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Abstract—In this paper we propose a novel approach to
deliver better delay-jitter performance in dynamic networks.
Dynamic networks experience rapid and unpredictable fluctu-
ations and hence, a certain amount of uncertainty about the
delay-performance of various network elements is unavoidable.
This uncertainty makes it difficult for network operators to
guarantee a certain quality of service (in terms of delay
and jitter) to users. The uncertainty about the state of the
network is often overlooked to simplify problem formulation,
but we capture it by modeling the delay on various links as
general and potentially correlated random processes. Within
this framework, a user will request a certain delay-jitter
performance guarantee from the network. After verifying the
feasibility of the request, the network will respond to the user
by specifying a set of routes as well as the proportion of traffic
which should be sent through each one to achieve the desired
QoS. We propose to use mean-variance analysis as the basis
for traffic distribution and route selection, and show that this
technique can significantly reduce the end-to-end jitter because
it accounts for the correlated nature of delay across different
paths. The resulting traffic distribution is often non-uniform
and the fractional flow on each path is the solution to a
simple convex optimization problem. We conclude the paper
by commenting on the potential application of this method to
general transportation networks.

I. INTRODUCTION

Major networking companies are preparing for an un-
precedented growth in adoption of time-sensitive and high
bandwidth applications in the upcoming decade. According
to Cisco, IP video traffic will be 82 percent of all IP traffic by
2021, up from 73 percent in 2016 [1], [2]. The same reports
forecast live video to grow 15-fold while virtual reality (VR)
and augmented reality (AR) traffic will increase 20-fold in
the same period. The interactive nature of these applications
requires low latency but more importantly they are extremely
sensitive to “variation of delay”, which is often referred to as
jitter. In packet switched networks, jitter is often defined as
the standard deviation of packet delay, and we will use this
definition of jitter in our analysis and exposition.

Other applications such as high frequency trading, and tele-
surgery are also extremely sensitive to jitter. For example,
high frequency traders would like to guarantee that their
orders reach various exchanges at the same time (<1 ms),
otherwise the execution of the first order at a given exchange
may reveal their intent to other investors who can manipulate
market prices by front-running the rest of their orders.
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Similarly, surgeons who want to conduct a remote operation
on a patient (i.e. tele-surgery) expect a network that can
deliver responsive and jitter-free haptic feedback.

The proliferation of these applications presents a chicken
and egg problem for network engineers: on the one hand,
these applications require low latency and jitter but at the
same time the bursty and dynamic nature of their traffic intro-
duces unpredictable delay and amplifies the jitter. The contin-
uous variation and abrupt changes introduced by exogenous
traffic will create temporary bottlenecks in the network which
manifest themselves as jitter. Traditionally, packet buffers
were deployed to combat the negative effects of jitter. When
the instantaneous packet arrival rate at a queue exceeds
its output rate, packets are stored in the buffer until they
can be transmitted through outgoing ports. Not surprisingly,
increasing the buffer size is not an attractive solution as it is
costly and will increase the potential for increased delay and
jitter. Other solutions include over-provisioning the network
or providing dedicated paths/circuits to such applications,
both of which are not economical.

Last but not least, we may think that jitter can be accounted
for by a Network Management and Control (NMC) system
that continuously monitors the state of the network to guar-
antee the desired QoS. Unfortunately, current NMC systems
are much too slow to track the state of various network
elements by the desired level of precision. Furthermore,
tracking the state of dynamic networks of the future will be
a rather costly undertaking and methods for optimal tracking
of the network state are themselves the focus of current
research projects [3]. Hence, any meaningful solution should
strive to meet application demands despite the unavoidable
uncertainty about the instantaneous state of the network

This brings us to the ultimate question: can we accommo-
date these new applications with their stringent latency and
jitter requirements despite our relative uncertainty about the
state of the network and without massive over-provisioning?
This paper will demonstrate that in most cases we can answer
this question with a (resounding) yes. The solution involves
an innovative technique to distribute the traffic flow over
multiple paths in such a way that guarantees lower end-to-
end jitter despite the delay variations on individual links. This
may seem counterintuitive at first, but as demonstrated in the
following sections if we account for the correlated nature
of delay across various paths we can trade slightly higher
average delay for significantly reduced jitter.



Thisnovelsolutionisinspiredby Harry Markowitz’s
Nobelprizewinningworkonportfolioselection[4].His
workhasbeeninstrumentalinconstructionofinvestment
portfoliosthatexhibitapre-determinedrisk-returnbehavior.
Wedonotseekcreditforanyofthemathematicalformula-
tionsand/ordevelopmentsofthissubjectwhichhavebeen
exhaustivelystudiedineconomicsliterature.Ontheother
hand,weareunawareofotherworksthatapplytheseideasto
communicationnetworksandspecificallyquestionsofdelay
andjitter.Wereferinterestedreadersto[5]and[6]forashort
historyonthedevelopmentofModernPortfolioTheory,as
wellasthemathematicalderivationsandconsequencesofthe
theory.Thenamesake“diversityrouting”hasbeenchosento
drawparallelstodiversificationoffinancialinvestments.
Therestofthepaperisorganizedasfollows:SectionII

introducesthegeneralmodelunderwhichdiversityroutingis
considered.SectionIIIcaststheoptimalallocationoftraffic
asaconvexquadraticoptimizationproblemanddescribesthe
solutionspace.SectionIVdiscussesthetheoreticallimitsof
diversification.SectionsVincorporatesadditionalcostcrite-
riaintotheoptimizationframework.SectionVIextendsthe
resultstogeneraltransportationnetworks.Discussionofour
contributionsaswellasfutureworksisgiveninSectionVII.
ConcludingremarksareprovidedinSectionVIII.

II.GENERALMODEL

Consideranetworkmanagementandcontrolsystemthat
monitorsthestateofthenetworkatalllayers,reconfigures
networkresourceswhennecessary,andprovidesdataand
instructionstoapplicationsuponrequest.Morespecifically,
whenanapplicationrequiresnetworkresources,itwillcon-
tacttheNMCsystemandspecifyitsrequirements,including
delay,jitter,andbandwidth.Itispreferablefortheapplication
tospecifyafewpossiblevariationsofitsdesirablerequire-
ments,eachcorrespondingtoadifferentQoSand/orQoE
level.TheNMCsystemwillinturnevaluatethefeasibilityof
therequests,andrespondbyspecifyingtheroutesthatshould
beusedtoachievethehighestpossibleQoSand/orQoE
levels.Ifthenetwork,initscurrentstate,isunabletosatisfy
theapplication’sdemand,theNMCsystemwouldeither
reconfigurethenetworktomeettherequirementsorreject
therequest.Figure1illustratesofsuchaninteraction.The
followingdiscussionexemplifiesthisprocessinthecontext
ofroutingwithdelayandjitterrequirements.
Letussupposethatanorigin-destination(OD)pairis

connectedvianpathsP1,...,Pn.Basedontheinformation
availabletotheNMCsystem,packetstransmittedonpathPi
willexperienceadelaydi,wherediisarandomvariable
withknownmeanandvariance,

µi=E[di], σ2i=Var[di]

recallthatjitterisdefinedasthestandarddeviationofdelay,
andthusσidenotesthejitteronpathPi.Ingeneral,the
delayincurredonthesepathsarenotindependent.1Inwhat
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Figure1:RolesandresponsibilitiesoftheNMCsystem:
1)Determinefeasibilityofapplicationrequests,2)Instruct
theapplicationofoperationalrequirements,3)Orchestrate
reconfigurationofnetworkresources.

follows,weuseσi,jtodenotethecovariancebetweendelays
onpathsPiandPj,i.e.σi,j=Cov(di,dj).Thus,wehave
acovariancematrixΣ,

Σ =
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Figure2illustratestherelationshipbetweenafewarbitrarily
chosenpathsandtheirrespective meandelayandjitter.
Clearly,applicationsthatutilizethisnetworkfordatatrans-
portareaffectedbythedelayperformanceofitsindividual
paths.But,canthenetworkasawholeprovidedelaycharac-
teristicswhichoutperformtheconvexhullcreatedbyindivid-
ualpathcharacteristics?Thefollowingsectiondemonstrates
howdiversityroutingenablesapplicationstomeetdelay/jitter
requirementsthatexceedtheperformanceofindividualpaths
aswellastheconvexhulloftheirperformance.

Figure2: Meandelayvs.jitterforafewpaths,andthe
resultingconvexhull.



Wewouldliketoacknowledgethatincurrentsystems,
thenetworkisoftenunawareoftheuser’sspecificqualityof
servicerequirements(exceptforsomelimitedSDNservices).
Ourproposalrequiresadeliberatenegotiationbetweenthe
userandtheNMCsystemtoconveysuchrequirementsin
ordertoachievebetterefficiencyandperformance.Wewould
liketobeclearthatourdecisiontotakethis(unconventional)
approachisaconscioustrade-off.

III.OPTIMALTRAFFICALLOCATION

A.Formulation

Consideraroutingalgorithmthatassignsafractionfiof
thetotalflowtopathPi.LetususeF,andµtodenotethe
vectoroffractions,andvectorofmeandelaysrespectively,

F=








f1
f2
...
fn







, µ=





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

µ1
µ2
...
µn





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

NotethateachvectorFcorrespondstoauniqueTraffic
Allocation.Themeanandvarianceofdelayforagiventraffic
allocationcanbecomputedas

E[dTA] =E




n

j=1

fjdj



=
n

j=1

fjµj=F
Tµ

Var[dTA] =

n

i=1

n

j=1

fifjCov(di,dj)=F
TΣF

Giventheaforementionedquantities,howcanwedefine
the“optimal”trafficallocation?Anoptimalallocationmay
refertoonethatminimizestheexpecteddelayorjitter,ora
combinationofthem.Sinceexpectationisalinearoperation,
theexpecteddelayoftheallocationissimplytheweighted
linearcombinationofindividualmeandelaysandisthus
minimizediftheentiretrafficisallocatedtothepathwith
thelowestexpecteddelay.Ontheotherhand,varianceof
delayisaquadraticfunctionofthetrafficallocationF,and
theallocationthatminimizesjitterdependsonthecovariance
matrixΣ.Onenaturalwaytoincorporatebothcriteriainto
anoptimizationframeworkistofindthe minimum-jitter
allocationthatachievesapre-specifiedexpecteddelay,µ∗.
NotingthatjitterisminimizedwhenVar[dTA]isminimized,
theoptimizationcanbewrittenas,

minimize
F

FTΣF

subjectto eTF=1

FTµ=µ∗

0≤fi≤1,i=1,...,n.

whereedenotesavectorofallones,andtheconstraint
eTF=1ensuresthatfractionalflowssum-uptoone.
Algorithmicallyspeaking,theapplicationspecifiesapair
ofnumbers(µ∗,σ∗)totheNMCsystem,representingthe
maximumacceptableaveragedelayandjitterrespectively.
TheNMCsystemevaluatestheaforementionedoptimization

todeterminethefeasibilityoftherequest.Ifafeasibletraffic
allocationexists,theapplication’srequestisacceptedandap-
propriateroutinginformationisprovidedbyrecommending
aspecificallocation.Iftherequestisinfeasible,theNMC
systemwilleitherrejecttheapplication’srequestorwill
reconfigurethenetworkinsuchawaytoaccommodatethe
originalrequest.Networkreconfigurationtacticsareoutside
thescopeofthispaperandisleftasfuturework.

B.Solution

Theinvestigationof minimumvarianceallocationsfor
adesiredaverageperformance,asexpressedabove, was
originallyproposedbyHarry Markowitzinthecontextof
portfoliotheoryandallocationoffinancialassets[4].Inthat
context,heexpressedthegoalofrationalinvestorsashoping
toallocate/investtheirassetsinsuchawaytoachievethe
lowestrisk(loweststandarddeviation)foradesiredexpected
returnoninvestments.Inasimilar manner, we wishto
identifyatrafficallocationthatachievesthelowestjitterfor
adesiredexpecteddelay.
Beforegettingintothedetailsoftheoptimization,letus
considerthesimplestpossiblesettingwherebyanODpairis
connectedviaexactlytwopaths.Letusdenotetheexpected
delayandjittercharacteristicsofeachpathasapointonthe
Cartesianplane,andsupposethatthereddotsinFigure3
representthecharacteristicsofthesetwopaths.Thefirstpath,
P1,hasameandelayof150msandjitterof15mswhilethe
secondpath,P2,hasameandelayof50msbutajitterof20
ms.InthiscaseourtrafficallocationvectorisF=(f1,f2)

T
,

wheref2=1−f1.Hence,wecandetermineperformanceof
alltrafficallocationsbysweepingthef1parameterbetween
0and1.EachlineinFigure3tracesthesetofachievable
meandelayandjittercombinationsforaspecificcorrelation
coefficient.Notethatbytransmittingthroughbothpathswe
canobtainanoveralljitterthatissignificantlylowerthan
thataffordedbyeitheroftheindividualpaths.Inparticular,
ifthedelayonthetwopathsareperfectlyanti-correlated,
i.e.ρ=−1,thereexistsatrafficallocationthatcanachieve
ajitter-freeperformance.Forourexample,thisjitter-free
pointoccurswhentrafficallocationfractionsarechosento
be(f1,f2)=(0.43,0.57)
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Figure3:Achievabledelay-jittercombinationsusingdiversity
routingforvariouscorrelationcoefficients.



Weshouldalsonotethataparticularjitterrequirementcan
besatisfiedattwodifferentmeandelays(correspondingto
twodifferenttrafficallocations).Intheabsenceofadditional
selectioncriteria,weshouldalwayschoosethetrafficalloca-
tionthathasasmallermeandelay.Inotherwords,wewill
alwaysbeinterestedinthebottomportionofthedelay-jitter
traces.Thesetoftrafficallocationsthatconstitutethebottom
portionofthecurveswillbereferredtoasthesetofEfficient
Allocations,followingasimilarnamingconventionin[4].
Fortunately,thesamebasicbehaviorisobservedwhenthe

numberofpathsincreases,asshowninthefollowingsimu-
latedscenario.SupposethattheNMCsystemhasobserved
theinstantaneousdelaycorrespondingto9pathsthatconnect
aparticularorigin-destinationpairoveralongperiodoftime.
Apossiblerealizationoftheobservedinstantaneousdelays
isdepictedinFigure4.Thedelaytracescorrespondtoaset
ofcorrelatedrandomprocesseswhosemeanandstandard
deviation(i.e.jitter)correspondtothegridofblackdots
showninFigure6.
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Figure4:Simulateddelayof9pathsconnectinganorigin-
destinationpair.

TheNMCsystemcancomputethecorrelationmatrix(or
equivalentlythecovariancematrix)correspondingtothese
observations,asdepictedinFigure5. Wecanthennumeri-
callysolvethefollowingconvexoptimizationproblem,forall
feasiblevaluesofµ∗.Feasiblevaluesofµ∗arethosethatfall
betweentheminimummean-delayandthemaximummean-
delayofthe9paths,i.e.between50msand150ms,

minimize
F

FTΣF

subjectto eTF=1

FTµ=µ∗

0≤fi≤1,i=1,...,n.

Figure6depictsthesolutionoftheaforementionedop-
timizationforallfeasibleexpecteddelays.Thenineblack
dotsontheright-handsideofthefigurerepresentthemean
delayandjitterofeachoftheindividualpaths.Eachblue
pointontheleftrepresentsaspecifictrafficallocationvector,
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Morespecifically,thesesamplepathsweredrawnfromasetofcorrelated
Ornstein-Uhlenbeckprocesseswithpre-specifiedmeandelayandjitterand
aregoodcandidatesforourdemonstrationpurposes.

Figure5:Correlation matrixcorrespondingtothedelay
observationsofthe9pathsshowninFigure4.

andtheresultingmeandelayandjitter.Notethattheblue
pointspresentasignificantlyreducedjitterincomparison
totheoriginalpaths.Finally,thereddotcorrespondsto
the“minimum-jitterallocation”.Thenetworkcannotsupport
anapplicationthatrequiresmorestringentjitterthanthat
affordedbytheallocationcorrespondingtothereddot.As
showninthefigure,the minimum-jitterallocationsends
mostofitstrafficthroughpathsP5andP7asdenotedby
f5=0.51,f7=0.45
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Figure6:Optimaldelay-jittercombinationsandthecharac-
teristicsoftheoriginalpaths.

Togetsomeinsightaboutthis,wedrawyourattention
tothesignificantnegativecorrelationbetweenpathsP5
andP7asshowninFigure5.Notsurprisingly,theoverall
jitterisreducedwhentheflowissplitamongstnegatively
correlatedpaths.Negativecorrelationscanarisein many
situationsinrealnetworks.Onesuchinstanceisexemplified
byAutonomousSystems(AS)thatcompetefortrafficshare
byadvertisingdifferentcoststoagivendestination. When
anASadvertisesacheaperroute,itwillattracttrafficfrom
otherAS’s,resultinginnegativelycorrelateddelayonthe
respectivepaths.Anotherexampleiscausedbythecyclical
natureoftrafficdemandwhichcorrespondstothetimeof
day,hence,geographicalareasthatareoffsetbycertaintime



differences will exhibit negatively correlated behaviors. We
shall wrap up this section by reiterating that the lower half
of the plot corresponds to Efficient Allocations.

IV. LIMITS TO DIVERSIFICATION

The successful examples of the last section may lead us
to wonder whether we could completely eliminate jitter by
using additional paths. As we will see, there are limits to
the diversification effect afforded to us by the presence of
additional paths. The discussions of this section will closely
follow the developments of similar material in section 7.3
of [8] which showed the limits of diversification in context
of Modern Portfolio Theory.

Recall the expression for the variance of a given traffic
allocation, and rewrite it as

Var [dTA] =
n∑

i=1

n∑
j=1

fifjCov(di, dj)

=
n∑

i=1

f2i σ
2
i + 2

∑
i<j

fifjσi,j

Clearly, variance of delay in individual paths contributes
n terms to the sum while the covariances contribute approxi-
mately n2 terms to the sum. This simple observation signifies
the importance and contribution of covariances/correlations
between various paths which can easily outweigh the jitter
of individual paths! It can be shown that the contribution
of the variances can be eliminated through the introduction
of additional paths, but the covariances will dominate and
constitute the bulk of the remaining jitter. The following
example is often used to convey the aforementioned idea. Let
us consider the case of equal-splitting of the traffic amongst
all n paths, i.e. fi = 1/n. Then:

Var [dTA] =

n∑
i=1

f2i σ
2
i + 2

∑
i<j

fifjσi,j

=

n∑
i=1

(
1

n

)2

σ2
i + 2

∑
i<j

(
1

n

)2

σi,j

=
(Avg. Var)

n
+

(
1− 1

n

)
(Avg. Covar)

interestingly, as n→∞, the first term (i.e. the contribution of
variances) will become 0, and the only remaining factor is the
average covariance of delay. In other words, diversity routing
reduces jitter by incorporating paths whose average delay
covariance is negligible. The aforementioned analysis is often
the basis of the common practice that dictates “diversification
reduces risk” in financial literature. We conclude this section
by presenting the following simple bound on the minimum
achievable jitter,

1√
eT Σ−1e

≤ Minimum Jitter

This bound is derived in Appendix A and can be used by
the NMC system to reject application requests that are in
conflict with this bound.

V. GENERALIZED COST FUNCTION

It should come as no surprise that mean delay and jitter
are not the sole criteria for path selection in diversity routing;
but how can we incorporate additional cost criteria into the
model? The most natural way of adding cost criteria is to
realize that transmission over different paths may have dif-
ferent “costs”. One reason for this may be the heterogeneity
of the underlying physical layer. For example, a given path
may be a fiber optic while another one is a satellite link. Even
in homogeneous networks where transmission over all links
have the same cost, we can associate a cost with the “length”
of a given path. Clearly, a path consisting of 3 links will have
3 times the cost as a path with 1 segment. Last but not least,
we should recognize that real networks (e.g. the US fiber
backbone) are often a collection of independently owned and
operated subnets (often referred to as Autonomous Systems).
Hence, we should expect various vendors to charge different
amounts for using their systems. Either way, we can easily
associate and incorporate the respective costs with each path.

Let us use C to denote a cost vector, whose ith element
ci denotes the cost per unit flow over path Pi. We can then
rewrite our optimization problem as,

minimize
F

CTF + FTΣF

subject to eTF = 1

FTµ = µ∗

0 ≤ fi ≤ 1, i = 1, . . . , n.

One way to interpret this new formulation is to think of
a service provider that has to balance two competing goals.
The first goal is to reduce the transportation cost as captured
by CTF and the second goal is to reduce the potential
loss of revenue associated with delivering lower QoS. This
loss of revenue may reflect the immediate drop in customer
satisfaction or the eventual customer defection caused by
subpar QoS. In effect, we have taken variance of delay,
FTΣF, as a stand-in for this loss of revenue, reflecting our
preference for lower jitter. It is clear that the formulation
could be further generalized by using a convex function of
FTΣF as the second term of the objective function, but we
shall sacrifice that generality in favor of simplicity, for now.

Note that the aforementioned formulation is still a convex
quadratic optimization whose solution is obtained as easily as
before, and hence we will refrain from additional discussion
of the solution space except for the following example. Let
us revisit the routing example used in section III-B and
incorporate a specific cost vector C as shown in Figure 7.
We have assigned the paths to 3 different cost groups, (150,
100, and 50). While the numbers were chosen arbitrarily, it is
reasonable to expect an increasing trend as we move towards
the bottom-left corner of the plot, because this direction
corresponds to paths that exhibit lower delay and lower jitter.

Once again, the blue dots constitute an “optimal” traffic
allocations for each value of expected delay, with the caveat
that the minimum-cost allocation is no longer on the leftmost
point on the plot.
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Figure7:Optimaldelay-jittercombinations,withindifference
curvesthatcorrespondtopathcostsof150,100,and50.

VI.GENERALIZATIONTOTRANSPORTATIONNETWORKS

Ouranalysishassofarfocusedontheimportanceof
diversityroutingincommunicationnetworks.Fortunately,
ourproposedmechanismcanbeusedtoreduceuncertaintyin
deliverytimeofgoodsovergeneraltransportationnetworks.

Asanexample,consideraretailstoreinBostonthat
wantstoreceiveasteadysupplyofagivenproductfrom
NewYorkCity.Commonly,retailstorescontractalogistics
andtransportationcompanytotransporttheproductsfrom
NYCtoBoston.Ifthelogisticscompanyusesonemode
oftransportation(e.g.trucks),theexactdeliverytimecan
beimpactedbytheoftenunpredictableroadconditions.
Ontheotherhand,theuncertaintyinthedeliverytime
oftheproductscanbe minimized,if multiple modesof
transportation(suchasair,sea,railroad,etc.)areused.It
isimportanttorecognizethatthisimprovementisdueto
thefactthatdifferentmodesoftransportationareaffectedby
differentfactors,andthusconditionsthatimpactonemode
oftransportationareoftendifferentfromthosethatimpact
another.Forexample,notethatanaccidentonaroadis
unlikelytoberelatedtoconditionsofshippinglanes.By
accountingforthecorrelationofdelayonvariousmodes
oftransportation(orvariousroads),thelogisticscompany
candeliverthegoodsonamoreregularbasis(i.e.lower
jitter).Notethatregularandsteadydeliveryofgoodscanbe
immenselyimportanttotheretailstoreaswell,becauseitwill
eliminatethecostofexcessivelocalstorageandwarehousing
fortheretailcompany.

Asimilarargumentcanbeusedtoreducetheuncertainty
inotheraspectsofsupply-chainmanagement.Forexample,a
companycanorderrawmaterialsfrommultiplesuppliersin
suchawayastoreducetheuncertaintyintheirarrivalrate,
wherethefractionorderedfromeachsupplieriscomputed
accordingtoourformulation. Webelievethatourproposed
methodcanbeusedtosystematicallyachievehigh-level
managerialgoalswhichareoftenreferredtoas“just-in-time
manufacturing”or“leanmanufacturing”.

VII.DISCUSSIONANDFUTUREWORK

Inthissectionwediscusssomeoftheoverarchingprinci-
pleswhichshouldbeconsideredwithregardstotheadoption
ofourdiversityroutingmechanism.Recallthatourtreatment
ofdiversityroutingstartedwithanetworkmanagementand
controlsystemthathasvisibilitytoalllayers.Thisincluded
theabilitytomonitorthestateandperformancecharacteris-
ticsofvariouselements,aswellasorchestrationandresource
reconfigurationcapabilities.Resourcereconfiguration may
includetaskssuchasadditionorremovalofwavelengths
onaparticularfiberconnection,whichiscurrentlycarried
outbyhumanoperators.Moreimportantly,theNMCsystem
willinteractwithapplicationstoidentifyappropriateroutes
thatcandeliveradesiredlevelofservice.Thischallenges
theconventionalwisdomthatnetworksshouldavoidany
coordinationorinteractionwithapplications.3Thislong-
heldstrategyhasforcedawholehostofresponsibilitiesto
theend-userterminal.Forexample,ratecontrol,congestion
controlandbackoffalgorithmsarelargelydelegatedtothe
communicationend-pointandtherapidgrowthofinternet
accessisoftenattributedtothischoice.
Wechallengethisparadigmbypromotingauser-centric
viewthatexpectsthenetworktodoitsbesttodeliver
thedesiredqualityofservicetotheuser.Ofcourse,this
approachcomesattheexpenseofadditionalcomplexityto
thenetwork,butwebelievethatthisaddedcomplexitycanbe
justifiedwhenitenablestherapidadoptionofnext-generation
applications.Simplyput,currentnetworkingpracticesmay
impedethearrivalofnewapplicationsthatwillconstitute
thenext waveofinnovation. Ofcourse,introductionof
additionalcomplexitywillhavediminishingreturnandthus
theappropriatelevelofcomplexityshouldbeinvestigated.
Onarelatednote,weshouldpoint-outthatwehavenot
addressedthesecurityissuesthatarisewhenthenetwork
interfaceisopenedtovariousapplications.Notsurprisingly,
maliciousapplicationsmayleveragethisabilitytomanipulate
and/orattackthenetworkbymakingrequestswhichcan
resultinmisallocationofresourceandultimatelyresource
exhaustionwithinthenetwork.Thistopicisofimmense
importanceandwillbethefocusoffutureinvestigations.
Weshouldemphasizethatdiversityroutingormultiple-
pathroutingisnotanentirelynewidea.Asfarbackas1998,
theInternetEngineeringTaskForcewasconsideringtheuse
ofmultiplepathstoachieveQoS-basedrouting[9].Singhet
al.provideadetailedsurveyofvarioussuchroutingschemes
in[10],andweshalladdressafewmajordifferencesinour
approachvs.thepriorart. Mostpriorworkconcentrateon
throughputmaximizationastheircentralobjectiveandnot
surprisinglyusingallavailablepathsisthesimplestway
toachievethisgoal.Furthermore, mostoftheiranalyses
considersastaticnetworkasopposedtoatrulydynamic
network. Notethatfromanoptimalroutingperspective,
staticvs.dynamicissimplyamatteroftheprecisionby
whichnetworkstate(e.g.congestion/load)isknown.Clearly,

3Oftenphrasedas“dumbnetworksarethesmartchoice”.



optimal decisions can be made if the precise network state is
known at all times. The overarching assumption in the prior
work is that the network state is either fixed or varies slowly
enough to ensure that underlying routing algorithms have
precise and consistent view of the network. As a result, their
formulation does not account for the unavoidable uncertainty
in the state of the network and overlooks the fact that routing
decisions should be made despite this uncertainty. In our
approach, the uncertainty in delay characteristic of a link/path
is captured by variance of delay on each path, denoted by
σ2
i , which can be computed from the historical behavior of

a given link. Another unique feature of our development
is that we account for and utilize the correlation between
various links to achieve higher quality of service. This is in
contrast to traditional approaches that disregard the presence
of correlated behavior and often assume independence to
achieve/design simpler operating paradigms.

Additionally, most authors employ a narrow network-
centric approach in their formulation. These approaches lead
network architects to attach undue value to goals that are
certainly reasonable but secondary in nature. For example,
multiple-path routing is often used to achieve load balancing
and avoid undesirable/intolerable oscillatory behavior in the
network. But load balancing should be a byproduct of clever
network design and operation and not its primary purpose.
Our formulation uses a combination of factors, such as delay
and jitter as the primary design parameters and achieves a
certain level of load-balancing as a byproduct of our solution.

Last but not least, we should mention that communication
networks can suffer from out of order packet delivery asso-
ciated with multiple-path routing. It suffices to say that this
issue can be handled separately and in fact error correcting
codes can be utilized to address the effects of out of order
packet delivery.

VIII. CONCLUSION

In this paper, we introduced a new mechanism for effi-
cient allocation of traffic across a diversified set of paths.
This allocation allows the network to deliver customizable
quality of service to different users and reduces the need
for buffers at various network elements. Our work focused
on the tradeoff between mean delay and jitter as the main
contributors to QoS. An important feature of this approach
is its ability to achieve the desired QoS despite the relative
uncertainty about the state of the network. Noting that the
introduction of demanding (and data hungry) applications
often outpace that of network upgrades, we have argued
that our innovative solution can accelerate the adoption of
these applications without the need for immediate capital
expenditure. We concluded our remarks by extending our
findings to general transportation networks and argued that
this approach can significantly improve the supply chain
predictability and reduce the need for storage facilities.

APPENDIX

By relaxing the positivity constraints on fi’s, we obtain an
analytical solution to the relaxed optimization problem via a
Lagrange multiplier. Let us write the Lagrangian as

L (F, `) =
1

2
FTΣF + `(1− eTF)

which can be solved as the solution to ∂L
∂fi

= ∂L
∂` = 0. Where

∂L
∂fi

= fiσ
2
i +

∑
j 6=i

fjσi,j − ` = 0

rewriting the solution as a matrix gives us ΣF = `e or
equivalently, F = `Σ−1e. Noting that eTF = 1, we get

eTF = eT
(
`Σ−1e

)
= `eT Σ−1e = 1

` =
1

eT Σ−1e
which gives us the following allocation

F =
Σ−1e

eT Σ−1e
Let us use U to denote this unconstrained traffic allocation.
Then we have the following mean and variance for the delay:

E [dU ] = FTµ =
(
`Σ−1e

)T
µ

= `eT
(
Σ−1

)T
µ = `eT Σ−1µ =

eT Σ−1µ

eT Σ−1e
Var [dU ] = FTΣF = FT `e = `eTF = `

Recall that we ignored the positivity constraints on fi, and
hence the aforementioned variance, is a lower bound to the
achievable minimum variance. If we use minVar to denote
the minimum achievable variance for operationally feasible
traffic allocations we have

1

eT Σ−1e
≤ Var [dminVar]
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