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Abstract

In this paperweinvestigatenetworkresouceallocation
and pricing strategies on transmissiorservicesin multi-
serviceB-ISDNnetwork. Relationbetweerresouce man-
agement,servicequality, networkand usage contmol not
well definedespeciallyin networkswith multiple traffic
classesand QoSrequirements.It leadsto inadequateser
vice price policing, resouce wasting call blocing and
overall networkcongestiongrowth. \e proposeresouce
allocationandserviceprice definitionmodelbasedon dif-
ferentiation of user traffic characteristics, QoS require-
mentsand networkusage in selectedimeinterval. In net-
work usage we considerfrequencyof connectionrequest,
avelage connectiordurationtime andquantityof informa-
tion exchange. Our approadis basedndualtheorymeth-
odswidelyusedfor planningandoperationmanayementn
manufacturingwith multiple productsand not equal pro-
ductionexpenses.
Keywords: Resourceallocation, service price policing,
adaptve routing, traffic aggreation, dual theory meth-
ods.

1. Intr oduction and problem formulation

In last time telecommunicatiometworks are shifting
from specializednetworks primarily usedfor voice and
limited data servicestoward multiple servicesnetworks
with supporffor advancedvideoanddataapplications Ser
vice price policing basedon usagetime (like in old tele-
phoneservicesandconstanpricefor dataapplicationwith
notguarantee@oSpracticallynot correlatesvith resource
price in heterogeneouapplicationervironment. Reason-
ableway for efficient network utilization andloweringser
vicescostis adaptve price policing basedon servicedif-
ferentiationby traffic classesQoS and usersconnection
activity in theselectedime interval.

Optimal resourceallocationand pricing policy strate-
gies are presentedn numberof works with differentap-
proaches.Oneof them[1] is closeto our formulation. In
this casethe problemis connectedwith resourcealloca-
tionamongcompetingserviceslifferentiatedy usertraffic
characteristicend maximumend-to-enddelay The pro-
posedmethoddeterminegesourcecombinationto maxi-
mize welfarefor individual users. In [2] this methodhad
beenextendedby takingadvantageof statisticalmultiplex-
ing, thatmakespossiblecostreductionon sharingmultiple
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resourcessuchaslinks and buffers on switching equip-
ment. New approachconnectedwith blocking constrain
androuting policy is presentedn [3]. This work is ded-
icatedto Virtual Path control for ATM networks and ca-
pacity allocationproblemthat satisfiesnodeconstrainson
the call processingThe work presentalgorithmfor max-
imizationof multiple traffic classesetwork revenueunder
the above setof constrains.The applicationof ideascon-
nectedwith stochastioptimizationproblemsor gamethe-
ory wasconsideredn theworks[4] (capacityplanningof
ATM networkstakinginto accountdemandincertaintyand
dynamicpathcapacityreallocation)[5] (pricing schemes,
that drive the systemto the network optimum, investiga-
tion usingNashequilibria,link flow configuratiorthatmin-
imizesthe overall network congestion).

In our work we presenta comprehensie approachfor
network servicesprice definition basedon dual formula-
tion of theoptimalresourcaistribution problem.We com-
puteinitial resourceunit price astheratio of network con-
struction/operationio expectedtotal flow. Following [6]
we approximateserviceproviding cost as a linear func-
tion of transmissiomrmedia, switching equipment,instal-
lation and managementost taking into accountmainte-
nanceexpansegrowth with increasingnetwork size and
dependencef operationmanagementompleity/coston
selectechetwork topology We alsoassumenetwork links
costincreasesignificantlyasfarastheirlengthgrows. Ex-
pectedotal flow estimationis basedn aggreatedequia-
lentbandwidthcomputatior7],[8] for corporataiserswith
assumptiorof the Bernuli distribution of connectionre-
guestsnumberfor differenttraffic classesand QoSin the
selectedtime interval. In caseof congestionindication
or load growth (congestion'warning’) in some network
link or node, their resourceprice increaseswith follow-
ing differentiatedservicesprice increase. In our method
direct solution maximizesnetwork utilization using load
balancingby virtual path selectionand using network re-
sourcedistribution taking into accountmutual influences
of flows in the network at the sametime. Dual solution
providesacostindicationrelatedto consumptiordegreeof
resourcesharedy differentuserswhichis usefulasaba-
sic criterionfor optimumprice policing schemedefinition.
We divide input parameterinto network relatedinforma-
tion (network topology transmissiormediaandswitching
equipmentapacity planedservicesanduserinformation
(traffic classesand QoS, connectvity matrix, usagecon-
tract). Also, in postoptimizationanalysiswe supposeo



usestatisticalinformation aboutuseractvity (connection
durationand preliminary direction, 'busy’ hours personi-
fied percorporateuser)for sensitve correction.

2. Mathematical model of the problem
2.1 Notationsand suppositions.

To formulateour generahetwork modelwe usethefol-
lowing notations:

LetI = {i}._, beasetof all nodes,

letL = {I}£, beasetof all links,

letT = {t}L, beasetof all traffic types,

letW = {w = (4, j)} beasetof directedpairs”sender
i, recever-j”; i # j,

q%, is aquantityof transmittednformationof thetypet
in thedirectionw (perthe unittime),

wt, is aprobabilityof theconnections duringunit time
onthetraffic typet,

-k

My ={mf, = m}; = (i,i},i5, ..., i, ..., j)

= (IF, 0%, 1F ), 1 <k <ky}

is amenuof virtual pathsfor the pairw € W, wherek,, is
anumberof virtual pathsin themenuM,, for thedirected
pairw = (i, j),

&) is agenerakapacityof thelink 7, € L,

d? is agenerakapacityof thenodei, i € I,

s; (ands;, respectiely) is arelative costof useof the
correspondingodes (thecorrespondingink [) to transmit
theinformationunit (frameor cell).

Finally, let z, 1.+ = z; ;,1,: beapartof thetraffic of the
typet from i to j directedover the virtual pathm£ in the
menul,, (of courseperthechosertime unit).

To simplify all reasoningandproofs,we usetwo differ-
ent conceptf an usageprice for eachnetwork element:
theinternalprice (for Network Managemen{NM) usage)
andtheexternalprice (this oneis anusualprice of the cor-
respondinghetwork resourcdor a custometuser).Prelim-
inary we introducethe following sufficiently real supposi-
tions.

1) Our modelis formulatedper unit time (for example,
perhour)and,thereforewe useall characteristicsf infor-
mationflows (theflow meanvalues.a quantityof transmit-
tedinformationof eachtraffic type)for thefixedhourin a
day Statisticalanalysisof the network statefor the fixed
hourin a day allows to obtainmore exactinformationon
realflows in the consideredetwork.

2) Considerall real usersof a fixed usernodeasone
aggreyateduser This collectionallows very essentiallyto
reducea dimensionof mathematicamodeland, hence,it
implies a decreasingf computations.This approacthas
beenbroughtto thesameresultsassimulationof realsitua-
tion exceptwhenthecall blockingis causedy two specific
usersfunctioningon the samefixedusernode. Thus,each
usernodeplaysarole of oneaggreyateduser[9].

3) The useof useraggr@ation(Supposition?) implies
two supplementanpperations:aggreyation of users(be-
fore a problem solving) and disaggregation of the solu-
tion obtainedfor a "collective” user(i.e., the correspond-
ing usernode)to the initial usersgroup (after a solving).
Therefore,the generalproblemon pricesof network re-
sourcedor usershasbeenbroughtto threeproblemssothat
thefirst of themis the problemaboutpreliminary(internal)
pricesof elementdor NM, thesecondneis atransitionto
the real costsof useof eachnetwork elementand, conse-
guently areal”collective” expenseperthetime unit. The
third one of themis the problemof distribution of expen-
dituresrelatedto eachusernode (as an aggregateduser)
betweerusersof thisnode.

4) Themainideaof ourapproacttonsistof discountof
work load on eachfunctioningnetwork element.Hence a
costof any connectioris combined(asa sum)from prices
of useof all network elementsvhich arenecessaryor this
connection.

5) We assumehat the "internal” price of useof a cer
tain network elementmustbe dependean its load. Con-
sequentlythe price of useof this element(nodeor link)
is anincreasingcorvex functiondependingn awork load
A of this element(the work load of elementis measured

astheratio \]' = cg_l;' (or X} = 3?’), where@Q;' (or Q})

is a realload of the consideredink I (or the nodesi), i.e.,
0< A A <L

2.2 Main approachidea.

Thework [1] is the mostcloseoneto our result,there-
fore we will give more detailedcomparisorwith our for-
mulationin Section5.2. Main approachidea consistsof
two very importantpoints: 1) usingof duality theorycon-
nectingtwo sidesof consideratiorfeconomicabndtechno-
logical)and?2) disaggregationof initial problemto two suc-
cessve problemssothatbeforethefirst of themwe aggre-
gateusersset(all individual usersworking from oneuser
nodeare combinedto onecollective usernode)andsolve
pair of dual problems;later, obtainingsolutionsof aggre-
gatedproblemswe go backto theindividualusersthesec-
ond problemis disaggrgationof the solutionbetweerall
usersof eachusernode). This approachwasusedby one
of authoran [10] anddescribedn [11].

We formulate and solwe in the sametime the pair of
problemavhichareconnectedamonghemselesby means
of duality relations. In essencewe usetwo duality the-
oremsto solve the main problemraisedin this work (see
[11], p.32-360r [12], but for the nonlinearproblemsn the
form of saddlepoint). The first of thesetheoremscon-
cernsthe equality of all internalexpendituresof NM and
its wholeexternalrevenue.Theseconadheoremgivesto us
socalledconditionsof "complementinghon-rigidity”, i.e.,
we canestimatdheinfluencemeasuref eachnetwork ele-
menton the usefulnessunction of the consideredetwork
(seeSection5.3).

The first problem (so called the direct problem) has



beenformulatedin the technologicalspaceX = {z =

(%1,2,1,15 -5 Ti jik 5 - T1—1,1,K,T) } Of theconsidereaet-
work andis intendedto control a technologicalstate of

the network (optimizationof all interconnectingraffics).
Neverthelessthis problemcontaingricesof servicewhich

usedandpaid by usersobtainingthis service.Theseprices
dependon the chooserstratgy of NM bothin its techno-
logical spaceX andin the spaceof pricegeneratioriU.

The second problem (so called the dual problem)
has been formulatedin the prices spaceU = {u =
(U1, ey Uy, -.., uy) } ONSUbMiIttedservice(useof eachnet-
work element)andis usedfor optimal control, which sup-
portsthe considerechetwork in the admissibleregime of
a work state. The solutionsof theseproblemsdependon
eachotherto alargemeasuraincesolutionof oneproblem
entersin the otheroneasa paramete(for example,prices
of raw materialsof differentformsreduceproductioncost
and,in the sametime, a selectedechnologyinfluenceson
the prices). Therefore,we aim to find the optimal tech-
nological regime of the consideredhetwork (routing and
bandwidthdor a network with known topologyandequip-
mentparametersindto chooseéhemostcorvenientprices
estimation®f usedresourcesLaterwe generategricesof
equipmenusagefor userson the baseof obtainedestima-
tions.

2.3 Object function of the direct problem.

Now we formulatethe objectfunction of so calledthe
"direct” problem

I I T kyw L+T1
=1

z(x) = Z Z Z Sfjktﬁfjktxijkt 1)
i 1

i=1 j=1 t=1 k=1 v=

Whereﬁ;’jkt = 0 if thelink orthenoder (1 <v < L+ 1)

doesnot belongto the virtual pathm}; and 8%, = 1in
the oppositecase.Heres7;,, meansthe transmissiorcost
of informationunit on the virtual pathm® e M, of the
traffic typet acrossthe network elementv (it is alink, if
1<v<Loritisanode,if L+1<v<L+1).

In essencethe function z(z) is expressedevenueof
network operatiordueto "rent” of network resourceglinks
andnodes)during bandwidthtime for users.In the direct
problemNM controlsresourceallocationby meansof rout-
ing of differenttraffic typesfor eachdirectedpair w of
users(sender; - recever j). However, this control must
be realizedunderreal constraintsdependingon network
parametergi.e., parameter®f links andnodes),QoSre-

guirementanddemand®f eachuser
2.4. The directproblemand its constraints.

In this Sectionwe obtainconstraindor the directprob-
lem. Thefirst constraingroupis resource®nes. Fix the
link 1. We have for thislink asetS;’ = {mf, =m}; :i e
I,i # j,1 € mk},i.e. thesetof all virtual pathscontain-
ing this link I. Hence,the following inequalitieshold for

feasiblevaluesz; ;¢

T I Ik,
w(@) =D D D> Bijuije < o )
t=1 i=1 j=1 k=1 ( )

I=1,..L,

Whereﬁﬁjkt is describedabovein (1).

Now fix the noder. We have for this nodethe corre-
spondingsetS; = {mf, = m{; : i € I,i # j,r € mk},
i.e., the set of all virtual paths containingthis node r.
Hence,the following inequalitieshold for feasiblevalues
Tijkt

T I I ke

yr(z) = Z Z ZZﬂ@Tjkt-Tijkt < dg;

t=1 i=1 j=1 k=1 3)
r=L+1,..,.L+1.

The secondconstraintsgroup concernsQosS require-
mentsof userswith respecto all traffic typesandselected
userg(agroupof privilegedusersP investinga larger pay-
mentof the sameservice)

yl/’(m)zxijktzﬁfta tETJiaje]Iai#j7i¢]P)7

pi)
1<k < ky, v = (ijkt) @

wherevaluesk; aredefinedby conditionsof QoSin con-
nectionwith a traffic typet € T independentlyof w =
(i,j) and k. Thereare N usersin the network united
into onegroupP. Theseusersaredistributedin the net-
work sothat IV; usersareassociateavith the nodet, i.e.,

I
N = " N;. Thefollowing constraintsepresenimproved

=1
conditionsfor functioningof theseusers

yu"(-%'):mz'jktzfita tET,l,]EH,Z#],ZEP,

5
1<k < ky,v" = (ijkt) ®)

wherea lower boundsk; are definedby the methodde-
scribedbelon. Theusernodei hasaweight\; = JJ"V for
i = 1, ..., I whichshonsthemeasuref significanceof this
noderelatively to thegroupP. In sucha mannemve define
coeficientskl = Akl + k%, wherenumbersko and
dependon the relative part of privilegedusersanda traf-
fic type. Constraintg5) canbe associatedvith usernodes
with sufficiently large coeficients; only.

Besidegherearealsonaturalconstraintson the sign of
eachinformationflow

yv(w)sz’jktZO; teT,i,je]I,i#j,

6
1 <k < ky, 7 = (ijkt). ©
Thus,we obtainthe directproblemin theform
z(z) — max: Q
“ ()

Q={zreX=R":4,<0,1<v <N},

whereg, (z) = yi(z) —,if 1 <v < L, §,(z) = yr(z) —
& if L+1<v<L+1I3,z)=ys(x)+ ke, if L+



I+1<v < Ny,andfinally, j,(z) = =y, (x) + &y, if
Nl +1 S v S Nz.

Main targetof thedirectproblemis to maximizetherev-
enueby meanof loadbalanceouting. Note, thatparame-
terssy;y, = sy, (u) dependntheassumednternalprices
of eachnetwork element, € U which dependon theload
of thecorrespondinglement.

2.5 Object function of the dual problem.

Now we formulate the dual problem in the "prices
space’U. Let

u = (ul, UL, ULy Uyy ooy UL T, UL 4T+, ...,uR)

be "internal expenses’(i.e., "internal prices” of network
equipmenusageperinformationunitin eachlink (if 1 <

v < L)andeachnode(if L+1 < v < L+1I). Inthiscase,
the objectfunction of the dual problemhasthe following

form

L L1
Z(u) = Z Auy + Z ddu;, (8)
=1 i=L+1

which maybeinterpretedoy the following way. Thereare
two approacheso network resourcedeasing. Thefirst of
themis the non-differentiatedeasing(this is a traditional
method thatforeseegpaymentof a userdependingon the
traffic classesandindependentlyf otherfactors,in partic-
ular, of routing selectedor this user). The differentiated
approachs intendedto take into accountseveral factors,
namely 1) theinformationquantityof the considerediser
2) traffic classesand QoS 3) routing and4) relative influ-
enceof theuseron network load (useof very “critical” net-
work elementsby this user). We usethe secondapproach
asfollows: leasingpriceis determinedvith respecto each
network elementusedby the custometuserfor its connec-
tion (on accountof different traffic types). In addition,
network resourceglinks andnodeshave "internal prices”
u, = 4% + u,, whereu® dependson commercialprices
of network elementsmiddle exploitationexpenseandthe
factorl) mentionedabore, on the otherhand,u, depends
onfactors2), 3) and4). Fromhereit followsthatthe func-
tion Z(u) is expenseof NM to maintainthe operationof
thewhole network (the costof all network resources).

2.6. The dual problemand its constraints.

In accordancewith rules of a generationof the dual
problemto the correspondinglirectone(seeSection2.5),
we have thedualproblemconstraintsn thefollowing form

I+L
vikt () = DBty > Sijits
v=1

9)
i,j €L(i#§),1<k<kyteT,

wheregy,, areconsideredbove. Theleft sideof eachof
theseconstraintsmeansexpensesof NM to transmitone

informationunit (frameor cell) of the traffic typet € T
alongthevirtual pathm® of themenul,, from thenode-
senderi to the node-receier j. Besideswe have natural
constraintasin thedirectproblem

uy, > 0,v=1,...,L+1. (20)
Thereforethedualproblemmaybeformulatedas

Z(u) — min : w
¢ (11)
w={ueU=R*":3,>0,1<u<V},

whereon accountof the notationy = (ijkt) we obtain
Oy(u) = vy(u) —s, > 0forl < p < V sothatV
meansthe numberof all virtual pathsin all the menusby
takinginto accountll traffic types.Main targetof thedual
problemis to minimizethe expense®f NM to supportthe
normalnetwork operation Noteatthis point,thatthetrans-

missioncostper informationunit s;;x; = s%’,ﬂt (x) across
eachnetwork elementdepend®ntheassumedraffic rout-
ingz € X (i.e.,dependsn prioritiesof virtual pathin each
menuM,, = M;;), sincetheload of eachnetwork element

depend®n theassumedouting.

3. Brief description of algorithm

Algorithm is recursve, sincethe pair of the dual prob-
lems (7)-(11) containsseveral free parameterginternal
prices- transmissiorcostsfor eachnetwork element).The
optimalvaluesof following parametersustbedefined(in
orderto minimize expensef NM): 4, - resourcesost
(pertheinformationunit); v = 1,...,I (nodes)y = I +
1,...,1 + L (links); z;;: - quantitiesof transmittednfor-
mationacrosghevirtual pathsm® accordingo prioritiesk
for eachtraffic typet € T. Let s;;,: beatransmissiorcost
of informationunit on k-th virtual pathmj; € M;; from
menul;; for thetraffic typet € T, thenit is evidentthat
Sijkt = Sijke(u), Wherew = (w1, ..., Uy, ..., ur41) € €.

At first, we mention,thatbeforea problemsolvingwe
aggrejateall personalisers-customeis oneusernodeup
to oneaggre@ateduser After obtainingsolutionof direct
anddual problemson eachiteration, we disaggrgateour
usersmodelto obtainsolutionsfor real privateandcorpo-
rateusers.

The algorithm consistsof the initial step A4, (seeSec-
tion 3.1) andthreestepsof recursionA;, A, and Az. All
informationflow characteristicef usersandtheir QoSre-
gquirementsisedn theproblemarerelatedo thefixedhour
in aday.

3.1 Initial stepof recursion

Initial stepAy. We calculategenerabxpensesS of NM
(per fixed hour in a day) also taking into accountAS -
upgradecost: S = S + AS. Onthe otherhand,we de-
fine matrix B = [b,,] ,_, of preferableconnectionsof
eachsender(i.e., a usernoder after aggreation) with



eachrecever (i.e., ausernodes), b, = 0,r = 1,..., I,
b.s > 0,7,s € I. Thisinformationcanbe obtainedboth
from statisticalmonitoringof network andfrom a solution
of auxiliaryflow problem hereb,.s meangheprobabilityof
connectioninitializationfrom "r” to ”s” duringthechosen

timeunit. Note,that >  b.s = 1.
1<s<I,s#r
Similarly, we definea vectorC = (¢, ...,¢;, .., ¢r)
which reflectsa load of all links by nodesof the network
(as aggreyatedusers). Fix theinitial valuesin the form
sijke = s° independentlyn (ijkt).

3.2 Stepsof n-th recursion

The first step A;. Solve the pair of dual problem(7)-
(11) and obtainthe solution (7) in the form x:‘(kt),z,g €
I,t € T,1 < k < ky(i.e., all virtual pathSWIth their
correspondingpriorities in all the menusfor eachtraffic
type and for eachconnection(i, j)) and optimal prices

,*i(") v =1,...,I + L of usedresourceglinks andnodes)
pertheinformationunit. Hereinn is arecursiomnumber
The secondstep A,. Correctinternalpricesof network
resourcegsee(9)) @ = u® + up™, v = 1, I+ L
usingassumptiorg5) from Sect|on2 1.
Correctthe transmissiorpricesof the informationunit

onthevirtual pathmfj for thetraffic typet by using:
Sz(]n/:;l) = )‘sijkt (ui(n)’ ot Uz(n); 7u;$bl), =
I+L (12)

=A Z ﬂz]ktu

where) is anindeterminablemultiplier.
Calculateof A from thebalance

I+L

2D Zﬂ”ktu“") =3, (13)

(4jkt)

andlaterdetermineof pricess};t} = st} (A, u*(™).
Thethird stepAs;. Determmauomf "pricerate” f;, for
eachusertakinginto accounthe matrix B (perinformation

L+41
unit, aswell). f;, = Z brigur + E ClioUl-
1<r<I,r#ig I=I+1

4. Numerical experiments
4.1 Brief description of simulator.

We developsimulationframework to simulatenetwork,
protocolsbehaior andto analyzedifferentstratgiesof re-
sourcedistribution, routinganduserpolicing. For network
definition and simulationmanagementhe simulatorcon-
tainsgraphicinteractve ervironmentfor network topology
transmissioomediaandequipmentettings.Topologyedi-
tor providesoptionsfor selectionof routing model(static,
dynamicandmulticast) protocolinstance®n network and

usernodes,usertraffic patterngCBR, VBR) andQoSre-
guirementdor singleandcorporatausers.Thetool is based
onthediscretesvent-drivenmessagerientedparallelsim-
ulationkernel,which reflectsdistributednatureof the net-
work andobject-orientedibrary which realizesbasicnet-
work elements(switches,routers, network crossconnec-
tors) and protocolsfunctionality (signaling, routing, call
admission flow and congestiorcontrol). Protocolsfunc-
tionality is implementedas set of different transmission
technologyprimitives. For example,queuesener with N
input channelsandoneoutputchannelwith differentmes-
sageprocessingoliciesis usedasa basefor modelingof
Leaky Bucketflow controlmechanisnin ATM, SlideWin-
dow in TCP andWeightedFair Queuing(WFQ) schedul-
ing on the ATM switch. In our simulatoreventis mes-
sageexchangebetweenuser/netwrk nodeswhere mes-
sagecontaingdatafield, protocoldependentield andinter-
nal simulationinformation. Oneiterationis over whenall
user/netwrk nodesarein stateof wait for amessager for
somespecifiedsimulationtime. Stateof nodesandlinks
determinesa currentnetwork state;network nodestateis
definedby a messagerocessingstatusand by messages
containingsource/destinatioimformation,amountof data
lossasaresultof buffer overflow andprocessinglelay

4.2 Conditions of the experiment.

For methodevaluationwe use network simulationen-
vironmentwith customizedraffic generatar We examine
the proposednethodof resourcedistribution andservices
price policing in multi-serviceATM network on thetopol-
ogy presentedh Fig 1.

For simplicity we assuméink andnodepriceis propor
tional to capacity while installation, maintainsand man-
agemengexpansesre 30 percentof the network elements
cost. Using simulationwe comparethe proposeddiffer-
entiatedandfixed pricing schemes.Also, predefinedand
adaptve virtual path selectionson call setupconnection
stageare considered. Each user node has CBR traffic
source(aggreyatediraffic from 600 standards4Kbpsvoice
channelsvith connectiomequesprobability0.7)andVBR
traffic source(12 codedvideo sourcesvith 10Mbpspeak
rate and connectionrequestprobability 0.4). We bound
link capacityby 150Mbpsand multiplexing capability of
user/netwrk nodeby 0.5/1Gbps. For video codersgen-
erationwe usea modelfrom [13], asfollows: a bit rate
of a codercanbe modeledby a first orderautorgyressie
Markov process:A(n) = aA(n — 1) + bw,, where\(n)
- a bit rateof a coderfor the n-th frame,w,, is a sequence
of independenGaussiarrandomvariablesanda andb -
constants.We selectfollowing parametergor the model:
a = 0.8781, b = 0.1108, Gaussiarrandomvariablesw,,
have a meany = 0.572 andvariance=1.Following [13]
we take averagevalue of bit rate E[\] = 0.53 bits per
pixel. Eachvoice sourceis simulatedusingthe ON/OFF
binary-statemodelwith fixed numberof voice cells gen-
eratedat the peakbit rate during ON periodandno cells
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Figure 1. Testing topology.
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generatedluring OFF period. We assumesxponentialdis-
tribution of ON/OFF periodswith meansl/a = 0.35sec
and1/b = 0.65secrespectiely.

Fig. 1illustratedinks loadobtainedrom simulationsof
ATM network with predefinedshortespathbasedrouting
andadaptve (in termsof network load sensitvity) routing,
wherevirtual pathis selectedisingour methodfrom menu
of end-to-endconnectiorvirtual pathes.

Fig. 2 demonstratedependengbetweemetwork load
andcostof transmissiorinformationunit in selectedime
interval for differentiatedand predefinedoolicies. In both
casestraffic classesQoSanduserbehaior characteristics
arethesame.

5. Appendix
5.1 Aggregationof users.

Aggregationof userds widely known andhadbeernused
in numberof works([8], [14], [1] to reachreasonableom-
putationtime by solving of differentlarge scaleproblems.
In our casewe considertwo specificsituationsfirst, there
is no congestiorof usersconnectedo the sameusernode;
secondthereis a congestioron the usernode. In the first
case,aggreation of users-sendergorking on the same
usernodekeepsthe stateof network equipmentlmostin-
variable. In the secondcase congestiorof theseusersre-
sultsin connectionblocking for one of them. The prob-
ability of this eventis very small. Our argumentscould
be referredto the averageflow ratesper sufiiciently large
time unit. From here,the congestiorncaseis scarcelyaf-
fectsthe averageflow characteristicsMoreover, the con-
gestioncontrol protocolsof thenetwork excludethis situa-
tion from their function (it maybe coveredby flow control
mechanisnmon the network entry points). Therefore,this
situationis indistinguishabldor high speechetwork proto-
cols. Now considerthe first (usual)case.Let iy € T bea

certainusemode.We shallrestrictour consideratiotio one
traffic typeof all users- senderd;, thatareassociategith

the usernodeig. Let p;(i € I;,) bea probability of con-

nectionrequesof user:i duringcertaintime unit. Let ; be
allocatedbandwidthfor this userconnection.To simplify

estimationswithout loss of generalitywe assumep; = p

independentlpn+ € I;, (underconditionsthatconnection
requestsaredistributed by Erlangand connectionrequest
processingime is constantj.e., 7; = a). Connectiorre-

questsfor usersi’,i” € I,;, areindependenbnefrom an-
other Hence,the distribution of numberJ = 1..||I;,|| of

userssenedduringthetime unit will be(see[15],p239)

P(J=3j)=(1-Xa) i(—nf—ke’mA X
k=1
(ka))?=*  (ka))i—F—1
x ( G-Rr <j—k—1)!)’

where) is a mathematicaéxpectationof requestsiumber
per the time unit, in addition, ja < 1 for ary available
j. Now we canaggr@atej individual real userswith a
requiredtime of serviceja to one”collective” userwith a
randomservicetime ja of theprobability P(J = j).

5.2 Comparison of approaches.

Theapproactusedn [1] (1Ap) maybeclassifiedasone
of the first attemptgto usethe duality theoryresultsto the
economicabalancingof modernhigh speednetworks. In
this section,we adducemore comprehensie comparison
of ourapproach2Ap) and(1Ap).

A brief descriptionof [1]. The problem formulation
dealswith the aggregateddemandunctionwhich depends
(nonlinearly)ontheunit pricew,. All conceptgconnected
with informationflows) aregivenhereperunittime,i.e.,in
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the sameform asin our consideration.Besidesall flows

consideredn [1] aresmoothedandoptimizationproblems
areformulatedwith constantlows. Authorsusetwo im-

portantconcepts:the effective bandwidthfor eachtraffic

type andthe averagedurationof connectiorfor eachtype.
Thesimilar conceptsareusedin our considerationsLater,

in essencel agranges function Z(z, u, w) hadbeencon-
sideredwith respecto thefollowing algumentsandparam-
eters:u - theunit price of transmittednformation,z - pro-

portional valuesto the bandwidthson the pairsw. Two

problemsare formulatedby authors: the first oneis net-
work algorithmwhich is similar to our dual problem(DP)

andthesecondneis useralgorithmwhichis similarto our

direct problem(dP). Purposeof theseformulationsis on

the onehand,to take into accounttechnologicaland eco-
nomicalinterestof NM, ontheotherhand,to satisfyusers
interestin the bestprice. The samegoalsare formulated
in our approach.Sucha stateis possiblein a saddlepoint
(Kunn-Tucker’'stheorem)only.

Similarity tokensof (1Ap) and (2Ap). 1) Essentialuse
of the duality theory i.e., a simultaneousolving of joint
problemsin the parameterspace.2) An obtainingof two
optimal strategjies (on the one hand,pricesfor users,and,
ontheotherhandtechnologicategimefor NM) attheend
of solving.

Distinctionsbetweer(1Ap) and (2Ap). 1) In (2Ap), the
problemformulationis linearin comparisonwith (1Ap).
Therefore,we essentiallysimplify the solving procedure
by reducingtheinitial problemto theeasylinearoptimiza-
tion problem. Besides by solving one of dual problems
we solve the otherproblemof this pair at the sametime.
A solving of the linear problemis sustainedby a finite

simplex-procedure whereasa solving of nonlinearprob-
lemsmay be complicatedby a numberof differentcondi-
tions andrealizedby meansof aninfinite procedureonly.

2) We correctnonlineardependencesy;,, = si;,(u) by

meansof recursionprocess. This processs very easyif

the stepof the recursionis sufficiently small (see(12) and
(13)). Thus,theinitial complicatednonlinearproblemof

pricescoordinationand technologicalregimesis reduced
by meansof (2Ap) to aneasylinear problem. 3) In (2Ap)

we usethebalancaheorenfor acceleratiorof thesolution
procesgqthe generalnonlinearform of the problem(1Ap)

doesnot allow to find an easybalanceof NM costsand
revenue).

5.3 Duality theorems.

In numberof booksthe mainresultsof the duality the-
ory arepresentedor a caseof the nonlinearoptimization
problemin the form of Lagrangian(with Lagranges mul-
tipliers, see[12], Sect.3.3-3.4).However, the moststrong
results(which aremoreinterestingfor a practicaluse)can
be obtainedin linear problems. Therefore,we shall re-
strict our consideratiorio the linear caseof dual problems
only. Let A = [aij]i=1,n;j=1,m bearealmatrix,letz =
(mla"'axja"'awn) € R, p = (pla"'apja"'apn) € R",
@ = (A1, ey Ay ooy ) € R4 = (U1 eey Uy ooy Uy ) €
R™, arevectorsfrom spaceR™ andR™, correspondingly
Hereasymbol(-, -} meansa scalamproductof two vectors.
Let’s definetwo setsw and(2 (socalledsetsof all feasible
valuesof agumentsfor z andw, correspondingly)n the
followingway: w = {z € R* : Az < a,z > 0} and
Q= {u€e R :uld > pu > 0} Considerthe pair of
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mutuallydualproblems:
(dP) z(z) = (px) — max
(DP) Z(u) = (au) — mg%n

sothatthe first of themis thedirectproblem(dP) andthe
secondoneis the dual problem(DP) to the first one (dP).
Letz* andu* beanoptimalsolutionof (dP)and(DP),cor-
respondingly It is necessaryo mentionthe evidentfacts
arisingfrom the solving method(for example,of the first
directproblem): 1) the solutionsof both problemsareob-
tainedsimultaneously?) the optimal valuesof bothobject
functionsfor optimal solutionsz* and«* are equal,i.e.,
z(z*) = z* = Z* = Z(u*). In otherfeasiblepoints
z € wandu € Q we have (pz) > (au). In essence,
the last equality representshe first duality theorem. The
following interpretationof the pair (dP) - (DP) could be
consideredn connectiorwith the formulationof our main
problem.Thereis amulti-productionafactoryin thetech-
nologicalspaceR™ producingn kindsof articlesfrom raw
materialsof m (¢ = 1,...,m) kinds. Letz;, (j = 1,...,n)
be the certainproductionplan of the j-th articlez; > 0
(j = 1,..,n). Here A = [ajj]i=1,m;j=1,n iS SO calleda
technologicalmatrix of production,i.e., a;; is a quantity
of raw materialsof the kind i requiredper unit of the j-th
articlekind. Letp; (j = 1,...,n) beaworking price of a
unit of the j-th articleandlet a; (i = 1,...,m) beresene
of raw materialsof thei-th kind of raw materials. There-
fore, the objectfunction of (dP) (underconditionsof the
assumegbroductionplanz € w € R™) is thecommonrev-
enueof thefactoryunderconditionsof limited raw material

resenes. Thenthe condition Az < a is the constrainton
theavailableresourcesOntheotherhand the objectfunc-
tion of (DP) (undercondition of the assumedricesplan
u € Q0 € R™) isthecommonexpense®f thefactoryunder
condition of limited productioncostof eacharticle kind.
Hencewe interpretuA > p asconstraintof theeconomi-
cal - technologicakensean the pricesspaceR™. Thus,we
cometo main resultsof the duality for a pair of problems
(dP)and(DP)in thelinearspace.

Theorem 1, (balancetheorem). If any problemof dual
problemgpair ((dP)or (DP)) hastheoptimalsolution(z* or
u*) thentheotherproblem(correspondingly(DP) or (dP))
hasthe optimal solution,aswell, (u* or *). In addition,
thefollowing balanceconditionholds

(pz*) = (au”).

Theorem 2, (token of optimal solutions). The feasible
plansz* € w andu* € 2 areoptimalif andonly if thefol-

lowing conditionsof so called "supplementaryrigitidity”

hold, i.e.,

m
(or 3 >0,if Z =p;)
=1

The senseof Theoreml consistsof balanceof whole
expensesand revenuein the productionunder condition
of useof internal pricesin the productiontechnologyso



thatthesepricescorrespondo thetechnologicamatrix (to
thetechnologicapossibilitiesof this production).Theeco-
nomical- technologicatensef Theoren? is thattheinter-
nalpriceu; = 0 of raw materialsof thekind, if resources
of this kind exceedthe real demandon the optimal work
regime and,on the otherhand,s; > 0, if this kind of re-
sourcess critical (i.e., it is deficient). The similar conclu-
sionscanbe obtainedfor solutionsof the direct problem:
if the expensegperunit of a certainkind of articlesexceed
the productioncostof this kind of articlesthenproduction
of thiskind is notbeneficialandz} = 0, ontheotherhand,
thereis balanceof expenseandrevenueperarticle unit, if
thisarticlekind is beneficialj.e., z} > 0.

6. Conclusions

The correctrouting selectionand servicesprice defini-
tion areimportantpartsof network resourceallocationpro-
cessin multiple serviceshigh speednetworks. The pro-
posedapproachresohesthe problemof network resource
distribution togetherwith optimal servicesprice stratey.
In addition, it is possibleto make topology configuration
and technologyupgradewith respectto cost, congestion
and QoS degradationavoidancein the network solution.
The algorithm hasthe following advantages:1) usageof
duality theoryconnectingeconomicabndtechnologycon-
siderations?2) disaggregationof initial problemto two suc-
cessve problems:one,aggreationof usersetsconnected
to network entrypointsinto collective userswith following
resolvingof pair of dual problemsand, second,obtained
solutiontransformatiorbackto theindividual users.
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