There are other methods to compute a more

accurate worst case delay.

Definition 2.3 The input of a server is greedy if all the arrival functions are always mazimum from

the starting point of the busy period. That means
F(t, 1) = Fj(I), (11)
for all j where t is the starting point of the busy period.

Definition 2.4 S;(I) is the service function for connection M; when the input of the server is greedy

starting at time zero, the beginning of a busy period.

For the FIFO, the Priority Driven, and the GPS server [33, 34|, the worst case delay occurs when
the input of the server is greedy. We have proven the same results for a regulated priority driven
server and a regulated FIFO server in [27, 29, 31]. Because of this, the worst case delay computation

by (7) can be simplified as stated in next Theorem.

Theorem 2.2 If the worst case delay for a connection M; occurs when the input of the server is

greedy, then the worst case delay is
d; = max(S; ' (c) — F; (c)) (12)
where F; (c) and S; *(c) are the inverse functions of Fi(I) and S;(I), respectively.

For the proof of the Theorem, please refer to the following technical report [28].
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2.2.2 D-BIND Arrival Traffic Model

Among different types of real-time traffic, some have variable bit rate (VBR) characteristic, such as
the transmission of MPEG videos. To provide a deterministic service, it needs a deterministic upper
bound on the arrival traffic. The tightest time invariant deterministic bound on arrivals in an interval

of length I is defined as

e(I) =sup F(t,I) (13)
>0

€(I) is called the minimum envelope process [3]. The maximum arrival function, on the other hand,
as a deterministic upper bound on the arrival traffic, must be an upper approximation to €(I). There
are some traffic models such as the (o, p) leaky bucket model [5], the (Xpmin, Xave, I, Smaz) model [10]
and others [40, 17, 23] that follows this approximation. Among all the models, the D- BIND model
provides a good upper bound that can closely bound e(I) for a wide variety of sources and we can
easily model the D-BIND traffic by a series of leaky buckets. Furthermore, the D-BIND maximum
arrival function is a piecewise linear function, its inverse function and the delay computation are easy
to cope with.

The D-BIND traffic model of a connection M; consists of N rate-interval pairs, {(us;, i ;)|j =
1,2,...,N} is shown in Figure 4, where {I; ;}, i.e. the interval, is increasing, and {; ;}, i.e. the rate,
is decreasing, The maximum number of cells at the input of a connection M; in any interval of length
Iis

A(I) = { fig—1+pig(—ILij1) ILij1<I<I (14)
fin+uinI—Ly) I>Ln



for j =1,2,...,N, where F;(0) =0, f; ; = Fi(l;;),{mi;} is decreasing and f; o = I;o = 0. Here we
call F;(I) a D-BIND traffic constraint function of connection M;, and N is the segment number of
the D-BIND traffic constraint function.

Given the minimum envelope process €;(I) of connection M;, there are many methods to derive
the D-BIND traffic constraint function F;(I). Although different methods may yield different results,
in §3.2 of [41], D.E.Wrege et. al. proposed a method that produce the tightest D-BIND traffic
constraint function Fj(I). Hence, we adopt Wrege’s method to find the tightest D-BIND traffic

constraint function for describing our arrival traffic.

2.2.3 Delay Computation

Assume the service system within an ATM switch has infinite waiting buffer and provides lossless
service. We can derive the worst case cell delay from Theorem 2.1 and 2.2 when the input traffic
follows the D-BIND model and the lower bound of the available service function is piecewise linear.
Consider the input of M; is bounded by F;(I) as in (14). The lower bound of the available service

function of M; at the server is given as

L (T T - <T .
Cz'(I) _ { Cij—1+ Vz,J(I Tz,J—l) TZ,J—l <I< Tm (15)

ci.xk +vik(I —Tik) I1>T K

for j =1,2,..., K, where C;(0) = 0,¢; ; = Ci(T,), {vi;} is increasing and ¢; o = T; 0 = 0.

From Theorem 2.1, we can derive the following Lemma:

Lemma 2.1 Let F;(I) and Ci(I) as in (14) and (15), be two piecewise linear functions for the upper
bound of M;’s input and the lower bound of M;’s service, respectively. If v; i > p; n, then the worst
case delay of M; satisfies

di < rglea(gc{Cfl(C) — F ()} (16)

1

where G = {f’i,laf’i,?a .. 7f’i,Na Ci,1,C3,25 - - - aci,K}-

When the input of the server is greedy starting at the beginning of a busy period, the service

function S;(I) is piecewise linear and can be expressed as:

Si(1) = { sij-1+vigl = Tij1) Tija <I<Ty (17)

sik +vik(I—Tix) I>Tik

for j =1,2,..., K, where S;(0) = 0,s;; = Si(T;;), {vi;} is increasing and s; 9 = T;0 = 0.
Please refer to Appendix A for the proof of Lemma?2.1

With Lemma2.1 and Theorem 2.2, we can derive the following Lemma:

10



Lemma 2.2 If the worst case delay of M; occurs when the input of the server is greedy starting at
the beginning of a busy period, and that the mazimum arrival function F;(I) and the service function

Si(I) are piecewise linear with v; k > pin, then the worst case delay of M; satisfies the following

equation
d; = max{Si_l(c) — Fz-_l(c)} (18)
ceG
where G = {f’i,b f’i,?a .- 7f’i,N7 Si,15 84,25 - - - 7si,K}-

Now we can apply Lemma 2.1 and Lemma 2.2 to some typical output port servers and find out the

worst case delay for the connections.

2.2.4 Delay Analysis and Computation Complexity for some Typical Servers

We present here the computation complexity of our algorithms for schedulers with FIFO, Static
Priority (SP), and EDF [32] scheduling policies and compare with the methods proposed by Knightly
and Zhang [17] and Firoiu et.al.[12]. Since our method can also be applied to GPS servers, the
computation complexity for the GPS scheduler is also presented here.

In Knightly and Zhang’s paper [17], the worst case delay bound formulae are only given for the
schedulers of FIFO and static priority(SP), but the delay formula for the SP scheduler is much more
complicate than ours. On the other hand, the complexity of Firoiu et.al.[12]’s method for EDF
scheduler is found to be the same as ours. We present here a simple and uniform framework for all
the schedulers mentioned above. This framework will not increase the computation complexity and

is easy to implement.

1. FIFO Scheduler: For M connections entering a FIFO server, the maximum arrival function of
M; is given as in (14). The worst case delay of M; occurs when the input of the server is greedy

starting at the beginning of a busy period. At this point, the total maximum arrival function is
M
F(I) =) F),
=1

and the total service function is S(I) = I, therefore, the worst case delay is given as

di = max{c — () (19)
where G = {fi1, fi2,..., fin}. N is the segment number of aggregative traffic constraint

function F().

11



On the other hand, by Knightly and Zhang’s method, the delay is:
di = max{F(I) — I} (20)

Given the function F() (and so F~1()), both algorithms are of the order of O(N).

Since
F(I) = ZFj(I)a

therefore, N is determined by {F;(),7 = 1,---, M}. If the segment number of F;() are constant,
say m, the segment positions of F;() is {t;1,- -, tim}, and since we do not have any restriction
on the segment positions, that is each element of {t;;|i =1,---,M;j =1,---,m} distinguishes

to each others, then we have

G= {fi,lafi,Qa--' afi,N} = {F(tZ,J) e=1,--- 7M;j = 13"'am}
where
N=mxM=0(M),
We can see that if the connection number M increases, the computation time and the memory

occupation for both delay bound algorithms will increase proportionately at the same time.

. Static Priority Scheduler: By assigning P priorities to a set of connections, M, the connection

set is partitioned into P disjoint subsets:
M=MuUuM?u...uM? (21)

where M/ contains the connections with the assigned priority P(M’) = j. Suppose M; € M7,
because all cells within the connections of M/ are served by the FIFO scheduling policy, the
maximum arrival function F7(I) is

FO= Y R (22)

P(My)=j

Since Fy(I) is piecewise linear, F/(I) is also piecewise linear. On the other hand, the lower
bound of the available service function for M/ is
0 0<I<PD
I— ZP(Mk)<j F(I) I> I

where I/ satisfies I/ = YoP(My)<j Fy (7).

(1) = { (23)

Since S7(I) is also piecewise linear, so the worst case delay of M’ can be computed by the

inverse of F7(I) and S7(I) as follows:

d; = max{S’ ~'(c) - F' "!(¢)} (24)
ceG?

12



where G* = {fi1, fi2,---, fi,Ni» Si1,8i2,-- -5 SiK; }, in which N, K are the number of segments

for the arrival and service functions, respectively.

Given the S* 71() and F; ~!(), our method can compute the worst case delay in O(N; + K;)

since we only need to calculate for every ¢ € G".

On the other hand, by Knightly and Zhang’s methods, the delay is:

d; = max{I > 0[b;(I) > I} (25)
where b;(I) is defined as
7j—1
(T — i k N
1) = e F/0) + X P+ ) ) (26)

For Knightly and Zhang’s method, the computation depends on the complexity of b;(I) and the
segment number of b;(I). Since for every new arrival connection, b;(I) must be recomputed.
If {t4,---, 3\,1} is the segment positions for F(), {¢,--- ,T;.(i} is the segment positions of S*(),
then for each I, the function F7(t) +ng;1l F*(I+4t)—t has segment positions of {t{, e ,tgvj ; Tf —
I,--- ,Tg(j — I}, and thus the computation complexity of b;(I) is O(N; + Kj).

If the segment number of b;(I) is B;, then the complexity of Knightly and Zhang’s method is
O(B; * (N; + Kj))-
So the complexity of our method is no greater than that of Knightly and Zhang.

Similarly to the FIFO scheduler, we have
N; = O(M)K; = 0(D)_ M) (27)
j<t
where M; is the number connections in M?. The computation time will increase in proportion

to the number of connections.

. EDF Scheduler: Consider an EDF scheduler that has accepted M connections with maximum
arrival functions {Fj(I)}. The worst case delay of M} occurs when the input to the scheduler
is greedy starting at the beginning of a busy period. When a new connection with maximum
arrival function{F,.,(I)} arrives, we can compute the smallest deadline Dy, for connection
Mpep that an EDF scheduler can guarantee. In the case when the input is greedy, the biggest

usable service function the scheduler can provide for the new connection is given by:

0 0<ILTI*

28
I -3l Fe(I—Dy) I>TI (#)

Snew(I) = {

where Dy, is the deadline for connection My, and I* = 3=,y <y Fi (I — D).
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D¢y satisfies

Fnew(I - Dnew) S Snew(I)a fOT all I > 0 (29)

So, we can derive D¢, as

Dnew = cené,a‘x {S;elw(c) - F&ip(c)} (30)
where Gpey = GFnewUGSnew and GFnew = {fnew,la ) fnew,m}a Gsnew = {Snew,la ) Snew,Knew}-

Here we assume that the segment number of each connection traffic constraint function Fj(-)
is m. Kpew is the segment number of aggregative traffic constraint function 3 Fj,(I — Dy)

(and so of Spew)-

Since the deadline D,,,, is the smallest when the EDF scheduler guarantee the deadline for all

accepted connections, we can use D, as the worst case delay bound, dye,, such that:

dpew = Dnew = cenég;(w{sr:eﬁu(c) - Fn_elu(c)} (31)

That is the same as the worst delay of the new connection that can be derived by Lemma 2.1.
So, given Fey, and Spew, the complexity of computing dpey is O(Kpew)-

V. Firoiu et.al.[12]’s Theorem 2 provides a similar delay bound:

d = max{dgs,dr} (32)
where
ds = maxyuerg,, (U — Frep(Snew(w))) (33)
dp = maXyerp,,, (Snew(Frew(w)) —u) (34)
and
Rspew = {Srjelw(snew,i)w =1,--- aKnew} (35)
RFnew = {F&a’%u(fneum)'lb = 1, e ’m} (36)

We can see that the complexity of computing d is the same as dpe., actually, we can show that

d = dpew-

Similarly to the FIFO scheduler, if the segment positions are mutual independent, then K¢, =
O(M), where M is the number of connections. The computation time will increase proportion-

ately to the number of connections.
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4. GPS Scheduler: For a, GPS server with M connections, and M; being assigned a parameter ¢;,

the lower bound of M;’s service function (see [33]) is given as

bi
C,l) = ——1I 37
() =74, (37)

Given a piecewise linear maximum arrival function, F;(I), we can derive the worst case delay

bound as:

d; = max{C; ' (c) — F; '(c)} (38)
ceG;
where C;() is given as in (37), G; = {f1,---, fm} is the segment positions of F; *().
Since m is constant, therefore the computation complexity is O(1).

Although A.K. Parekh and R.G. Gallager[33, 34] gave some results on the delay bound for
the GPS scheduler, they did not use the D-BIND [17] model to characterize the input traffic.
Hence, the complexity of their method can not be compared with ours. Since the computation
complexity of our method is already O(1), therefore, any other method could not be better than

ours.

2.3 Fixed Points D-BIND Model

As we have seen above, for the FIFO and EDF schedulers, if the segment position is arbitrary,
then the computation time will increase in proportion to the number of connections, and the server
performance will decrease when the traffic becomes heavier.

To overcome this problem, we suggest a solution to improve our computation method as follow:

1. Select a set of time points (Fixed points) as the segment position set:
P = {p07p17 e apn}

2. When a connection arrives, the server transform its D-BIND traffic constraint function F;(t) to
a new Fixed Points D-BIND traffic constraint function, F(¢) , such that the segment
positions of F/(t) (and F}(t — D;) for the EDF scheduler) are in P, and F; < F.

3. The server will use F}() (instead of F;()) to calculate the worst case delay bound for the con-

nection admission control.

After the transform of the D-BIND traffic constraint function to a fixed point D-BIND traffic

constraint function, we can see that the segment number of the aggregated traffic constraint function

15



Method | Knightly & Zhang | Ng & Song & Tang | Ng & Song & Tang(Fixed points)
FIFO O(M) O(M) 0(1)
SP O(%i2; My) O(%i2; My) o)
EDF | O(M)(Firoiu et.al.) O(M) 0(1)
GPS Not Available 0(1) 0(1)

Table 1: Computation Complexity

and the lower bound service function for the FIFO and EDF scheduler is bounded by n, hence, the
computation complexity become O(1).

For this fixed points method, the trade-off is that the given delay bound maybe enlarge, and the
server will lost some efficiency. To reduce this effect, we could properly select the elements in P or
increase the number of points in P. The latter approach will increase the computation time, however,
somewhere we have to make a compromise between speed and efficiency.

In the case of the FIFO scheduler, Knightly & Zhang’s method could also be improved through
the above fixed points method. But, in the case of the SP scheduler, the fixed points method can not
reduce the computation time of Knightly & Zhang’s algorithm.

Table 1 is the summary of the comparison between our methods and the others under different

kinds of output port schedulers in terms of computation complexity.

3 Simulation Experiments

In this section, we describe our simulation experiments for the connection admission control of an
ATM network carrying MPEG video streams. Since the performance of the Static Priority and
the GPS scheduler rely on the priority and weighting assignment and that these assignments are
application specific, we thus only focus our study between the FIFO and EDF scheduler which have

rigid scheduling policies. Hence, the main purpose of the experiments is to study how the following

factors affect the performance of the D-BIND traffic model:
1. Segment number used by the CAC;
2. Fixed points computation method vs. nonfixed points computation method;

3. EDF scheduler vs. FIFO scheduler

3.1 Performance Metric

Since we are interested in computing the worst case delay bound for each connection and use it

for Connection Admission Control, the performance metric we are interested in is the admission
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MPEG Video Parameters ‘ Starwars ‘ The Wizard of Oz ‘

Video Length (hh:mm:ss) 2:00:52 0:32:12
Total Number of Frames 174,956 41,763
Max Data Rate 10896 cells/s | 26763.21 cells/s
Ave. Data Rate 768.00 cells/s 3236.76 cells/s
Resolution 720%x 576 352x288
Frame Rate 24 fps 30 fps

Table 2: MPEG files system parameters.

‘ Parameters ‘ Value
¢ 7000 second
dmin between 0.0333 and 1.0 second
p (cells/second) | between 838.4 and 4192 from a random number generator
m between 2 and 9
A take value such that U is between 0.2 and 2.0

Table 3: System Parameters.

probability and the average segment number of aggregative traffic constraint function (we call average
segment number used by the server).

By admission probability, we mean the probability that a hard real-time connection can be admitted
to the ATM network. Recall that a hard real-time connection is admitted if and only if its worst case
delay can meet its deadline constraint without violating the deadline constraints of connections that
are currently active in the system. Obviously, the method to derive the worst case delay will make
its impact on the admission probability. During the experiments, the admission probability P4, is

defined as follows:
N, accept
Naccept + Nreject

where Niyceept is the number of connection being accepted and Nygjecs is the number of connections

Padm =

being rejected.

By average segment number used by the server, we mean the time average of the segment number
used by the server. i.e. if the segment number used by the server at time ¢ is N(t), then the time
average segment number used by the server is given by [y , ;N (t)dt/(t1 — to), where [to,11] is the

data-collection time interval.

3.2 Simulation Setup

We have written a discrete event simulation program to simulate the ATM network. There are

altogether five system parameters for our simulation:
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A is defined as the mean of inter-arrival rate between video connections;

¢ is the mean of the life-time of each connection;

dmin is the minimum deadline, where the maximum deadline dy,q; = 3 * dmin;

p is the average transmission rate of a connection;

m is the segment number used in the traffic constraint function of each connection.

For each conmnection, the inter-arrival time and the lifetime of connections are chosen from an
exponential distribution, p is chosen from an uniform distribution from a random number generator.
Hence, we obtained our estimated average arrival rate of the ATM switch as U = A\ x p/€. The actual
values being used in each of the simulation experiments are listed in Table 3.

The ATM server speed used here is 744, = 155Mbps. In our fixed points D-BIND model, the
fixed points set P = {pg,p1,---,pn} is selected according to following two steps: At first we select
points pgi = 31—02' + €, pgﬂ_l = ﬁi + €, where i = 0,1,2,...,m, € = 0.0001,m is selected such that p3,,
and p3,, 11 is greater than the most right hand side segment point of the D-BIND traffic constraint
functions of video connections; Secondly, we delete some points such that the remained points of
pY,i=0,1,...,m, i.e. p;,i =0,1,...,n, is roughly log scale time, i.e. log(p;) o (i/n).

We do the simulations for a large video source set with wide range burstiness , and the results are
similar, for simplicity of the presentation, here we use three types of video sources, the first one is
randomly generated, the other two types are fixed video sources from the movie Starwars and The
Wizard of Oz. (please refer to Table 2 for the detailed parameters of these two video sources). We can
see that the movie Starwars has larger burstiness than that of The Wizard of Oz. And its D-BIND
traffic constraint function is calculated by the method proposed in [41].

The program is executed at various workload by setting the parameter A, the normalized average
arrival rate (labeled as normalized arrival rate) is defined by U/rapm = (A X p) /(€ X Taim)-

We ran separate experiments for: FIFO scheduler vs. EDF scheduler, fixed points D-BIND vs.
nonfixed points D-BIND traffic model, with various deadlines, and various average arrival rates.
For each run in our simulation experiments, we generate over 20,000 connections according to the
predefined system parameters, and start the simulation with no connection in ATM switch initially.
To eliminating the warn-up effect, we let the system to run into a steady state before collecting the
data. In particular, we let the system to run through at least /A number of connections before
collecting the data.

For each connection arrival, the worst case delay bounds for each connection are calculated. The
CAC of the system then decide whether to accept or reject the newly arrived connection. Thus,

finding out the admission probability.
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4 Simulation Results

Our simulation experiments investigate the following three problems:

1. While the fixed points D-BIND traffic model reduce the computation complexity, whether the

performance loss is acceptable;

2. What is the minimum segment number of the traffic constraint function that reaches the max-

imum CAC performance in certain condition;

3. Is EDF scheduler much better than FIFO scheduler, if not, in what conditions.

4.1 Fixed Points vs. Non-fixed Points Computation Methods

First, we look at the average segment number used by the server to compare the computation com-

plexity. From Figure 5, we can see that:

1. The average segment number used by the server for the fixed points D-BIND traffic model is
less than half of that of the nonfixed points D-BIND traffic model.

2. The performance improvement of the fixed points D-BIND traffic model for the EDF scheduler
is large than that for the FIFO scheduler.

Secondly, we turn our focus to the trade-off for the fixed points method. From Figure 6, we can
see that the admission probability of the fixed points D-BIND traffic model and the nonfixed points
D-BIND traffic model are almost the same. Hence, the performance loss of the fixed points D-BIND

traffic model can be ignored.

4.2 Number of Segments

Figure 7, and 8 show the admission probability with different segment numbers in different conditions.
With a 2-segment traffic function, if the deadline, dy,;,, is 0.0486 second and the source is Starwars
(see Figure 8), the admission probability starts to drop when the normalized arrival rate is larger
than 0.2. As the switch utilization increases, the admission probability decreases. When the switch
is ‘fully’ utilized(the normalized arrival rate=1), the admission probability for this 2-segment traffic
function is at 44%.

Given the deadline and the average arrival rate, the overall performance can be improved if a
multiple segment traffic function with more segments is used. It is because a multiple segment traffic

function with more segments can better described the real-time MPEG traffic. However, as Figure 7
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Figure 5: Ave. Segment Number: Fixed Points vs NonFixed Points (Source: Random).
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Figure 6: Admission Probability: Fixed Points vs Non Fixed Points (Source: Random Generated).

and 8 have shown that the improvement levels off and does not show any further improvement when
the segment number is beyond a certain value (denoted by m).

We can see that:

1. Deadline is the major factor in de terming the value of m.

2. The shape of traffic constraint function also effects the value of m. In the fixed points traffic
constraint function case of Starwars and The Wizard of Oz (see Figure 8), the value of m for
The Wizard of Oz is larger than that of Starwars for larger deadline. But for small deadline(i.e.

< 0.048 second), there is no difference.

3. With random generated source(see Figure 7), 7 is less than 5 when deadline is less than 0.2205
second; In The Wizard of Oz (see Figure 8), 7 is less than 5 when deadline is less than 0.2205
second; In Starwars (see Figure 8), m is less than 5 for all deadline throughout the whole plotting

range from 0.033 second to 1.0 second.
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Figure 7: Different segment Number (D-BIND:Fixed Points, Source: Random Generated).

21



Server: FIFO non Fixed points , Source: Starwars

2-segments ——
5-segments ----
9-segments -----

1
1.2 4
Normalized Arrival Rat&' 1.6 18

Server: FIFO Fixed points , Source: The Wizard of Oz

. 2-segments ——
<A 5-segments ----
TSN 9-segments -----
AN N
A \ A4 \ N

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Figure 8: Different segment Number (D-BIND:Fixed Points, Source: Starwars & The Wizard of Oz).
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4.3 EDF vs. FIFO

Figure 9, 10, and 11 show the results comparing the CAC performance of the EDF and FIFO schedulers
under different conditions. We can see that the average arrival rate does not effect the performance
improvement while scheduler change from EDF to FIFO, but the deadline range(dnaz — dmin) would
affect it. If dyaz — dmin = 0, then the CAC adopting a EDF scheduler is exactly the same as the
CAC adopting a FIFO scheduler, and there will be no difference between the performances of the two
schedulers.

First, we look at the bursty source of Starwars(see Figure 9). If deadline is larger than 0.15 second,
there is almost no difference in the performance of the CAC using an EDF or a FIFO scheduler.
As the deadline is under 0.15 second, the performance of the EDF and FIFO schedulers exhibit
some differences. If the deadline is 0.0333 second and the normalized arrival rate is 1.0, the admission
probability of the EDF scheduler is about 39%, while the admission probability of the FIFO scheduler
is about 24%.

On the other hand, we look into the less bursty source of The Wizard of Oz(Figure 10), we can see
that the performance of the EDF and the FIFO schedulers exhibit systematic difference throughout
the plotting range of the deadlines, In a typical case when the deadline is equal to 0.033 second and
the normalized arrival rate equals to 1.0, the admission probability of the EDF and FIFO schedulers
are 19% and 14% respectively, the performance of the EDF scheduler improves about 33% as compare
to the FIFO scheduler.

Lastly, we look at the randomly generated source case. From Figure 11, we can see that the
admission probability of the EDF and FIFO schedulers are almost the same, there is only a little
difference at the lower deadline area.

From the above results, we conclude that: If the traffic is less bursty and the deadlines are spread
over a wide range, then the EDF scheduler would perform better than the FIFO scheduler; If the
source is bursty and the deadline range is narrow, then the FIFO scheduler and the EDF scheduler

perform almost identically.

5 Conclusion

In this paper, we first present a framework for the worst case delay within an ATM switch. In
estimating the real-time arrival traffic, we use the D-BIND traffic model [17] and its fixed points
version to characterize the burstiness and the temporal correlation structure of a real-time message
stream. We then derive the worst case delay bound for an ATM switch with some typical output port

schedulers. Later on, we evaluate the real-time connection admission control utilizing these worst
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Figure 9: EDF vs. FIFO. Source: Starwars
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Figure 11: EDF vs. FIFO. Source: Random Generated
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case delay analysis.

Furthermore, our experiments for connection admission control had shown that although the tight-
ness of the delay bound depends on the number of segments in the traffic description functions, no
significant improvement is observed beyond a 5-segment traffic function. Through our fixed points
computation method, we can efficiently reduce the computation complexity of connection admission
control. Thus, our method is both efficient and effective for the connection admission control for
an ATM network. Beside the connection admission control of the network, we also find that EDF
performs better than FIFO only in the case of a less bursty source with a wider range in deadlines.

As for the future work, we would further investigate the effectiveness of our delay computation
with different kinds of traffic other than the MPEG video traffic. We would like to use other arrival
traffic model to describe the incoming traffic such that more efficient and accurate algorithms can be
constructed. Moreover, we would also like to investigate whether our method can efficiently apply to

other typical schedulers (such as the SP and the GPS schedulers).

Appendix A: The Proof of Lemma 2.1

Lemma 2.1 Let F;(I) and C;j(I) as in (14) and (15), be two piecewise linear functions for the upper
bound of M;’s input and the lower bound of M;’s service, respectively. If v; x > p; v, then the worst

case delay of M; satisfies

d; < max{C; " (c) — F; }(c)} (39)
ceG
where G = {fi,b fi,?a ey fi,Na Ci1,Ci,25 - - - aci,K}-

Proof: By Lemma 2.1, the delay bound can be given as

(3

d; < max{C; () — F; ()} (40)

Given two piecewise linear functions F;(I) and C;(I) as in (14) and (15), we can compute each of

their inverse function:

F-ﬁl(c) _ Ml’j (C - fZ,]*l) + Iz,]fl fZ,]*l <c< fz,] (41)
' mae—fin)+Lin  c>fin
where 7 =1,2,...,N.
1
Cri(e) = { ¥ (c—cij-1) +Tij—1 cij1 <c<cij (42)
2 UilK (C_Ci,K) +1—'Z,K c> Ci,K

where j =1,2,..., K.
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Denote D; = max.>o{C; ' (c) — F; *(c)}, we need to prove that D; occurs at ¢ € G. Due to the fact

2

that C; ' (c) — F; ' (c) is piecewise linear, if v; x > u; n, C; '(c) — F; '(c) must have a maximum. In

each segment, the maximum should occur at the two end points. Hence, D; will occur at ¢ € G and

we have,

di < max{C; () = F; ()}
Q.E.D.
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