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ABSTRACT

This paper presents a very unique and analytic method for scheduling real time messages routed through a
non-blocking switch. The laxities of schedulable messages are decomposed and the laxity table is rearranged so
that the packets to be scheduled in the next time instance are placed in the diagonal of the traffic matrix. And
the modified MLF-SDR algorithm is performed on the table. We present some examples and simulation results
which show that the success rate is very high, even when the size of switch is large.

earth stations. Under the technique, a packet is
. transmitted during each time slot, and the switch
1. Introduction . .

can receive at most one packet from each input

port and transmit at most one packet to each

Non-blocking switch such as crossbar switch is output port. If more than one packet from
utilized to connect input links with their distinct different input port are transmitted to an output
output link counterparts. As an application, the port at the same time, the output port cannot
satellite-switched  time-division multiple access handle both of packets in their deadlines. This
(SS/TDMA) method is used to link a number of *  conflict may force undelivered packets to be
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(a) An example with no conflict

(b) An examplé with conflict

Fig. 1 Examples of switch schedule

discarded and reduce the performance of switch,

Figure 1 (a) and (b) show an example of a 4
X 4 switch and messages with four packets. The
packets on each input port are labeled with the
letters for destination output ports. In fig. 1 (a),
during each time slot, only one packet arrives at
each input port, and only one packet is
transmitted to one of four distinct output ports,
There are no conflicts in (a) and therefore all
packets are successfully transmitted to their
destinations in their deadlines. But in (b), the
packets labeled C in the first time slot and A in
the second time slot are conflicted and thus can
not be transmitted in their deadlines.

The previous works [1]-[3] on SS/TDMA have
concentrated on finding scheduling algorithms for
data with no deadlines or the same periodicity.
They are not suitable to real-time applications that
contains randomly arriving tasks. The targets of
time slot assignment (TSA) in the SS/TDMA are
to find a less (or no if possible) conflict packet
assignment technique and to reduce the number of
switching nodes. The first target helps to
minimize the time to schedule while maximizing
switch utilization. The second target is to simplify
the complexity of switch,

Paper [4] proposed system of distinct represen-
tatives (SDR) algorithm. The paper showed that,
for an N N switch, if all messages have the
same period and the utilization of both input and
output ports are equal to 1.0, then the SDR
algorithm can schedule the messages without any
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conflicts,

In paper [5] the authors introduced a periodic
message model. In the model, the periods of
messages are different and their relative deadlines
of messages vary. They assume the maximum
allowable time for transmitting a message is equal
to the period of message. They handled the
myltiple-period  time-slot  assignment (MP-TSA)
problem, To see the performance, their heuristic
algorithms based on the minimum laxity first
(MLF), the earliest deadline first (EDF), and the
SDR were simulated. The simulation results
showed that the success rate (defined as the
percentage of time that the algorithm can find a
conflict-free schedule) was not that satisfactory.
For some cases with the size of switch greater
than six or seven, the rate approaches zero and
the switch becomes wuseless. To improve the
performance  they introduced sevetal costly
techniques such as adding extra buffers, extending
the deadlines of messages and heuristically
swapping the messages.

In this paper, we propose a very analytic way
to avoid message conflicts and to improve the
success rate. The proposed algorithm is based on
the MLF but much different. In the algorithm the
laxities of all messages are decomposed so that
the decomposed laxities become prime numbers.
And according to the decomposed laxities, the
modified MLF-SDR algorithm is performed in a
very unique way., Some simulations show that the
petformance of the proposed algorithm is better
than those of the previous works and the success
rate increases dramatically. Even when the number
of switch IJO ports is large enough for actual
applications, the success rate is high enough to be
utilized.

The rest of this paper is organized as follows.
In section two, we describe briefly the model of

" switch system and introduce some notations. The

suggested scheduling algorithm is presented in
section three. Section four demonstrates how the
algorithm works through an example. The results
of simulation and analysis are described in section
five. Conclusion is followed in section six.
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I. System Model and Notation

In the systemm model a message Mis are genera-
ted periodically where 0 i L. The message is
characterized by four parameters and presented as
(srci, dsti, ci, pi) where srci is the source port,
dsti the destination port, ¢i the length of message
(a multiple of packets) and pi its period
(measured by the number of packets). In every pi
period a message Mi containing ci packets is
transmitted from srci to dsti. The jth instance of
message Mi is presented as Mjj.

We assume that the relative deadline of Mi,j is
equal to the period of message. This implies that
no preparation time is required between two
consecutive transmissions. By the relative deadline
the transmission of Mij must be completed. Any
message not to be completed until its deadline is
discarded.

The laxity of a message Mij at a time instant
¢t is defined as dij - t - cij, where dij is the
relative deadline of Mij and ci,j is the number of
messages remaining to be transmitted at . A
non-blocking N N switch is used for transmitting
messages. The srci is one of the N input potts,
and dsti is one of the N output ports. The switch
has no buffers, Thus if more than one packet
arrive at the same destination at the same time
slot, a conflict occurs. The utilization of a
periodic message Mi, Ui is defined as Ui = cifpi.
The utilization of an input link k, U(k) is equal
to i U(i) where srci = k. And the definition of
utilization for an output link is similar. In paper
[6], authors proved that when the utilization is
less than or equal to 1.0, the EDF algorithm can
schedule all schedulable messages in their
deadlines. Mok [7] also showed that the MLF
algorithm is optimal,

In paper [4], the authors used the system of
distinct representatives (SDR) algorithm. The SDR
algorithm is based on the information provided by
system traffic matrix. A traffic matrix T is an N
N table. At time ¢, the j, kth element of T, 7[jk]
contains a descriptor for each message Mi with

srei = j, and dsti = k. The Mi has packets ready
to be transmitted. The descriptor includes an
identifier, the number of packets remaining to be
transmitted for the current message instance, and
the deadline of message instance (equal to the
period). The SDR algorithm chooses elements
from matrix T which is derived from the traffic
matrix T. The construction of T will differ
depending on the algorithm being used. The SDR
algorithm chooses as many eclements from T as
possible with the constraint that among the chosen
elements, there is at most one element from each
line of T. (A line is either a row or a column of
a matrix.) This is because at most one packet on
cach input port and output port is scheduled
during each slot. The set of chosen elements is
called system of distinct representatives of packets
in T.

In paper [5], the authors introduced the
minimum laxity first using systems of distinct
representatives  (MLF-SDR)  algorithm.  The
MLE-SDR algorithm combines the SDR algorithm
and the MLF algorithm. The algorithm uses the
traffic matrix T as input. During each time slot ¢,
the MLF-SDR algorithm does the following. Let
II <12 <. < lmbea list of all distinct laxities
of all message instances contained in T. The
MLF-SDR algorithm first constructs matrix T such
that if 7T[j, k] contains a message instance with
minimum laxity [I, then the message instance is
added to T[j, 1. The SDR algorithm is then run
on T. Once the system of distinct representatives
is chosen from 7, a packet from each chosen
T[j 41 is scheduled at ¢ on the cormresponding input
and output poris, and the number of packets in
Tk} for the message instance is decreased by
one. After as many packets with laxity I/ as
possible are scheduled, a new matrix T is
constructed from all message instances in T with
laxity 12 such that 7[j, 4] is not in a row or
column that was already chosen in T from the
earlier step. Algorithm SDR is then run on the
new T, and the packets which correspond to the
chosen representatives are scheduled. This process
is repeated for each of i (I i m).
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W. Laxity Decomposition Algorithm

In this section we suggest the laxity decompo-
sition algorithm. The algorithm consists of two
major parts. In the first part, the laxity is
decomposed by making the laxity several small
prime numbers and a new decomposed traffic
matrix is constructed. The second part applies the
modified SDR algorithm to the new decomposed
traffic matrix that was made in the first part.

The descriptor for each message in the traffic
matrix T is presented as Mi(ci /| pi) where Mi is
the message identifier, ¢i is the number of
packets remaining to be transmitted for the
current message instance, and pi is the period
(relative deadling) of message instance, In the
first part of decomposition procedure, a fractional
number is generated with ¢i as its numerator and
pi as denominator. If pi is a prime number, the
laxity decomposition procedure is not applied and
the message Mi is scheduled as in the normal
MLF-8DR algorithm, In the case when pi is not
a prime number, the fractional number ci / pi is
decomposed into several small numbers.

In the case that pi is not a prime number,
there exists a set of divisors of pi, say { si, 52,
.., sk } where sk is greater than 1 and less than
pi, and sj is less than sj+/. Meanwhile ¢i can be
expressed as a polynomial, ¢i = rksk + ..+ r2s2
+ rlsl, where gjs are the divisors of pi and #js
arc  constants. For example, Mi(7/20) is
decomposed as Mi(5/20 + 2/20), since 5 and 2
belong to the set of divisors of 20, {2, 4, 5, 10}
and 7 can be expressed as 1*5 + 1%2, Through
the decomposition, the message Mi(7/20) is
decomposed and two messages with different
laxities with the same period, Mil(5/20) and
Mi2(2/20) are made. The messages Mil(5/20) and
Mi2(2/20) are treated as Mil(1/4) and Mi2(1/10),
This implies that the message Mi that has 7
packets which must be transmitted in its relative
deadline 20 can be treated as two different
messages, one message Mil with a packet to be
transmitted in every 4 time slots, another one Mi2
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with a packet. in every 10 time slots.

To decompose a message with more than one
packet into several messages with small number
of packets, we use the prime number
decomposition rule. Instead of scheduling a
message with many packets in a short period, it
is easier 'to schedule and transmit several
decomposed messages with small number of
packets in a relatively longer period. By the
decomposition, the packets contained in a message
could be scheduled evenly before its deadline.
This improves the flexibility of scheduling and
thus increases the success rate significantly.

Now let a decomposed traffic matrix be T*
The T* is modified in every time instance and
suppose that T* is the modified T* at time ¢
The second part of the proposed algorithm is
applied to 7% so that N messages to be
transmitted are selected and scheduled at time
instance z. The second part is constructed as three
steps: obtaining 7% from T*-1, applying the
algorithm to select N messages from 7%, and
updating 7% with the new numbers of remaining
packets and the new relative deadlines.

In the first step, the procedute to extract T%
from T*t-1 is done by exchanging the rows and
columns appropriately. The packets to be possibly
transmitted are chosen so that they will be
repositioned in the diagonal of T*t from T7%t-1
and the laxity of 7™ [j/] must be greater than or
equal to T*t [j+1j+I]. The procedure starts from
choosing messages for 7%t [1,1] from 7%¢-1. The
first message T*t [1,1] becomes the one with the
minimum laxity among messages to be transmitted
in T%-1. If the number of messages with the
minimum laxity is only one, the content of T
[1,1] is obviously determined. But if several
messages have the same minimum laxity, then
choose a message in the row which includes the
least mumber of messages with the minimum
laxity and in the column which includes the most
number of messages with the minimum laxity, In
an ecxtreme case, the number of such messages
may be greater than one. In the case, any
message can be chosen heuristically. Once 7%-1
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[Lm] is chosen as T* [l,1], then row [ and
column m in T*-1 are moved to the first row
and column in T%, respectively. So T*-I [lm])
becomes T*t [1,1]. T*t [2,2] is chosen next. Other
contents of T%t [jj], where 3 j N , are chosen
similarly. According to the choice of messages,
the orders of row entries (input port order) and
column entries (output port order) change. That is,
row entries and colunn entries of T% are
different from those of T%-1,

After constructing 7%t from T%-1, the second
step is to select N messages from the table. If all
contents in the diagonal have at least one packet
to be transmitted (ci is greater than zero), they
are all chosen and scheduled to be transmitted.
But there are some undesirable cases not to be
able to select diagonal messages., The first case is
that the content of any diagonal entry is empty
(no messages). The second case is that the
packets of message have been starved, that is, ci
= 0. Lastly there are some cases that if a packet
with the smallest laxity is chosen, it would be
impossible to select all N packets, Now let such
a message be T™[jj], where I j N. In any
above case, instead of selecting T*[j/], choose
another message, say 7T*{[jk], where &k j, with
the minimum laxity in the same row that the
starvation has occurred. The message is obviously
not in the diagonal of matrix T%. Since a
message not in the diagonal is selected, a conflict
may occur between T*[jk] and T*t [kk] in the
same column. Therefore, 7% [kk] can not be
selected. Another message T*t [km], where m &,
is chosen among the messages in the kth row by
considering the minimum laxity, Again Tt [km]
may produce another conflict with a diagonal
message in T* [m,m]. so another message T%¢
[m,n], where n k and n m has to be chosen in
the mth row. The procedure of the second step is
to avoid possible message starvation and to
improve the utilization,

As the final step of the proposed algorithm, T*¢
is modified and prepared to make T+7. All
relative deadlines are decreased by one and the
numbers of packets of the selected messages in

time ¢ are also decreased by one. If the relative
deadlines become zero, the deadline of message
should be set to pi, the number of packets to be
transmitted to ci. If all packets in the traffic
matrix 7% had been scheduled before their
deadlines but some packets in the original message
have still remained waiting for being scheduled,
the empty entries are replenished in advance even
though their new decomposed periods do not start
yet. For example, consider a message whose period
is 10 and the number of packets is 3. As
described above, the message is decomposed into
two messages, say MA and MB with pA=5, pB-10,
¢A=1, and cB =1, respectively, If all packets of
MA and MB have been already scheduled by the
third time slot, then at the fourth time slot the
number of packets remaining to be transmitted and
the relative deadline of message MA are increased
by c¢A and pA respectively. However, if the
relative deadline of the decomposed message is
equal to the relative deadline of its original
message, the replenishment procedure should not
be done. (In above case, MB cannot be replenish-
ed.) Since this replenishment reduces the chance of
starvation in traffic matrix T, the procedure
contributes to increasing the success rate.

V. Examples

In this section, the detail process of the
proposed  algorithm is described through an
example, Let us consider a message set depicted
in table 1. The deadlines are not shown since we
have assumed that they are equal to their periods.
The MLF-SDR algorithm desctibed in [5] could
not schedule this message set, but the following
example shows that the message set becomes
schedulable by the proposed algorithm.

The MLF-SDR algorithm fails to find three
packets without missing the deadlines (note that a
3 X3 switch is used). At the first time slot, M1,
M3 and M7 are selected since they have the
minimum laxity 1. At the second time slot, M4,
M2, and M7 are selected. At the third time slot,
M1, M5 and M7 are selected. '
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Table 1. Original message set (U = 1.0)

Message Source | Destinati Number of Period
S 101 T10
1 © Packets |
MI A A 1 2
M2 A 1 5
M3 A C 3 10
M4 B A 1 2
M5 B B 1 2
M6 C B 3 10
M7 C C 7 10
Table 2. Decomposed message set
L Number .
Message Td| Source | Destination Period
of Packets
M1 A A 1 2
M2 A B 1 5
M3 i M3I A 1 5
M32 1 10
Md B 1 2
M5 B B 1 2
M6 I M6l (o} 1 5
M62 1 10
M7 i M71 [} C 1 2
M72 1 5
Table 3. Initial taffic matrix
estination
Source A B ¢
A 1/2 1/5 1/5, 1/10
B 1/2 1/2
C 1/5, 110 1/2, 1/5

Table 4. Schedule produced by the proposed algorithm

Time sl
112314151617 |8|9]10
BSouree 1
A MI | M2 | MI | M3 | MI | M2 | MI | M3 | M3 | M]
B M5 | M4 | M5 | Md | M5 | Mg | M5 | M4 | Md | M5
C M7 | M7 | M7 | M6 | M7 | M7 | M7 | M6 | M6 | M7

At the fourth time slot, the laxity of M4 for
output link A (the first column in traffic matrix)
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becomes zero, and the laxity of M7 for output
link C becomes three. And the packets from
message instances, M4 and M7 with the smallest
laxity are scheduled. However M2 and M5 in the
second column and the first or second rows (note
that the rows represent the input links) of the
traffic matrix have no more packets remaining to
be transmitted, And thus it is impossible to select
packets for output link B.

But the proposed algorithm can schedule the
message set as following. According to the
decomposition technique described in previous
section, the message set is decomposed as shown
in table 2,

Now lets sce how the proposed algorithm
schedules successfully the message set. The initial
traffic matrix is shown in table 3.

Table 4 shows the packets scheduled by the
proposed algorithm until time slot ten, which is
the least common multiple of three periods: two,
five and ten. At the first time slot, M1, M3, and
M7 are scheduled, since they have the minimum
laxity 1. At the second time slot, M4, M2, and
M7 are scheduled since the laxity of M4 is zero,
and M2 and M7 are selected among four message
instances M2, M3, M6, and M7 with the same
laxity four, In a similar way, MI, M5 and M7
are scheduled at the third time slot. At the
beginning of the fourth time slot, the number of
packets and the relative deadline of M7 are
replenished, because its number of packets has
been zero and the original deadline is equal to
ten, Whether the number of packets is replenished
or not, the proposed algorithm schedules M4 with
the laxity of zero, M3 and M6 with the laxity of
one. Table 5 depicts the traffic matrix at the
fourth time.

Table 5. Traffic matrix replenished at the fourth time slot

Destination
A B C
Source
A 01 02 142, 1/7
B 1/1 0/1
c 12, 47 | 13, 117
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V. Simulation Results

We randomly generate N2 periodic messages
with a fixed schedule length, L. The input and
output ports for each periodic message are chosen
arbitrarily from the N input and N output links.
The period pi of each message is initially set to
the schedule length, L. The number of packets, ci,
genecrated in each message is drawn from a
uniform distribution in the range [1, 0.5*pi]. The
generated message is regarded as a valid message
if the utilization of its input and output links
does not exceed 1.0. Otherwise, the message is
discarded. With the procedure, the average link
utilization U never reaches to 0.95. Therefore, to
make the utilization 0.95, we add new messages
or modify the gencrated messages. Since the
generated messages has the same period, we make
the number of packets and period relatively prime
numbers while making the periods of messages
different. In the 1000 randomly

generated message sets are used.

simulations,

We will compare our proposed algorithm with
the MLF-SDR algorithm in [5]. The authors in
[5] also introduced several heuristic algorithms
such as MLF-SDR, EDF-SDR, MLF-RR, and
EDF-RR. But among the algorithms, the
MLF-SDR shows the best success rate.

Figure 2 shows the success rate for different
schedule lengths by the proposed algorithm
(dec-mif-sdr) and the algorithm (mlf-sdr) in [5].
Schedule length (L) varies from 12 to 420. For
average link utilization (U) and switch size (N),
U=09 and N = 4 are used to compare with
the result shown in [5]. For all schedule lengths,
the proposed algorithm in this paper shows higher
Especially,
length is very high greater than 60), the success
rates remains almost constant. This is due to the
fact that decomposed packets are scheduled
relatively evenly in a long period and they get a
better chance to be scheduled. This is not the
case for the algorithm shown in [3].

success rates. even when schedule

1m i ——_—
aQ - —e— mif-sdr
80 —a-- decrif-sdr
g0
g O
@ 8
S oL
[72]
30k
20 |-
10 .
0 L L ! e, e —n S 'L
0 12 30 42 6 8 140 210 420
Schedule Length
Fig. 2 Success rates for various schedule
lengths(N = 4, U = 0.95)
100 e
90 + —e mif-sdr ‘
e dec-mif-sdr
80 = decmifodr |
P 70
& 60t
R L
§ 50
5 40 r
48]
307
20
10
0 | IS
1 2 3 4 5 [ 7
Switch Dimmension
Fig. 3 Success rates for various switch sizes
(L =30, U = 0.95)
100 —— \ }
80 1 !
&
g L
I
R a0 b
20 F ——mnifedr
—8— dec-mif-sdr
0 e S —— N 1.
025 035 045 055 065 075 085 095

Average Switch Utilization

Fig. 4 Success rates for various switch

utilization factors(N = 4, L. = 30)
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Figure 3 shows the success rate for different
switch sizes. Switch size varies from 2 to 7. If N
is greater than 6, the success rates drop nearly to
zero in both algorithms. For switch utilization
factor (U) and schedule size (L), U = 0.95 and L
=30 are used. Our algorithm shows higher success
rates for all cases,

Figure 4 shows the success rates for different
switch utilization factors. Switch utilization factor
U varies from 035 to 095, When utilization
factor is smaller than (.75, both algorithms show
nearly 100 percent success rate. But if utilization
factor is greater than 0.75, our algorithm shows
its superiority.

VI. Conclusion

We proposed an efficient packet switching
algorithm. One message with a large laxity is
divided into small messages with smaller laxities.
The decomposition of laxities increases the chance
for messages to be scheduled approprately and
improves success rate. To reduce the starvation of
messages in traffic matrix, the proposed algorithm
carefully rearranges the contents of traffic matrix
and reduces the possibility of starvation. The
simulation results showed that the proposed
algorithm outperformed the algorithm shown in
the previous studies.
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