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In this work a novel routing mechanismfor store-and-
forward date communicationsnetworks will be presented.
Unlike conventionaldirectoryroutingprocedures,which route
a messagealong a particular path betweenthe sourceand
destination,this routing mechanismsub-divides the message
and dispersesit through the maze of paths comprising the
network. Therefore,themechanismis referredto asdispersity
routing. In a recentanalysis[?], conditionshave beenfound
underwhich dispersityrouting systemsprovide the following
advantagesover conventionaldirectoryprocedures:

a signi�cantly smalleraverageandvarianceof delay,
less sensitivity to both incrementaland large increasesin

link utilization,
an ability to continue to operate,without adapting the

routing rule, whencompletelink failuresoccur,
an ability to sustaina larger numberof transmissionerrors

beforerequiring the messageto be retransmitted,and,
smallernodal buffer requirementsfor the sameprobability

of losing a messagedueto buffer over�ow.

The reasonfor many of theseadvantageswill be apparent
when the routing mechanismis de�ned. To demonstrate
the conditions under which the average and variance of
delay are decreased,the reasonfor the decrease,and the
amountof improvementwhich may be obtained,elementary
network con�gurationswill beanalyzed.Thecomparisonsare
conductedbetweennon-adaptive directoryrouting procedures
and non-adaptive dispersity routing procedures.However,
many of the adaptive routing procedureswhich areapplicable
in directoryproceduresarealsoapplicablein dispersityrouted
system,anddispersityrouting makesit possibleto implement
additionaladaptive routing rules.

Dispersity routed systemsare classi�ed as redundantand
non-redundantsystems.In a non-redundantsystem,a message
is divided into a numberof equallengthsub-messages,equal
to the numberof pathsbetweenthe sourceand destination
which are to be used.Each sub-messageis directed along
a different path and the messageis reconstructedwhen the
last sub-messagearrives at the destination.In a redundant
system the number of messagesub-divisions is less than
the number of paths which are to be used. Additional
sub-messagesare formed as a linear combinationof the bits
in the messagesub-divisions, and each of the redundant
and original sub-messagesis transmittedalong a different
path. The link utilization is increasedby the additional
sub-messages.However, by the appropriatechoice of linear
combinationsandby usingtechniquesassociatedwith erasure

correctingcodes,the messagecan be reconstructedwithout
receiving all of thesub-messages.Thereby, the pathswith the
longestdelaysdo not effect the systemdelay, and the effect
of sub-messageswhich are lost due to transmissionerrorsor
buffer over�ows is reduced.

To illustrate the conceptof dispersity routing, considera
systemwith threepathsbetweenthe sourceand destination.
A conventionaldirectory routing procedurewould route the
messagealongoneof thethreepaths.A non-redundantdisper-
sity routedsystemwould divide the messageinto threeequal
lengthsub-messagesandrouteeachalonga differentpath.A
redundantsystemwould operatein oneof the two odes.The
entire messagecan be transmittedon eachpath. This triples
the link utilization but enablesthe destinationto decodethe
messagewhen the �rst segment is received. This technique
hasbeenreferredto asselective �ooding[ ?]. Alternatively, the
messagecan be divided into two equal length sub-messages.
A messagewith N bits can be dispersedon the threepaths
as:

Path 1 Path 2 Path 3

I 1 I N =2+1 P1
I 2 I N =2+2 P2
: : :
: : :

I N =2 I N PN =2

whereI 1 to I N arethe N bits in the messageandP1 = I 1 +
I N =2+1 . As a slightly more complex exampleof a redundant
system,considera systemwith sevenpathsbetweenthesource
anddestination.Divide themessageinto four equallengthsub-
messages,and transmiton the seven pathsas:

Path 1 Path 2 Path 3 Path 4 Path 5 Path 6 Path 7

I 1 I N =4+1 I N =2+1 I 3N =4+1 P5;1 P6;1 P7;1
I 1 I N =4+2 I N =2+2 I 3N =4+2 P5;2 P6;2 P7;2
: : : : : : :
: : : : : : :

I N =4 I N =2 I 3N =4 I N P5;N =4 P6;N =4 P7;N =4

The columns of this array represent the sub-message
transmitted on the path whose number is at the top of
the column. Considering each row of the array to be a
codeword in a (7; 4) Hammingcode,the last threeelements
are determinedby the �rst four. The Hamming code has a
minimumdistancebetweencodewordsof three,andtherefore,
any two erasurescan be corrected.This implies that the
transmitted messagecan be reconstructedwhile any two
sub-messagesare outstanding.In addition, the messagemay
also be reconstructedwhile the last three sub-messagesare
outstanding.



In general,when thereare N pathsin the systemand the
messageis divided into K sub-messages,the row of thearray
describesan(N ; K ) code,a codewith N transmittedbits and
K informationbits.Themaximumminimumdistancebetween
codewordsin this classof block codesis d � N � K + 1, and
the erasurecorrectingability of a code with this minimum
distanceis N � K . A code with this minimum distanceis
appropriately referred to as a maximum-distance-separable
code[?]. This codeenablesthe messageto be decodedafter
receiving any K sub-messages,and this is the smallest
number of sub-messagesneededto reconstructan arbitrary
message.The only binary maximum-distance-separablecodes
arethe trivial codes,suchasthe singleparity checkcodeand
therepetitioncodeshown in thethreepathexample.To obtain
a code with this minimum distancecharacteristicin most
instancesrequiresusingmorecomplex, non-binarycodes.For
instance,the Reed-SolomonCodesare a well known class
of non-binarymaximum-distance-separablecodes.A codein
this classcan be usedin the seven path example to enable
decodingafter receiving any four sub-messages.The symbols
of the codeword in this code are in Galois �eld with eight
elements.Therefore, instead of encoding each row of the
arrayseparately, threerows 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 additionalcomplexity of a non-binarycode is warranted
to obtain additionalerasurecorrectingability dependson the
systemto be implemented.In the remainderof this paper
dispersity routed systemswill be referred to as (N ; J; K )
systemswhere N is the numberof paths,J is the number
of messagesub-divisions and K is the numberof receptions
requiredbeforedecoding.

To understandthe reasonfor the decreasedaveragedelay
in a dispersity routed system,considera store-and-forward
network with two pathsbetweeneachsourceanddestination.
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If the messageinterarrivals andservicetimesareexponen-
tially distributed,theaveragemessagelengthis 1=� , andthere
are� messagespersecondoneachpath,thedelayateachnode
from Kleinrock's model[?] is:

E (D) =
1

�C
1

1 � �
(1)

where the link utilization � = �
�C . The averagedelay on a

path in a directoryroutedsystemwith M intermediatenodes
is:

E (D) =
M
�C

1
1 � �

(2)

If all messagesaredivided in half, andhalf the messageis
transmittedon eachlink, the numberof messagesper second

is 2� andtheaveragemessagelengthis 1
2� . Therefore,thelink

utilization is 2�
(2 � )( C ) = �

�C , the sameas that in the directory
procedure,andthe averagedelayon eachpath is:

E (D) =
M �
2�C

2
2 � �

(3)

which is half that in the directory procedure.The average
messagedelay for the two path system using dispersity
routing is not quite half that using conventional directory
proceduresbecausethe messagecannot be reconstructed
at the receiver until the later of the two sub-messagesis
received. However, the reductionin the single path delay is
the basis for expecting a decreasein the averagemessage
delay when a messageis dispersedthrough the system.In
addition, as the number of possible paths increases,the
potentialreductionin the averagedelay that can be obtained
by dispersityroutingincreases.However, thetime betweenthe
averagesub-messagearrival and the last sub-messagearrival
in a non-redundantsystemalso increasesand eliminatesan
increasingly larger part of the reduction that is obtained.
Introducingredundantsub-messagelength,therebyincreasing
the delay on any one path, but eliminatesthe needto wait
for the last sub-message.When a large numberof pathsare
used, redundantsystemsdecreasethe averagedelay below
that in non-redundantsystems.

To determinetheeffectsof waiting for the lastsub-message
in a non-redundantsystemand inserting extra sub-messages
in a redundantsystem,anelementarysystemwill beanalyzed.
This systemconsistsof N error-freepathswith onequeueon
eachpath, with in�nite buffers and independent,identically
distributed waiting times in each queue,and no additional
bits transmittedin the dispersityroutedsystemto identify the
sub-messages.Theeffectsof transmissionerror, �nite buffers,
more than one nodeper path,unequaldelay distributions on
the paths,and the additional bits that must be transmitted
to identify sub-messagesin a dispersity routed system,
have been incorporatedinto a more complete analysis[?].
However, theseeffects obscurethe basic result and will not
be consideredat this time.

To analyze the elementarysystem, the system delay is
dividedinto two components,thesystemservicetime, andthe
systemwaiting time.Thesystemservicetime is thetime spent
transmittingthe messagethroughthe system,and the system
waiting is thetimespentwaiting for thetransmissionfacility. If
themessagesareexponentiallydistributedwith averagelength
1=� 0 and are transmittedon a channelwith capacityC, the
meanandvarianceof theservicetime are 1

� 0 C and( 1
� 0 C )2. In

an (N ; J; K ) dispersityroutedsystem,the meanandvariance
of the servicetime at a single nodeare 1

J � 0 C and ( 1
J � 0 C )2.

In the elementarysystem,this is the service time on each
path and the systemservice time. The systemwaiting time
in an (N ; J; K ) systemis the K th longestof the N signal
path waiting times. In the elementarysystem,in which each
path has an independent,identical waiting time distribution,



thedistribution of thesystemwaiting time, FW (t), is equalto
thedistribution of theK th of N orderstatisticsfrom a parent
populationequalto the distribution of the singlepathwaiting
time, F (t). Therefore,

dF W (t) = K
�

N
K

�
F K � 1(t)[1 � F (t)]N � K DF (t): (4)

Conducting the analysis with independentwaiting time
distributions on eachof the pathsis valid if different setsof
messagesusedeachof the queues.In the elementarysystem
described,the same messagesinsert sub-messagesin each
queue.Therefore,theinstantaneouswaiting time in eachof the
queueswould be the same,andthe systemdelaywould equal
the single path delay. However, the elementarysystemis not
a practicalsystem,in that it is unlikely that N separatepaths
woulddirectlyconnectasinglesourceanddestination.Instead,
the result is meantto be indicative of a systemwith N paths
betweena sourceanddestination,eachpathhaving a number
of different intermediatenodes. According to Kleinrock's
independenceargument[?], successive nodesin a store-and-
forward network can be analyzedindependently. Since the
correlationbetweenwaiting times in nodeson differentpaths
shouldbe lessthan that between

In a systemwith exponentiallydistributedmessagelengths
andinter-arrival times,the waiting time distribution at a node
is:

F (t) =
�

1 � �e � �C (1 � � ) t t � 0
0 elsewhere.

SubstitutingF(t) into equation4, the meanandvarianceof
the systemwaiting time are

� W =
K

�C (1 � � )

� N

K

� K � 1X

j =0

(� 1)j
� K � 1

j

� � N � K +1+ j

N � K + 1 + j
; (5)

and,

� 2
W =

2K

[�C (1 � � )]2

� N

K

� K � 1X

j =0

(� 1)j
� K � 1

j

� � N � K +1+ j

[N � K + 1 + j ]2
: (6)

In an (N ; J; K ) dispersityroutednetwork, the relationship
betweenthe link utilization � andthe messageutilization, � 0,
is:

� =
N
J

� 0; (7)

and relationshipbetweenthe averagesub-messagelength 1
� ,

and the original messagelength, 1
� 0

, is:

1
�

=
1
J

1
� 0

:

The averagesystemdelay equalsthe sum of the average
waiting time andaverageservicetime. And, sincethe service
time and waiting time are independent,the varianceof the
systemdelay equalsthe sum of the variancesof thesetwo
quantities.

The averageandvarianceof thesystemdelaysin a number
of systemshave been plotted versusmessageutilization in

Figures1-4. To limit the numberof parameters,the average
delay is normalizedas E (D )

1=� 0 C and the averagevarianceas
V AR (D )
(1=� 0 C )2 . The curves labeled(1; 1; 1) representthe conven-
tional directory procedures.The curves labeled (N ; J; K )
representdispersityroutedsystemswith independentwaiting
timeson eachof theN paths.And, thecurveslabeled2C and
5C representthesinglepathdelayin the(2; 2; 2) and(5; 5; 5)
systemsand also the delay in thesesystemsif the waiting
time on each path is identical insteadof independent.The
Figures1 and2, the distancebetweenthe (1; 1; 1) curve and
(2; 2; 2) curve equalsthe decreasein the meanand variance
of delayobtainedby routing half of eachmessagealongeach
of two pathsratherthanhalf of themessagesalongeachpath.
This distancebetweenthe curves representingthe (1; 1; 1)
and (5; 5; 5) systemsequalsthe decreaseobtainedby using
a � ve pathnon-redundantdispersityroutedsysteminsteadof
a conventionaldirectoryprocedure.

The cross-hatchedregions in Figures1 and2 representthe
additional delay incurred by waiting for the last of N sub-
messagesinsteadof thesub-messageson just oneof thepaths.
As expected,this penaltyincreaseswhenthe numberof paths
is increasedfrom two to � ve. When redundantsub-messages
areincorporatedin the system,the link utilization, andhence
the singlepathdelay, increases.However, themessagecanbe
decodedbeforethe last sub-messageis received. When there
are a large number of paths in the system,redundantsub-
messagesdecreasethe meanandvarianceof the delaybelow
that in the non-redundantsystems.This is shown in Figures
3 an d4, wherethe meansandvarianceof delayin redundant
andnon-redundantsystemsareplottedfor a con�gurationwith
� vepaths.The(5; 4; 4) system,a systemin which themessage
is divided into four partsand a single parity sub-messageis
added,is foundto signi�cantly decreasethemeanandvariance
of delayover a rangeof link utilizations.Theanalysisof these
simple systemsis indicative of the resultsobtainedin more
complex systemsand demonstratesthe effects of dispersity
routing on the manandvarianceof the network delay.
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Fig. 1. Normalizedaveragedelay in (N ; N ; N ) systemwith onequeueper
path.

Fig. 2. Normalizedvarianceof delayin (N ; N ; N ) systemswith onequeue
per path.

Fig. 3. Normalizedaveragedelay in systemswith ®ve pathsandonequeue
per path.

Fig. 4. Normalizedvarianceof delay in systemswith ®ve pathsand one
queueper path.


