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In this work a novel routing mechanismfor store-and-
forward date communicationsnetworks will be presented.
Unlike conventionaldirectoryrouting procedureswhich route
a messagealong a particular path betweenthe sourceand
destination this routing mechanismsub-dvides the message
and dispersest through the maze of pathscomprisingthe
network. Therefore the mechanisnmis referredto asdispersity
routing. In a recentanalysisP], conditionshave beenfound
underwhich dispersityrouting systemsprovide the following
adwantagesver corventionaldirectory procedures:

a signi cantly smalleraverageand varianceof delay

less sensitvity to both incrementaland large increasesn
link utilization,

an ability to continue to operate, without adapting the
routing rule, when completelink failuresoccur

an ability to sustaina larger numberof transmissiorerrors
beforerequiring the messagéo be retransmittedand,

smallernodal buffer requirementgor the sameprobability
of losing a messagealueto buffer over ow.

The reasonfor mary of theseadvantageswill be apparent
when the routing mechanismis de ned. To demonstrate
the conditions under which the average and variance of
delay are decreasedthe reasonfor the decreaseand the
amountof improvementwhich may be obtained,elementary
network con gurationswill be analyzedThe comparisonsre
conductedetweennon-adaptre directory routing procedures
and non-adaptie dispersity routing procedures.However,
mary of the adaptve routing proceduresvhich are applicable
in directoryproceduresrealsoapplicablein dispersityrouted
system,anddispersityrouting makesit possibleto implement
additionaladaptve routing rules.

Dispersity routed systemsare classi ed as redundantand
non-redundansystemsin a non-redundansystema message
is divided into a numberof equallength sub-messagegqual
to the numberof pathsbetweenthe sourceand destination
which are to be used.Each sub-messagés directed along
a different path and the messagéas reconstructedvhen the
last sub-messagarrives at the destination.In a redundant
system the number of messagesub-dvisions is less than
the number of paths which are to be used. Additional
sub-messageare formed as a linear combinationof the bits
in the messagesub-dvisions, and each of the redundant
and original sub-messagess transmittedalong a different
path. The link utilization is increasedby the additional
sub-messageddowever, by the appropriatechoice of linear
combinationsandby usingtechniquesassociatedvith erasure

correcting codes,the messagecan be reconstructedwvithout
receving all of the sub-message3hereby the pathswith the
longestdelaysdo not effect the systemdelay and the effect
of sub-messageshich arelost dueto transmissiorerrorsor
buffer over ows is reduced.

To illustrate the conceptof dispersity routing, considera
systemwith three pathsbetweenthe sourceand destination.
A corventional directory routing procedurewould route the
messag@longoneof thethreepaths. A non-redundantdisper
sity routedsystemwould divide the messagento threeequal
length sub-messageand route eachalong a differentpath. A
redundantsystemwould operatein one of the two odes.The
entire messagecan be transmittedon eachpath. This triples
the link utilization but enablesthe destinationto decodethe
messagenvhen the rst seggmentis receved. This technique
hasbeenreferredto asselectve ooding[?]. Alternatively, the
messagean be divided into two equallength sub-messages.
A messageavith N bits can be dispersedon the three paths
as:

Path 1 Path 2 Path 3
I IN=2+1 P1
I2 In=2+2 P2

In=2 In Pn=2

wherel; to Iy aretheN bits in the messagendP; = 13 +
In=2+1 - As a slightly more complex exampleof a redundant
systemgconsidera systemwith sevenpathsbetweerthe source
anddestinationDivide the messagénto four equallengthsub-
messagesandtransmiton the seven pathsas:

Path 1 Path 2 Path 3 Path 4 Path 5 Path 6 Path 7
I1 In=4+1  In=2+1 l3n=a41 Ps;1 Pe;1 P71
I1 | N =442 | N =242 | 3N =442 F’5;2 F’6;2 P7;2

In=4 In=2 I3n=4 In Psn=4a Penz=a Prn=zsa

The columns of this array representthe sub-message
transmitted on the path whose number is at the top of
the column. Consideringeach row of the array to be a
codevord in a (7;4) Hamming code, the last three elements
are determinedby the rst four. The Hamming code has a
minimum distancebetweerncodevordsof three,andtherefore,
ary two erasurescan be corrected. This implies that the
transmitted messagecan be reconstructedwhile any two
sub-messageare outstanding.In addition, the messagemay
also be reconstructedvhile the last three sub-messageare
outstanding.



In general,whenthereare N pathsin the systemand the
messagés dividedinto K sub-messagethe row of the array
describesan (N ; K) code,a codewith N transmittecbits and
K informationbits. The maximumminimumdistancebetween
codevordsin this classof block codesisd N K + 1, and
the erasurecorrecting ability of a code with this minimum
distanceis N K. A codewith this minimum distanceis

is2 andtheaveragemessagéengthis zi Thereforethelink
utilization is sz = =, the sameasthatin the directory
procedureandthe averagedelay on eachpathis:

M 2

— 3

2C 2 ®)
which is half that in the directory procedure.The average

E(D) =

appropriatelyreferred to as a maximum-distance-separablemessagedelay for the two path system using dispersity

code[?]. This code enablesthe messagdo be decodedafter
receving ary K sub-messagesand this is the smallest
number of sub-messageseededto reconstructan arbitrary
messageThe only binary maximum-distance-separaldedes
arethetrivial codes,suchasthe single parity checkcodeand
therepetitioncodeshown in the threepathexample.To obtain
a code with this minimum distance characteristicin most
instancegequiresusingmore comple, non-binarycodes.For
instance,the Reed-SolomonCodesare a well known class
of non-binarymaximum-distance-separabtedes.A codein
this classcan be usedin the seven path exampleto enable
decodingafter receving ary four sub-message3.he symbols
of the codavord in this code are in Galois eld with eight
elements.Therefore, instead of encoding each row of the
array separatelythreerows would be encodedsimultaneously
and the three binary bits in the samecolumn would de ne
a single elementin the Galois eld GF(8). Whetheror not
the additional compleity of a non-binarycodeis warranted
to obtain additionalerasurecorrectingability dependson the
systemto be implemented.In the remainderof this paper
dispersity routed systemswill be referredto as (N;J;K)
systemswhere N is the numberof paths,J is the number
of messagesub-disisionsandK is the numberof receptions
requiredbeforedecoding.

To understandhe reasonfor the decreasedwveragedelay
in a dispersity routed system,considera store-and-fonard
network with two pathsbetweeneachsourceand destination.

C

If the messagénterarrivals and servicetimesare exponen-
tially distributed,the averagemessagédengthis 1= , andthere
are messageperseconneachpath,thedelayateachnode
from Kleinrock's model[?] is:

1 1
i 1
C 1 1)
wherethe link utilization = . The averagedelay on a

pathin a directoryroutedsystemwith M intermediatenodes
is:

Source Destination

E(D) =

M 1

C 1 )

If all messagesredividedin half, and half the messagés
transmittedon eachlink, the numberof messageger second

E(D) =

routing is not quite half that using corventional directory
proceduresbecausethe messagecannot be reconstructed
at the recever until the later of the two sub-messagess
receved. However, the reductionin the single path delay is
the basisfor expecting a decreasen the average message
delay when a messagds dispersedthrough the system.In
addition, as the number of possible paths increases,the
potentialreductionin the averagedelay that can be obtained
by dispersityroutingincreasesHowever, thetime betweerthe
averagesub-messagarrival and the last sub-messagarrival
in a non-redundansystemalso increasesand eliminatesan
increasingly larger part of the reduction that is obtained.
Introducingredundansub-messagkength,therebyincreasing
the delay on ary one path, but eliminatesthe needto wait
for the last sub-messagaiVhen a large numberof pathsare
used, redundantsystemsdecreasethe average delay belov
thatin non-redundansystems.

To determinethe effectsof waiting for the last sub-message
in a non-redundansystemand inserting extra sub-messages
in aredundansystemanelementarysystemwill beanalyzed.
This systemconsistsof N errorfree pathswith onequeueon
each path, with in nite buffers and independentjdentically
distributed waiting times in each queue,and no additional
bits transmittedn the dispersityroutedsystemto identify the
sub-messagedhe effectsof transmissiorerror, nite buffers,
more than one node per path, unequaldelay distributions on
the paths, and the additional bits that must be transmitted
to identify sub-messagesn a dispersity routed system,
have beenincorporatedinto a more complete analysisp].
However, theseeffects obscurethe basicresult and will not
be consideredat this time.

To analyzethe elementarysystem,the systemdelay is
dividedinto two componentsthe systemservicetime, andthe
systemwaiting time. The systemservicetime is the time spent
transmittingthe messageahroughthe system,and the system
waitingis thetime spentwaiting for thetransmissioriacility. If
the messageareexponentiallydistributedwith averagelength
1= , and are transmittedon a channelwith capacityC, the
meanandvarianceof the servicetime are % and(%)z. In
an(N;J; K) dispersityroutedsystem the meanandvariance
of the servicetime at a single nodeare == and (71¢)?2.
In the elementarysystem,this is the servicetime on each
path and the systemservicetime. The systemwaiting time
in an (N;J;K) systemis the K longestof the N signal
path waiting times. In the elementarysystem,in which each

path has an independentjdentical waiting time distribution,




the distribution of the systemwaiting time, Fyy (t), is equalto
the distribution of the K " of N orderstatisticsfrom a parent
populationequalto the distribution of the single pathwaiting
time, F (t). Therefore,

N

dFw (t) = K FC o F@IN KDF@): (@)

Conducting the analysis with independentwaiting time
distributions on eachof the pathsis valid if different setsof
messagesisedeachof the queuesin the elementarysystem
described,the same messagesnsert sub-messages1 each
gueueThereforetheinstantaneouwaitingtime in eachof the
gueueswvould be the same,andthe systemdelaywould equal
the single path delay However, the elementarysystemis not
a practicalsystem,in thatit is unlikely thatN separatepaths
would directly connectasinglesourceanddestinationlnstead,
the resultis meantto be indicative of a systemwith N paths
betweena sourceand destinationgachpathhaving a number
of different intermediate nodes. According to Kleinrock's
independencargument[?], successie hodesin a store-and-
forward network can be analyzedindependently Since the
correlationbetweenwaiting timesin nodeson differentpaths
shouldbe lessthanthat between

In a systemwith exponentiallydistributed messagdengths
andinter-arrival times, the waiting time distribution at a node

is:
1 e €@ It ¢ 0

F(O = 0 elsavhere.

SubstitutingF(t) into equation4, the meanand varianceof
the systemwaiting time are

1 .
K N K 1 N K +1+ j
= 1) _ 5
O] )KJ.:O( ) i N K+ 1+] ®)
and,
1 ,
2K N K o1 N K+l j
2= = (1 . — ' (6)
[c@a )2 K [N K+1+j]?

i=0

In an (N;J;K) dispersityrouted network, the relationship
betweenthe link utilization andthe messagaitilization, o,
is:

N

= 3 0 (7)

and relationshipbetweenthe averagesub-messagéength 1,
andthe original messagéength, io is:

The averagesystemdelay equalsthe sum of the average
waiting time and averageservicetime. And, sincethe service
time and waiting time are independentthe varianceof the
systemdelay equalsthe sum of the variancesof thesetwo
guantities.

The averageandvarianceof the systemdelaysin a number
of systemshave been plotted versusmessageutilization in

Figures1-4. To limit the numberof parametersthe average
delay is normalizedas E(D)  and the average varianceas

1= oc
=&Y The cunves labeled(1; 1;1) representhe corven-

tional directory procedures.The curves labeled (N;J;K)

representdispersityrouted systemswith independentvaiting

timeson eachof theN paths.And, the curveslabeled2C and
5C representhe singlepathdelayin the (2; 2; 2) and(5;5;5)

systemsand also the delay in thesesystemsif the waiting

time on each path is identical insteadof independentThe
Figures1 and 2, the distancebetweenthe (1; 1; 1) curve and
(2;2; 2) curve equalsthe decreasen the meanand variance
of delayobtainedby routing half of eachmessagealongeach
of two pathsratherthanhalf of the messagealongeachpath.
This distancebetweenthe curves representingthe (1; 1; 1)

and (5;5;5) systemsequalsthe decreaseobtainedby using
a ve pathnon-redundantlispersityrouted systeminsteadof

a corventionaldirectory procedure.

The cross-hatchedegionsin Figuresl and 2 representhe
additional delay incurred by waiting for the last of N sub-
messagemsteadof the sub-messagem just oneof the paths.
As expected this penaltyincreasesvhenthe numberof paths
is increasedrom two to ve. Whenredundantsub-messages
areincorporatedn the system the link utilization, and hence
the single pathdelay increasesHowever, the messageanbe
decodedbeforethe last sub-messages recevved. Whenthere
are a large number of pathsin the system,redundantsub-
messageslecreas¢he meanand varianceof the delay belov
thatin the non-redundansystems.This is shavn in Figures
3 an d4, wherethe meansandvarianceof delayin redundant
andnon-redundangystemsareplottedfor a con gurationwith

ve paths.The (5; 4; 4) systema systemin whichthemessage
is divided into four partsand a single parity sub-messagés
addedjs foundto signi cantly decreas¢hemeanandvariance
of delayover arangeof link utilizations.The analysisof these
simple systemsis indicative of the resultsobtainedin more
complex systemsand demonstrateshe effects of dispersity
routing on the man and varianceof the network delay
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. . . . Fig. 3. Normalizedaveragedelayin systemswith ®ve pathsandonequeue
Fig. 1. Normalizedaveragedelayin (N; N; N) systemwith one queueper per path.

path.

Fig. 2. Normalizedvarianceof delayin (N; N;N) systemswith onequeue Fig- 4. Normalizedvarianceof delayin systemswith ®ve pathsand one
per path. queueper path.



