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Abstract

The successful operation of mission critical systems re-
quires a sophisticated control net w ork whik provides for the
real-time delivery of data from a very large n unber of diverse
sources suc h as sensors, audio/video sureillance, computa-
tional sources, etc., as well as remote monitoring and diag-
nosis sources. It is expected that many of the traffic sources
will be in the form of periodic sources with real-time require-
ments. In this study, we propose fast scheduling algorithms
for multiplexing periodic source flows with real-time delivery
requirements. We assume a single switch environment with
periodic source flows being supported over a Constant Bit
Rate (CBR) type circuit. We undertake a systematic study
beginning from the simplest scenario where all traffic flows
consist of data frames of the same size and with the same
real-time delay requirement. In this case, we prove that the
F CFS algorithm is optimal. We conclude with the most dif-
ficult case of examining CBR flows of variable bandwidth
requirements and variable delay requirements. Algorithms
and analysis are presented for all the cases. The simulation
results sho w the substamial performance gains provided by
the proposed algorithms.

1 Introduction

Support for isochronous traffic streams will be an im-
portant service in future netw orks. A wriety of multime-
dia applications are already pushing the limits of current
net w orks primarily in their requiremets for high band-
widths and support for guaranteed real-time delivery.
F urthermore, computer netw orksare increasingly find-
ing use in today’s control systems controlling a complex
arrangement, of sensors and actuators in highly varied
applications such as building climate control, flight nav-
igation, factory automation, and mission command and
con trol in military uses [7]. The most common element
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Agency (DARPA) through AFB, contract num ber F19628-94-C-0044,
National Science Foundation under Grants CCR-9874726, CDA-
9502979,CD A-9414015 and CIA-9422044. Please address all the cor-
respondences to jcliu@cise.ufl.edu.

in these control systems is the presence of numerous sen-
sors which typically generate short bursts of information
in a highly periodic fashion (e.g. a sensor monitoring a
coating process will draw light samples from the coating
at periodic intervals).
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Figure 1: A WAN Environment with Multiple Switches

With the rapid development of these applications,
netw orkingsupport for real-time periodic source traf-
fic flows is becoming increasingly important. In a t yp-
ical wide area net w ork(WAN), as shown in Figure 1,
a data unit (packet) will usually pass multiple switches
on its route from the sender to the receiv er. In order
to support the real-time requirements of these periodic
sources, switches must provide guaranteed delay through
a specialized scheduler. Our study focuses on scheduling
algorithms for a single switch.

In any net w ork, the total delafor one data unit con-
sist of three factors: transmission delay, propagation de-
lay, and processing delay in the switches on route to
the destination. The processing delay at the switches
in turn consist of switching delay (time needed to look
up routing tables, and do header translation) and the
delay incurred in waiting in buffers at input and/or out-
put ports. For a giwen virtual circuit, the transmission
delay and propagation delay are constant. The only vari-
able factor is the delay incurred in the buffers. In most
high-speed switching products, output buffering and/or
buffer sharing is used to achiev emaximal throughput
and minimal buffering space [1, 8, 11]. Our study as-
sumes output buffering, which is the current industry
trend in ATM switc hdesign. How ewer, the algorithms
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presented in this paper may be generalizable to other
switch architectures.
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Figure 2: Three Cases of T otal Delay from Different
Arrival Patterns

As an example of cases where conten tion for the same
output port generates variable delay is depicted in Fig-
ure 2. These variable dela ycan ha vea wide range of
values depending on how the incoming Virtual Circuits
(V Cs) are treated ly the switch scheduler. F or example,
in Case (a) of Figure 2, all three sources arrive at the
same time simultaneously contending for the same out-
put link. Since the output link can only serve one source
at one time, the other tw o sources need to be buffered,
i.e., dela pd. One source needs to be delayed a time pe-
riod of 4 data units and the other source needs to be
delayed a time period of 8 data units. Therefore, the
total delay is 12 data units. By adopting a FCFS (First
Come First Serve) scheduling policy, the total delay in
Case (b) is zero because all sources are served by the
output link upon their arrivals. Case (c) depicts a ran-
dom case in which the dela y forthe individual sources
are 0 units for Source 3, 2 units for Source 1, and 5 units
for Source 2. Therefore, the total delay in this case is 7
data units.

Different VCs may hav e different sizes of periodic data
units and different periodicities. For all these differ-
ent cases, the traditionally used FCFS policy might not
result in the necessary real-time performance. An ex-
haustive search of all possible solutions will find an op-
timal schedule, how ever, the fast swithing necessary at
these switches precludes the use of computationally com-
plex sc heduling algorithms.This paper presents a study
of scheduling algorithms for real-time periodic traffic
sources to be used in high-speed netw ork swithes (e.g.,
A TM swithes). The goal is to develop fast algorithms
that generate feasible schedules, which provide guaran-
tees to meet the real-time requirements of the applica-
tion traffic.

We adopt a systematic approach beginning from the
case where all competing VCs have a common deadline.

This case can be further decomposed into tw o sub-cases:

(i) all competing VCs are carrying messages with the
same frame size!, and (ii) all competing V Csmay im-
pose different frame sizes. The FCFS algorithm is an-

TA frame in this paper is defined as a message delivered in the
netw ork with a bac k-to-back manner.

alyzed and proved to be optimal for the case where all
competing V Cscarry the similar-sized frames. When
the frame sizes are different among different VCs, spe-
cial algorithms are needed to improve the performance
over the FCFS algorithm. We propose a heuristic algo-
rithm to schedule the competing V Cson the fly when
they are carrying frames with different sizes. Our exper-
imental results show that when frames of different VCs
arriv e at the same time as shown in case (a) of Figure 2,
the reduction in processing delay achieved by our pro-
posed algorithm range betw een 38% and 75% compared
with the traditional FCFS algorithm. When assuming
random arrival pattern, as shown in case (c) of Figure 2,
the reduction is 6% when there are 8 competing VCs and
increases to 38% with 32 competing V Cs. Compared
to the O(N!) time complexity required for exhaustive
search, the time complexity for our proposed algorithm
is O(N).

We furthered our investigation to examine cases
where different VCs had different deadline requirements
for their frames. Here w edifferentiate the concept of
de adline from the commonly defined period Real-time
con trol applications suh as military C*I systems may
impose a strict deadline for the completion of process-
ing of each message within an ATM switch. For exam-
ple, a sensor may generate a periodic data stream of 30
frames per second which corresponds ta period of 33
msec. How eer, the deadline for an ATM switch to fin-
ish the processing of each frame may be shorter than 3
msec if the message is to trigger a crucial alarm system.
We thus classify traffic with different deadlines in tw o
sub-cases: (i) all competing VCs are carrying the mes-
sages with the same frame size and (ii) all competing
VCs may contain different frame sizes. We propose a
heuristic algorithm which incorporates a form of classi-
cal EDF (Earliest Deadline First) scheduling algorithm
with special consideration of the periodic traffic sources.
The experimental results for this case show that when
the number of competing VCs is small, our proposed al-
gorithm can meet the deadline requirements of all the
frames while the traditional FCFS algorithm may cause
some frames to miss their deadlines. When the number
of competing VCs is increased to 32, our proposed algo-
rithm can reduce the number of frames missing deadline
by 88% compared to the FCFS algorithm. The time
complexity of this algorithm is also O(N).

The case of different frame sizes among the competing
V(s introduces the most challenging problem because
the varying frame sizes and deadlines need to be jointly
considered. The problem of guaranteeing both goals is a
very difficult task. T o the best of our knavledge, guar-
an teeing both goals at the same time is indeed an open
area and there are no clear solutions. Thus we chose to,
first, meet the deadline requirement, and second, based
upon the first goal, minimize the total processing delay.
A heuristic algorithm satisfying the above criteria is pre-
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sented. The experimental results illustrate that (1) the
proposed algorithm achiev es significant performance im-
pro vemets over the traditional FCFS algorithm. When
the frames of competing VCs arrive in a random pattern
(as in part ‘c’ of Figure 2), the reductions in processing
delay increase gradually from 1.5% for 2 competing VCs
t0 36.0% for 32 competing VCs. The proposed algorithm
also reduces the number of frames missing deadlines by
a range of 91% and 99% compared with the FCFS algo-
rithm; (2) The proposed algorithm for the general case
outperforms the other algorithms in this paper on bal-
ancing the tw o performance goals. The time complexity
of this algorithm is O(N?).

Related Work

V ariousscheduling methods ha vebeen proposed in
recent years. VirtualClock [5, 17] assigns a time stamp
to each cell and uses this timing information to de-
cide the scheduling priority. A similar approach is pro-
posed in [12] using a global clock generated at the phys-
ical layer. Other schedulers using timing information
include Delay-EDD (Earliest-Due-Date) [6] and PGPS
(Pack et-Generalized-Processor-Sharing), which is also
called WFQ (Weigh ted-F air-Queuing) [1416]. P articu-
larly, [10] presented a solid analysis and simulation study
on multiplexing video conferencing traffic. Nevertheless
this work only addressed the cell loss probability, but did
not address our concerns on minimizing the processing
delay with deadline preservation.

There are also related literatures from real-time com-
puting domain. [15]reviewed the classical scheduling
algorithms including Rate Monotonic Algorithm. Our
proposed algorithms are particularly designed for com-
munication aspects, thus the pseudo-code algorithms can
be more practical to the system designers in the commu-
nication field. Since our proposed algorithms focus on
data-frame-level scheduling, it is very difficult to com-
pare the above algorithms with the algorithms proposed
in our paper. Moreover, our analysis considers both the
timing information (deadline) and the data rate (frame
size) join tly using a systematic approah, which the pre-
vious studies did not address the same goals in a similar
and complete manner.

The remainder of this paper is organized as follows.
We describe the problem in Section 2. Scheduling algo-
rithms to support competing VCs with a common dead-
line are introduced in Section 3. Section 4 discusses
the heuristic scheduling algorithms to support compet-
ing VCs with different deadlines. Empirical results using
these heuristic algorithms are presented in Section 5. We
present our conclusions in Section 6.

2 Problem Description and F ormulation

In this section, w e describethe problem and formu-
late it mathematically. As mentioned before, the en vi-
ronment we assume is an ATM LAN/MAN network, as
illustrated in Figure 1, which consists of multiple ATM
switches. The edge switches are fed traffic from multiple
sources where each source is generating a data stream,
as described in the previous section.

We formally define each individual CBR stream as an
isochronous traffic source, V' C;, which consists of peri-
odic segments of data, called frames, where each frame
is of constant size, s;. The unit of size will be assumed
to be in terms of cells. The delay requirement for each
frame at each switch is deadline;. The unit of time used
will be denoted as a cell time or slot. A cell time or slot
is the time it takes to transmit one cell.

The following assumptions are used in this study.

e We assume a generic output-buffered switc hpro-
viding full cross-connectivity betw een all input and
output ports. All the frames competing for the same
output link are buffered in one single queue of that
output link. However, the frames from the same VC
are linked in a sub-buffer-queue for that V C.This
can be implemented b y organizing the frames from
different VCs in different logical queues within a sin-
gle physical queue, as illustrated in [4, 9]. Therefore,
if there are N V Cs competing for the same output
link, there will be N sub-buffer-queues inside the
logical buffer queue of that output link.

e Individual source flows are all considered to be
of equal priorit yand all of them are isochronous
streams of the type described above.

e Appropriate call-lev el admission con trol is per-
formed at the edges of the netw ork so that for ary
interior switc hthe total input bandwidths cannot
exceed the output link capacity bandwidth.

e All scheduling algorithms we consider are work con-
serving, i.e., if there exists an availablecell to be
scheduled and the output link is idle, it must imme-
diately be scheduled on the idle output link.

Definition 1 The delay exp erienc@ by a frame within
a switch, denoted by 0;, is the time differ enc detween
the time its first cell is transmitted out of the switch and
the time the first cell arrives at the switch.

As discussed in Section 1, the total experienced delay
are different for v arious arriwal patterns and scheduling
policies. We formulate the general problem as follows.

Given a switch with N incoming competing V Cs.
Each VC; = (s;,deadline;) consists of the periodic deliv-
ery of frames of size, s;, where each frame has a deadline

Proceedings of the 25th Annual IEEE Conference on Local Computer Networks (LCN’00)
0742-1303/00 $10.00 © 2000 IEEE



requir ement,deadline;. Find a service scheduling policy
among these N competing V Cs that minimizesthe sum
of the delay of all the VCs, i.e., the total delay, A in-

N
Apin = mln(z 6t)a (1)

while mazimizing the number of VC's which meet their
de adlines.

It is certainly true that an optimal schedule can be
found by examining all the combinations which consists
of Nl = Nx (N —1)% (N —2)*...%2x1 possibilities. Obvi-
ously , the high-speed processing requiremet of an ATM
switch would prohibits such an expensive computation.
In the following sections we propose heuristic algorithms
as solutions to the above defined problem.

3 Scheduling Algorithms for A Common
Deadline

In this section, w e assume the case where frames
from all the incoming VCs have the same deadline, i.e.,
deadline; = deadline;, for all i,7 <= N. We examine
tw o cases of the common deadline. In the first case, all
the frame sizes of all the VCs are the same, s; = s; for
all i,j <= N. In the second case frame sizes may vary
among VCs, i.e., different size frames will be contending
for the output link.

3.1 With Same Frame Size

When the frame sizes are the same among competing
Vs, we examine the simple FCFS scheduling policy.

Lemma 1 Assuming all VCs have the same frame size,
si, and all frames have the same common deadline,
deadline;, the servic e order does mot have an effect on
the total delay, A. Thus the F CFS wlicy with the first
inc oming V Cas the referenc ewill produce the minimal
total delay.

Proof. Let current; denote the number of cells in
the current frame of V' C; which ha vealready arrived
(are currently buffered). Let remain; = s; — current;,
and let A; be the total delay if the frame from V Cj; is
scheduled first.

If the scheduler chooses to schedule VC), first, then
A,, = remain,, + Z#m remain; + deadline;. If in an-
other case, the scheduler chooses to schedule V C,, first,
where n # m, then A,, = remain,, + Z#n remain; +
deadline;. Thus A,, = A,, for all n # m. So it follows
that the FCFS policy with the first incoming VC as the
reference will produce the minimal total delay. O

We assume that all the frames have the same size
in the above analysis. How eer, realistically different
source traffic flows will most likely exhibit different band-
widths requirements. Thus in the next sub-section, we
relax the constraint of having all frames from all V Cs
having the same size.

3.2 With Different F rameSizes

When the frame sizes are different, the selection of
the contending frames from different VCs produces dif-
feren t values of total delay. Since the deadline is still
common, the frame size is the only factor which is nec-
essary to consider. Consider Figure 3, which is a vari-
ation of Case (c) of Figure 2 as shownin Section 1.
This example demonstrates that there are tw o possible
schedules after serving Source 3. One schedule is to use
FCFS, which serves Source 1 first. The other schedule
is to serv e Source 2 first, whih uses SJF (Shortest Job
First) scheduling. As indicated by the total delay, A,
the FCFS scheduling results in a greater delay than the
SJF scheduling.

—————————— > delta_1=5

Sourcel |

---> delta_1=2

T |

————————————— > delta 26| |
.

i

! P !

Source? |

= delta 2=1

Ouput
Link
FCFS Scheduling SJF Scheduling
(Delta=8) (Delta=6)

Figure 3: An example to demonstrate the failure of
FCFS scheduling to guarantee the minimal total delay

Lemma 2 Assuming all VCs have the same deadline,
deadline;, but not necessarily the same frame sizes, the
SJF policy with the first incoming V Cas the reference
will pr oduc e the minimal total delay.

Proof: Without loss of generality, w eassume that
when the scheduler begins to choose a frame, all the N
VCs have frames w aitingfor output. Thus, there are
N! possible schedules to serve these N V Cs. Assuming
S = (s1,82,83,...,5n) is the schedule after sorting the
frame sizes among these coming VCs, where s; < s; for
all ¢ < j, the total delay is the following.

0+s1+(s1+s2)+...+(s1+s2+...+sn-1)
(N=1)*xs1+(N—=2)*sa+ ...+ (N —i)*xs; +...+
(N—j)*sj+...+2%xsnv_2+sn_1

Asyjr =

Now assume there exists a scheduler where for some
and j such that s; < s; for i < j, s; is scheduled before
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s;, resulting in a total dela yless than Agyp. This is
equivalent to interchanging the positions of s; and s; in
the previous equation. Therefore, the new total delay is:

Apew = (N—1)xs1+(N—=2)kso+ ..+ (N —i)*xs; +..+

(N—j)*si+..+2xsn_2+sn-1

It can besho wn as the following that A, — Asyr
is always greater than 0.

Apew — — i) x5+ (N —j)xsi —
— i) *xs; — (N —j) = s;
i*j)*siJr(jfi)*sJ-

J =) *(s5 — s:)

Asyrp = (N
(N
(
(

because (j —4) > 0 and (s; —s;) > 0.

Thus the new scheduler has a larger total delay than
Agyr and a contradiction has been reached. Thus the
SJF policy with the first incoming VC as the reference
will produce the minimal total delay. O

We now propose a heuristic algorithm, which is a vari-
ation of SJF algorithm with the requirement that the
first incoming VC is always serv ed first. Lines 6-11 de-
termine the frame with the smallest frame size and stores
this VC in saved_V C, if this data in any of the N sub-
buffer-queues. Lines 13 and 14 compute the total delay
and count the n unber of frames that have been served.
Lines 17-21 detects the new incoming data and inserts
them into their corresponding sub-buffer-queues.

Algorithm for Different frame Sizes with a Com-
mon Deadline (DSCD):Given N competing VCs with
data pattern (s;, deadline;) where deadline; = deadline;
for all i,j, find the frame with the shortest size among
all the heads of the N sub-buffer-queues and compute the
total delay, A.

1 DSCD(N,VC;)

2 {

3 if (there is data in any of the N sub-buffer-queues)

4 /* MAX_SIZE is a c onstant lar ger than any fime sizes */
5 saved_size = MAX_SIZE;

6 for (i=1 to N)

7 if (s; of the head of sub-queue® < saved_size)

8 saved-size = §;;

9 saved_.VC = i;

10 end if
11 end for
12 Move the he ad of subgueue®***?=VC out of the queue;

13 Compute A = A + (curr ent time - starttime);
14 served = served + 1;

15 Serve the frame on the output link;

16 end if

17 for (i=1 to N)

18 Scan for the new inc oming data foVC;,

19 and record the start_time; )
20 Insert the new inc oming fr ame at the end of the sugpueue’;
21 end for

22}

Complexity Analysis: With regard to complexity, the
major difference in the DSCD algorithm is in Lines 5-

11 where we search for the frame with the smallest size.
The time complexity of this algorithm is O(NV).

In this section all the VCs are assumed to ha vethe
same deadline requirement. How eer, in real-life appli-
cations is is most likely that different periodic sources
will also have different deadlines®. In the next section,
w e assume differenn VCs can have different deadlines.

4 Periodic Sources with Different Dead-
lines

4.1 With the Same Frame Size and Differ-
ent Deadlines

According to the results in Section 3.1, if the frames
sizes of all the incoming V Csare the same, the total
delay is fixed. How ewer, besides the total delay, the
number of frames which actually miss their deadline
is also an important performance measure to applica-
tions with delay requirements. In order to minimize the
number of frames that miss their deadlines, we need to
consider ho wlong a frame has been w aitinginside the
switch. Thus w eextend the previously stated V Cat-
tributes, VC; = (s;, deadline;), to include another pa-
rameter, p;, which denotes the number of cell slots that
have elapsed since the arrival of the first cell in the cur-
rent frame. Hence, each V(; has attributes denoted
by (s;,deadline;,p;). Note that: 0 < p; < deadline;,
if frame; has to meet its deadline. Also, the remain-
ing number of cell slots left to transmit the frame is
(deadline; — p;)-

Now, given a set of competing VCs, what is the cri-
teria that should be used to schedule the V Cs? Since
the scheduling doesn’t affect the total delay, our goal in
this section has thus shifted to minimizing the number
of frames which miss their deadlines. In Section 3.2 we
sho w ed that an earliest-deadline approae could be used
to meet this goal. That is, at time ¢, choose the V C; with
the smallest value of (deadline; — p;). In other words,
pick the VC which is most likely to miss its deadline the
soonest.

In the following algorithm, if there is data in any of
the N sub-buffer-queues, lines 6-11 determine the frame
with the minimal (deadline — p) andstores thisV C in
saved_V C'. Lines 13-16 count the total number of frames
that miss their deadlines and the number of frames that
have been served. Lines 19-22 detect the new incoming
data and insert them into the corresponding sub-buffer-
queues.

Algorithm for Common frame Size with Dif-
ferent Deadlines (CSDD):Given N competing V Cs,

2For instance, a military officer sends out an urgent command and
requires the message to be delivered to the destination as soon as
possible.
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each with an attribute (s;,deadline;,p;) where s; = s;
for i # j, find the frame; among all the heads of
the N sub-buffer-queues, where frame; has the small-
est (deadline; — p;). Count the total number of frames
that miss their deadlines, M.

1 CSDD(N,VC;)

2 {

3 if (there is data in any of the N sub-buffer-queues)

4 /* MAX_TIME has a value larger than any deadline */
5 saved_time = MAX_TIME;

6 for (i=1 to N)

7 if ((deadline; —p;) of the head of sub-queue' < saved_time)
8 saved_time = (deadline; — p;);

9 saved_.VC = i;

10 end if

11 end for

12 Move the he ad of subgueue®***?=VC out of the queue;
18 if ((deadline — p) < 0)

14 M=M+ 1;

15 end if

16 served = served + 1;
17 Serve the frame on the output link;

18 end if

19 for (i=1 to N)

20 Scan for new inc oming data forVC;,

21 and record the start-time; )
22 Insert the new inc oming fr ame at the end of supueue’;
23 end for

24}

Complexity Analysis: The abo vealgorithm is dif-
feren t from the DSCD algorithm in lines 5-11. The
frame w ewant to find here is the one with the small-
est (deadline — p) value. Since the time complexity for
the loop from lines 6 to line 11 and the loop from line
19 to line 23 are both O(NN), the time complexity of this
algorithm is thus also O(N).

In Section 3, we considered the total delay of all the
frames with the assumption that all the frames have the
same deadline. In Section 4.1, w etook into considera-
tion another performance measure, the total number of
frames that miss their deadlines. As mentioned earlier in
Section 3, the most general case occurs when VCs have
both different deadlines and different frame sizes. Given
these conditions, both the total dela yand the number
of frames that miss their deadlines must be considered.
The analysis for this general case is presented in the next
subsection.

With Different Deadlines and Different
F rameSizes

4.2

In order to achiev e the mininum total delay, the al-
gorithm proposed in Section 3.2 should be used. That
is, the switc hshould always serve the frame with the
smallest size so it will result in the minimum total de-
lay. How ever, this mg cause some large frames to wait
too long and miss their deadlines. F or an application, a
frame missing its deadline will cause negative effects for
the application, but a frame with a largedela y, if it is
still less than the deadline, will not necessarily adversely
affect the application. So in this most general case, we
propose to have our primary goal be to minimize the

number of frames which will miss their deadlines. Then,
the second goal is to minimize the total delay.

To check if the selection of a frame, frame;, will cause
another frame frame; to miss its deadline, we need to
chec k the size,s; of frame; with (deadline; —p;), which
is the maximum number of time slots frame; can wait in
the switch without missing its deadline. The service time
of frame; will increase p; by s;. So if s; < (deadline; —
pj), frame; will not miss its deadline after frame; is
served first. Otherwise the deadline for frame; will be
missed. Now we provide a definition to be used to check
this condition.

Definition 2 Given two frames, frame; and frame;,
if (deadline; — p;) > s;, frame; is said to bepairwise
schedulable to frame;. This check is calla the pair-
wise schedulability check.

In the following algorithm, lines 4-6 place all the heads
of the N sub-buffer-queues into a set called CURRENT
which contains all the frames that can be scheduled.
Lines 11-17 use the pairwise schedulability check (defined
abo ve)to determine the set of frames, called FIRST,
which are all the frames that are not pairwise schedulable
to ev ery frame. This set of VCs, FIRST, must be sched-
uled beforethe other VCs are served. Otherwise, they
will cause some frames to miss their deadlines. Then, if
there is more than one frame in FTRST and the size of
FIRST has c hanged, the frames in the new setFFIRST
are checked using the pairwise schedulability check to de-
termine, again, if there are frames within the set which
must be scheduled before the others.

Lines 8-19 iteratively checks FIRST. Then
CURRENT is used to store the FIRST set from the
previous step. This process continues until (1) the
FIRST set becomes empty, (2) there is only a single
frame in the FIRST set, or (3) the size of the FIRST
set doesn’t change for 2 consecutive steps. Lines 20-21
handles the first case. This can occur in the follo w-
ing tw osub-cases. First, the iteration to find FIRST
has only been executed once, which means there is no
FIRST set and no frame will cause other frames to miss
their deadlines. Second, the iteration has been executed
more than once, which means the FIRST set becomes
an empty set at the last step. Thus a frame should be
chosen from the previous FIRST set and it will cause
the other frames in that set to miss their deadlines. For
both of the sub-cases, we choose the frame with the mini-
mal size in CURRENT to reduce the delay it will cause
for other frames. Lines 22-23 handle the second case
where the only VC in FIRST will be scheduled. The
last case is handled in lines 24-25 and is the same as the
second sub-case in case 2. We again choose the frame
with minimal size. Then lines 27-30 compute the total
delay and count the number of frames which miss their
deadlines. Finally, lines 34-37 detect the new incoming
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data and insert them into the corresponding sub-buffer-
queues.

Algorithm 1 for Different frame Size with Dif-
ferent Deadline (DSDD1):Given N competing VCs,
each with an attribute (s;,deadline;,p;), find the set
FIRST using the pairwise sche dulability check and
choose the fr ame acording to the size of FIRST. Com-
pute the total delay, A, and count the number of frames
that miss their deadlines, M.

1 DSDD1(N,VC;)

2 {

3 if (there is data in any of the N sub-buffer-queues)

4 for (i=1 to N)

5 Insert the head of subqueue; to the set CURRENT;
6 end for

7 FIRST = 0;

8 repeat

9 oldsize =| FIRST |;

10 FIRST = 0;

11 for all VC; such that (VC; € CURRENT)

12 for all VC; such that

12 (VC; € CURRENT) and (VC; # VCyj)

13 if ((deadline; — p;) < s;) and (VC; ¢ FIRST)
14 put VC; into the set FIRST;

15 end if

16 end for

17 end for

18 CURRENT = FIRST;

19 until (| FIRST |== oldsize) or (| FIRST |< 2);

20 if (| FIRST |==0)

21 Mowe the fr ame with the smallest size

21 in CURRENT out of buffer queue;

22 else if (| FIRST |==1)

23 Mowe the only frame in FIRST out of buffer-queue;
24 else /* (| FIRST |>1 */

25 Mowe the fr ame with the smallest size

25 in FIRST out of buffer-queue;

26 end if
27 Compute A = A + (curr ent time - starttime);
28 if ((deadline — p) < 0)

29 M=M+ 1;

30 end if

31 served = served + 1;

32 Serve the frame on the output link;

33 end if

34 for (i=1 to N)

35 Scan for new inc oming data forVC;,

35 and record the starttime; )
36 Insert the new inc oming fr ame at the end of sugueue’;
37 end for

38 }

Complexity Analysis: The complexity of the DSDD1
algorithm is O(N?) where N is the total number of VCs.
This is because the repeat ... until loop (lines 9-20)
will stop when the size of FIRST does not change or
the size is less than 2. In the worst case, the size of the
set FIRST goes to N and then decreases by one during
each step of the repeat ... until loop. The loop stops
when the size of FIRST is 1. Thus there are at most
N steps for this loop. The creation of the FIRST set is
performed by chec king eah pair of VCs for scheduling
conflicts (lines 12-18). The complexity of this pairwise
checking is O(N?), where N is the n unber of VCs being
compared. Thus the complexity of the entire algorithm
is O(N?).

4.3 Further Refinement

The algorithm to find the FIRST set can be im-
pro ved.Instead of comparing each pair of frames in the
set CURRENT, we can just compare the maximal size
of the frames in CURRENT with all the other frames’
(deadline — p) values. When a frame’s (deadline — p)
value is less than the maximal size in CURRENT, it
will always be placed into FIRST, no matter what the
results are of being compared with the other sizes. And
finally we need to compare the (deadline — p) value of
the frame with the maximal size with the sizes of other
frames to decide if this frame itself should be put to
FIRST.

In the following algorithm, the only difference from
the previous algorithm is lines 11-21, which determines
the set FFIRST. Line 11 determines the frame with the
maximal size. Then lines 12-16 use this frame to check
if all other frames are pairwise schedulable to this frame.
Finally, the frame with the maximal size is checked to
find out if it is p airwise schedulable to all the other frames
from lines 17-21.

Algorithm 2 for Different frame Sizes with Dif-
ferent Deadlines (DSDD2):Given N competing VCs,
each with an attribute (s;,deadline;,p;), find the set
FIRST using the pairwise schedulability che ck and
cho ose the fr ame awrding to the size of FIRST. Com-
pute the total delay A and count the number of frames
that miss their deadlines, M.

1 DSDD2(N,VC;)

2
3 if (there is data in any of the N sub-buffer-queuves)

4 for (i=1 to N)

5 Insert the head of sub-queue; to the set CURRENT;
6 end for

7 FIRST = 0;

8 repeat

9 oldsize =| FIRST |;

10 FIRST = 0;

11 Find VC; which has the mazimal size in CURRENT;
12 for all VC; such that (VC; € CURRENT)

12 (VC; #£VCy)

13 if (deadline; — p; < s;);

14 put VCj into the set FIRST;
15 end if

16 end for

17 for all VC; such that (VC; € CURRENT)

17 and (VC; #VC;)

18 if (deadline; — p; < sj);

19 put VC; into the set FIRST and break;
20 end if

21 end for

22 CURRENT = FIRST;

23 un til(| FIRST |== oldsize) or (| FIRST |< 2);

24 if (| FIRST |==0)

25 Movwe the fr ame with the smallest size

25 in CURRENT out of buffer queue;

26 else if (| FIRST |==1)

27 Mowe the only frame in FIRST out of buffer-queue;
28 else /* (| FIRST |>1 */

29 Movwe the fr ame with the smallest size

29 in FIRST out of buffer-queue;

30 end if

31 Compute A = A + (current time - start_time);

32 if ((deadline — p) < 0)
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33 M=M+ 1;

34 end if

35 served = served + 1;

36 Serve the frame on the output link;

37 end if

38 for (i=1 to N)

39 Scan for new inc oming data forVC;, and

39 record the start-time; )
40 Insert the new inc oming fr ame to the end of supueue®;
41 end for

2}

Complexity Analysis: In this algorithm, lines 12-22
are used to find the FIRST set. The time complexity
of this part has been improved to O(N). Thus the time
complexity of the entire algorithm is now O(N?).

5 Empirical Evaluation

5.1 Experiment Design

We created a scalable model to simulate an ATM
switc hwith 2" input/output ports. The values of n
ranged betw een2 and 10 (i.e., up-to 1024 ports). As
the results show later in this section, 32 ports are shown
to be sufficient to demonstrate both the nature of the
problem and the performance improvements provided
by the proposed algorithms. The simulation is based on
Ptolemy [18] Ver 0.7 for Linux operating system from
University of California at Berkeley . Ptolemy is a flexi-
ble environment for a wide range of simulations. V arious
types of simulations can be built in different prototyp-
ing environments called domains in the system. The one
used in our simulation is Discrete-Event (DE) domain,
which is designed for simulating queueing systems, com-
munication netw orks, and hardvare systems.

For our experiments, w eassumed the input sources
were live sources. Hence we assumed a frame rate of 30
fps; the a verage period bew een 2 consecutie frames is
33 msec. The different data rates of each source then
determine the frame sizes. In order to evaluate the re-
sults of the proposed algorithms w eassume real-time
periodic source traffic with bandwidths randomly cho-
sen from the combinations of 1-Mbps, 2-M bps, 4-M bps,
and 8-Mbps. In order to get a possible solution of this
complex problem, w orst-case constain bit rate is emu-
lated in our experiments.

We also designed each experiment such that both the
w orst-case and the aerage-case performance results can
be collected. We define the w orst-case experiment sce-
nario as the case where all the sources begin to trans-
mit data at the same time and the time interval be-
tween tw o consecutie frames is the same for all sources.
The average-case experimerts are defined as when the
sources randomly choose the transmission time of the
frame within a period. FEach experiment runs for 1
minute using actual traces from [7]. Due to the space

limitation, w eonly present the w orst-case experimerts
in this paper.

5.2 Performance Improv ements with

DSCD Algorithm

Figure 4 illustrates the comparison of processing delay
for the FCFS algorithm and the DSCD algorithm.
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Figure 4: P erformance Comparison of Processing Delgys
Using the Proposed DSCD Algorithm.

Figure 4 depicts the w orst-case performance. Given
the same number of periodic sources, our proposed
DSCD algorithm has less processing delay than the con-
ven tional KCFS algorithm. F or the case where the mum-
ber of input ports is equal to 2, the performance of the
F CFS algorithm has been improred from 0.951 msec to
0.238 msec. This result indicates approximately a 75.0%
reduction in the processing delay from the F CFSalgo-
rithm. Similar trends in performance improvement also
can be observed when the number of periodic sources
is increased. F or example, when the mmber of streams
is increased from 2 to 4, a 54.2% reduction on the pro-
cessing delay is achieved. 58.2%, 40.3%, and 38.0% re-
ductions in processing delay are also achiev ed when the
number of sources is doubled to 8, 16 and 32.

We have so far examined the performance improve-
ments based on the assumptions that all source traffic
is sync hronized with the same deadline, whi& is implic-
itly applied with the same period. However, different
deadlines across different sources can be quite common
as previously discussed. We thus continue investigating
the performance improvements in the next subsection
with our CSDD algorithm, which is proposed mainly to
address this issue.
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5.3 Performance Improv emernts with

CSDD Algorithm

In this subsection, we assume that the source frames
can have different deadlines but the same frame size.
When multiple frames are being scheduled, choosing any
one of the frames will cause all the other frames to wait
the same amount of time because they are all of the same
size. In other words, the processing delay is not affected
by the sc heduling algorithms on this scenarioHow ewer,
for an application, besides the processing delay, the mim-
ber of source frames that miss their deadlines is also an
important performance parameter.
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Figure 5P erformance Comparison of Number of Frames
that Miss Deadline Using the Proposed CSDD Algo-

rithm.

Figure 5 depicts the worst-case performance. We ob-
serve that when the number of streams is less than 8,
neither of the tw o algorithms has frames that miss their
deadlines. When there are 8 and 16 sources, the FCFS
algorithm causes 445 frames and 4165 frames to miss
their deadlines. In the mean time, the proposed CSDD
algorithm has totally eliminated the number of frames
that miss their deadlines. When the number of sources
is increased to 32, the proposed CSDD algorithm gen-
erated an 88% reduction in the number of frames that
miss their deadlines from the FCFS algorithm.

We assume that all the sources have the same frame
size in this subsection. However, in real world applica-
tions usually have different frame sizes. A general sce-
nario would be one in which sources can have both differ-
ent frame sizes and different deadlines. The evaluation
of this scenario is shown in the next subsection.
5.4 Performance Improv emernts with
DSDD2 Algorithm
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Figure 6: P erformance Comparison of Proposed Algo-
rithms on the Comparison of Processing Delays

Figure 6 depicts the worst-case performance compar-
ison for processing dela y. We observe that for all the
four proposed algorithms, their delays increase when the
number of periodic sources is increased. With 32 sources,
the CSDD algorithm has the maximal delay among the
four algorithms and the DSCD algorithm has the min-
imal delay. The delay of the F CFS algorithm is close
to that of the CSDD algorithm; while the delay d the
DSDD2 algorithm is close to that of the DSCD algo-
rithm.
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Figure 7: P erformance Comparison of Proposed Al-
gorithms on the Comparison of Number of Missed-
Deadline Frames.

Figure 7 shows the w orst-case performancecompar-
ison for number of missed-deadline frames. When the
number of source streams is 2 or 4, no algorithm causes
any frames to miss their deadline. With 8 source
streams, both the FCFS algorithm and the DSCD al-
gorithm begin to have miss-deadline frames. The CSDD
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algorithm and DSDD2 algorithm begin to ha vemiss-
deadline frames when there are 16 source streams. With
32 source streams, the FCFS algorithm causes the max-
imal number of miss-deadline frames while the DSDD2
algorithm causes the minimal number. F or the other tw o
algorithms, the performance of the CSDD algorithm is
close to that of the DSDD2 algorithm; the performance
of the DSCD algorithm is worse than that of the CSDD
algorithm, but better than that of the FCFS algorithm.

Considering both Figure 6 and Figure 7, it is obvious
that the traditional FCFS algorithm is not suitable for
mission-critical applications because it causes the max-
imal number of missed-deadline frames among the four
algorithms and the delay of this algorithm is also large.
The DSCD algorithm has the minimal delay but its per-
formance for the number of missed-deadline frames is
muc h worse than that of the CSDD and DSDD2 algo-
rithm. The CSDD algorithm has a similar performance
as the DSDD2 algorithm but it has the largest dela y
among the four algorithms.

Combining the total results from Figure 6 and Fig-
ure 7, w e obsere that the proposed DSDD2 algorithm
outperforms the FCFS, DSCD and CSDD algorithms on
balancing both the processing delay and the number of
frames that miss deadlines.

6 Conclusion

In this paper, we have presented a systematic study
of scheduling algorithms for a high-speed switch which
must support mission-critical traffic flows. According to
the nature of mission-critical applications, w efocused
our study on the frame-level performance. We defined
tw ocategories of traffic: (i) all frames ha vethe same
deadline and (ii) all frames have different; deadlines. For
the first category, when all the frame sizes are the same,
w epro ed that the F CFS algorithm is optimal. An
algorithm (i.e., DSCD) which can minimize the total
delays with time complexity O(N) was given for the
case of different frame sizes. For the second category,
when all the frame sizes are the same, an algorithm
(i.e., CSDD) with time complexity O(N) was proposed
to minimize the number of frames that miss the dead-
lines. For the most general case of different deadlines
with different frame sizes, w e proposed an O(N?) al-
gorithm (i.e., DSDD2) that can minimize the number
of missed-deadline frames with significant reduction in
total processing delays. The experimental results of the
proposed algorithms demonstrated that our proposed al-
gorithms can achiev e a significait improvement over the
traditional FCFS algorithm. For the general case that
frames can have both different sizes and different dead-
lines, the proposed DSDD2 algorithm thus provides the
balanced performance improvement on both the number
of frames that miss their deadlines and the total process-
ing delays.
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