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ABSTRACT

" In this thesis, a simple stochastic dynamic model for
computeY queueing network with innite buffer, time-varying
stochastic input and channel errors has been -presented.
" Also it is ﬁfoposed a dynamic routing policy that minimizes
the total size of queue in the network for each short
interval‘ of . tiﬁe based on the immediate past state
information and the eﬁpected number of external arrivals
during the interval. The procedure is repeated for each
inéerval of time and hence it provides an adaptive §£rategy.
Compare £o stétic assignments, the strategy proposed in this
study has the advantages in being able to deal with
transients ‘and congestion and to adapt to the chénging
environment. Numerical ~algorithm is gquite simple and is
applicable in practical . systems. Simulation has been

carried out with a-simple 3 node network. The results show

that the bolicy can provide good performance of the network.
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Chapter 1 w

INTRODUCTION

~

1.1 THE NECESSITY FOR DYNAMIC ROUTING | .

We frequently encounter situations 1involving traffic
problem in.our daily living. The examples are automobile
traffic in down toﬁh area, the-passage of customers:through
the checkout counter of a suﬁermarkgt, thé transmissién of
messages, and So on. '

These have a fundamental property~\{3> COMMOnN ; they

. represent processes involving the flow of some commodity
' through.a channel or a network of éhaﬁnels which has a‘yimit

“*o the traffic it can carry.

One of the most extensively studied problems in
transportation' theory is the optimization of static net#ofk
flows. Most of the studies and achievements have been
concentrated on the aﬁalysis of st y-state assignment
under non-congested con?itioﬁs [8] 171 [19] [22) [331].
Mathematical technigues, such as aph theory, linear
programming and integer programming [23], have been applied
successfully to these problems, which in turn have inspired

further development of these techniques.
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However, many n;twork problems are natu;allyr
characterized by time-varying and stochastic behavior.
belay and congestioﬁ have become - common phenomena. One of
the examples is the managément of automobile traffic during
rush hour for city downtown areas. The capacity of the
streets may be momentarily unable to accommodate the peak
demand, and as a result waiting gueues of cars would form at

street intersections. Another example is the data-routing

problem- in computer communication networks, The packet
»arrivai rate and the réquested amount ¢f service also ;ary
with the time. Sudden surges iﬁ demand by certain users may
also cause difficulties in the quepeing buffers. In all
such cases, dynamic strategies ére needed to direct traffic
flows ~and to minimize the congestion. With a proper
feedback mechanism, these-strategies should be adaptive to
the uncertain and changing environment. Clearly, classical
optimization .‘techqidues assumiﬁg steady-state  or

~deterministic models are not adequate for such problems.

1.2 -REVIEW OF MODELS FOR DYNAMIC ROUTING
¢ . )

Recently, Gazis [14] suggested tha£ a congested
transportation syétem can be viewed as a store énd forward
network. From this point of view all delays due to
congestion are handled by assuming that queue can build up

. inside the network when demand exceeds capacity. Thus,

1
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traffic is assumed to move between nodes of the network at
constant velocity and is stored in queues at the nodes until
it can proceed onward toward its destination, In this way
the time it takes to pass from node to node is spilt into a
constant delay portion and a portion assbciated with delay
of queue. Taking this into consideration, D'Ans and Gazis
[15] formulated a dynamic optimization problem “for

minimizing the aggregate delay in a network with no-turn

intersections. They showed that an open loop solution can
be obtained when the problem 1is discretized in time. In
[1173 Chu and Gazis considered the problem of optimum

dynamic route allocation for a congested network consisting

of parallel channels and obtained a feedback allocation

fstfategy. Also Chu [10] has - developed i- decentralized

control algorithm for large networks. Sarachick [29] [30]

'[31] found a local dynamic strategy for a congested nocde

with two alternative path to multidestinations of a traffic.
In 1976, an analyticad model for problems of dynamic
routing in data-communication has been introduced by Segall

{371]. He considered a queueing model in which, in contrast

to previous models, the 'queues' were bein associated with
. P g g

the nodes rather than with the links. For a network with n

nodes, each link diversing from a node i is shared by some

or\el% of the up to (n~1) types of traffic stored at time t
at the node i (the term "type' is wused to indicate

destination). _He stated the problem as follows.



At every time t, given the knowledge of the network
congestion {Q?(t), i,jeN, j=i}, dynamically decide what
porti;n of> ezch link .should be used for each type of
traffic, so that the total.delay will be minimizgd. The
equations describing the problem, as given by Segall, are as
follows. |

Dynamics

The rate 'of change of the gueues was given by

O (t) = d(e) - o (6) + 1ot ' (1)
i i ik 51
keE (1) LeI(i)
SRl i,jeN j#i
where u) (t) is the portioﬁ of the capacity of the link (i,k)
ik . , .
used at time t for traffic of type j. rJ (t}) is the
: i
instantaneous rate of type j traffic arriving at node i. In

other words, the first term describes external arrivalvrate,
and the second and the third term describe the, internal flow
rate of outgoing traffic and incoming traffic respectively.
{for detail description of the notations, see page 15)
Constraints

Positive constraints are

ol (t) = 0

kR

’ 2

W (£) 20 @
and capacity constraints

pul (t) < C.
ik ik

K¢E (i)

N -

, (i,k)eL , JjeN (3)
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Cost functionai
The cost function to be minimized i's given by
Ly L o
3 =f I ( adod(e) )at . (4)
tij 11 . .
0] .

where t 1is some time at which all queupes are empty and ol
f Pt 1.

_is the appropriated weights to the Q's.

Segall and Moéss [38] have also applied optimal control
theory to find a centralized routing policy. However'the
computation of thé optimal control requires the knowledge of
rg(t) over the time interval [td; tf]. This was the central
dilemma in the application of necessary'conditioné"in‘the
determination ofLa feedback solution. In order to overcome
this difficulty, they tonsidered only the sjtuation‘in'which
‘all of  the inputs (cg(t) i,jr N,j#i) are constant
functions ‘of time. Furthermore, they assumed that the
network has enough capacity to accommodate both the inputs
and the fiow due to the initial congestion. In this way,
they had been able to prove that for a special class of

problems (single destination, no . inputs, unity weights in

cost function), an implementable algorithm is possible. -

However, in none of the studies mentioned above, . the
ﬁroblem of dynamic routing for the traffic, bhaving time
varying stochastic input with finite buffer, have been

investigated. Since any realistic transportation or
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communication network must handle stochastic inputs with
buffer limitation, the problem of finding an optimal dynamic
feedback routing algorithm for stochastic multi-destination
traffic with finite buffer is essential and has been studied
in this thesis.

v

1.3 THE PROPOSED MODEL

The idea of modelling of queueing networks considered in
this thesis is basically in line with the model intrecduced
by Segall [37]. However, we have introduced i) buffer
limitations of each node, ii) time-varying stochastic inputs

and iii) channel errors. The model developed on the basis

of these\facts appear to be more realistic.

-To compare Segall's model and the model proposed here, wve

illustrate some special features of the models in Table - 1

H

In the model proposed, buffers are provided at each node

- for all different types of packet as Segall considered in

his model [37]. However, in contrast to Segall's model, we

. \
“consider the buffer limitation and timéngarying stochastic

mm—

inputs. Since* the external arrival rates at each buffer
change independently, the packets in some buffers could

suffer high congeétion and the input packets at the

s

&
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dongested buffers might be rejected. . On the other hand,
some buffers are empty and corresponding channels may be
idle. _This kind of unbalanced situation can occur
frequently in practical systems and this may degrade the

performance of the network by increased delay and reduced ,

throughput. ' ‘

The problem considered in this thesis is to find the best
routing policy so that it minimizes delay and maximizes
network-utilization. An  exact solution of the problem is ’
’eiﬁr;mely difficult because of the complexity of the network
é;d randomness of the multi—variaté environment. In'fact,
for an exact solution, one _must uée Stochastic (optimal)
control theory [1] [13], which makes the problem numerically
intractable. However, for an approximate solution, one can
“use one's intuition to develop 'an implementable routing
scheme based on immediate past state and- expected external
input. Then one can improve the scheme by finite

dimensicnal optimization and verify the scheme through

simulation or analysis,

The method developed is based on the following argument.
Suppose we clear all the queues in the network as quickly as
possible. Then, obviously, the overall waiting time at
.buffers will be reduced; besides, it will provide the

available buffer space for input packets.
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Therefore we propose a scheme for the present problem in
the following way. The total size of queue in the network
is minimized for each interval of time based on the

/
immediate past state information and the expected number. of

’ -

input packets from external sources during the same

-

interval.

Due to finite buffer size, transmitted packets may be
rejected and - will require retransmission. Therefore a
constraint 6f the buffer limitation is incorporated 1in the
minimization procedure to prevent the unnecessary

retransmissions arising from the buffer limitation.

Alsc, we -use weighting factors which are automatically
decided according to the information such as immediate past
state of gueue and expected number of external input packets
during the interval. 1In other wordg, we give more weigh% to
the congested place so that we can provide better throughput

of the network.

Since the procedure will be repeated for each interval of
time sequentially, the solution of the minimizatioh preblem
will provide a real-time adaptive control strategy. This is
the idea behind the dynamic routing mechanism studied in

this thesis.



1.4 ORGANIZATION OF THE THESIS

In chapter II a mathematical gqueueing model for a dynamic
control system is presented, First we discuss external
packet arrival process which was assumed to Ee stochastic
poissgﬁ process. Klso we discuss internal flow and errors-
Then we provide state gquations_which describe the rate of
variation of the queue length in each buffer. An objective
funét{on is then introduced with suitable weighting factors.

Finally, constraints are ~ described and the optimizagion

problem is formulated at the end of the chapter.

In chaptef 111, we describe the numerical simulation
which have been developed in this study. For the purpose of
comparison, we observe three cases of routing strategies.
The first is a fixed routing based on minimum hop [35], the
second is the dynamic routing proposed in this,. thesis using
proper weighting factors, and the third strategy is the same
as the second with the weighting factors equal to unity. As
an illustrative example, a simple network with 31néde and 6

unidirectional channel is used fq;/the simulation.,

.In chapter IV, we investigate éhe system behavicur under
three different kinds of situation such as (a) well balanced-
input for all the destination nodes, (b) extremely
unbalanced inputs, and (c) arbitrary inputs which are

neither well balanced nor extremely unbalanced.
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Finally, 1in chapter V, the conclu§ions and suggestions

for further studies are presented.
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Proposed Model

Segall's model

Finite buffer size is

assumed.

Buffer limitation is

not cogsidered.

N

No transit delay a
no processing delay are’

assumed.

No transit delay and
no processing deléy are

assumed.

Knowledge of immediate

past state is .reguired.

Knowledge of input- history

over the time interval

(e, T].

External arrivals are

stochastic.

External arrivals are

deterministic.

Channel errors are

‘considered.

No channel errors are

considered.

Numerical computation is

simple.

Numerical computation is

too complicated.

Table - 1

Comparison of two models.



Chapter 1II

A QUEUING MODEL FOR A DYNAMIC CONTROL SYSTEM AND
. OPTIMIZATION

2.1 NETWORK DESCRIPTION

We consider a packet-switching communication network

consisting of n nodes as shown in Fig - 1,

“

Fig-1 A packet-switching communication network.

-
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Let 'N' denote the collection of all nodes in the network
such as ' - | C -

Nz {1l, 2, e ,n ? . | (5)‘

A channel direct connecting the node i to the node k will bé

denoted by (i,k). The channel (i,k} has a direction from

the node i to the node k. T

; Channel (i,k) =

¥
(:Ei)

-

Channel (k,1i)

; Channel (i,k) and
Chanqgl (k,1)

@ @ @ |
— )
Y £

. Fig - 2 " Channels
v
Let L denotes the collection of all channels in the network
such as

"L { (i,k), where i,ke€N 1} (6)

"l

For every i ¢ N, E{i) denotes the set of all receiving nodes
from the node i such:as _‘

E(i) = { k; ke N, (i,k)e L } . (7)
Similarily, I(i) |is the set of all sending nodes to the node

i such as

1(i) £ { ¢ ; feN, (g,i) e L} . (8)
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a) -Receiving nodes (radiating nodes) ; -

E(i)=z {1,3,5}

b} Sending nodes (incident nodes)

1(i)= {2,3,6}

Fig-3 Illustration of receiving nodes and sending nodes.
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Iin this model, Qe shall assume that every packet has the
same size which 'is small enough compared to the transmission
capability of the channel. Therefore, the capacity of the
channel (i,k) is denoted C .. ( in the unit of packets ) per

unit time, where {(i,k)e L.

Each node has (n-1) buffer which are provided for every
.type of packet { throughout this thesis, we use the term
"type' to indicate a packet's destination ). We consider
that each buffer has a finite and fixed size (storeable
capacity). We use B? to denote the storeable capacity of

the buffer for the type j traffic at the node i.  In each

buffer, at each node i, we store the packets . whose
destination is {l, 2, = & o, (i-1), (i+l), o o @, n};
-~ A
- ‘\
respectively. :

O



(i,

E(
1(

aj(
"1

ad
1

OBl
1

i
Uik(P)

]

e

k}

i)
i)

t)

r)

t)

r)

ik

-

.
’

~-e

~.

~s # wa

~

~a

< Summary of notation >

number of nodes in the network

set of all nodes {1,2,-::: ,n} in the network

channel direct connecting node i to node k

set of all channels

there is a_ direct connection i to k

set of all receiving nodes from the Ebde i

set of all sending nodes to the nodel i

(i,k}, such that i,k ¢ N and

16

capécity'of'channel {(i,k), where (i,k) ¢ L in units

of packets/unit-time

buffer size at node i for packets of type j

arrival preocess at node 1 from exterpal sources

number of arfival packets of type j at node i during

the interval T .

number of waﬁting packets of type j at node i

-

number &f packets of- type j to be sent through using

" the channel (i, k) during the interval r

number of losses of packet of type j using channel

/ . L
(i,k) during interval T

error rate of the channel (i,k)

1



e sk A ) s I PR

k

17
2.2 QUEUES:

Let the number of packets of type j which gre waiting at
) node i at time t be denoted by Qg(t). We should note that
in contrasf to previous static models, the gqueues are being

-~associated with the destination nodes rather than with the

channels, as considered in [37]. (Fig-4)

-

F

queue A- ° . Channel A
T
OI10TD
gueue B .
-
Fig-4 (a) Queues associlated with channels.
queve A [[I1T]
\_/ queue B lIlIl ’
gqueue C a1

’

SF:i.g—tl

(b) Queues dssociated with destination nodes.
- .
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L

2.3  ARRIVAL PROCESS

For each node 1, the arrival of packets of type j from
the outside of the metwotk are independent random processes.
We may assume that the external arfivals are stochastic
-pol5sSOn processes, and it has a non decreasing path with
mutually independent positive jumps.' This process 1is

denoted by ag(t) and described as
. T t .
al(t) = a7(0) +f dal(e) (9)
1 1 o 1

Moreover Aiﬁr) . denotes the number of times the packets of
type j arrive at node i during the time intervalr . This

random number can be described by-"

J 3 ’ '
A (1) = [ daj(®) (10)
J ot |

and the probability that Ai(r) is equal to m is given by
3 = j . j ' :
P{a/(r)=m} = exp{-frxg(t)dt;. {Irhg(t)dt P/m! (1)
where Ag(t)'denotes the time dependent arrival intensity.

~
-~ .
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An external arrival process.

Fig-5



20
2.4 INTERNAL FLOW

Each channel diverging from the nocde 1 is shared by some
or all of (n-1) types of the packets stored at node i. The
number of packets of type j to be sent through the channel
(i,k) during the time‘interval I is denoted by ng(r), where
(i,k) ¢ L. aAnd this, ng(r), is considered to be the

control variable over the time interval[ .

Some of the transmitted packets, ngﬁf), may get lost
(discarded) due to channel errors. . The number of packets
lost among the number of type j padkets transmitted, wusing
the channel (i,k), during the time interval, r , is dencted
by'ggk(r). Clearly the number. of packets lost increases
with the increase of the number of packets transmitted.
Norpally these lost packets have to be retransmitted from
the node i. We may consider that the random variable ggk(F)

arises from a doubly stochastic poisson process satisfying

1

p{gik(r) =nm |‘ng(r)} = eXP("pzk(F)) (pik(r)fym (12)

wvhere pgk(r) is the expected number of packets lost given '

ng(r) and the channel error rate. Therefore, we have

3 - j ' "
p1 () = Eted (r) | Ul ), sy o 13

where gik is the error rate of the-channel (i,k) which is

considered to be constant.
!



21

We may assume that the processing time at switching
nodes, " and propag#tion delays are negligible. Also we
assume that the packets, once they reach their destination,

are immediately removed from the network. Hence, the delay

experienced by a packet in the network is approximated by -

the gueueing .time.

The queue length 1is increased by 1incoming flow which
consists of both external and internal input. As defined
earlier, the internal input for node i is coming from the
neighbouring node 1 which is in" the set I(i). Ncte that the
internal input packets \¢an be corrupted by an error due to

channel noise. These defective packets are removed from the

internal input. Therefore) the rate of incoming flow of

type j packet at node i can be described by

/

R3(ar) = ad(ae) + £ { ud.(at) -¢I, (at) 7} (14)
1 - 1 . 21
LeX (1) .
lzj
where i, ¢ N and i#3
» ¢

Practically, available buffer space is finite so that we
cannot aiways store up all incqming packets in a buffer. 1If
amount of incoming packets 1is greater than the available
buffer space, the excess will Pe discarded. In other words,
the number of incoming packetg accepted is limited by the

maximum available buffer space. Therefore actual incoming

flow is given by
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Jede) = ad(ge J 3 o o fee 1 (A
RJ(dt) = [ Ajldt) + ﬁﬁé?zi(dt) £75 (dt)31 A LB -0 (t7)1 (15)
£4;
where (a} A (b} = minimum { a , b }

and Bg- Qz(t‘) denotes available buffer space at time t.
P

B3
1

input packets:::::: ;ﬂ:f}frf.:?.:

j -
03 (£

available
space for input
packets

Fig~6 Available buffer space at time t

The -0utgoing flow is the summation of all packets
transmitted from node i to node k which is in the set E(i).
Here, also, the number of defective packets are removed from
the éutgoing flow for the same reason as before, Therefore
the outgoing flow is given -by

od(ar) = & Ul (at) - I (at)y . (16)
1 xeE(i) ¥ *ik



. 2.5 . STATE DYNAMICS

Our state equation describes the time evolution of gueue
length in each buffer. This 1is noéhing but the difference

Egtween incoming flow rate and outgoing flow rate.

| B | fﬁﬂ .
- 1 H
_ nE

incoming packe

out going packets

Qg(t+A)

\ Fig-7 Formulation of a gqueue
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Therefore the history of queues in the network is governed

by the fdllowing system of (stochastic) dynamic equations.

3 J - oJ
~d07 (t) = Rj(at) - 07 (dt)

i} 3 A 3 3 I P

= [ Ai(dt)+ T {Uﬂi(dt)-ali(dt)}] A [Bi-Qi(t )]
: 2eI{i)

{ e

| j 3

- I {Uik(dt) Eik(dt)}

keE{i)

i, 5 =1,2,- - -,n , i=j (17)

A more intuitively appealing_representation for the equation
(17) - is obtained by rewriting it as a difference equation.

For a sufficiently small 4>0 we have

J 03¢y =rald J _gJ J_g3
Q7 (E+8)-Q7 (&) =[Ag(r )+ XUy, (r)~g,, (r ) YTAIB;-07 (£) ]
el (i)
2]

- ] _.J
&E {Uik(rt) sik(rt)} (18)
or . keB (1)

J _ ~J _rad j . rrad_qd
Qi(t+§l: Qi(t) [Ai(rt)+g§1ﬂgfi(rt) Ezi(rt)] ]A[Bi Oi(t)]
223

j _ed
- % {Uik(rt) Eik(rt)} ‘ (19)
keR (1)

where T =(t,t+4a].

t
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The first term on tﬁe right hand side of the equation (19)
represents the number of packets remaihing in the network at
time t. In the second term, the guantity to the left side
of A gives the -number of . incoming packets during the
interval (t,t+al, and that to the'right side gives the
available buffer space or the maximum number of incoming

packets acceptable.



2.6 "OBJECTIVE FUNCTION

Th?re' could be many ways to choose a, :eagonabie
pérformance function depending_'on one's objective, The
objective of our study is to find an optimal policy which,
in the long run, minimizes the average delay and maximizes

the utilization of the system.

In deterministic case, an objective function of the

following form has been considered in [37],

=| . Jgd :

| J fo l::j aic;_zi(t) dt, (20)
A

" where are suitable weighting factors. A solution to

this optimization problem was presented by Segall and Moss
in [38]. - Tﬁey applied the maximum Pprinciple to find the
optimal control assuming continuous traffic with constant
rate of - input and- that the network has enough capacity to
accommodaté both the 1input and the flow due to the initiai
congestion. Despite the simplification provided By the
above assumptions, there were considerable difficulties to
obtain an optimal solution because of computational

complexities,

For stochastic system, an objective function of the

b

following form has been proposed [37].

T ..
J = EU I uing.L('t)dt + e {Q(r))y (21)~

o L4




x 27
where of are wéighting factors and ¢{(Q (T}) is the final
cost. In other words, eguation (21) includes the expected
total delay during the period of operation (0,T) plus the
extra delay one has to incur to ,get rid of the.traffic left
'in the system at time T, This becomes a more complicated
problem and the éxact solutioﬁ to the problem 1is very
difficult to obtain, since a solution by numerical
integration is much too complex. Further, to compute the
optimal solation, one has to have all the history of
external inpqts for the entire interval from 0 to final time
T. This is almost impossible because the system is
stochéstic and hence input history is not availabl;.. Siﬁce
we are looking for a suboptimal solution to the brob;em, a
more suitable and perhaps more useful objeétive function for

this model is-given by - ° . R

o= pod E@Ites) | Qle) (22)
1,1 i 1 . i

where d? are weighting factors. We consider-ng(Pt) to be
depéndent only on immediat§ pagt state Qg(t) and E{Azift)}.

Therefore under this assumption we have

L3

Eradtea) | () = d(8)

\

. . . . :j_ 3
+ [B(A) (r i+ 1 {Uﬁrt)-E(ggi(rt)[Ulu(pt)) }  (B3-Q3(t))

LeI (1)
L=
- I Ui(r) - B3 (r)iud (r)) (23)
kee(i) T ¢ el ik
. T

- where 7= (t. t+a]
f



where 0 < ﬁik <1 and

¢/

Using (23) into (22) we look for a solution minimizing the

28

amount of gueues in the network for every short interval of

time, seqgtentially, given the information containing the

initial state of queues and the.estimated number of packets

arriving from external sources,

As we described before, the number of packet lost due to

channel error increases with the increase of the number of

packets transmitted. If the channel has a constant error

rate, we can assume that the number of packet—lost

due to the channel error linearly increases with the
‘ v
increase of the number of transmitted packets. Then we

expect the number of lost packets as

L v . . - K
Bied ( re) | uilr )y = 503 1) (24)

-

3

P;j 1s the error rate of the channel (i, k). - -

Then the equation (23) can be rewritten as

E@3(t+a) | @ ()1 = al(e)
’ it
3 _ 5 ‘ | . ]
o + LELAND]Y + p.fu{(i?‘p"imgi(#tm A [B7 - Q)]
- 223 ‘
- - - -y ud () (25)
keE(i) o ikt }

w7

-

. ‘ .
- e . f
. -
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In fact, eguation-(zs) can be easily linealized by using’az
simple constraint for + the maximum available buffer space
(which is the right sigb of )\ in the second term). Later,

we will discuss the constraint for this case.

Weighting Factor -

A function of the weighting factor,ag , is to assign high
priority to the particular queue which is more urgent than
the others. The queues with high priorities are.assigned
larger weights ugz. This will clear the high priority

L
queues faster.

The weighting factor ag can be defined in several ways
depending on one's purpose. For example, 1if we want to
reduce the number of 1lost packets due to.the ’shortage of
available buffer space, then ;e may use the weighting factor
ag as the function of the available buffer space and the

expected number of external arrivals such as

| _ J s 6 gl
ai(I‘t) = (1+ zi(rt) if Z:;(rt) > 0
1 otherwise - (26)
where .
ol 3 _nd
Qi(t) + E{Ai(rt)} _Bi

The expression (26) means that we give more weight (or

priority) to the placé where the available buffer space for

'
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new incoming packets is less than at other places. " In this

LS
ar

way,' we may expect to reduce the number of lost packets. 1In
other"words, this_ will 1increase’ the acceptance of. the

network there by improving throughput.

If we are interested only in minimizing delay in the

network, then we could use the ‘unit constant weight factors

q

such as

iHry =1 for all i, ¢ N

Vs

/

‘We will see later how these ,wEigbﬁ@ng f@ctors affect the

t
system performances. . \

’

{
\ There could be many other different possibiliéies in;the

-

. . ‘ . . o - ‘\ l'
choice of the weighting factors, Therefore, it would be of

.interest to investigate other possibilities.

2.7 CONSTRAINTS

First of all, qgeﬁe size cannot be a negative guantity so

that we clearlj have the following __;:: constraint;
fﬂah-negthe
-~ ; . 3 ) .
CLeie) 20 or  QJ(t+a) 2 0 . (27)

>

By definition, the traffic flow for any interval of time

is also a non-negative quantity 'such as

)
/
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ol dry) 2 0 L - (28)

Furthermore, total amount of ~traffic flow cannot exceed |

capacity of the physical channel. Therefore we have channel

.

capacity constraint which can be éxpressed by

TUL(TY) S € (29)
3

. ik
where (i,k) e L and’ i # \' . ‘ o

.

\ -
\

In addition to the above constraints, a constraint for

the buffer limitation “should be considered as given in the

dynémié model (23). :ﬁéBefore considering . the  buffer
constraint, we may discuss -some facts of a;ailable bﬁffer
space fer input. ' .

There could be seveéal mechanisms to allow the input to
be stored at the available buffer space. For instance, let's
éssume that there is .available space for 10 packets at a
buffer and at the same time 8 external input packets and 6

internal‘pac&s;s;iﬁg;to be stored at the buffer. Case I; if

“\\the external input packets: have priority for the buffer

occupation over the 1internal input packets, then all B8

external inbut packets and only 2 internal packets will be
wcl ' . .

stored. Therefore, ‘the other 4 ¢f the internal inggfs will

be discarded. Case -1I; if both internal and external inputs

t

B
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have the same briority.for thé.buffer oécupation, the lost
peckegs can include both internal packets and external
packets. Finally case III; 1if internal input packets ha&e
the priority over*extefnal inputs, then all the lost packets
will be  the external ones. If some internal packets are
lost, then they have to be retransmitted and, consequently,
some part of the channel which céuld be useful to other

traffic will be just wasted by the retransmission proceduré.

Since the internal packet flow is controlled in this
problem , it could be manipulated ip the following way ; to
reduce the numBer of the retransmission packets, ‘for every
interval of time, we give the priority of buffer océup t 1
to the‘interniy input packets rather than the external input’
packets. Howg&er, to increase the .acceptance for the
external input packets, we may use aqhadditional constraint
in the optimization procedure such that the amount‘ of
internal input;accepted_dbes not exceed . the difference
between the available‘épace, Bg—Qz(t), and the estimated
number of external input packets, E{AJ?:('ljt)}.Gc This
constraint is given biz '

- gl I - ode) - miad £ B - o) ]
L LR A L Ql(t) > E(a(r,))

L3 ‘.
. 3 Lo

I U.(r) =0 otherwise -(30)
Rex (i) ¢

L5
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available buffer space

for internal input paékets

PR a——
FrpR R —
.-
s an

~ 3 ' . j,"
‘_E{Ai(rt)} .Qi(t)

Fig-8 Available buffer space c8rstraint.

-
.

2.8 OPTIMI ZATION _ ’ ' "

Now, we can realize that the objective function (22)
becomes linear function by using the constraigt (30) because
the control parameter ng(Tt) will be determined in the such
way that always the left side of A in the obﬁective
function (23) is valid. Therefore the objective'function
(2?) can be easily implemented by a computer using a linear

optimization program.

o
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Hence the prqblem becomes-t.:hat every time a routing
policy is to be obtained for short interval of time based on
the given immediate: past state information of Queues at
every node, the estimated number of incoming packets from
external sources and the linealized objective functior} of

(22) with the constraints (27), (28),(29), and (30).
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Chapter II1l

,/} NUMERICAL SIMULATION

3.1  INTRODUCTION

k)
As an illustrative example, the proposed scheme has been

tested using the simple network plotted in Fig-9.

. »
AJ AJ
N
2 3
B} 1

B
% q 3
11

~

1 1 -
A B - : 1 1
2 C Bl -A3
L — 23 _ 3£//
‘ —_— .
vl ol
3//” B, 237723 | By e 2
A, T . 3

U3zrUgy

- Fig-9 The example network and system parameters.
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In order to study the effect of the proposed method, the

scheme was compared with a methed called fixed routing . In

the fixed routing scheme, for each packet a route is

previously chosen based on minimum hop [35] and this is
fixed unless there is failure of channel or node processor.
Note that in the proposed method a route for each packet is
determinga—ﬁi:galving the'loptimizgtion problem as discussed
in. Chapter 1I1I. Also, to observe the effects of two
dif%erent kinds of weighting factors were used in the
objective function {(22). |

For Ehe purpose of comparison, these ﬁethods are

designated as follows;
Case~-l ' : The fixed routing based on minimum hop [351].

Case-2 : The proposed routing scheme obtained by
minimizing the objective function (22) with

the weighting factor defined by (26).

Case-3 : The proposed routing schem¢. by minimizing
the objective function (22) with the unit
constant weigh&ing factor, i.e.

g —
ag(rt) =1 for all i,j ¢ N.

\

-

[ U
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3.2 FLOW CHART

The simulation flow chart is illustrated in Fig-10. 1t

is divided into five steps. ©

after setting the time 1index t to 1, in step 1, we
initialize the algorithm by providing the constant network

parameters such as C_k
1

T "
. BI, and Py (i,3e N, (i,k)cL).
In step - 2, the state informations {Qi(t): izj, i,3j ¢ N}
are given from the network and the expected numberé of input
packets from outside the network for the next interval are

given.

In step - 3, new constraints for the optimization
procedure are formulated based on " the state information and
the expected numbers of packet arrival from the external
source. At the same step, newv weighting factors
{&g(rt): i,je N} are determined based on the same

information as above.

At this point, all necessary daga for the optimization
procedure are available and therefo:e, in step - 4, the
objective functioﬁ‘ J ..is minimized subject to - the given
constraints (27),(28), (29) and (3p) so that an updated

routing policy {ng(rt)' 124, i,9e N, {i,k) e L} is obtained.
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An integer linear - programming technigque [23] 1is used to

obtain the solutions.

In step - 5, the routing policy obtained in'the‘step -4
is executed . along with , the random  events
{Af(rt),ggk(Ft), i#j, 1,j€eL, 1,j¢N} ?enerated at the same
time. Tﬁen step - 2 to steﬁ -5 are repeated until the
specified final time T.

L]

For the fixed routing, step - 1 and step -2 are the same

as in the dynamic routing. 1In step - 3, Uik(ft) is assigned .
: o TR PRURN
b{ following way; if {Qiﬂ}) Ai(rt)} is greater.than Cik then
j = 1 J :;j ? I
Uik(rt) Cik , otherwise, Uik(Ft) ‘Qi(rg+Al(rt)} for all

i,je N and (i,k) < L. Finally, step-4 is the same procedure
as the step-5 in the dynamic routing. The flow chart for

the fixed routing is illustrated in Fig-11.
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flow chart for Dynamic Routing.
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Fig-11 The flow chart for Fixed Rou?ing




3.3 NUMERICAL EXAMPLE

-,

In this section we use the

section 3.2 to compute an optimal routing policy

{network shown in Fig-12.

S VP -

For the sake of simplicity let us asSume that

capacities and the buffer sizes in the example

same. we consider the following "data for

capacity and the channel capacity;

Bi = 100 packets
c.. = 50 packets/unit-time
ik -
for alli,q,k={1,2,3},i#].
The error rates of each channel are assumed

invariant and given by'

- -2 - -2
"\ N N
= 1x 10 Pyq™ 5 .x 103 Ppg™ 1 x 10

a - a, -3
D3l= 9 X 10 013': 2 X 10

algorithm presented

41

in

in a simple

the channel
network are

the buffer

to be. time

el
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Fig-12 * The network used in the simulation.
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The random events such as the number of packet®arrived

from external sources and transmission errors were generated

using the IBM(IMSL) SUBROUTINE GGPOS.

- 1In order to observe the effect of the proposed method on
the ~ network performance {average delay and average
throughpqt)} the simulétion results have been compared with
the simple fixed routing. In the fixed routfné, every
packet arrived at a node will be sent through the pre-fixed
channel. For example, a packet destined to the node 2
arrived at the node 1 in Fig-12 is sent through the cﬁannel
(1,2). This is always fixed and is the shortest path'in the
network. . In this example, channel failure was not
considered so that the pre-fixed route was not changed for
the whole simulation period.’ ‘Consequently, there wefe no

alternative routes in the case of fixed routing.

Oon the other hand, in the case of dynamic routing
- proposed here, the routing is determined dynamically through
a optimization procedure. In this case, alternative routing

is possible if the other channels are available.

For the dynamic routing, two different weighting factors
were used in the simulations to observe the effects. In the

first case the weighting factor is defined by eguation (26),
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and in the other casde the weighting Eactér is defined as

unit constant for all i and j.

"

\p_,_\
- ]
~
)
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Chapter: IV
ALYSIS OF THE RESULTS

N

4.1 INTRODUCTION

‘. ]
‘To investigate the system performance under theé proposed

routing scheme, we have applie%ﬂ\three different types of

external inputs to the system.  The first example is with a

well balanced .input for ‘allvdestination nodes during the
operation period. The second is ?br an extremely unbalanced
inpht for some destination riodes while the input for some
other destlnatlon nodes are eXtremeTy light or ‘zero during
the operatlon perlod ¢ The last example is with an arbitrary
.input whlch . is neither well balanced nor extremely

o

unbalanced. : ‘ ) -
. . ~ el .

\

For the. flrst example, we may consider two types. of

inputs. A 51tuat10n is that the average of external 1nputs

are very‘h1gh fo: and they exceed the capac1ty

of channels.  In thi  ~the dynamic routing may not
proviae a better routing policy "than the fixed routihg,
because there isino‘Pther alternative route available. The

cther case is with the very low rate of exterpnal inputs and,

hence thefe is almost no delay due to congestion. Again, it %

e
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is not necessary .té provide dynamic . routing for this
situation. . | .

o , . ' o~

Oon the other hand, we expect that the fixed routing

cannot provide the proper routing policy for the unbalanced

external inputs which might be a more realistic situation,
‘The dynamic-‘rbut{ng is useful. in these situations because
the routing sttétegy is determined on the basis of the state
of the networkl

To analyze‘the‘ results, we need to compute the average
delayfand the throﬁghput of the system. The throughput of

the system was computed using the following relation;

1 5 o] T
Avg.Thr. = — [ =Qs(0) - 2Qj(T) + LA ()

e 1,3 i, =0 1,7 )
T J ..
“r LI (P )-1(Li(r )] ' . {31)
20 1,9 © Pt -

where . _
ep y = 3 3 I
Li(It) Qi(t\ +Ai(Ft) . B3

"1{x) = {l if x>0

0 - otherwise

The first term in (31) indicates. the total number of packets

waiting in the network at the initial time. The second term

[y

C e —beame
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represents the total number of packets that remained at the
final time T. The third term gives the total number of
packets arrived from external sources to the network,

a

Finally, the‘lagt term implies the total number of the lost

. packets from the external source due to shortage of the

available ‘buffer space. :

Using equation (31) the'éverage delay can be computed

using the folloding'relation;‘

’

1 I ;i
. 2229
£=0 i,j

Avg.Delay = —— - (32)

- ' 7 Avg.Thr

Note that the -average delay given above represents the

average;number'of packets waiting in the network divided by

the average throughput given in the equation (31).
* A

5

e e e e ————
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4.2 EXAMPLE 1

In the first example, a well baianceé external input
(with mean arrival rate of 50 packeté per‘ﬁnitftimé for alil
-t?pe of - external input) ' has been applied to the system;
- These external arrival increments per unit-time for each
node are-shown in Fig-13, For comparison, we illustrate the
changes in the queue lengths using the fixed routing policy
and the dynamic routing policies. The changes of gqueue
.length in each buffer at time ¢t using the fixed routing
policy {(case-1) are plotted in Fig-14. Similarly, the

changes of queue length for the dynamic routing are plotted

in Fig-15 {case-2) and Fig-16 (case-3). Two different

weighting factors have been applied for the dynamic routing.
. ‘ v

The straight lines shown in Fig-14, Fig-15, and Fig-16

indicate the buffer size’ limitatigns;' clearly, the shaded
areas in these figures indicate the number. of packéts‘lost
due to the §hortage of the available buffer space.
Comparing the figures, we observe that there is no loss of
packets for the gueue in the buffer Bi . B% . ané Bg for all
the three cases. On the other hand, from the case-1
{(Fig-14), we observe some losses of paéket at B3, B, and
B%. This is because of tEe fact that the arrival raies are
higher than the corresponding channel capacity. This also

happened in the case-2 (Fig-15) " and in the case-3 (Fig-16)

]
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where dynamic routing policy was used. However, ,the loss of
packets is more or less the same in the fixed routing or the

dynamic routing.

. The total.'number of packets wa:Ling in the . network at
évery time feor each routi;; policy are plotfed in Fig-18.
Alsc the total number of packets 16st at every time for each
case are plgtted in Fig-17 and the average delay and the
avefage throughput are shown in the Table-2. As expgctea,"
_the results of the twec dynamié routing and the fixed routing
are almost identical. - This is quite logical because eﬁch
channei;is equally utilized when the external inpués are
well baianced for each type of traffic. Consequently, in

this case dynamic routing may not be necessary. However, in

practice one may ngt expect this equally balanced situation.
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Fig-17 The number of packet losses in the network due to buffer limitations.
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Fig-18 The total number of packets waiting in the network.
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case 1 case 2"fcasq.3
P L "
average delay 1.22 1.19 1.19 unit-time/packet
average ' 7
throughput 297.1 297.6 297.6 packets/unit-time
total number of
packet losses 136 138 138 packets
toctal external 18061 packets
“input
/I
Table-2
/ ~
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4.3 EXAMPLE 2

In the seéond example, we consider the other extreme case
in which the external input is extremely wunbalanced. The
arrival increments pér unit-time for each node wused in the
simulation are shown in Fig-19, In Fig-20, :Fig—Zl, and
Fig—22l ve ghow the queue length in‘each buffer; as function
of time, corresponding to the fixed and dynamic routing,

pelicies.

-

in ase—lli.e. fixed routing (Fig-20), there is a.heavy
lqss of packets a£ Bi, B;, .andaBi as shown by the shaded.
areas. On the other @and, the dynamic routing polic} reduces
fhis'loss of packets to a minimum whichfé6qu be observed
from.the corresponding diagrams in Fig-él'and_Fig—zz. This
is due to the fact that dynamic routing can provide
alternaﬁive paths for the packets at congested buffe;s as
explaiﬁed,earlier. In this example, .also, the results of
the case-2 and the case-3 are &dlmost identical. The total
number of  packets waiting-in the network at .every time for
each cases are plotted 1in Fig-24. The total number of
packets'lost‘tfor each cases are plotted in Fig—23f' The
averége delay and tHe averagé throughput for each «cases are
shown in the Table-3. Froh the éimulation results it was
found that in the case of fixed rguting the number of

packets lost, due to buffer limitation, 1is very large {4398
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packets). ©On the other hand, using the dynamic routing,

this number is much reduced (271 packets). As we expected,

the dynamic routing can achieve much higher average
e B .

throughput- {224.9 packets/unit time) as compared to that for

~the fixed routiqg_(lSé.B packets/unit time). .Further, it iE‘

]

also clear from the Table-3 that the average delay in the
case of 