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Abstract- The concept of tracking policies for uid policies is extended
to the input queueing switches. It is considered that the speed up of the
switch is one. For the special case of 2 x 2 switches it is shown that track-
ing policy always exists. One of the interesting applications of the track-
ing policy in TDMA Satellite Switches is elaborated. For the general case
of N x N switches a heuristic tracking policy is provided. The heuris-
tic algorithm is based on two notions of port tracking and critical links.
These notions can be employed in derivation of other heuristic tracking
policies as well. Simulation results present the usefulness of the heuristic
algorithm and the two basic concepts it relies on.

I. INTRODUCTION

One of the main issues in the design of integrated service
networks is to provide the service performance requirements
for a broad range of applications. Applications requirements
are translated into network quantitative parameters. The most
common performance measures are packetloss probability, de-
lay, and jitter. The delay and jitter characteristics at each switch
of the network is determined by the scheduling algorithm used
in the switch and the incoming traf ¢ pattern. On the other
hand, the network should also be capable to analyze the amount
of resources that each particular application requires. Based
on this analysis a connection request is admitted or rejected.
It is therefore, very important for the network designer to un-
derstand the effect a scheduling policy has on the connection
performance and on the usage of network resources.

In many cases, it is easier to perform the analysis and de-
sign of scheduling policies under the modeling assumption that
the traf c arrives and is treated as a uid, i.e., the realistic case
where information is organized into packets is not taken into
account, [3],[4],[11],[12],[6]. Under the uid policy, we as-
sume that at every time instant arbitrary fractions of the link ca-
pacity can be shared among different applications. Althoughin
most of the practical situations this is an idealistic assumption,
it enables us to analyze the effect of scheduling policy on the
network resources as well as the major performance parame-
ters, and therefore to design the scheduling policies more con-
veniently. One approach to the design of packetized policies
isto rst nd an appropriate uid policy, and then to derive a
packetized policy that resembles or tracks the uid policy in a
certain sense.

Existence of packetized tracking policies is a well estab-
lished factin the single link case. In fact, several tracking poli-
cies are suggested and their performance and ef ciency are an-
alyzed [11],[12],[6], [5], [9]. However, the existence of such

policies in input queueing switches is still an open problem.
This is the main subject of this paper.

The research on scheduling N x N switches is mainly con-
centrated on output queueing switches. In an NV x N switch,
it is possible that all N inputs have packets for the same out-
put at the same time. In order to accommodate such a scenario
in an output queueing switch, the switch fabric should work N
times faster than the line rates. This might be acceptable for
moderate size switches working on moderate line rates, but as
the capacity of the lines as well as the switch sizes increase,
memories with suf cient bandwidth are not available and in-
put queueing is becoming a more attractive alternative.

One way to circumvent this problem is to have Combined
Input Output Queueing (CIOQ) switches with limited speed up
that matches the output sequence of a purely output queueing
switch. In fact, itis shownin [2] thatspeed up of 2 is suf cient
to resemble the output pattern of any output queueing switch.
However, the scheduling algorithm proposed to do that s fairly
complicated, and the arbiter still requires to receive informa-
tion from the input ports of the switch with speed up of N.

In this paper we consider an input queueing switch, where
every input and output port can service 1 packet per time unit
(A1l packets are considered to have equal size). Ina uid pol-
icy model, at every time slot every input (output) port can be
connected to several output (input) ports, however the total ser-
vice rate of any port should not exceed its capacity. Under a
packetized policy, every input (output) port can at most be con-
nected to one output (input) port at every time slot, i.e., there
is no speed up in the switch fabric. Under these circumstances,
our objective is to nd a packetized policy that tracks a given

uid policy in an appropriate manner. For the special case of
2 x 2 switches the existence of tracking policies is proved and
anon-anticipative tracking policy is provided. For the general
case a heuristic algorithm with good, but not perfect tracking
properties is proposed. In fact, in the simulations done, less
than 1 percentof the packets lost track of the uid policy, when
the utility of the switch is around 92%.

Another interesting application of the tracking policies is in
the scheduling of TDMA Satellite Switches (TDMA-SS) with
multi-periodic messages. In this problem the objective is to
schedule a packet during every period of a connection stream,
and before arrival of the next packet. Since it is not usually
possible to queue the packets in the satellite switches, an input



queueing model is more appropriate in this case. The uid pol-
icy that accomplishes the speci ed TDMA objective is trivial.
The original problem is then solved by specifying a packetized
policy that tracts that uid policy.

The organization of paper is as follows. In the next section,
we will review the concepts of uid and tracking policies, and
provide the feasibility condition for both cases.The problem of
scheduling multi-periodic messages in TDMA-SS is explained
and elaborated in section III. We will show that this problem is
essentially a special case of the posed input queueing schedul-
ing problem. InsectionIV, we show that for the 2 x 2 switches a
tracking policy always exist, and we provide a non-anticipative
algorithm to nd the tracking policy. In this section, we also
address the problem of providing a packetized policy that sat-
is es pre-speci ed packet deadlines. In section V, some use-
ful ideas regarding the design of heuristic tracking policies are
given. Based on these concepts a heuristic simulation algo-
rithm is proposed. The heuristic algorithm is applied to the
scheduling of a multi-periodic TDMA-SS and the simulation
results are given.

II. FLUID AND PACKETIZED TRACKING POLICIES

We consider input queueing switches that serve xed size
packets. Each input and output port has the capacity of serv-
ing 1 packet per time unit. Since queues exist only at the in-
put ports, the latter assumption implies that traf ¢ of at most 1
packet per unit of time can be transferred from the input ports
to a given output port.

We assume that the time is slotted and the length of each slot
is equal to the length of a packet. Slots are numbered starting
from1,2, ... . Slotk is taking the time interval (k — 1, k]. Time
k—1 (k) is the beginning (end) of time slot k. Packets arrive at
the beginning of each time slot. Packets with origin input port
1 and destination output port j are served FCFS.

Two broad classes of policies are considered, the uid and
the packetized policies. During time slot k£ a uid policy trans-
mits, w;; (k) > 0, units of information from input port to out-
put port j. w;;(k) is a nonnegative real number and is mea-
sured in units of packets. Since at most one unit of work can
be transferred from a given input port to the output ports, and
since no queueing is permitted at the output ports, the w;; (k)’s
must satisfy the following inequalities.

w;;(k) >0
> jwi(k) <1, Vie{l,...N} )
Siwij(k) <1, Vje{l,...N}

A packetized policy is based on the assumption that during a
time slot an input port can transmit a single packet to any one
of the output ports. Therefore, for a packetized policy we have
that J;; (k), the number of packets transmitted from port ¢ to
port j during slot k, is either 0 (no packet transmission dur-
ing slot k) or 1 (a single packet transmission during slot k). A
packetized policy is feasible if at every time slot & we have,

> Jii(k) <1, Vie{l,...N}
S dij(k) <1, Vi€ {l,...N} @)
zg(k G{O 1}

Note that the conditions in (2) imply that for any &, there can be
at mostasingle 1 in each column of row of the matrix [J;; (k)] -
That is, the matrix J;; (k) is a sub-permutation matrix.

Usually uid policies cannotbe applied directly in a network
since mixing of traf ¢ belonging to different packets is not al-
lowed. However, they are considered in this paper, because the
performance analysis and the scheduling policy design is often
more convenientfor uid policies. An approach to the design
of packetized policies is to rst design and analyze a uid pol-
icy, and then implement a packetized policy that resembles in
a certain sense the departure process of the uid policy. Such
a packetized policy is called a tracking policy. More precisely,
for our purposes, we use the following de nition:

De nition I: Givena uid policy 7, we say that a packetized
policy is tracking 7 if every packet departs under the packe-
tized policy at the latest by the end of the time slot at which the
same packet departs under the uid policy.

A basic question is if tracking policies exist for a given

uid policy. This question is answered positively for the sin-
gle link case, where different sessions share a single link [11],
[6]. In that case, perhaps the most well known uid policies
are GPS and rate controlled service disciplines. Several track-
ing policies are suggested for the single link case [11], [6], [9],
[1]. The same concepts of GPS and rate controlled schedulers
can be extended to the multi-input,multi-outputinput queueing
switches. However, the existence of tracking policies for these
switches is still an open question.

Searching for a tracking policy can be converted to an-
other scheduling problem, scheduling of packets with dead-
lines. Suppose that a set of packets are given, every packet has
two associated time stamps. The rst time stamp is the eligible
time, which is the time after which we can schedule the packet.
For instance, this can be the arrival time of the packet to the
switch. The second time stamp is the deadline of the packet.
The objective is to schedule a packet inside the time frame of
eligibility time and deadline time. Obviously, if a packetized
scheduling policy satis es all the deadlines induced by a uid
policy, it is a tracking packetized policy by our de nition.

Insection IV, we study the special case of 2 x 2 switches. We
will prove that for the special case of 2 x 2 switches, for every
feasible uid policy there exists a feasible packetized policy.
In fact, our proof is constructive and will provide an algorithm
to derive a tracking policy. We will also show that a natural
extension of the earliest deadline rst scheduling can be used
to solve the problem of scheduling packets with deadline. The
general case of an N x N input queuing switch is currently un-
derinvestigation. For the latter case, we provide in this paper a
heuristic algorithm which shows very good performance under
anumber of simulation studies.



III. MULTI-PERIODIC TDMA SATELLITE SWITCHES

One of the potential applications of tracking policies is in
the scheduling of TDMA Satellite Switches (TDMA-SS). The
conventional method to do the scheduling is based on the
Inukai method [10]. This method is based on the assumption
that all messages have the same period. The schedulingis done
for a frame length equal to the period of the messages and it
is repeated periodically thereafter. Let L be equal to the maxi-
mum number of packets that can be serviced by an input/foutput
port during one period. A set of messages is schedulable if for
every port the total number of packets that should be serviced
is notmore than L. Inukai has provided a scheduling algorithm
for any set of schedulable messages.

The Inukai algorithm does not work appropriately when
messages have different periods. Let message m from input
port s,,, to output port d,,, has period p,, . To apply the Inukai
method the frame length should be set to the LCM of all mes-
sage periods, say L. For each message m, L/py, unit length
packets are scheduled in the frame. Each of these packets is
associated to one period of the original message. Then, we can
use the Inukai method to allocate these packets inside the frame
length L. The problem is that there is no control over the place
of packets inside the frame in the Inukai method. Thus, it is
possible that all packets attributed to a single periodic message
are placed next to each other. Such an assignmentsuffers from
high jitter. Moreover, the delay of a packet can be equal to L,
which can be very large.

Suppose that the objective is to schedule every packetin the
time frame of its period. Thus, every packet can tolerate a de-
lay up to its period. The question then arises whetheritis possi-
ble to provide a schedule under these constraints. A necessary
condition for schedulability, is that the utilization of every in-
put port ¢ and output port 5 should not be greater than unity,
ie.,

> L, 3)

u; =
m:smzipm
1
u; = Z — <1,
m:dmszm

If one considers uid policies, then itis easy to provide a.sched-
ule provided that (3), is satis ed. Speci cally, consider the
uid policy that assigns the x service rate of 1/p,, to every
message m. Under this policy the switch starts servicing every
packet immediately after its arrival, and it takes p,,, time units
to complete its service. This means that the target deadlines
are all accomplished. Therefore, if we can provide a packe-
tized policy that tracks the uid policy, then this packetized
policy will satisfy the delay constraints as well, and (3) be-
comes the necessary and suf cient condition for the schedula-
bility of packetized policies under the speci ed constraints.
In [13] Philp and Liu conjectured that (3) is the necessary
and suf cient condition for schedulability under the speci ed

delay constraints. Giles and Hajek [8] have proved this conjec-
ture for a special case. In their model the messages are sorted
based on their period, such that,

Moreover, for every two subsequent messages we have,

Pm = kpm—i—l;

where k is an integer. Unfortunately, their algorithm does not
work well in the general case.
As we saw, the correctness of the conjecture is trivial for the
uid policies, but it has not been proved for packetized poli-
cies. In the next section, we show the existence of tracking
policies for the special case of 2 x 2 switches. Thus, the con-
jecture is proved for the special case of 2 x 2 switches.

IV. THE 2 x 2 SWITCH

In this section, we consider a 2 x 2 input queueing switch
and provide an algorithm for designing a packetized policy ¢
that tracks a given uid policy 7.

Let W;;(k), k = 0,..., L be the total amount of traf c
transferred under the uid policy, from input port ¢ to output
port j by the end of slot k. Thus, we have,

k
Wi (k) =Y wi (D), 4)
=1

where w;; (k) satisfy conditions (1).

In the following, we address the following problem.
Problem I: Find a sequence of sub-permutation matrices
J(1), J(2), ..., such that for all ¥ we have

where
k
Li(k) =Y Jii (D)
I=1

If a solution to Problem I can be found, then the packetized
policy that uses the sub-permutation matrix J(k) to schedule
packets during slot k is tracking the given uid policy. To see
this, notice st that according to the leftmost inequality in (5),
by the end of slot &, if a (integer) number of packets completes
transmission between input port 4 and output port j under the
uid policy, then atleast the same number of packets completes
transmission between the same input and output port under the
packetized policy. This and the fact that packets between ports
i and j are served FCFS under both policies, imply that:
If a packet completes transmissionin slot/ under the uid pol-
icy, it will also complete transmission at the latest by the end
of slot ! under the packetized policy.
We note next that a realizable packetized policy should serve
packets after their arrival to the switch. This is ensured by the



rightmost inequality in (5). To see this, notice that according
to this inequality, the number of packets that complete trans-
mission between input ¢ and output port j under the packe-
tized policy cannot exceed the number of packets that com-
plete transmission between ¢ and j under the uid policy by
more than 1. Moreover, if W, (k) is integer then necessarily,
Wi (k) = I;;(k). This and the fact that packets are served
FCES under both policies, imply that:

A packet cannot complete transmission in slot k& under the
packetized policy unless part of this packet has already been
transmitted up to the end of slot k by the uid policy.

Since the uid policy is feasible and never begins transmission
of a packet before its arrival, the same holds for the packetized
policy.

Note thatif we solve Problem I, we in fact have a packetized
policy that not only tracks the nishing times of the packets
under the uid policy, but also the times when the uid policy
starts transmission of these packets.

Before we proceed we need another de nition.

De nition IT: Aninteger valued matrix [ is called a u-neighbor
of a matrix W if

I_W»LJJ < I,'j < Wz’j + 1forall i and j, (6)
2 2
> Wi | <> Iij forall j, )
| i=1 _ i=1
and
2 2
> Wi | <D I forall i ®)
_j:l j=1

We now address a stricter version of Problem 1.
Problem II: Find a sequence of sub-permutation matrices
J(1), J(2), ..., such that for all k, I(k) is a u-neighbor of
W (k), where
k
Lj(k) =) Jij (k).
i=1

We now proceed to provide a solution for Problem II. The
proof is by induction. At the beginning of slot 0 no traf c has
been processed under either of the policies ( uid and packe-
tized), and we set

W (0) = 1(0) = [0].

Assume now that we have found appropriate sub-permutation
matrices until slot k. We show how to construct the sub-
permutation matrix forslot k + 1, J(k + 1), based on I (k) and
W (k + 1), so that the matrix I(k) + J(k + 1) is a u-neighbor
of W(k +1).

Set

Jij(k +1) = max { |W;;(k +1)| — I;(k),0} . (9)

J(k+1) is a sub-permutation matrix. To see this note rst that

[Wij (k+ 1) = Lij(k) =
[Wij (k) + wij (k + )J— Lij(k) <
(Wi (k)] = Iij(k)+1 < 1 by (6).

The second inequality holds because w;; (k + 1) < 1. There-
fore, J;;(k+ 1) = 0 or 1. Next we have to show that there can
be no more than a single 1 in each column or row of J(k + 1).
To see this, note thatif J;; (k+1) = 1, thenby (9) I;; (k) +1 =
[Wi;(k+1)], and therefore,

Wij (k) + wij(k +1) — Lij(k) =
Wij(k+1) — I (k) >
Wi (k+1)] — Lj(k) = 1

Hence, if there is more than asingle 1 in, say, column 1 of J(k),
then

2 2

D Walk) =3 Tu(k) >

i=1

2
2—Zw,-1(k+1) >1

2
since Zwil(k +1)<1

i=1

But the last inequality contradicts the fact that

Z Wit (k) < {Z Wi (k‘)| +1

ZIil (k) +1

i=1

IA

by (7).

We now show that I(k + 1) satis es (6). From (9) we have
that

I,'j(k’ + 1) = Iij(k) + Jz'j(k' + 1) > I_Wz](k‘ + l)J
Also, if Jij (k+1)=0

i (k)
i(k) + by (6)
i(k+ 1) +1 sincew;i(k+1)>0.

Iij(k+1)

I;;
Wi
Wi

IN A

while if Jij(k +1) =1,

Iij (k + 1) = Ii]' (k) + Jij (k + 1)
= [Wiyk+1)]  by(9)
< Wii(k+1)+1

Tt remains to prove (7) and (8) for the matrix I (k +1). Con-
sider, say, column 1. We distinguish the following cases.



Casel. Jj(k+1) = 1forsomesi. ThenZ?:1 Jin(k+1) > 1
and hence

2
Z Iin(k+1) =
i=1

2

Z(Iﬂ(k) +Ja(k+1) >
{Z Wil(k)| +1 =
{(Z Wil(k)> +1

i=1

\Y

{Z (Wi (k) + wa(k+1)) | =

i=1

{Z Wi (k +1)

The third relation above holds because of (7). The fourth rela-
tion is correct since|a| + m = |a + m] ,m integer, and the
fth relation follows from Zle wip(k+1) <1
Case 2. Jn(k’ + 1) = JQl(k + 1) = 0. Then by (9)
Iy (k) > [Wiu(k +1)],4 = 1, 2. Since we also have I;; (k) <
Wi (k) +1 < Wi (k+1)+ 1, we conclude that the difference
L1 (k) — [Wi1(k + 1)] can take only the values 0 and 1. We
now need to distinguish the following sub-cases.
Sub-case 2.1 I;; (k) = | Wi (k + 1)]| + 1 for some 4. Then

o Iu(k+1) > L (k)
> > [Wa(k+1)]+1
> {ZWMH)J

The last relation is correctsince 1 + |a| + 3] > |a + 8].
1. Sub-case 2.2 I;; (k) = [Wi1 (k + 1) ] for all 4.
If Wi (k + 1) is integer for some 7,then

{Z Wi (k + 1)J

i=1

Z [Wir(k+1)]
= Z Iy ()

2
= Y ILa(k+1)
i=1

The last relation follows since J;; (kK +1) = 0, ¢ = 1,2. Tt
remains to consider the case where W;; (k + 1) is non-integer

for all i. We may then rede ne J;; (k + 1) = 1 for some ¢ and
still have a sub-permutation matrix. To see this, consider the
following two cases

(a) Incolumn2 thereis already J;2(k+1) = 1 forsomesi, say
i = 1. Then, since J(k + 1) is a sub-permutation matrix, we
know that Jas (k + 1) = 0. Therefore, setting Jo1 (K +1) =1
we still have a sub-permutation matrix J(k + 1).

(b) JET = 0 for all 4. Then we can set J5™ for one of the
i— s and still have a sub-permutation matrix J(k + 1).
In order to show that (6) still holds with the modi ed J(k+1),
note that since I;; (k) = |[Wi (k + 1) | and Wy (k+ 1) is non-
integer,

Li(k+1) = [Wu(k+ 1) +Ja(k+1) < Wa(k+1)+1
and clearly,
LWzl(k + 1)_] <Ij (k) + J,l(k + ].) =15 (k + 1)

To show that (8) holds, note that since for the modi ed matrix
we now have Jy1 (k+ 1) = 1, we can apply the same argument
as in case 1 above.

We may continue in this fashion and examine the rest of the
columns and rows, and update, if necessary, the matrix J*+1.
We eventually will have that the matrix

=1k + g

is a u-neighbor of a*+1.

According to the procedure above, we have the following al-
gorithm for creating the tracking policy, i.e., for generating the
sub-permutation matrix J (k + 1).

ALGORITHM
1. At the beginning of slot k& + 1 create the matrix elements
Jij(k + 1) fori, j = 1,2 as follow,

Jij(k +1) = max {|W;;(k +1)| - I;(k),0}

2. If for some column or row, say column 1, it holds

W;1(k + 1) is non-integer for all i,

thenrede ne J;; (k+1) = 1 so thatthe modi ed matrix J(k+
1) is still a sub-permutation matrix.
Note that the policy obtained in this way is non-anticipative,
i.e., it does not depend on future arrivals and therefore, can be
implemented on-line.

So far, we have shown that the tracking policy exists, and
a procedure to converta uid policy to a packetized tracking
policy is given.

In the previous section, it was mentioned that to obtain
a tracking policy, we can convert the problem to a deadline
scheduling problem and solve that problem. In the following
a simple extension of the EDF algorithm for a 2 x 2 switch is
given. This policy, which we call it the EDF2 always come up
with an admissible schedule if such a schedule exists. A sched-
ule is admissible if it satis es all the deadlines.



A Per- ow Tracking

So far, we have considered the per-link tracking policies, and
proved their existence for 2 x 2 switches. Basically, we showed
that for every uid policy there exists a packetized policy that
tracks the aggregate traf ¢ going from every input port ¢ to
every output port j. In many circumstances this is not quite
enough.

The aggregate traf ¢ between any pair of input/output nodes
consists of several distinct ows or sessions. Generally, to pro-
vide per- ow QoS, the uid policy should work on the granu-
larity of ows and guarantees the service rate given to every

ow individually. This should be also re ected in the pack-
etized tracking policy. More speci cally, the corresponding
packetized policy should track the service given to every ow
under the uid policy.

Let W}; (k) and I} (k) be the total amount of ow [ traf c
transferred from port ¢ j up to time k£ under the uid policy,
¢, and the packetized policy, ), respectively. Then, the pack-
etized policy 7, is a per- ow tracking policy of 7 if and only
if,

Wi (k)] < I;(k) < [Wi(R)] Vi, j, k, L.

Obviously, this implies a stricter de nition for tracking poli-
cies. Recently, we were able to prove this notion of tracking
policy for 2 x 2 switches as well. The resultis given without
proof in the following theorem.

Theorem 1: Consider any arbitrary uid policy 7 for input
queueing 2 x 2 switches. There exists a non-anticipative pack-
etized policy m, that tracks the individual services given to ev-
ery ow underthe uid policy 7y.

B. QoS provisioning in 2 x 2 switches

An alternative approach to the QoS provisioning problem is
to view directly the requirements of the real-time traf ¢ and
to attempt to satisfy them. A natural framework for this ap-
proach is deadline satisfaction. Every packet presents upon ar-
rival the maximum waiting time that may tolerate and a dead-
line is determined by which it should depart. The scheduler at-
tempts to satisfy as many deadlines as possible. For a single
link it is known that the Earliest Deadline First policy satis es
the packet deadlines if those are satis able. We show here that
the same effect is achievable in 2 x 2 switches if the same no-
tion is generalized.

For each link (4, j) at every slot tlet D;;(t) be the earliest
deadline among the backlogged packets. There are two service
con gurationso = {(1,1),(2,2)},z = {(1,2),(2,1)}. Let
De(t) and D”(t) be the sorted deadline vectors associated to
the two con gurations, such thatthe rstcomponentalways be
the minimum deadline, i.e.,

De(t) = (min {D11(t), D22(t)} , max {D11(t), D22(t)}) ,

D*(t) = (min {D1(t), D21 ()}, max {D15(t), D1 ()}) -

We say that the deadline vector D is lexicographically smaller
than D/ if and only if,

(D < D}) or
(D} = Di and D} < DJ).

De nition III: The scheduling policy EDF2 is the policy that
at every time slot selects the con guration with minimum lex-
icographical deadline vector.

EDF?2 is the natural extension of the EDF to the 2 x 2 case.
Suppose that a sequence of packets with deadlines are given,
and it is known that the deadlines are satis able, i.e., there is
a feasible scheduling that meet all the deadlines. Then, the
scheduling policy EDF2 also satis es the deadlines. The proof
of this claim is straightforward and is similar to the proof of
same result for the EDF policy in the single link case.

The EDF2 policy can be applied to obtain a tracking policy.
In that case, at every time slot k, deadline of packets are set to
the end of the time slot that they depart the switch under the

uid policy. The departing times are calculated based on the
assumption that there is no future arrivals. Note that the crucial
information for scheduling is the relative order of packets de-
parture times not the departing times themselves. If we assume
that the future arrivals will not change the departure order of
the packets, then the departure orders obtained under the no fu-
ture arrival assumption will be correct, regardless of future ar-
rivals. Therefore, the EDF2 policy would be anon-anticipative
tracking policy.

As we will illustrate in the nextsection, the basic assumption
regarding the independence of future arrivals and the departure
order of backlogged packets is not a reasonable assumption for
the general case of N x N switches.

V. HEURISTIC ALGORITHMS

Let F be a feasible uid policy that at every time slot k&
speci es the appropriate uid scheduling matrix w(k). The
scheduling matrix w(k) is an N x N matrix indicating the rate
of transmission from every input port to every output port, and
is a function of arrivals, (ay) and back logged traf c (gi) at
time k.

In general, the arrival process is non-anticipative, and there-
fore the scheduling function is not known in advance. Under
these circumstances, it is impossible to track the uid policy
perfectly for N > 2. We will illustrate this by an example.

o Example: Consider a4 x 4 switch. Let

0.25 025 0.25 0.25

0.25 0.25 025 0.25
wl) =w@) = "~ 5 5 o

0 0 0 0

Without loss of generality, assume that the tracking policy se-
lects the following two sub-permutation matrices for the two



rst time slots.

1000 0 010
0100 0 001
J) = 00 00 J(2) = 0 00O
0 00O 0 00O

Now assume that the uid policy, because of arrival of some
packets with higher priority, takes the following rate matrix for
the next time slot,

0 05 0 0.5
05 0 05 O
05 0 0 05

0 05 05 0

w(3) =

Itis clear that the uid policy nishes four packets on the links
(1,2), (1,4), (2,1), (2,3) in the third time slot, and none of them
is scheduledin the rsttwo time slots by the packetized policy.
Thus, at the end of third time slot, the tracking policy will, at
least miss deadlines of 2 packets.

It is worth mentioning that one of the crucial assumptions
in the single link sharing case is that the departure order of the
packets present in the node is independent of future arrivals.
Thisis notavalidand justi able assumptioninthe N x IV case.
The properties of non-anticipative tracking algorithms for sin-
gle link case is due to this assumption, so one should not ex-
pect that similar results regarding the non-anticipative tracking
policies hold for N x N switches. Recall that we have already
provided a non-anticipative tracking policy for the 2 x 2 case.
The above example shows that result can not be generalized to
the N x N case.

This fact motivates us to seek for heuristic algorithms with
good but not perfect tracking properties. We are not intend-
ing to provide a complete ef cient tracking policy here, but we
want to illustrate what can be the appropriate approach to de-
sign the tracking policies. Basically, we introduce two main
concepts that could be employed in the design of tracking poli-
cies. We then illustrate the simulation results of asimple track-
ing policy implemented based on these two concepts.

The two concepts that we elaborate on them in this section
are port based tracking and critical links.

A Port Based Tracking

One way to implement a packetized tracking policy can be
based on the weighted matching in the bipartite graphs. In this
method, the weights of the links are the difference between the

uid policy and the tracking policy total job done on that link.
We call these weights the tracking weights, ¢;; (k).

tij(k) = Wi;(k) — L;j (k).

We add up all the positive weights of links associated with ev-
ery input and output port and assign this weight to the corre-
sponding vertex in the bipartite graph. We show the vertex

weights by v; and v;,

N
Jj=1
N
v; = Zmin(tij (k),0). 11)

If we had added up weight of all links, regardless of their
sign, the ones with negative weight would have lessen the total
weight of the vertex and this will reduce the chance of those
with positive weights (the lagging ones) to be scheduled.

Next, we have to select a criterion function of weights of
nodes in the matching, or perhaps, the ones left out of the
matching that we attempt to optimize. We propose two pos-
sible candidates here.

Summation Criterion: One possible candidate is to maxi-
mize the summation of all scheduled vertices weights. In this
way, at every step we select the set of the nodes with over-
all maximum weights, and therefore the overall lagging of the
tracking policy is minimized.

Prioritization Criterion: The other possible choice would
be a prioritization criterion. Nodes are prioritized based on
their weights, such that the nodes with greater weight have
higher priority. Any node is excluded from the matching if and
only if including it necessitates removing a node with higher
priority from the matching. In this approach the absolute lag-
ging value of a node is considered essential and the ones with
greater lagging weight are scheduled.

It is not hard to show that both of the above mentioned cri-
teria are equivalent. This is due to special structure of bipartite
graphs. In the nextlemma we prove the equivalence of the two
criteria.

Lemma 1: Let M; represents the optimal matching graph
based on the summation (priority) criterion. Then, M is opti-
mal based on the priority (summation) criterion too.

proof: Suppose that M; represents the optimal matching
graph based on the summation criterion, but it is not optimal
based on the priority criterion. Let M5 be the optimal match-
ing graph based on the priority criterion. Let i1 be a node in
M; but notin Ms. Consider the graph G = M; ©& M, (This
graph consists of links that are in one and only one of the two
graphs M; and M>). The maximum degree of a vertex in G is
two, therefore it consists of a union of distinct paths and loops.
i1 should be the rst vertex in a path in G, because its degree
is one. We focus on this path.

Two alternative cases are possible, number of nodes in the
path are either even or odd. If itis even the last node in the path
is also amember of M7, while all intermediate nodes belong to
both matching. Thus, if we replace the alternative set of links
in the path belonging to M5 with those belonging to M7, two
more vertices will be included to M5, and this contradicts with
the optimality assumption of M>.

If number of the vertices in the path is odd, the last vertex
is a member of M, only. The last node should not have less



weight than the st vertex 41, otherwise M5 is not the opti-
mal graph based on the priority criterion. It should not have
greater weight, because this contradicts with the optimality of
M. Thus, its weight should be equal to 71 ’s.

Therefore, for every node in M; there is a node in M» with
equal weight and vice versa. This means that both graphs are
optimal according to both criteria.

o

The above argumentalso provides an algorithm to derive the
optimal matching graph. The algorithm is based on exploring
the augmenting path similar to the case of maximum matching
algorithm. The only difference is that in the maximum match-
ing case the search results a better matching, whenever a free
node is detected. Here, the search results a better matching, if
a free node or a node with smaller weight than the rst node
of the augmenting path is detected. The following algorithm

nds the maximum weighted vertex matching.

Matching Algorithm:

1. Sort the nodes according to their weights.

2. Select the highest weight node not in the matching that is
not selected yet.

3. Search for an augmenting path started from the selected
node in step 2. Search ends successfully either if a free ver-
tex is detected (an augmenting path is found), or when a node
with smaller weight than the rst node is found. Search ends
unsuccessfully if all possible paths are searched and none of
the above mentioned cases are occurred.

4. Repeat steps 2 and 3 until all nodes are selected.

Although bipartite matching algorithms have been exten-
sively used in scheduling of the switches, they are either based
on the maximum link (edge) weighted matching or maxi-
mum matching algorithms. The problem with maximum link
weighted matching algorithms are their complexity, and the
problem with maximum matching algorithms are their poor
performance. The vertex based matching can be considered as
an intermediate solution.

We can enhance the performance of a scheduling algorithm
based on vertex maximum matching by selecting an appropri-
ate initial set of eligible links, which will be provided to the ar-
biter, and by modifying the weights of the nodes that are more
urgent to be scheduled. Basically, we consider a two stage
scheduling. Atthe rststep asetof eligible links for schedul-
ing and weights of vertices are derived. In the next step, the
arbiter select the links in the matching based on the optimum
vertex weighted matching algorithm described above.

One way to selectan eligible setof links in the tracking prob-
lem is based on the notion of critical links. The critical links are
those that are urgentto be scheduled, and if they are not sched-
uled the tracking policy will loose the track of the uid policy.
If such alink is detected all non-critical links sharing same in-
put or output port with the critical link will be excluded. The
precise de nition of critical nodes is given in the next section.

B. Critical Ports and Links

A critical portis a port that should be scheduled in the next
time slot, in order not to miss a deadline in the future. As an
example suppose that we are at the beginning of k — th time
slot. Let say that there are two packets one from node i to j;
and the other from node i to j» both with deadline k£ + 1. Note
thatif we do notschedule any of these packets, no deadline will
be missed in the k£ — th time slot. However, we will de nitely
miss a deadline at the subsequent time slot, k + 1. We say that
node i is a critical node, and links (4, j1) and (4, j2) are asso-
ciated critical links. In general, suf cient condition for a port
to be critical at time & is to have at least p packets with dead-
lines less than or equal to k£ 4+ p. Denote that we are stating a
suf cient condition. In other words, there might be some crit-
ical ports that can not be detected well in advance using this
criterion.

In case of the tracking policy, the deadline of packets are im-
plicitly given, and are equal to the end of the time slot that the
packet departs the switch under uid policy. We may not know
the deadlines well in advance, since the future rate of every
link underthe uid policy depends on the future arrivals, which
are non-anticipative. Nevertheless, we may have an approxi-
mate deadline for every packet based on back-logged traf c or
the average arrival rate of the links (for instance, based on a
(o,p) ow model for ATM traf c). Also, in some approaches,
a constant rate is assigned to a session, regardless of the ar-
rival process, such as in multi-periodic messages in TDMA-SS
or rate controlled service disciplines. In the case of networks
if no packet from the assigned session is available at time of
scheduling, packets from other kind of traf ¢ (for instance, the
besteffort traf c) can use the available slot [14].

The next issue is to set an appropriate inspection horizon.
The inspection horizon is the number of time slots in future
that we inspect to detect the critical nodes. Based on our ex-
periments, we found that inspection horizon around ve is ad-
equate. In fact, there is a trade-off involved here, increasing
the inspection horizon helps us in detecting more critical links,
but it increases the complexity of the algorithm as well.

After detecting a critical port, we know that we have to
schedule one of the critical links associated with that, other-
wise we will miss the deadlines. Thus, we remove all links as-
sociated with critical port, which are not critical. In this way,
the chance for the scheduler to arbitrate one of the critical links
is increased. We also increase the weight of the critical ports
with a constant, so that their weight become greater than all
non-critical ports. Therefore, these nodes are prioritized by the
scheduler.

The critical nodes detecting algorithm can be described as
follow,

Critical Node Detecting Algorithm:

1. For every nodei and j do steps 2 and 3;
2. Calculate number of Packets that should be sent in the next
p time slots.



3. If the number of packets thatshould be sentin the next/ time
stepsis equal to [, the corresponding node is critical. Moreover,
the associated links that should at least send one packet in the
next ! time slots are critical links.

The whole scheduling process of a switch can be divided
into two stages. In the rst stage, weight of the ports are cal-
culated and the criticality of the ports are investigated. These
computation can be done in parallel for different ports of the
switch, and no interaction between them is necessary. In the
next stage the computed weights for the nodes and the eligible
links for every node are provided to the arbiter processor.

One of the main concerns in high speed switches is the vol-
ume of information required to be exchanged between differ-
ent cards of the switch, namely the signaling scalability of the
algorithm. In the link weighted matching arbiters, weights as-
sociated to every link should be sent to the arbiter. Thus, the
exchanging information is in the order of N'2. In our approach
the weights of the nodes and the eligible links (one bitinforma-
tion per link) should be sent to the arbiter, which is in the order
of N.

Finally we provide a simple scheduling algorithm based on
the algorithms described above.

Heuristic Scheduling Algorithm:
1. Atevery time slotk do the following steps.
2. Calculate weights of the nodes using (10),(11).
3. Insert all links with positive weights in eligible links set.
4. Check for critical nodes and their associated critical links.
5. Increase weight of every critical node, such that its weight
exceed all non-critical node’s weights. Moreover, remove all
non-critical links of the critical nodes from the eligible links
set.
6. Pass weights of the nodes and the critical links set to the
matching algorithm. The result of the matching is the sched-
ule for time slot k.

This algorithm will be used in next section for scheduling in
a TDMA-SS, and the simulation results will be illustrated.

C. Simulation Results

In this section we provide some primary results regarding
the heuristic algorithm. The thorough investigation and anal-
ysis of the heuristic algorithms are still continuing. How-
ever, the primary results appear promising. We have used the
heuristic algorithm for scheduling of a TDMA-SS with multi-
periodic messages. Suppose that messages are all periodic, and
the objective is to schedule every period of a message before
the next one arrives. Thus, if the period of message M;, is p;,
we have p; time slots to schedule every packetof that message.
The uid policy that assigns the constant rate of 1/p; to mes-
sage M; accomplishes this task.

The messages are generated randomly between input and
output pairs with equal probability. The period of the message
is selected uniformly in the range of {3, ..., 8}. The messages
are selected such that in every experiment the utility of every
node is in [0.90, 0.97]. In all experiments the average utility is

TABLEI
HEURISTIC ALGORITHM PERFORMANCE (LATENCY ) FOR DIFFERENT
SWITCH SIZES

| N Jutility | 1=0 [ 1= [1=2]late% |
5 [0.92 ] 459699 | 293 | 2 [0.064
10 [0.92 [ 922195 [ 390 | 8 [0.043
20 [ 0.92 [ 1843935 | 559 | 8 [0.031
30 [0.92 [2770131 | 684 [ 9 [0.025
50 [ 0.92 [ 4620472 | 884 | 8 [0.019
70 [ 0.92 [ 6470463 [ 1032 [ 11 [ 0.016
100 | 0.92 | 9191925 | 1209 [ 12 | 0.013

around 0.92. The critical nodes are inspected based on the con-
stantrate, and the inspection horizon is set to V. We have done
the simulation for different switch sizes, and for every switch
size we generated 100 different message sets and investigate
the performance of the algorithm.

In our model there can be different messages from the same
input to the same output, but the scheduler works with the ag-
gregate rate of all these messages. This is important, because
the complexity of the arbiter does not depend on the number of
messages, which can be large. To schedule different messages
from the same input to output an EDF scheduler is maintained
in every input port. A packetis considered to be on time (zero
latency) if it is scheduled within a period interval after its ar-
rival. The latency of a packet, [ is equal to k& > 0 if it is sched-
uled k time units after its deadline. The result of the simula-
tions are given in the table below. As far as the scheduler is
concerned, it is working with constant rate traf cs. Therefore,
the results of this simulation are also applicable in the case of

xed rate scheduler for the network switches

The number of packets with different latencies are indicated
in the table. The percentage of late packets is also shown in
the last column. Every row correspond to a different switch
size. The number of packets missing their deadlines are less
than one percent, and the maximum latency is two time units
in all cases. We believe that in many of the applications this is
an acceptable performance. In many applications the excessive
delay imposed by the arbiter is tolerable. In fact, in some of the
applications we are allowed to miss some packets, so we can
neglect the packets that miss their deadline. This in return aids
us in on time scheduling of the other packets. The other im-
portantissue is the size of the switch. Many of the heuristic al-
gorithms proposed degrades as the size of the switch increases
[13]. In our case, we did not observe any such degradation.

VI. SUMMARY AND CONCLUSION

In this paper the notion of uid policies and tracking policies
are extended to the N x NN switches. These concepts are both
useful in the high speed networks, where they aid us in provid-
ing guaranteed service to different applications, and in TDMA-
SS with multi-periodic messages. The existence of tracking



policy is proved for the special case of 2 x 2 switches. For the
general case of N x N switches a heuristic algorithm is pro-
vided. The heuristic algorithm is mainly presented to con rm
the validity of two important notions and measures in tracking
policies, the port tracking and critical node concepts.

The existence of tracking policy for the N x N is still an
open question. However, based on the results provided here for
the special cases and the heuristic algorithm, we think thatsuch
a tracking policy always exist. However, we have shown that
itis impossible to have a perfect tracking policy when the uid
policy is non-anticipative. This facttogether with the complex-
ity issue justify the need for better and less complicated heuris-
tic tracking policies, with good but not perfect performances.
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