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PREFACE

This effort was conducted by Purdue University under the sponsorship
of the Rome Air Development Center Post-Doctoral Program. This report
describes work continued by Purdue University because of its educational and
research value. The motivation for the research was a task completed in
1975 for the Defense Communications Agency under the direction of Drs.

F.J. Ricci and D. Schutzer.

The RADC Post-Doctoral Program is a cooperative venture between RADC

and some Sixty~five universities eligible to participate in the program.

Syracusc University (Department of Electrical Enqineering)i’Purdue University

L

(School of Electrical Engineeriﬂé}j Georgia Institute of Technology (School
of Elcctrical Enginecring), and State University of New York at Buffalo
(Department of Electrical Enginecring) act as prime contractor schools with
other schools participating via sub-contracts with the prime schools. The
U.S. Air Force Academy (Department of Electrical Engineering), Air Force
Institute of Technology (Dcpartment of Electrical Engineering), and the
Naval Post Graduate School (Department of Electrical Engineering) also
participate in the program.

The Post-Doctoral Program provides an opportunity for faculty at
participating universities to spend up to one year full time on exploratory
development and problem-solving efforts with the post-doctorals splitting
their time between the customer location and their educational institutions.

The program is totally customer-funded with current projects being undextaken
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for Rome Air bevelopment Center (RANC), Space and Missilc Systems Organization
{SAMSO), Acronautical Systems Division (ASD), Electronics Systems Division
(ESD), Air Forcc Avionics Laboratory (AFAL), Forcign Tecchnology Division

{FTD), Air rorcc Weapons lLaboratory (AFWL), Armamcnt Devclopment and Test

Center (ADTC), Aiv l'orce Communications Scrvice (AFCS), Acrospacc Defense

Command (ADC), Hg USAF, Dcfensc Communications Agency (DCA), Navy, Army,
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INTRODUCT ION

In the effort to obtain more potential computer computational
capability, more effective ways of utilizing computer systems and
resource sharing between geographically dislocated computer systems,
significant effort has been spent over the last few years in the
analysis, design, and implementation of computer networks.

The first computer networks were established because of the
need to distribute computer services to a large number of remote
users. In such a network (usually referred to as ''centralized")
there is one single computer facility connected to a large number
of passive terminals by means of a communications network. [ROBE 67]
suggested that existing computer systems could be better utilized when
interconnected in a network so that their resources could be shared.
Among such resources we mention computer power (for load sharing);
special ized hardware; specialized software; data banks. This second
type of network differs from the first one in that the computer
resources are distributed among the nodes, rather than accumulated
in the central node. This fact also suggests better survivability
of the network. This configuration is hence referred to as a
“"distributed computer network,'

A very important component of the computer network is the commun=

ication network which inclues all the hardware and software (modulators,

demodulators, channels, concentrators, interface message processors, etc.)




specificaiiy dedicated to the transfer of data from node to node. In
some systems, the work of data transmission (message block assembly,
storing, routing) is shared between computers and communication net-
works; in some others, it is compieteiy assigned to the communication
network.

Many different communication schemes can be impiemented: diai-up
iines, dedicated iines, circuit switching, store-and-forward (aiso
caiied message switching), radio broadcasting, sateiiite communications,
and ifoop systems, Of course, there are aiso hybrid systems that inciude
more than one scheme at a time., The seiection of the best scheme for a
given appiication is a very difficuit probiem and depends on many
factors (degree of decentraiization of the network, traffic character=
istics, defay requirements, hardware costs, e€:' ). A systematic
approach to the generai probiem wouid be very much technoiogy and
appiication dependent., The seiectica of the appropriate type of

topoiogicai structure shouid aiso depend on the appiication,

The comunications network considered here is of the store-and-
forward type. In such a network a message is stored at each node
before being transmitted to the next node in the path; If a iink is
busy, then a message can be heid in storage untii the iink is free,

Within the network, traffic fiow is in terms of messages in their
entirety as far as the message iength is concerned, The determination
of the path that a message takes through the network is controiied by
a routing strategy; i.e.,, a set of ruies that guide each message from
its source to its destination, The path is not known in advance,

Instead, each node determines individuaiiy onto which of its output

i i e e e i e i it i kit



iinks to transmit a message, addressed to a specific destination.
This determination is based upon network connectivity, network con=
gestion, and iink faifures. Once the output iink is selected, a
message is piaced on its queue and then transmitted over the iink
when it is free.

In an operational network, the routing strategy is usually adaptive,
It uses current information regarding the network topology and the user
demands and is abie to readjust the routing iogic so as to keep the
routing decisions near optimum at every instant of time, despite the

fact that the network status is time varying. Adaptive routing

procedures protect against network failures and ioad fiuctuations
and are essentiaily for traffic management.

Deterministic routing is used when a network is designed. It
Impiicitiy assumes time invariant input rates and a perfectiy reiiabie
network configuration. In generai, an efficient routing strategy
shouid be abie to fuiiy utiiize network capabiiity for any ioad pattern
by sending messages on minimum deiay or maximum throughput paths and
eventuaiiy distributing heavy traffic on muitipie paths. However, the
routing strategy cannot prevent network congestion and a fiow control
mechanism is needed to controi input rates before congestion occurs.

The singie most significant measure of performance of these net-
works is the average time for a message to make its way from its
source node through the network to its destination node., We refer

to this as the average message delay, This report is essentiaily

devoted to the optimization (minimization) of this performance measure

for existing large store-and-forward computer communications networks.
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In Chapter 1, which is a reorganization of existing background
material, an approximate statistical model of a store-and-forward net-
work is given. This leads to a performance measure for such a network,

In Chapter 2, which presents one of the main contributions of this
thesis, an adaptive routing aigorithm is presented for handiing message
traffic, when messages are transmitted in their entirety. Here it is
shown that the average deiay per message is minimized by routing iong
messages through direct routes and short messages through indirect
routes as much as possible. This is accompiished in the aigorithm by
the use of interacting bias factors and by updating of node deiay
information.

In Chapter 3, the deterministic routing probiem is summarized and an
evaluation of the adaptive routing aigorithm of Chapter 2 is presented.
In the soliution of the deterministic probiem, the performance function,
Kth mean average deiay per message, was selected in such a way as to
approximate the function of the adaptive routing algorithm.

In Chapter 4, a network partitioning approach is suggested for ifarge
retworks in order to be able to appiy the adaptive routing aigorithm, The
main contribution here is a partitioning aigorithm which partitions the
network topoiogy in subnetworks of a specified size,

In Chapter 5, the adaptive aigorithm of Chapter 2 is modified in
order to "smooth out' updating of information problems arising in iarge
networks., Then it is rewritten In detaii according to a partitioned
network.

In Chapter 6, some new netvork topologies found in the iiterature

are examined as they appiy to the adaptive routing problem,

e e e i G TR R s e o s i o e O o e i
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CHAPTER 1
THE MODEL OF A STORE-AND-FORWARD COMPUTER COMMUNICATION NETWORK
Introduction

The message traffic in a store-and-forward network constitutes
a stochastic flow problem. In such a problem, both the time between
successive arrivals to the system and the demand placed on the link by
each of these arrivals are random quantities. As a consequence of that,
a queue may form during stochastic flow even if the average flow rate
does not exceed the capacity of the link, A great deal of investigation
about queueing processes of this type has been done as early as 1907,
An outstanding contribution was made by Feller [FELL 66] through his
presentation of the birth and death process. A message arrival in the
system can be regarded as a birth, and a message departure (delivery)
from the system as a death. Queueing network models as they apply to
computer systems analysis have been analyzed by many. A summary of such
work can be found in Busen's thesis work [BUSE 71].

The particularcase of the store-and-forward communications network
queueing model was first treated by Kleinrock [KLEI 64]. His model has
been generally accepted. Until today, it is used in operational networks
for the determination of a performance measure. Several have tested it
by simulation [FULT 72], [GERL 73Al, [KAMO 76] and all agree that it is

quite representative,




in this chapter Klelnrock's model 1s formulated according to hls
analysls., 1In sectlon 1.1 the exact mathematlcal model Is presented
and the problems associated wlith it are discussed. Approprlate
assumptions are introduced In order to derlve an approximate stat-
istical model, In sectlon 1.2 a performance crliterlon 1s deflned and

analyzed, and in section 1.3 a new performance crlterion 1s Introduced.

1.1 The Model

The mathematlcal model of a store-and-forward communlcatlon network
can be presented in terms of state variables [KLElI 64). Such a set of
variables must satisfy two conditions:

(a) it must include (expllcltly or Implicitly) those quantitles
which are of interest; example, the message delay.

(b) The set must be complete, or closed, such that knowledge of
the state variables at time t and knowledge of all message arrlvals from
sources external to the net in the closed interval (t,t') are sufficlent
to speclfy urniquely the state varlables at time t' 2 t. This second
cordition describes the markovian property.

Vle ccnsider a communlcation network with N nodes and M one-way
channels. The assumptions made in order to arrlve at the model are

1. External Poisson arrival statistics

2. Exponentlally dlistributed message lengths

3. infinite storage capacity at each node

L4, Single destinatlcn for each message

5. Full reception of message before retransmlsslon

6. HMoiseless links and perfectly rellable nodes and links

7. Stationarity and Independence of the stochastlc processes.




It is clear that the state of the net at any Instant of tlme
must include detailed information as to the number of messages on each
queue, the length of each message, and the time required to complete
the transmisslon In progress on each 1lnk. We assume that cach message

is labeled with an origln, a destinatlon, and a prlority. Accordingly,

we define
Cl = capacity of the I1th link, blts/sec
n = number of nessages walting for (or belng
transmitted) on the ith llnk
Yi = average arrival rate of messages from external
sources to the 1th link, mes/sec
vin(xln’yin ,z'n) = message length, in bits, of the nth message

walting for (or belng transmitted on) the Ith
11nk, whose origin, destlnatlon, and prlorlty are
X0t Yipy and Zin respectlvely; for slmplicity of

notation, let symbol v & denote thls length.

1

V. = set of.numbers (v]], Vigs vee v]n.)

r= time remaining tc complete transmlssion In progress
on the ith link,

R = set of numbers (r], Fos oo rM)

R + dt

set of numbers (r]+dt, ro4dt, ..., rM+dt)

2

where 1 = ,’Z’OOO’M and n = ],2,.00,“1

The state of the network at any time t may be completely des-

crlbed by the set of varlables,

S = (n]anzv'--vn"ovn' svnz vuvvn”ar]arzo"-arn)
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Ail (kece quantities vary with time, This state description is of

unbounded dimensionality, since the variables ;s are unbounded.

Furthermore, these variables are necessary in order that the state
description be complete.

For each state S and each time t a probability density function
pt(S) is associated with the probability that the net will be found In
state S at time t. in general, it would be desirable to find an
explicit solution for the function pt(S). To date this problem remains
unsolved. A portion of the analysis will be carried out in order to
indicate the source of the difficulty, Let us set up the equations

under the conditions

ni>|

v
0<r.<—i—l-
i Ci

The first condition, n
v
points zero and Eil- are excluded from the allowed range of r. in order
i
to eliminate temporarily from discussion any consideration of internal

‘ > 1, is included for convenience. The end

! 1
message arrivals.

For this case we write

pt+dt(ni,n2,...,nH,an,Vnz,...,VnM,R)

M
=) g, (M55 s ewsiimyVa e r oV s +d8) (T = E §idt)
t 1772 M ni n, Ny jep |
o -uvin
+-.Zl Yi'dt ke i pt(nl’nZ""’ni-l"°"nM’
|=
v l,Vnz,Vni_l,...,VnM,R-Mt)

lAn internal message arrival occurs when a message completes its
transmission between twc nodes internal to the net (as opposed to an
external message arrival which occurs when a message arrives at its
origin from a source to the net).

L NSRS R 5 , i et e b e B i et
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where Yi' represents that portion of Y, which has the Xint Yin.o and

i i

z, which correspond to v, , i/u is the mean vaiue of the message

n in
i i
iength exponential distribution. According to the Chapman Koimogorov

equation, this leads to the following partiai differentlal difference

equation:

op
t
It (ni’n2’°"’nM’vni van"OODVnM’R)

op
t
sF_ (ni.nz,...,nM,Vn ,Vn ,...,Vn 'R)

Vo i 2 M

" -uvin
. -
:;i Y; He i pt(ni’"z””’"i l,...,nM,Vn',vnz,,,,,
vn - "”’v ’R)

]
W Mx

M
. (n sNpseeesn VLV ye0a,V 'R) Iy
A ] M N’ o, M (=i i

where n; > i and 0 < r. < %{1-. The equations involving r, at its end
points force one to consider internai message arrivais and thus become
considerabiy more compiex. This is because the ruies of the routing
procedure must be inciuded in order to determine which transitions
occur. The task of soiving this set of partiai-differential difference
equations is enormous and nc solution has yet been found.

The compiexity of the state description is due in part to the
constraint that each message, when it enters the net, has a permanent
iength assigned to it. The message maintains this same iength as it
traveis through the net, This makes it necessary for the variabies
V to be inciuded in the state description. The assignment then of a

n
i
permanent message iength not oniy increases the dimensionaiity of the




10

state description, but also complicates the stochastic behavior of the
net by introducing a dependence among some of the random variables which
describe the behavior of the net.

In particular, if we consider two successive messages arriving at
node i from some other node internal to the net, then the interarrivai
time between these messages is not independent of the message iength
of the second of the two messages.2

More specificaily a simpie two node tandem net is considered in
Fig. i.i and the joint probability density function p()n,aZn) is
derived where

Vn = message iength for nth message, bits
a = time between arrivals of (n=i)st and nth messages
at node i
Let, for convenience, C' = | bit/sec. By assumption the message iength
is a random variabie from an exponential distribution, the arrivals
probabiiity distribution is Poisson, then the interarrivai time dis=

tribution is exponential,

Then let
- in
P(a'n) Ye
Y
pb) =y

figure i.7i A two node tandem network.

2This independence exists by assumption for messages which arrive
from an externai source.
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Theorem 1.1 (due to Burke)

The steady-state output of a queue with N channels in parallel with
Polsson arrival statlstlcs, and with lengths chosen Independently from
an exponentiai distrlbution Is itself Poisson dlstrlibuted,

For the case consldered above, Burke's theorem holds and slnce
the interdeparture times for messages leaving node 1 are, by definition,
identlcal to the Interarrivals times for messages entering node 2, we
see that

-aZn
play ) = ve
It can be shown [KLE! 64] that

Pv s, ) # 90 Jpla, )

which iflustrates the lack of independence between\)n and e

At this polnt the famous independence assumption was introduced
by [KLEI 64] which says that

Each time a message is recelved at a node
within the network, a new length v is
chosen for this message from the following
probability denslity function: p0) = pe MV,

It 1s clear that the assumption does not correspond to the
actual situation in any practical communlicatlon net. But simulatlon
results have shown that the independence assumption has resulted in
rather insignificant changes In the average message delay as long as
the network is highly connected, i.e., there are multiple paths
emanating from every node, Then the behavlor of the message delay

for a single node carrylng Internal trafflc 1s very much the same

as that for a node supplled excluslvely with external traffic.

PRI 1O




™ T

i2

Now if we consider only fixed routing,3 we recognize that the
internal traffic fiowing into each channei is statisticaiiy equivalent
to the external traffic entering the net; l.e., the interarrival times
and message lengths are independent and are chosen from exponentiai
distributions. Thus, each 1link satisfies the conditions of the
single exponential channei. This fact coupied with Burke's [BURK 56]
theorem, allows us to consider each 1ink (or node) separateiy in the
mathematical analysis., Then the original mathematical models have
been reduced to a network of queues of the Jackson type [JACK §7].
Baskett and Muntz [BASK 72] showed that each queue behaves as an

M|M|1 queue.

1.2 The Average Deifay T

The computer communication store-and-forward network is now
decomposed into a network of independent queues. The [ink queues
are of the M|M|1 type. Traffic entering the network then from

external sources forms a Poisson process with a mean Y (mes/sec) for

jk

those messages originating at node j and destined for node k. The totai

external traffic entering the network is defined as

N N
Y= ¢ & 1 dyan (i1.1)
j=1 k=t "

vhere N is the number of nodes in the network., Note that the above
total external traffic definition represents a decomposition of the

network on the basis of origin-destination pairs,

3By fixed routing procedure we mean that given a message's origin
and destination, there exists a unique path through the net which this
ressage rust foiiow. If more than one path is ailowed, then we speak
of an alternate routing,
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Since each link in the network is considered as a separate queue,
we define as Ai the average number of messages per second which travel
over the ith linke Then the total traffic within the network is redefined
as

NI ) (1.2)

where M is the number of links in the network. This definition represents
a decomposition down to the single 1ink level,
A very Important performance measure for store-and-forward com-

munications nets is the average message delay [KLEI 76]

T = Elmessage delay].

Define first the quantity

ij = E[message delay for a message whose origin

is j and destination k}.

Then the last two quantities are related by

N Ny,
T= 2% T =l Zik
j=1 k=1 Y J

(1.3)
since the fraction yjk/Y of the total entering message trafflc wlll
suffer the delay ij on the average.

Let us now denote the path taken by messages that originate at

node j and are destined for node k (the “j=k traffic") by njk' We say
that the ith link (of capacity Ci) is included in the path "jk if that

link is traversed by messages following this path and symbolize it by

u:ci e"jk'

cn link i,Ai, must be equal to the sum of the average message flow rates

it is clear, therefore, that the average message flow rate

of all paths that include this link, that is
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i A, =% T ¥y (1.4)
é | i i Kk Jk
r JohiCoem

jk
Let us now define the delay of the indlvlidual 1llnk i as
Tl = E{time spent by messages waiting for and
using the 1th 1link]
Thus Tl is just the average time '"in system'' where the system ls

defined as the ith link plus the queues of messages In front of that

link. We may also wrlte

Z.,% E s (1.5)
ik .. i
|.Cl € "jk

From equations (1.3), (1.5) we therefore have

N N Ve
T . L -#5 L T,
J=1 k=l 0 e

After interchanglng the summatlons order we obtain

| MoT,
i T ‘il jzi.g Efﬁk (1.6)
A jk
f Using equation (1.4) we have
| M Al
T= :;l L (.7

We have thus decomposed the average message delay Into its slingle
link delays Ti'

We now have to solve for the message average delay cn a link. The
ith 1ink is now representable as an M|M|1 system with Polsson arrlvals

at a rate Ai and exponentlal service tlimes (message transmlssion tlImes)

L P b . [rp—— I T N o . it epicottil o ens
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of mean l/vCi sec, The solutlon for Tl is glven then by

T] =__” = (1.8)

and so equatlon (1.7) becomes

M Xl i
T = 2 ——— N
GENE (1.9)
LettlIng )\i/u%fl average bit rate on link 1 (blts/sec), we obtain
y ¢ f
T = e 2 [

This is the main queulng analysis resuit for the store-and-forward
communlcations net.,

In high-speed networks, 1t may be Important to Include the
propagation deiay Pi which is the time required for the energy
representing a single blt to travel down the length of the 1th 1ink.
It may also be of importance to Include the factor k defined as nodal

processing time, In the work to foilow, we assume Pi =0 and k = 0.

.3 Mean-Kth-Power Deiay T(K)

It was observed by [MEIS 72] that 1n minlmlzlng the average
defay T as from equation (i.7) a wide varlatlon was allowed among
the itink delays Ti and, therefore, among message deiays between
different source-destination pairs. In order to take into account

such variation, an alternate performance measure was proposed:

i/K

)
T(K) K

= [ iz_l —'; (r,)

(1.11)

where K 2 1 1s a finlte number. If K is sufficlently large, the

varlatlons among message deiays are considerably reduced,

el S e e i ST : il
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CHAPTER 2
ADAPTIVE STRATEGY TECHNIQUE

Introduction

In an adaptive strategy the selection of the output channel at
node K depends on the estimate of the delays that a message would
suffer when transmitted over different output channels., Adaptive
algoritkms are mostly suited to operational networks because of
their ability to adjust to different traffic loads and network
failures. In this chapter an adaptive routing algorithm will be
developed applicable to store-and-forward computer=-communications
networks,

Extensive work ON  adaptive routing techniques has been done
by Fultz [FULT 72]. He considered store-and-forward packetized net-
works, like the ARPA net. The algorithm to follow is based on his
work, A quadratic routing scheme is presented by [AGNE 75] where a
quadratic bias factor encourages a lot of alternate routing. Recent
work was published by Kamoon [KAMO 76) where he treats the network
design problem according to adaptive routing consideration,

In section 2.1 a definition of the adaptive routing problem
is stated and a classification of the adaptive routing techniques
is prescented.

In section 2.2 an adaptive routing algorithm is developed.

The algorithm Is appiied to an eight node network.,

e el i s it

s i i
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in section 2.3 the simuiation language used for the computer
simuiation is discussed. The simuiation system characteristics

along with the drawn conciusions are presented.

2.1 The Adaptive Routing Problem

A general definition of the adaptive routing probiem was first

stated by Kieinwork [KLEIN 64] as follows:

minimize T (the average message delay)

over the iink capacity assignments
variables | message priority discipiine
routing doctrine
topoiogy

subject to a suitabie performance criterion and

external traffic requlirement.

It is desirablie to ciassify network adaptive routing techniques
in order to gain Insight into thelr structure complexity and perfor-
mance. Such classification has been done by Prosser [PROS 62], Kiein-
rock [KLE! 64], Fuitz [FULT 72], and Geria [GERL 73], and others. A
summary of ali these ciassifications Is presented by McQuiilan
[Mcqu 741,

The two major categories are found under the titie of adaptive

3 deterministic poiicies and adaptive stochastic policies. Fuitz has

presented them in a concise and accurate manner as folliows:

L——.—n—-—.—u—-&—.-;--- e R R e L e o -
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Adaptive routing aigorithm ciassification

1. Deterministic techniques

* Fiooding -
\\\seiective
* Fixed
* Network routing controi center (NRCC)
present

* ideal observer scheduling problem,
™ future

2, Stochastic techniques

asynchronous update
* Distributed”
periodic update

shortest queue + bias
* 1solated =
ifocal defay estimate

* Random

2.1.i Deterministlc Techniques

The four basic deterministic techniques are:

Flooding. Each node receiving or originating a message transmits a

copy of it over '"all" outgoing finks, or over a set of '"seiective"
outgoing iinks; this transmission occurs only after the ncde has

checked to see that it has not previously transﬁ%tted the message, or

that it is not the destination of the message, This technique has been
discussed by Boehm and Madiey [BOEH 66]. Their conciusion is that the
inefficiency of this technique is tolerabie if one has oniy a few messages
to deliver. However, a targe volume of communications traffic neces-

sitates more efficient techniques, Another drawback to this technique

m~m
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is that each node requires a mechanism to recognize previously trans-

mitted messages,

Fixed routing. Fixed routing algorithms specify a unique path

(NS""’ND) foiiowed by a message which depends only upon the source-
destination node pair (NS,ND). To accompiish this, each node has a
routing table., Depending on the message destination each entry in the
routing tabie contains the next unique node in the message's path,
Kieinrock [KLEi 64], [KLEl 76] and Prosser [PROS 62] have examined
severai of these techniques. Fixed routing techniques require completely
reliable nodes and iinks. However, they do allow for high efficient
high volume traffic fiow and are very stable. (i.e., they are relatively

unaffected by smail changes 1n the network topoiogy.)

Network routing control center (NRCC). With this technique, one of the

network nodes is designated as the NRCC. This center coliects perfor-
mance information about the network operation and computes routing tabies
for each node in the network, Computation of the routes by NCRR is done
on a globai basis and this insures foop-free paths between aii source-
destination node pairs. Thus, a fixed routing procedure is maintained
between NRCC updates.

There are a number of drawbacks to this technique., By the time
the nodes begin using the new routing tabies, the performance infor-
mation that was used in the computation of the routing tables may be
cut of date in relation to the current state of the network. In
addition, transmission costs and vulnerabiiity become significant

considerations,
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ldeal Observer routing. Thls technique Is essentialiy a scheduling

problem. Each time a new message enters a node its route is computed

to minimize 1ts travel time to 1ts destination node, based upon the
compiete present Informatlon about the messages already In the network
and thelr known routes., If the ldeal observer has Information about the
occurrence of future events, then this Information eouid also be
utilized In the computation of the route, Thls technlque is obviously
Impractical for an operatlional network but theoreticaiiy provides the

minimum average message delay.

2.1.2 Stochastlc Technlques

The three baslic stochastic techniques are:

Random routing. Random routing procedures are those declsion rules

in which the cholce as to the next node to visit 1s made according to
some probablility distribution over the set of nelghbor nodes, The set
of nelghbor nodes utliized In the decision rule can be "all'" of the
connected nodes or can be based ''selectively' over that set of nodes
which are In the general direction of the message destinatlon, Kieln-
rock J{KLE! 64]) and Prosser [PROS 62] have Investigated numerous random
routing techniques and have shown that they are highly Inefficlent In

terms of message delay, but are extremely stable.

lsolated and distributed techniques. All of the Isolated and dis-

tributed routing algorithms operate In basically the same manner. A
delay table is formed at every node whose entrles are the estimated

delays to go from the node under consideration to some destlination node,

SEV S
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The manner in which these estimates are formed and updated depends
upon the specific structure at the routing algorithm.

In the shortest queue + zero bias a message route is selected by

placing it in the shortest output channel queue. This Is essentially
Baran's Hot Potato routing concept [BARA 64]. Since the route
selected is independent of the message destination, the defay table
requires information only on the output iink queues of the sending
node.

In the local delay estimate aigorithm, a message's route is

selected via the delay table estimates., These estimates are formed
from Information such as the time the message has spent in the network
traveling from its source node to the current node and backwards
learning delay information from the reverse outgoing iine corresponding
to the forward Iine of the fuli-dublex pair which the message is
about to enter. This backwards learning has been investigated by
Baran [BARA 64], Boehm [BOEH 64],

In the distributed routing techniques classification, all routing

algorithms utiiize the same basic techniques to compute and update

e

the deiay tabie estimates, but the instants at which these tables are
updated and the route seiection procedures depend- upon the particular
structure of the algorithm,

Of ali the stochastic techniques, the distributed routing Is the
most efficient for handiing 1ine and node failures. Once a failure is
determined, the proper delay table entries in every node can be forced

to remain excessively large as long as the fallure persists.
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We felt that the distributed stochastic routing technlques have

the best potential performance to offer to operational store-and-forward
computer-communication networks,
The adaptive algorithm that follows here is of the distributed

stochastic type based on Fultz's work for the Arpanet.

2.2 Adaptive Routing Algorithm

There are two ways to implement a store-and-forward network. In
the one, each message Is broken up into submessages ('‘packets') of equal
length which are routed as individual messages and them reassembled at
the destination. In the other, each message Is routed in its entirety
with consequent variation In message length. The algorithm Is going
to deal with the message In its entirety.

In the algorithm , each node In the network makes its decisions
on the basis of iInformation sent by nodes to which the deciding node
Is directly connected. Since it In turn sends Information to all such
nodes, the information can ''percolate' through the system. Each
piece of control data is sent only from one node to the next, but in
order to ensure rapid flow of information, the data must be sent
fairly frequently, and thus the control data constitutes the bulk of
the non-message data flow.

The optimization problem 1s essentially a trade-off of control
data fiow agalnst Improvement In message delay. Thls Is because the
message delay itself Is a function of the data flow since the data are

treated as messages and therefore Increase the message load.
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2.2.1 The Routing Algorithm

Each node maintains a delay tabie as shown in Fig.2.i,The tabie

has as many rows as there are destination nodes and as many coiumns as
there are output iinks from the node. An entry Tj(D’Hn) is the estimated
delay to go from node j (the '"deciding" node) to a destination node D
using iink Hn as the next step on the path to D, The routing table is
formed from the delay table by choosing for each row, the link which has
the minimum delay for that row (destination). {f the routing table entry
for the jth node is RJ(D'Lm) then SJ(D,Lé)- i where H; corresponds to

the iink with min TJ(D’Lm)' The heart of the aigorithm is the technique

Lm

by which the deiay tabie entries are changed, A given node receives
deiay estimates from each node to which it is directiy connected. The
given node then forms deiay estimates of its own, utiiizing this Infor-
mation, and transmits these estimates in its turn. In this way, the
estimates '"percoiate! through the system, Suppose a given node J has
made a decision to inform its ''neighbor nodes" (i.e., those nodes with
a direct iink to node J) of its estimated minimum current delay to alli
other nodes in the network. Switch J forms a Deiay Vector VJ which has
one entry T(i) for each other node in the network, where

T(1) -Tln Tj(l,Lm) (2.1)

m
minimized over the set Lm of output links from node J. This Deiay Vector
Is then transmitted to the neighbor nodes. When a switch K receives a
delay vector from node J, node K adds the queue delay (in bits) on the

node J outbound iink Lg to each entry in the Delay Vector (plus an
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SAMPLE CONTROL TABLES FOR NODE 4

Delay table d:igimi:§ior

D L, L, L, L, D Delay (Lm)

| 3 " 12 o 27 1 10 (Ll)
' 2 14 16 7 33 £ 7Ry
:- 3 8 19 13 29 3 8 Iy
) . o A" - 5 18 (Ly)

. 5 o 17 15 6 157 (Ly)

7 15 18 26 23 7 ST

8 32 29 24 13 8 23 (Iy)

Routing table

ZA TR S TR |
1 1 0 0 0
: 2 0 0 1 0
3 1 0 0 0
5 0 0 1 0
6 0 0 1 0
] 7 1 0 0 0
‘ 8 0 0 0 1

The notation refers to Fig. 2.3 (p. 33). D is the destination node,

Figure 2.1 Delay table and delay vector stored in a node.
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adjustment factor DELTA expiained below) and repiaces the Lg coiumn in

its deiay tabie with the new vaiues. The deiay tabie equation then Is
Tk(D,Lg) = queue (K,Lg) + T(D) + DELTA (2.2)

where queue (K,Lg) {s the outgoing queue of node K on iink Lg. T(D) is
the entry of the delay vector for destination D. The adjustment factor
depends on the type of network. In a packetized system, DELTA is
usuaiiy a constant reiated to the average transmission time of a packet.
If the tables are updated rapidiy, then the delay tabie estimate in

node K wili have a term approximately equal to (N*(K,D,Lg))x(DELTA)
where N*(K,D,Lg) is the number of links encountered on the path between
node K and node D through 1ink Lg; i.e., if DELTA is ciose to the
average message iength and if we have frequent updating and if the
queues are short, then the term N*(K,D,Lg)xDELTA approximates the

deiay caused by the transmission of the message on the intervening
links., For variable length message systems this is even more significant,
Since the message is accumulated at each node, there should be a '"penalty
term' for traversing a circuitous path. Such a path would cause deiay
which is not represented by the existing queue iengths, in the asyn-
chronous update for very long messages explained below, this term is
caicuiated directiy using the actuai message iength., However, this is
not the only consideration in choosing DELTA, The routing scheme s
suboptimai and constantly being updated., Thus, there is a real poss=-
ibility of a message traversing a "ioop'' and passing through the node
which inittated it, and this obviousiy wiil hurt the average delay.

»

There is no easy way to prevent this completely and as long as the

o s
pa— e o it s S o il
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average deiay is reduced, occasional iooping is toierabie, The
chances of iooping are obviousiy increased if the message foliows a
circuitous path, and the vaiue of DELTA can be adjusted to introduce
an additional penaity on circuitous routes in order to reduce iooping.
The exact vaiue of DELTA which gives the minimum average deiay must
be determined by simulation,

For a non-packetized system, the aigorithm does not account for
the wide variation in message iengths. In the normal operation, the
constant DELTA sﬁouid be at ieast as large as the average message
length. This wiil force very short messages to take "more direct"
but actuaily siower routes, but this shouid not be a serious probiem,
For extremeiy iong messages, the system shouid have a much stronger
bias towards the "most direct' route, and this is built into the
algorithm in the form of a speciai routing technique for iong messages.
When an incoming message iength exceeds a threshhoid, the routing is
not done via routing tabies, but is done dynamicaiiy via the foiiowing

formuia:

% *
L = min {queue (i,Lm) + N (I,D,Lm)xﬂ, - N (I,D,Lm)xlz,avg + T(D)}

L
m

(2.3)

where £ = actual message iength; Qav = average message iength. In this

9
formuia, the instantaneous queue is used, but the bias term muitipiies
the number of iinks in the shortest path times the iength of the message
and subtracts the estimated delay caused by the fixed bias term in the

average message routine, This must be done explicitly since the delay

estimates which are received from other nodes do not take account of




e

T ——— rorp—

P

27

this very long message, The Inclusion of thls term gives a very
strong blas towards the shortest route; but if the queues on thls
route are iong enough, another route can be taken 1f it appears to
have less deiay.,

A sIimple aigorlthm can be added to increase survivabllity by
performing automatic failure detectlon. By keeping track of the number
of iinks traversed by an incoming message, the receiving node could
determine network faiiures on the basis of traffic data, as descrlbed
in [TORB74]. When a falled link or node is detected, either by the
node or by central controi, the deiay entry for that path can be
made so iarge that the node algorithm wiil not attempt to route

messages over the failed equipment,

The update of the delay tables Information Is done as follows.

Periodically, new estImates received from a neighbor node repiace the
older estimates. There are two approaches to update frequency. One
sends the update data at reguiar intervais (synchronous update); the
other sends the data only 'as required'' (asynchronous update). In the
case of a network (such as a milltary one), a prime conslderatlon 1s
rellabllity and the speedy detection of faults which are enhanced by
synchronous update. Thus, the algorithm includes a synchronous update.
The assignment of a very long message to a queue will result in
a large enough delay to justify extra Information transfer. Thus,
an asynchronous update ls included in the aigorlthm and In this update'
1s triggered by the use of the long-message routing algorithm in the

node,
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Set a threshold value, TRSLD.

v

Read message requirements
(a) message length MLEGTH
(b) initiai node I

(c) destination node D.

YES
S

£: NO

Search the initial node's Calculate the delay table entries

| delay table for the row of the row corresponding to des-

corresponding to desti- tination D.

nation D. Find the link L showing minimum

Search for the outgoing delay to D.

fink L (cofumn) indi- Find the neighbor node K that the
_’f cating minimum delay link L s going to.

for D. Route the message to node K through

Find the neighbor node link L.

K that the Tfink L is Update the appropriate delay table

going to. entries of the neighbor nodes of I,

Route the message to in order to take into account the

node K through link K, delay caused by the routed

message on link L.

Y
@ ES @) YES

NO NO

—1 Set 1 =D Set | =D,

Figure 2.2. Flowchart of a message routing the network.
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Cne can alsc include a ''spill-over' asynchronous update when an |
asynchronous delay vector is received at a node and the delay vector
causes an over-threshhold change in a delay table entry. The effect
on average delay of various message-length threshholds and message-
length traffic mixes must be evaluated by simulation. A flowchart of

a message rceuting through the net is shown in Figure 2.2.

2.3 The Simulation Language

0f the several languages available, the language ASPOL was chosen

for the simuiation. Originally developed to simulate multi~processing
systems in ccmputers, [ASFCL 72] has several features which make it con-
venient foi the simulation of communication networks. ASPOL is a general-
purpose, process-criented language based on process communication and con-
trol structures used in computer cperating systems. The language is based
cn the language SOL developed by D, E, Knuth et. al, [KNUT 68], and it is
ALGOL-1ike. Among the major features of ASPOL are: Language facilities
to concisely deccribe systems of interacting processes; the ability to
define and manipulate sets of entities, such as linke; and macro facil-

ities, which can extend the language to specialized problems such as ]

communication systems, ASPOL is defined in terms of '"prccesses," i
E

"facilities,'" and '"events.'" A process is a particular example or

instance ¢f a set of activities. 1In the sirulation, each wessage is a

y proccss, and the set is al! messages beingy transmitted at a given tire,

2.2.1 Description of the Simulation

An eiaht node cstore-and-forward communlcation system wes sirultated

using ASPCL on the (DC 6500 computer. The bzsic icea of the simulaticn 1s:

L v o . - ¥ oot bihios sttt : bt bt ol maalatate et il el et 0 s 5 e s e St
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A global program simulates the routing decislons of the individual
nodes, but makes decisions only on the basis of information local to
each node. The gliobal program is cailed SIM and has specialized sub-
routines to carry out the actual computations. The data for the entire
network is stored in global arrays and SiM makes ifocal decisions on
the basis of Information seiected from the arrays. The data transfer
which  updates the arrays Is simuilated by a
speclal process called UPDATE. The system information which is the
object of the simulation Is coilected from the operation of UPDATE.
This process is initiated at fixed intervais whose length can be
varied, giving the synchronous update capability and also at variabie
intervals determined by SIM which simulates the asynchronous update.
The messages are simuiated as particuiar examples of a process MESSAGE,
where each exampie has a length, arrival time, and origin and destination
nodes drawn from appropriate probabliiity distributions, Each message
Is routed by routing tables local to a given nod2 (recalcuiated for
iong messages) and assigned to the appropriate outgoing iink, where
it Is queued as needed by the simulation transiator; the chosen 1ink
Is reserved for a period corresponding to the transmission time, then
the intermediate node is assigned as the new initial or origin switch
and the program loops back., When long-message recalcuiation takes
place, the new minimum Delay Vector is ''transmitted' to the entries
for the neighboring nodes, but the asynchronous update stops there.

it can be extended to a ''percoliation' exchange if desired.

The SIM Program

The SIM program is the master program which initiates the

e
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messages, determlnes the length of the slmulation and the statlstics
of the random parameters, and collects data on the operation of the
system upon completlon of the slmulatlon run. The heart of the program
is the whlle loop; this determlnes the length of the run in simulation
time, and during the run 1t generates messages wlth pseudo-random
parameters (arrival time, length, and nodes) and inltlates the perlodic
updating of the arrays. The only trlicky part 1s performing the periodic
update. The ASPOL program provides a TIME parameter whlch represents
simuiated time, but thls s not really a contlnuous parameter. TIME

Is advanced by process '""hold' Instructions, which In the SIM program
represent the arrival intervais and In the MESSAGE process represent
the transmission delays., ASPOL takes account of the inltlation times
and all "hold" periods generated by partlcuiar messages, and advances

the internal TIME paramter as these '"holds'' are executed in ''chronogicail"

order; thus TIME takes on only those values which occur at the end of
! "hold" periods. Although in a ""loaded" network there would be enough

message arrivals and retransmissions so that the TIME parameter would

assume a fairly dense set of values, nevertheless the denslty would
vary, and thus the synchronous update is Initiated by a repetitlve
"hold" period rather than by ''clock~watching.'" The program has to
interleave the pseudo~random arrival "holds'' and the synchronous
update '""holds,' and this 1s accompiished by the nested condltlonal

statements,

The UPDATE Process

The UPDATE Process Iis not really a simulated process, since there

is theoretically only one example In executlon at any tlme, but thls
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format Is convenlent. In the actual system, the update 1s executed
Independently In each node. The update calculatlons performed by the

process have been exactly explalned In the descriptlon of the algor1thm.

The Message Process

The MESSAGE Process does most of the sIlmulatlon work. Each slim-
ulated message through the network 1s assoclated with an example of the
MESSAGE process, and at any polnt In slmulated time, many such examples
exlst. Each example has the followlng parameters assoclated with 1t:
the message length, the Inltlal node, the destlnatlon node, and the
time of arrlval at the Inltlal node. These parameters are selected from
pseudo-random function routines. In the Inltlal sIimulatlon, the length
of each message 1s seiected from an exponentlal dlstrlbutlon with mean
equal to the observed mean of present AUTODIN trafflc. The Inltlal node
and destlnatlon node are selected from flat dlstrlbutlons {(all nodes
equally likely) and the tlme of arrlval at the selected Inltlal node
1s selected from a Polsson dlistrlbutlon whose parameters can be varled
to change the system traffic load. These assumptlons seem reasonable
for the first steps. Later work would vary the selectlon of orlgln
and destinatlon nodes to reflect the actual trafflc Inputs to the
network at speciflc nodes and would permlt varylng the arrlval times

at each node independently.

2.3.2 SlImulated System Characterlstlics

The system sImulated 1s AUTODIN 1n Europe [Appendix | ]. With

the CONUS gateways, the system has 8 nodes and 32 1lnks as shown 1In
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Figure 2.3 The AUTODIN network.
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Fig. 2.3 All links are two way. The node connectivity vartes from 3
to 5, and each node represents a switch., A detatled description of
the simulation is contained in a Purdue University Technical Report
[Hous 75].
The values of the following parameters are drawn from probability
distributions:
1. Message ltength: Exponential distribution with mean of 9
seconds, derived from actual message statistics.
2, Arrival time: Assumed Polsson stochastic process so that
interarrival delay Is exponentially distributed with average =
1/.88 = 1,14, This Is derived from an average of 200,000
messages per day, 38 percent of which are assumed to be
inter-switch traffic, giving a rate of .88 messages/sec,
(arrival rate).
3. Initia) and destination nodes: Independently drawn from a

distribution uniform over the integer labels of the nodes.

The simulation was run several times for varying values of:
synchronous update pertod, message length threshhold for initiation
of asynchronous update (special routing) and the bias factor DELTA.
The mnemontcs UPDATE, TRSLD, and DELTA, respectively, are used for
these quantities in the presentation of the results,

The variable UPDATE 20, k0, etc. means that the synchronous

update process Is being initiated every time 20, 40 messages etc,

have arrived in the network,

ittt el i s g
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The update Informatlon messages that the nodes send to each
other after update takes place are accounted for by holdIng every
link In the network for a short period of time (.007 sec. In thls
case) after the update calculations are over.

For each run, the delay for each message was measured and

the average delay computed using the sample mean formula.

2.3.3 Concluslons

Simulation results are presented here using the Autodin network
as an example. Data for two or three traffic loads were taken, when
the inter-arrival tlme variable takes the values of 1/y = 1.14,
which represents 38% of the overall Autodin trafflc (76000 mes/day),
1/y = .97 which represents 44.6% of the traffic (89000 mes/day), and
1/y = .9 which represents 48.1% of the trafflc (96200 mes/day). Data
are presented for 1/2 hour simulated time,

In Fig.24, the RATIO of the ACTUAL TOTAL AVERAGE DELAY PER MESSAGE
over the IDEAL TOTAL DELAY PER MESSAGE (ideal delay per message s
taken to be the transmission time of the message following the direct
fout~ to its destlnation if there were no queues In the system) is
plotted versus the bias factor DELTA for various update periods and
with a fixed speclal-routing (asynchronous update) threshhold of 12,
Three traffic loads are being Investigated for 1/y = 1,14, /vy = .97,
1/y= .9 In Flg, 2,4, Flg, 2.4b, and Flg, 2 .k, respectlvely.

With a low threshhold of 12, slightly over the average of 9, a
large portlon of the messages are special-routed.’AThe effect of

DELTA is to bias the network towards chooslng the shortest path,
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The best results for all three trafflic loads were obtained for
the fastest update of 20 and Tow values of DELTA., Low values of DELTA
would result In low encouragement of the dlrect route for messages whose
length is below the threshold value.

When the update 1s fast, short length messages are delivered
faster through alternate routes since the dlrect ones are heavlly
used by longer length }essages usIng speclal routling.

This 1s clearly evident In Fig.24c where the traffic is high.

The best performance occurs at the lowest value of DELTA and update
of 20,

Update of 40 conflrms the above observation for every trafflc
load (see Flg.2.4a,b,c). In Flg.2,hc, DELTA = 70 and UP = 20 show
worse performance than that of UP = 40 for the same value of DELTA.

At this polint, due to the high traffic, heavy update data traffic
Is further degrading the network's performance.

As the update gets slower, the queue lengths change faster than
the update can sense. Then, best performance moves along the inter-
medlate to high values of DELTA. Thls occurs because the delay table
information gets out of date, the wrong declslon Is taken, and thus
the queues are longer, This is more evident with high traffic loads,
(e.g., Fig.2.k, with update of 100).

When the update gets very slow, hligh values of DELTA give better
performance., it Is Interesting though to note that for DELTA = 70
and UP = 200 in Flg.24a and 24¢c, there is an increase of the ratio value.

it can be explalned two ways:

1. There 1s some randomness introduced In the declslon making
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process due to the loss of effectiveness of the slow update. Then
thls randomness results in the lowest ratio value for DELTAs between
40 and 50 instead of higher ones near 70,

2. It might be thought of as the traffic's pecullarity (a
sudden pile up of messages) at the time the sampie was taken which
resuits in better performance when 40< DELTA < 50.

If we Increase the threshhold value to 35, then the immediate
effect Is a higher ratio value (see Fig.25a), This shows up more
dramaticaily as the traffic gets hlgher (see Flg.25b). In Fig. 26a
and in Flg.26b, the threshhoid vaiue is increased even more and the
same observation Is true,

Even with reduced special routing when the traffic is iow and
the update fast, the system's performance |s comparable to that of
a low threshhoid (see Fig.253 Fig.26a). As the traffic gets higher
and the update siower, then the ratio value gets high, as expected
(see Fig. 2.5, Fig. 26b).

In Flg.27a and Fig. 27b, the relation of the ratio value and
DELTA is examined as the amount of special routing varies at a fixed
update value of L0 for two trafflc loads respectively.

Again, the benefit of the special routing Is evident in both
flgures,

For iow traffic, moderate blas towards the direct route shows
best results. At a higher trafflc, long messages (TRSLD = 70) are
doing better when strongly biased towards the dlrect route. The
same thing hoids even for TRSLD = 35, At a TRSWD = 50, there is no

significant change in performance with a changing DELTA. When special
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routing is higher, (TRSLD = 12, 20) low blas values perform better.

For the purpose of a better lllustratlion of the speclal
routing effect, F1g.28 was plotted, Two extreme threshhold values
were used at a fixed update of 20 and three trafflc loads. The high
traffic curves show better the need for speclal routing.

When the update s decreased (see Flg., 293 290, Interesting facts
showed up in the high trafflc plot, Best performance for high DELTA
values almost everywhere. When the amount of speclal routing Is
changed, elther a lot of speclal routing (TRSLD = 12, 20) wlll compen-
sate for the slow update or very llittle (TRSLD = 70).

Blas toward the direct route for moderate length messages
(TRSLD = 35, 50) causes long delays In the dlrect routes which
results in a higher ratlo value. Thls seems to suggest that In
high trafflc and slow update, 1t 1s better to directly route only
very long length messages. Those, together with the ones dlrectly
routed by mistake because of out-of-date Informatlon, result In a
better system performance than 1f, In addition, moderate length
messages block the dlrect routes, That 1s, the use of alternate
routing under the above stated conditlons results In better system
performance,

The above assertions are being supported from trafflc data,

The number of messages dellvered which followed other than the dlirect
path and took 1 or 2 or 3 or ,.. 2, 10 "excess hops' to arrlve at

thelr destinatlon was measured for DELTA = 70 and two threshhold values
of 50 and 70. From Fig.2.12, although fewer messages followed the

direct route In the case of TRSLD = 70 than in the case of TRSLD = 50,
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the resulting actual deiay per message for TRSLD = 70 Is less than that

at TRSLD = 50, Therefore, In TRSLD = 70 case, alternate routes are

beneficial., 1in TRSLD = 50 case, overuse of direct routes degrades

system performance. This Is because when most messages take a direct

route, subsequent long messages have to take an Indirect one. The

result Is a high average delay, When small and moderate length messages

are following alternate routes, then direct routes are used only for

long messages., Thls results in a better overall average message delay.
Finally, the performance of the blas factor delta Is investligated

as a functlon of the update period when very little special routing takes

place (TRSLD = 50) for two traffic loads In Fig.Z%10aand in Fig. 2.10b For

low traffic and fast update, low or moderate blas towards the dlrect

routes results in the same ratio value, while strong bias does worse,

For slow update, strong encouragement towards the direct route performs {

better (see Fig.210a,} For higher traffic, Fig,al0b strong bias towards |

a direct path always performs better.

The effectiveness of DELTA to prevent looplng has been investigated

when the update is slow (UP = 100) and the special routing Is moderate

(TRSLD = 20) for two traffic loads. In Fig.21l two tables are presented

which show the number of messages dellvered which followed other than
the direct route and took | or 2 or 3 ... or 2, 10 "excess hops' to
arrive at their destination, Two values of DELTA 10 and 70 are
recorded. They show that under the above stated conditions a high bias
factor value prevents looping. This shows up best for high traffic

conditlions.
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Summar

Low Traffic

Best performance when the update perliod is smaller than the
average message length, at low values of the asynchronous update and
a value of the bias factor DELTA approximately twice the average
message length. The best asynchronous update threshhold value is 12,

When the update period gets greater than the average message
length, a low threshhold value of 12 still maintains best performance
at values of DELTA approximately twice the average message length,
If the threshhold value is high so that only very long messages are
specially routed, then the fastest update performs better.

In the worst case of slow update and high threshhold value, much
higher than the average message length values of the bias factor

DELTA give better results (DELTA = 70),

High Traffic

Best performance at update period smaller than the aver;ge
message length, threshhold value of 12 and DELTA value of approx-
imately equal to the average message length,

For a slow update, a low threshhold value of 12 maintains best
performance at the highest DELTA value used (DELTA = 70).

In the worst case of slow update and high threshhold value, a

DELTA value of 50 results In better performance.,
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EXCESS HOPS NUMBER OF MESSAGES DELIVERED
DELTA = 10 DELTA = 70

1 240 193

2 87 58

| 3 55 19
7" 1,14 4 0 0
5 9 9

UP = 100 6 25 15
TRSLD = 20 7 9 L
8 7 3

9 2 5

2 10 11 14

The total number of messages dellvered for DELTA = 10 1s 1365.

The total number of messages dellvered for DELTA = 70 is 1367.

EXCESS HOPS NUMBER OF MESSAGES DELIVERED
DELTA = 10 DELTA = 70

] 258 226

2 177 122

Z 78 29

] 0 0
= 57 5 29 8
UP = 100 6 29 ?
7 15 b

TRSLD = 20 8 -+ 6
9 6 3

210 15 7

The total number of messages dellvered for DELTA = 10 1s 1543,

The total number of messages dellvered for DELTA = 70 Is 1584,

Flgure 2.11 Excess hops vs. number of messages dellvered.

.
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EXCESS HOPS NUMBER OF MESSAGES DELIVERED
TRSLD = 10 TRSLD = 70

1 260 282
2 201 218
1 3 89 73
FE -84 i 0 0
UP = 100 5 35 22
DELTA = 70 - 2 5
8 5 6
9 3 3
2 10 8 6

Total number of messages delivered for TRSLD = 50 is 1438,

Total number of messages delivered for TRSLD = 70 is 1507.

figure 2,12 Excess hops vs. number of messages delivered
for TRSLD = 10, 70.

el
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CHAPTER 3

DETERMINISTIC ROUTING STRATEGY

Introduction

in a deterministic routing strategy, a predetermined function of

all incoming messages is sent to each output queue.

The optimal routing problem consists of flnding the deterministic
routing strategy (or, equivalently the set of routes) accordlng to which
messages have to be routed so as to optimize a well defined performance
function.

Under appropriate assumptions, the optimal routing problem can be
formulated as a nonlinear multicommodity flow problem [FRAN 71A].

Several techniques for solving the multicommodity problem can be
found in the mathematical programming literature [DANT 63],[GERL 73]:
however, the straigni-forward application of these techniques, which are
appropriate for the solution of very general multicommodity problems, to
the routing problem in store-and-forward nets are computationally cumber-
some. Therefore, an extremely fast routing technique has to be used. For
that reason, considerable effort has been spent In developing heuristic
and suboptimal methods [FRAN 71B, FULT 72]. The exact mathematical problem
has been attacked by [GERL 73A]. He formulated and solved it as an uncon-
strained nonlinear programming problem. In fact, he presents two methods:

the flow deviation (FD) method and tie external flows methods.

A
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To make the presentation of this report more compiete, the FD

method wiil be adapted here for the soiution of the deterministlic

i i s

probiem. It is chosen among others because of its simpliiclty and good

performance. The deterministic case for the same eight node network,

as in Chapter 2, is simuiated with the computer In order to evaluate

the adaptive routling aigorlthm, ;
In section 3.1, the definition of the routlng problem ls

formuiated. !
In section 3.2, the multicommodity fiow probiem is presented in ;

terms of the total fiow In every 11lnk, along with the constraints that

it satisfies,
In sectlon 3.3, the performance function chosen is descrlbed.

In section 3.4, a brief descriptlon of the solutlon of the problem

is presented according to the FD method and an outiine of the FD
algorithm is formuiated.

In sectlon 3.5, the appiication of the FD method to the routing
problem is investigated,

In section 3.6, the algorithm 1s appiied to the routlng of an
elght node network,

In section 3.7, an evaluation of the adaptive routlng algorithm
is presented by comparing its performance with the performance of the

deterministic routing.

3.1 The Determlnistic Routing Problem

Consider a network consisting of nodes Nl (i=1, ...,N) and

iinks Lj (j = i,0..,M)c In such a network, we are required to route
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a quantity rii of type (1,j) messages from M, (source node) to Nj
(destination node), for all pairs (i,j). The routing problem 1s defined
as the problem of finding the routing of all such messages which
optimizes a well-defined performance functlon such that a set of
constraints are satisfled.

(k,2)

Definition: We define fi to be the average flow [bits/sec] produced in

link i by messages traveling from source node k to destination node £ . Let

fi be the total average flow in 1link i, given by
N

f g ¢ o (8

'ok=1 2= !

where N is the number of nodes in the net.

>
=z

Definition: We denote by ''commodity (i,j)' the messages which are generated

in node i and have destination node j. Commodity (i,j) produces the single

commodity flow f("J)

-~

. All commodities together produce the multicommodity

flow f.

Definition: Let Yij [messages/sec] be the required average rate of trans-
mission of messages from source i to destination j, and let 1/u [bits/
message] be the average message length, We define the requirement rij
[bits/sec] as follows:

i éYu/U
and define the requirement matrix

P

The routing problem then can be in general formulated in the following

a
R= {rij

way:
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given: a network of N nodes and M links and a N x N matrix R = [rij]’
the requirement matrix, whose entries are non-negative.

minimize: P(f)
over f ~

~

where f ¢ (fl,fz,...,fM) and P(*) Is a welil defined
performance function.
constraints: (a) f is a multicommodity flow satisfying the require-
ment matrix R,
(b) f must satisfy some additional constraints (e.g.
capacity constraints on each link or cost constraints).
In the case of a store-and-forward communication network, the routing
problem has the following formulation:
given: a network of N nodes and M links and a N x N matrix R = [ri.],

J
whose entries are non-negative.

Mo 1/K Mo, lk- 1/k
f.
minimize: T(K) = .Z "#'(Ti)K =} Z LJL— i
over f i=| =1 (ci_fi)K

constraints: (a) f is a multicommodity flow satisfying the
requirement matrix R.
(b) €9 €,

c,)

where C = (CI,CZ,..., o

3.2 Representation of a multicommodity flow

A practical representation of a multicomodity flow is through the

vector f of the flow of the links.

f ]

[fl,fz,...,fM




—r— s e e o e i el S r— o

60

where fi is the total flow on link (or channel) i, sum of all commodities
flowing through i.

f does not completely characterize a multicommodity flow: for in-
stance, two different sets of routes might result In the same~f. In many
multicommodity problems, however, the performance function depends only
on the total flows fi. In such cases, the f - representation is sufficient.
The problem under investigation belongs to such a category. It is of
interest, therefore, to investigate the propertles of the set E defined
as the set of all feasible f.

S
where Ea & {f]f satisfies multicommodity constratnt (a)}

i}

F

5 {f|f satisfies capacity constraint (b)}

3.2,1. The multicommodity constraint (a)

Let fij(m’n) be the flow on link (i,j) due to commodity (m,n). For
the conservation of flow at each node, for each commodity (i,j), and

non-negativity of the flow in each link, the following constraint is true.

-rmn ifl =m
N N
.Z f.i(m'n) - I f..(m'n) ={0 if | #m,n (3.1)
j=1 J j=1 p)
rmn if {=n

I =1,2,...,N

For non-negativity of the flows we have:

fij("""’ >0 Vi,j (3.2)




61

, where

fi(m.n)

let F

is the flow due to commodlty (m,n) on the 1lnk labeled 1, and

(m,n) {f(m'")lf('"'") satlsfy equatlon (3.1) and (3.2)}. Then
f(m'n), defined by linear equatlons (3.1) and inequalitles (3.2) is a

convex polyhedron. By definitlon, the total flow f 1s given by

NN e
f= T T f™ (3.3)
~ wm=l n=1 ~

It can be shown [HU 69] that, when, for each commodity (i,]j),
f(i'j) spans the respective feasible set f(]’j), then the total flow f
according to (3.3) also spans a convex polyhedron.

Therefore, fa is a convex polyhedron (Fig. 3.1). The flows corres-
ponding to the flows of the ''corners'' (extreme points) of the polyhedron
Ea have an interesting property: they are the shortest route flows]

[FORD 62]. It is also shown that all shortest route flows correspond to

extreme points of Fa'

(1)

©

'.

(2)

1 e

(3)

-

ALY

~

Figure 3.1 Feasible set Ea and extremal flows.

]A shortest route flow 1s a multicommodity flow whose routes
can be described by a shortest route matrix, computed for an arbitrary
assignment of lengths to the links,

et ik i AN

s
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3.2,2 The capacity constraint (b)
The set fb’ defined by: ' ;
Fy S (1f < 0) ;

is a convex set,

SO

Hence the feasible set s fa(\ Fb is also a convex set. See Fig. 3.2.

Flgure 3.2 Feaslble set P Ea n Eb' b

3.3 The Performance Function

As a performance function, the Mean-kth-Power Delay T(K) Is used

M
(x) A, K 1/K
T = T = 03
oY (T,) 1 S K<o (3.4)
where
T, = __.I
1 . - X and Ai = ufi,

The function (3.4) is a strictly convex function [MEiS 71].
For K = 1, we obtain the average delay as in eq. (1.7). For K = 2,

the weighted variance of message delay is minimized [MEIS 71]. If K

et ot b e ik
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is allowed to become large, optimization under this performance

function leads to equallzing the messaye flow in the 1links,

The Mean~kth~Power Delay does not have a physical significance.

It is more sensltlve to the needs of the individual node.

3.4 Description of the Fiow Deviation Method 1

Before we go into the description of the FD method, an important
observation about the behavior of the performance function will facil-
itate the solution of the problem.

A simple Inspection of the problem presented in section 4.1 shows
that

gim T(f) =+

fi -+ Ci

This fact will prevent f from approaching the boundary of Fb

when T is minimized.

{ Such behavior is quite general for store-and-forward networks.
When the capacity constraints are satisfied with equality, usually
some saturation occurs, the queues at nodes grow large, and the

delay T increases rapidly., We can then say that the performance

function incorporates the capacity constraints as a penalty function.

This property is very important because it guarantees automatically
the (b)-feasibility during the application of the usual nonlinear
optimization technlques, once a feasible flow fo is formed.

Therefore, if we have a starting feasible fiow fo, we can dis-
regard the capacity constraints, and we can consider the routing

] problem as an unconstraint multicommodity flow problem. Then the
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above problem is classified as an unconstralned multicommedity flow
probiem with nonlinear performance function.

The problem is separable* convex and differentlable. The approach
for solving it consists of approximating the performance function wlth
the tangent hyperplane, which is expressed In terms of the partlal
derivitives {eP/efi}. Then the min cost problem of the linearized
problem is the shortest route flow**, where the length of llnk 1 is
defined as eP/efi. Such shortest route flow represents the direction
of the steepest descent flow deviation.

The above idea 1s the essence of the FD method, which consists of
repeated evaluations of steepest descent directions and of one varlable
minimization along such directions; the method is conceptually very
similar to the gradient method applied to nonlinear minimization
problems.

The idea of using shortest routes {computed with partlal
derivitives) is not new, Dafermors [DAFE 69] solved various traffic
problems, formulated as unconstrained, convex m.c. flow problems,

Yaged [YAGE 71] solved the min cost capacity assignment problem for
a communication network, which was formulated as an unconstrained

m.c. flow problem.

*
A separable m.c, flow problem has the form

M
P(F) = E P (F,)

i=1

1%
A shortest route flow is a multlcommodity flow whose routes can
be described by a shortest route matrix, computed for an arbitrary
assignment of lengths to the links.
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3.4.1 The FD Method

Geria [GERL 73B] proved that If t Is a statlonary flow*, then the
shortest route flow evaluated under metrlic lK - OPIOFK represents the
flow deviation of steepest decrease for P. This fact suggests a method
which Is called Flow Devlation Method, for the determination of
stationary solutions of the unconstrained nonlinear convex differ~-
entiable flow problems.

Let's define FD as an operator
FO(v, O f L (I-2)f + Av = f!

where
v is a properly chosen m.c. flow €Fa

X is the step slze (0 € A < 1)

Now for each fFfa, we want to determine a palr (x,k) In such a way
that the repeated application of FD(v,?) produces.a Sequence'{fn}
which converges to a statlonary flow,

For a function P(f) which Is continuous nondegenerate** and
lower bounded, the following conditions are sufficlent for the con-

vergence of the FD to a stationary flow:

*f is deflned as stationary if for any Infinitesimal pertur-
bation~ 6f (such that t + &6f Is also a m.c. flow)

P(f + 8F) 2 P(f)

A local minimum Is always statlonary. The opposite Is not true: for
instance, a local maxImum Is also stationary.

%
P(f) is defined to be nopdegenerate, for any two distinct
stationary flows, say f and f , we have

p(e") # p(f?)

P
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(i) AP(f) 20 fef
(1i) AP(f) = 0 » f stationary
where

AP(f) = P(f) ~ P(FDO)

Conditions (i) and (ii) require that the FD method be a true steepest
descent method.

Under the assumptions tht P(f) is continuous, lower bounded,
first partial derivitives continuous and nonnegative; second partial
derivitives < o, P(f) nondegenerate, the following definition of

FD(v,A) satisfies conditions (i) anc ‘1i):

v é shortest route fiow under metric QK

A & minimizer of P[(1=A)f + M), 0 A §
wher £, = ar(f) is the assigned weight (iength) to the links of
e K —5?::- g g g9

the network., The shortest route ﬂij is, therefore, the route for

which & 2 is minimum,

Ker .. K
Y

An aigerithm then based on the definition of the FD operator is

outllned as foilows:

1. Find a feasible starting flow f -
2. Letn=0
3. Fird the shortest route flow v under metrlceK

E, Find X such that minP[(1-2)f" + A"
0gAs|

IR L TS T R

~
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6. It {P(fn) - P(fn+l)} <€ stop where € Is an acceptable
positive toleran;e. Otherwise, let n = n+l and go to 3.

The algorithm converges to stationary polnts; however, the
stationary points of stable equiiibrium are the local minima;
therefore, we can assume that the algorithm converges to local
minima. In the case of P(f) strictly convex, the aigorithm clearly
converges to the giobai miniﬁum.

In order to find a feasible starting flow, i.e., t?Eﬁz several
methods are avaiiabie [CANT 72)}, [GERL 73B]. The one that Is used
here consists of picking any f;fa, and then reducing the flows in all
Tinks by a scaiing factor @3 unéil a feasible flow fo = gf;f is
obtained, fo satisfies a reduced requirement matrix k R,

s 0
FD method is appiied using f0 as the starting flow and R

= pR. The

0 as the

starting requirement. After each FD iteration, the value of pis
Increased up to a levei very close to saturation, The search for a
feasibie flow is terminated when one of the two following cases
occurs: elther p2 1 and a feasibie fiow is found; or the network is
saturated, T(f) is minimized andp < 1. 1In the iatter case, the
probiem is infeasibie (with respect to a given toierance).

The FD aigorithm then consists of two phases, Phase i and
Phase 2 (see Appendix 11). 1In Phase i a feasible flow f? is found
(if it exists), or the probiem is declared infeasibie. In Phase 2

the optimai routing is obtained.

3.5 The Routing Probiem

In the routing probiem formuiated in section 3.i, the performance

function T(K)(f), equation (3.4), is continuous, lower bounded by zero,

e e o it bt st es 2k
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strictly convex (separable sum of strictiy convex functions) and
differentiable, The feasible set f 5 fal\f is a convex poiyhedron.
Therefore, if the problem is feasible, tﬁere-is a unique stationary
point, which is the giobal minimum, The capacity constraints are
inciuded in T(K)(f) as penalties. Then if we can find a feasibie
starting flow foqf, the probiem of section 3.1 can be regarded as an
unconstrained m.c. flow problem and be solved with the FD method,
Let us check if T(K)(f) satisfies the conditions for con-

vergence, It is equivaient to check [T(K)(f)]K instead.

™ x

A M
1) = 5 W ’

(K) (11K = i
(o - ]—Y'- :

i
The first partial derivitive is
1=K Ci+(K-i)fi

(K)\K _u
o (T =
afi ) Y [ (ci-fi)K*]

for this function to be positive we require that K+i is an even

number. Then K is a finite odd number,  The second partial derivite is

0 i #]
(1M K j
F0h ) ek 2 2
19] KC. + f,(K"=K)
pY e e =S

=,
When the first partial derivitive is positive, then the shortest
route ajgorithm is guaranteed to work since the weights

(KjyK
Gai%?__).__ ) of the iinks are positive.
i
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Therefore the sufficient conditions or the first two derivitives
on the performance function are satisfied. The FD aigorithm converges

to a global minimum.

3.6 Appiications: Deterministic Routing of the AUTODiN Network

The appiication of the FD problem was investigated for the 8-node
European AUTODIN network, Fig. 2.3, The communication link capacity
is equai for every iink and equal to 2400 bits/sec. The traffic
requirement is assumed POISSON starting from a minimum of 65 bits/sec
and increased untii saturation., The saturation occured at about 676
bit/sec. Severai vaiues of K were investigated, In Fig. 3.4 the
average deiay per message is piotted versus the input requirement,
The vaiues of K were taken K = 1,3,5,ii., After K = 5 the resuits
were practicaily the same.

It is of interest that when K is increased, the fiow in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>