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ABSTRACT// This paper condders a packet-scheduling al-
gorithm for a given combined traffic of unicast and multicast
data packets and proposes a hybrid router with several dedi-
cated buses for multicagt traffic. Our objective isto develop a
scheduling algorithm that minimizes schedule length for the
given traffic in the hybrid router. We derive a lower bound and
develop an optimal solution algorithmfor the hybrid router.

[.INTRODUCTION

As the amount of telecommunication traffic increases, a router
using an efficient switching agorithm is required for fast routing.
The traffic may be composed of unicast and multicagt traffic. A
popular way to handle multicadt traffic is to replicate it multiple
times into unicast queues in order to treat the multicest traffic as
unicest. However, this gpproach has two disadvantages increasing
the required memory and reducing the bandwidth available to
other treffic a the same input [1], [2]. To overcome the
disadvantages, we propose a hybrid router and develop a datic
packet-scheduling  dgorithm that minimizes schedule length
without conflicts. The proposed hybrid router has an Nx N
crosshar switch fabric for unicast traffic and Y buses for multicest
traffic (Fig. 1). Each input has N virtua output queues (VOQs) for
unicast traffic and a single queue for multicast. An output port has
two queues, one for unicagt and the other for multicagt treffic. The
multicast traffic can be trangmitted dong one of the Y multicast
busss if the connection does not lead to input or output conflict
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(blocking). Since the router has separate routes for multicast treffic,
the router is dmog surdy fadter in service, but dightly more
difficult toimplement thanthosein[1], [3].

Among the previous studies on static packet scheduling, [4]
considered a sadlite-switched time divison multiple access
system and [5] developed an optimd time dot assgnment d-
gorithm which minimizes schedule length. Recently, [6] and
[7] developed heurigtic dgorithms for burst-based or packet
mode scheduling. However, [4]-[7] treated multicast traffic as
unicast without explicitly conddering the multicat traffic. This
paper describes our optimal scheduling dgorithm on the hybrid
router for the combined traffic of unicast and multicast data
packets.

This paper is composed as follows Section |1 defines the
problem and section 111 derives alower bound on the schedule
length and develops the optimd solution dgorithm. Finaly,
some concluding remarks and further dudies are described in
section V.

[1. PROBLEM DESCRIPTION

Consder the hybrid router shownin Fg. 1. Let U=(u;) bethe
NXN unicadt traffic matrix, where u; denotes the number of
unicast packetsa VOQ j of input port i waiting for the connec-
tion toward output port j. Let M=(m) be the NX 1 multicast
traffic matrix, where m denotes the number of multicast pack-
etsof input port i waiting for the connection toward any one of
the Y multicagt buses. Then, an NX (N+1) augmented traffic
matrix A=(U, M)=(g;) is obtained by letting a;=u;, j=1.2.....N
and ajn.1=m for eech i=1,2,...,N. The totd traffic to be ser-

N N N
viced at therouteris »" > uj + > m and denoted by T. For
the given traffic A, the Siitching can be performed according
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Fig. 1. Architecture of the proposed hybrid router.

to the switching matrix, denoted by S =(s;), where the switch-
ing matrix is the t-th N (N+1) matrix and each row i and col-
umn j, i,j=1,2,...,N, has a most one postive dement, and col-
umn N+1 has & mogt Y pogtive dements. Assume that there
are both unicast and multicagt traffic (packets) at the garting
time of scheduling. The scheduling problem of [4] is the soe-
cid case of this paper with Y=1. The remaining objective of the
paper is to find an optima time dot assgnment agorithm on
the proposed router with Y dedicated multicast buses so as to
minimizethetota schedulelength.

[11. SCHEDULINGALGORITHM

Property 1. For a given augmented N X (N+1) traffic matrix

A, the optima schedule length has the lower bound B, B =
N N

max {[Z_l“;uu/N-l {Zm/YW max{Zu,+ m}, max

{Zuj}} where [x] denotes the smallest integer larger then

or egua tox.
Proof. The totd number of required time dots (traffic)
N

for input port i and output port j is a leest D uj+m and

j=1

Zu,, respectively. The required number of time dots is at

i=1
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edt {ZN:ZN:UHIN—I for dl the unicagt traffic ZN:ZN:uU due
i=1 j=1 i=1 j=1

to input conflict. Furthermore, there are Y multicast buses for

N N
dl the multicast traffic > m . Thus at leest {Zm/Y—ltime

dots are regired for the multicast traffic due to output conflict.
Thiscompletesthe proof. N

To find an optima schedule with a schedule length of the
lower bound of Property 1, let us define four terms. The
NX (N+1) augmented traffic matrix A with totd treffic T is
N-complete with respect to the lower bound B if the entire
linesumin A islessthan or equd to B and T=NXB. Then, it
is dways possible to add appropriate nonnegative integers to
the entry of A so asto obtain anew NX (N+1) traffic matrix
A’ which is N-complete with respect to B, where A'=(a’;),

N
Uy =W +0y, My=m+q y..,andg=min {B_(zu“m)’

j=1
ZUJ, Nx B Z(Zu., +m)} The addition prooess tami-
i=1 j=1
nateswhen the new totd traffic ZZ(u'ij+m'i) equas NxB.
i=1 j=1

Alinein A isacritical lineif its sum equals B, and aset of N
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positive entries in A is cdled System of N Representatives
(R if they aredidinct, that is, if thereisat most one such en-
try in each row of A, thereisat mogt one entry in each column
of U part, and thereare @ mogt Y entriesin vector M. An SNR
in A isacritical SNR (CI\R) if eech criticd linein A contains
one member of the SNR. We now deveop the fallowing dgo-
rithm.

Sep 1. Congruct an augmented metrix A for the given traffic
Uand M.

Sep 2. Transform, if necessary, the given traffic matrix A into
A' so asto be N-completewith respect to B. Let i =1.

Sep 3. Find a CSNR {Xg, %, Xy} in A" by using the max-
min matching agorithm [§].

Sep 4. Condruct a switching mairix § with N podtive de-
ments of value b = min {B —L, X, X -, X} instead of {x},

N
where L = max { row sum, column sum for U' part, {Zm /YW
i=1

for M" part }, for dl the lines not covered by the CSNR. Let
B=B-h.

Sep 5. Let A'=A'—S. Goto Sep 2 unlessA'=0 by letting i =
i +1. Otherwise, sop.

Property 2. The above dgorithm guarantees an optima solu-
tion with computationa complexity O ().

Proof. The schedule length has no effect on the addition of
dummy traffic a the critical line 9nce the addition never affects
the current schedule length B in Step 2, where the transformed
quartity aj; does not compose acritica line. Step 3 dways con-
sructsa CSNR by using the max-min matching agorithm with
computationa complexity O (N? (N+1)%) [8]. The augmented
matrix A' hes & least one CSNR in Step 3 since dl the rows
remained ascritica linesin Steps 3 and 4 of the dgorithm. Fur-
thermore, the matrix A" with lower bound B can dways be de-
composed assum of § and A" in Steps4 and 5, where S isthe
switching matrix having b-vaued N dements and A" has the
lower bound B", B" = B — b. Therefore, the dgorithm guaran-
tees the optimd solution. The computational complexity of the
agorithm is calculated as the sum of O (N) in Sep 2, O (N
(N+1)?) in Step 3, and O (2N+1) in Sep 4. Therefore, the over-
dl computationa complexity is O (N*). This completes the
proof. O

For a numericad example, let us consder a router with two
6 00 3
025 15].In
06 45
Sep 2, the lower bound is cdculated as B =22 by Property 1.

Therefore, the matrix A requires modification to be 3-complete
such that u';;= uy+13=19, U'y =3, U'x» =10 and the others are

multicagt ports for an augmented matrix A=
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the same asthose of A. In Step 3, aCSNR is sdected as (uy ,
Uz Mp). Thenb=min{B—L, X, X -, X} = min {22 -9, 19,
10, 15}=10 in Sep 4. Therefore, we find A' as A'=A-
19 0 0 3) (10 0 0 O 9 00 3) .
Sl:[o 2 5 15}‘[0 00 10] = [0 2 5 5] InSepS.
3104 5) 01000 3045
Smilarly, the remaining switching metrices are obtained as

3000 000 3 2 000
SZ=[0 00 3], $={0 0 3 O], S$=/0 00 2],
0003 3000 0020
2 000 2 000
S$=0 0 2 0], and $={0 2 0 0].
000 2 0020

Therefore, an optima time dot assgnment is obtained as the
switching matrix {S} with minima schedule length 22,
22=10+3+3+ 2+2+2.

Notice that the optima schedule does not depend on the se-
quence of the resulting switching metrix and the dummy traffic
Up— Up=13, Uy —Ug =3, and U'p— Uz, =4 of {S} needsto be
ddeted in service. We should note that the deletion method for
the dummy traffic might have an effect on the number of re-
quired reconfigurations.

V. CONCLUSIONS

An increesing amount of telecommunication traffic necess-
tates a high-peed router that can efficiently handle given data
packets. This paper propased an Nx N hybrid router with an
Nx (N+Y) switch fabric, where each input port hes (N+1)
VOQs for unicagt and multicagt traffic, where multicast treffic
is serviced through one of the Y multicast buses We dso found
an optimal time dot assignment schedule to minimize schedule
length. For the combined traffic of unicast and multicast traffic,
an optimal scheduling adgorithm with polynomia complexity
was deve oped based upon aderived lower bound.

We found thet there are severa mulltiple optima with respect
to the schedule length; further analysis of the schedule with re-
gpect to secondary criteria, uch as the required number of re-
configurations of the router, would bevauable.
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