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Abstract
In thispaperweinvestigatenetworkresourceallocation

and pricing strategies on transmissionservicesin multi-
serviceB-ISDNnetwork.Relationbetweenresourceman-
agement,servicequality, networkand usage control not
well definedespeciallyin networkswith multiple traffic
classesandQoSrequirements.It leadsto inadequateser-
vice price policing, resource wasting, call blocking and
overall networkcongestiongrowth. We proposeresource
allocationandservicepricedefinitionmodelbasedon dif-
ferentiation of user traffic characteristics,QoS require-
mentsandnetworkusage in selectedtimeinterval. In net-
work usage we considerfrequencyof connectionrequest,
averageconnectiondurationtimeandquantityof informa-
tion exchange. Our approach is basedondualtheorymeth-
odswidelyusedfor planningandoperationmanagementin
manufacturingwith multiple productsand not equalpro-
ductionexpenses.
Keywords: Resourceallocation, serviceprice policing,
adaptive routing, traffic aggregation, dual theory meth-
ods.

1. Intr oduction and problemformulation

In last time telecommunicationnetworks are shifting
from specializednetworks primarily usedfor voice and
limited data servicestoward multiple servicesnetworks
with supportfor advancedvideoanddataapplications.Ser-
vice price policing basedon usagetime (like in old tele-
phoneservices)andconstantpricefor dataapplicationwith
notguaranteedQoSpracticallynotcorrelateswith resource
price in heterogeneousapplicationenvironment. Reason-
ableway for efficientnetwork utilizationandloweringser-
vicescostis adaptive pricepolicing basedon servicesdif-
ferentiationby traffic classes,QoS and usersconnection
activity in theselectedtime interval.

Optimal resourceallocationand pricing policy strate-
giesarepresentedin numberof works with differentap-
proaches.Oneof them[1] is closeto our formulation. In
this casethe problemis connectedwith resourcealloca-
tion amongcompetingservicesdifferentiatedbyusertraffic
characteristicsandmaximumend-to-enddelay. The pro-
posedmethoddeterminesresourcecombinationto maxi-
mize welfarefor individual users. In [2] this methodhad
beenextendedby takingadvantageof statisticalmultiplex-
ing, thatmakespossiblecostreductiononsharingmultiple

resources,suchas links and buffers on switching equip-
ment. New approachconnectedwith blocking constrain
androuting policy is presentedin [3]. This work is ded-
icatedto Virtual Path control for ATM networks and ca-
pacityallocationproblemthatsatisfiesnodeconstrainson
thecall processing.Thework presentsalgorithmfor max-
imizationof multiple traffic classesnetwork revenueunder
theabove setof constrains.Theapplicationof ideascon-
nectedwith stochasticoptimizationproblemsor gamethe-
ory wasconsideredin theworks [4] (capacityplanningof
ATM networkstakinginto accountdemanduncertaintyand
dynamicpathcapacityreallocation),[5] (pricing schemes,
that drive the systemto the network optimum, investiga-
tion usingNashequilibria,link flow configurationthatmin-
imizestheoverallnetwork congestion).

In our work we presenta comprehensive approachfor
network servicesprice definition basedon dual formula-
tion of theoptimalresourcedistributionproblem.Wecom-
puteinitial resourceunit priceastheratio of network con-
struction/operationto expectedtotal flow. Following [6]
we approximateserviceproviding cost as a linear func-
tion of transmissionmedia,switching equipment,instal-
lation and managementcost taking into accountmainte-
nanceexpansesgrowth with increasingnetwork size and
dependenceof operationmanagementcomplexity/coston
selectednetwork topology. We alsoassumenetwork links
costincreasessignificantlyasfarastheir lengthgrows.Ex-
pectedtotalflow estimationis basedonaggregatedequiva-
lentbandwidthcomputation[7],[8] for corporateuserswith
assumptionof the Bernuli distribution of connectionre-
questsnumberfor differenttraffic classesandQoSin the
selectedtime interval. In caseof congestionindication
or load growth (congestion’warning’) in somenetwork
link or node, their resourceprice increaseswith follow-
ing differentiatedservicesprice increase. In our method
direct solution maximizesnetwork utilization using load
balancingby virtual pathselectionandusingnetwork re-
sourcedistribution taking into accountmutual influences
of flows in the network at the sametime. Dual solution
providesacostindicationrelatedto consumptiondegreeof
resourcessharedby differentusers,whichis usefulasaba-
sic criterionfor optimumpricepolicingschemedefinition.
We divide input parametersinto network relatedinforma-
tion (network topology, transmissionmediaandswitching
equipmentcapacity, planedservices)anduserinformation
(traffic classesand QoS,connectivity matrix, usagecon-
tract). Also, in postoptimizationanalysiswe supposeto
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usestatisticalinformationaboutuseractivity (connection
duration

�
andpreliminarydirection, ’busy’ hourspersoni-

fiedpercorporateuser)for sensitivecorrection.

2. Mathematical modelof the problem

2.1. Notationsand suppositions.

To formulateourgeneralnetwork modelweusethefol-
lowing notations:

Let �������	��
��
�� bea setof all nodes,
let �������������
�� bea setof all links,
let �������������
�� bea setof all traffic types,
let ������ !�#"$�	%'&)(�� beasetof directedpairs”sender-� , receiver-& ”; �+*�,& ,-�./ is a quantityof transmittedinformationof thetype �

in thedirection  (pertheunit time),0 ./ is aprobabilityof theconnection duringunit time
on thetraffic type � ,1 / ����243/ �5263�87 �#"$��%9��3� %9��3: %<;�;�;�%=�>3?@%<;�;�;�%A&)(�B"$�A3� %=�A3: %<;�;�;�%=�A33�C (D%<EGFIHJFKH / �
is a menuof virtual pathsfor thepair  �LNM , where H / is
a numberof virtual pathsin themenu

1 / for thedirected
pair  O��"$��%A&)( ,PDQR is ageneralcapacityof thelink �9%=�SLJ� ,T Q � is a generalcapacityof thenode��%9�ULJ� ,V�W� (and V�W WR , respectively) is a relative costof useof the
correspondingnode� (thecorrespondinglink � ) to transmit
theinformationunit (frameor cell).

Finally, let X /SY 3 Y . �KX � Y 7 Y 3 Y . beapartof thetraffic of the
type � from � to & directedover thevirtual path 2 3/ in the
menu

1 / (of course,perthechosentimeunit).
To simplify all reasoningandproofs,weusetwo differ-

ent conceptsof an usageprice for eachnetwork element:
the internalprice (for Network Management(NM) usage)
andtheexternalprice(thisoneis anusualpriceof thecor-
respondingnetwork resourcefor acustomer-user).Prelim-
inary we introducethefollowing sufficiently realsupposi-
tions.

1) Our modelis formulatedperunit time (for example,
perhour)and,therefore,weuseall characteristicsof infor-
mationflows(theflow meanvalues,aquantityof transmit-
tedinformationof eachtraffic type)for thefixedhourin a
day. Statisticalanalysisof the network statefor the fixed
hour in a day allows to obtainmoreexact informationon
realflows in theconsiderednetwork.

2) Considerall real usersof a fixed usernodeas one
aggregateduser. This collectionallows very essentiallyto
reducea dimensionof mathematicalmodeland,hence,it
implies a decreasingof computations.This approachhas
beenbroughtto thesameresultsassimulationof realsitua-
tion exceptwhenthecall blockingis causedby two specific
usersfunctioningon thesamefixedusernode.Thus,each
usernodeplaysa roleof oneaggregateduser[9].

3) Theuseof useraggregation(Supposition2) implies
two supplementaryoperations:aggregationof users(be-
fore a problem solving) and disaggregation of the solu-
tion obtainedfor a ”collective” user(i.e., the correspond-
ing user-node)to the initial usersgroup(after a solving).
Therefore,the generalproblemon pricesof network re-
sourcesfor usershasbeenbroughtto threeproblemssothat
thefirst of themis theproblemaboutpreliminary(internal)
pricesof elementsfor NM, thesecondoneis atransitionto
the real costsof useof eachnetwork elementand,conse-
quently, a real”collective” expensesperthetimeunit. The
third oneof themis the problemof distribution of expen-
dituresrelatedto eachusernode(asan aggregateduser)
betweenusersof thisnode.

4) Themainideaof ourapproachconsistsof discountof
work loadon eachfunctioningnetwork element.Hence,a
costof any connectionis combined(asa sum)from prices
of useof all network elementswhicharenecessaryfor this
connection.

5) We assumethat the ”internal” price of useof a cer-
tain network elementmustbedependedon its load. Con-
sequently, the price of useof this element(nodeor link)
is anincreasingconvex functiondependingona work loadZ

of this element(the work load of elementis measured
as the ratio

Z W8WR �\[^] ]_` _ (or
Z W� �\[^]ab a ), where c W WR (or c W� )

is a real load of the consideredlink � (or the node � ), i.e.,d F Z W8WR % Z W� FOE .
2.2. Main approachidea.

Thework [1] is themostcloseoneto our result,there-
fore we will give moredetailedcomparisonwith our for-
mulation in Section5.2. Main approachideaconsistsof
two very importantpoints: 1) usingof duality theorycon-
nectingtwo sidesof consideration(economicalandtechno-
logical)and2) disaggregationof initial problemto two suc-
cessive problemssothatbeforethefirst of themwe aggre-
gateusersset(all individual usersworking from oneuser
nodearecombinedto onecollective usernode)andsolve
pair of dual problems;later, obtainingsolutionsof aggre-
gatedproblemswegobackto theindividualusers(thesec-
ond problemis disaggregationof the solutionbetweenall
usersof eachusernode). This approachwasusedby one
of authorsin [10] anddescribedin [11].

We formulateand solve in the sametime the pair of
problemswhichareconnectedamongthemselvesbymeans
of duality relations. In essence,we usetwo duality the-
oremsto solve the main problemraisedin this work (see
[11], p.32-36or [12], but for thenonlinearproblemsin the
form of saddlepoint). The first of thesetheoremscon-
cernsthe equalityof all internalexpendituresof NM and
its wholeexternalrevenue.Thesecondtheoremgivesto us
socalledconditionsof ”complementingnon-rigidity”, i.e.,
wecanestimatetheinfluencemeasureof eachnetwork ele-
menton theusefulnessfunctionof theconsiderednetwork
(seeSection5.3).

The first problem (so called the direct problem) has
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beenformulatedin the technologicalspaceef�g��Xh�"iX � Y : Y � Y � %<;�;�;�%=X � Y 7 Y 3 Y . %�;�;�;�%9X 
�j � Y 
 Y klY � (�� of theconsiderednet-
work and is intendedto control a technologicalstateof
the network (optimizationof all interconnectingtraffics).
Nevertheless,thisproblemcontainspricesof servicewhich
usedandpaidby usersobtainingthisservice.Theseprices
dependon thechoosenstrategy of NM both in its techno-
logical spacee andin thespaceof pricegenerationm .

The second problem (so called the dual problem)
has been formulated in the prices space m � ��no�"in � %�;�;�;�%9n ? %<;�;�;�%9nqpr(D� onsubmittedservice(useof eachnet-
work element)andis usedfor optimalcontrol,which sup-
ports the considerednetwork in the admissibleregime of
a work state. The solutionsof theseproblemsdependon
eachotherto alargemeasuresincesolutionof oneproblem
entersin theotheroneasa parameter(for example,prices
of raw materialsof differentformsreduceproductioncost
and,in thesametime, a selectedtechnologyinfluenceson
the prices). Therefore,we aim to find the optimal tech-
nological regime of the considerednetwork (routing and
bandwidthsfor anetwork with known topologyandequip-
mentparameters)andto choosethemostconvenientprices
estimationsof usedresources.Laterwe generatepricesof
equipmentusagefor userson thebaseof obtainedestima-
tions.

2.3. Object function of the dir ectproblem.

Now we formulatethe object function of so calledthe
”direct” problem

s "iXt(u� 
v ��
�� 
v7=
S� �v . 
�� 3�Cv3 
��
�xw^
v? 
�� V ?�y7 3 .�z ?�y7 3 . X �87 3 . (1)

wherez ?�y7 3 . � d if thelink or thenode { ( E|F5{}FI~���� )
doesnot belongto the virtual path 2 3�87 and z ?�87 3 . ��E in
theoppositecase.Here V ?�y7 3 . meansthe transmissioncost
of informationunit on the virtual path 2 3/ L 1 / of the
traffic type � acrossthe network element{ (it is a link, ifE�F�{}F�~ or it is a node,if ~N�5E�FK{JFK~N��� ).

In essence,the function s "iXt( is expressedrevenueof
networkoperationdueto ”rent” of network resources(links
andnodes)duringbandwidthtime for users.In thedirect
problemNM controlsresourceallocationby meansof rout-
ing of different traffic typesfor eachdirectedpair  of
users(sender� - receiver & ). However, this control must
be realizedunder real constraintsdependingon network
parameters(i.e., parametersof links andnodes),QoSre-
quirementsanddemandsof eachuser.

2.4. The dir ectproblemand its constraints.

In this Sectionwe obtainconstrainsfor thedirectprob-
lem. Thefirst constrainsgroupis resourcesones.Fix the
link � . We have for this link a set � W WR ����2 3/ ��2 3�87�� ��L�)%9��*��&�%=��L�2 3/ � , i.e., thesetof all virtual pathscontain-
ing this link � . Hence,the following inequalitieshold for

feasiblevaluesX �y7 3 .� R "iXt(u� �v . 
�� 
v ��
�� 
v7=
�� 3 Cv3 
�� z
R�y7 3 . X �y7 3 . F P QR %���#E�%�;�;�;�%=~�% (2)

wherez R�y7 3 . is describedabovein (1).
Now fix the node � . We have for this nodethe corre-

spondingset � W� ����2 3/ ��2 3�y7 � �GL��@%9��*��&�%9�6L�2 3/ � ,
i.e., the set of all virtual pathscontaining this node � .
Hence,the following inequalitieshold for feasiblevaluesX �y7 3 . � � "iXt(u� �v . 
�� 
v ��
�� 
v7=
�� 3 Cv3 
�� z ��y7 3 . X �y7 3 . F T Q � %�G�!~N�IE�%<;�;�;�%=~��,��; (3)

The secondconstraintsgroup concernsQoS require-
mentsof userswith respectto all traffic typesandselected
users(a groupof privilegedusers� investinga largerpay-
mentof thesameservice)� ? ] "iXt(u�IX �87 3 .+�K�x. %���L6�+%9��%'&�L��)%9��*��&�%9��*L}�u%E�FIHJF�H / %	{ W ��"i�i&)H)�9( (4)

wherevalues � . aredefinedby conditionsof QoSin con-
nectionwith a traffic type �NL�� independentlyof  ��"i��%'&�( and H . There are   usersin the network united
into onegroup � . Theseusersaredistributed in the net-
work so that   � usersareassociatedwith the node � , i.e., �� 
¡��
��   � . Thefollowing constraintsrepresentimproved

conditionsfor functioningof theseusers� ? ] ] "$Xt(U�5X �y7 3 . ��¢� . %���L4�+%9��%A&£L��)%9�¤*�,&�%9�uLJ�u%EGFIHJF�H / %�{ W8W �B"i�i&)H)�9( (5)

wherea lower bounds ¢��. are definedby the methodde-
scribedbelow. Theusernode � hasa weight

Z � � p ap for�¥��E�%�;�;�;�%	� whichshowsthemeasureof significanceof this
noderelatively to thegroup � . In sucha mannerwedefine
coefficients ¢� . � � Z � � .Q � � . � , wherenumbers� Q and � �
dependon the relative part of privilegedusersanda traf-
fic type. Constraints(5) canbeassociatedwith usernodes
with sufficiently largecoefficients

Z � only.
Besidestherearealsonaturalconstraintson thesignof

eachinformationflow��¦? "$Xt(U�5X �y7 3 .+� d %���L4��%9��%A&§L}�)%9�¤*��&�%E�F�HJFIH / % ¢{��B"i�i&)H)�9(¨; (6)

Thus,weobtainthedirectproblemin theforms "$Xt(�©tª¬«£­¯®° ��±± ����X6LJe!�I²�³ �^´� ? F d %<EGF�{}F ´ ���% (7)

where ´� ? "iXq(U� � R "iXt(�© P QR , if E�FK{JFK~ , ´� ? "$Xt(U� � � "$Xt(�©T Q � , if ~���E}F�{�F#~��I� , ´� ? "iXq(�� � ? ] "iXt(¤� �x. , if ~��
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�|�OE�F�{µF ´  � , and,finally, ´� ? "$Xt(��¶© � ? ] ] "$Xt(¤� ¢�¸· , if´  � �5E�FI{�F ´  : .
Main targetof thedirectproblemis tomaximizetherev-

enueby meansof loadbalancerouting.Note,thatparame-
ters V ?�y7 3 . � V ?�y7 3 . "$nq( dependontheassumedinternalprices
of eachnetwork elementn�Lµm which dependon theload
of thecorrespondingelement.

2.5. Object function of the dual problem.

Now we formulate the dual problem in the ”prices
space”m . LetnJ�B"in � %<;�;�;�%=n � %9n �xw � %<;�;�;�%9n ? %<;�;�;�%=n �xw^
 %9n �xw¹
�w � %<;�;�;�%9nqº¤(
be ”internal expenses”(i.e., ”internal prices” of network
equipmentusage)perinformationunit in eachlink (if E»F{JF�~ ) andeachnode(if ~£�µEGFI{�FK~£�4� ). In thiscase,
the objectfunction of the dual problemhasthe following
form ¼ "in�(�� �v R 
�� P QR n R � �xw¹
v��
 ��w � T Q � n � % (8)

which maybeinterpretedby thefollowing way. Thereare
two approachesto network resourcesleasing.Thefirst of
themis the non-differentiatedleasing(this is a traditional
method,that foreseespaymentof a userdependingon the
traffic classesandindependentlyof otherfactors,in partic-
ular, of routing selectedfor this user). The differentiated
approachis intendedto take into accountseveral factors,
namely, 1) theinformationquantityof theconsidereduser,
2) traffic classesandQoS3) routingand4) relative influ-
enceof theuseronnetwork load(useof very”critical” net-
work elementsby this user). We usethesecondapproach
asfollows: leasingpriceis determinedwith respectto each
network elementusedby thecustomer-userfor its connec-
tion (on accountof different traffic types). In addition,
network resources(links andnodes)have ”internal prices”¢n ? �½n Q? �!n ? , where n Q ? dependson commercialprices
of network elements,middleexploitationexpensesandthe
factor1) mentionedabove,on theotherhand, n ? depends
on factors2), 3) and4). Fromhereit follows thatthefunc-
tion

¼ "$nq( is expensesof NM to maintaintheoperationof
thewholenetwork (thecostof all network resources).

2.6. The dual problemand its constraints.

In accordancewith rules of a generationof the dual
problemto thecorrespondingdirectone(seeSection2.5),
wehavethedualproblemconstraintsin thefollowing form

¾ �y7 3 . "$nq(�� 
�w¹�v? 
�� z ?�y7 3 . n ? � V �y7 3 . %��%A&�L}�)%�"$�¤*��&)(¨%<EGFKHJFKH / %9��L6�+% (9)

where z ?�87 3 . areconsideredabove. Theleft sideof eachof
theseconstraintsmeansexpensesof NM to transmitone

informationunit (frameor cell) of the traffic type �4L��
alongthevirtual path 2 3/ of themenu

1 / from thenode-
sender� to the node-receiver & . Besideswe have natural
constraintsasin thedirectproblemn ? � d %	{£��E�%<;�;�;�%	~N���¸; (10)

Therefore,thedualproblemmaybeformulatedas¼ "in�(�©tª¿«�À�ÁÂ �¯ÃÃ ����n6LJm5�!² 
�w¹� �q´¾ÅÄ � d %<EGF�Æ�FIÇ���% (11)

whereon accountof the notation Æ¶�È"i�i&)H)�9( we obtain´¾ÅÄ "in�(�� ¾ÅÄ "in�(É© V�Ä � d
for EOFÊÆËFÌÇ so that Ç

meansthe numberof all virtual pathsin all the menusby
takinginto accountall traffic types.Main targetof thedual
problemis to minimizetheexpensesof NM to supportthe
normalnetworkoperation.Noteatthispoint,thatthetrans-
missioncostper informationunit V �y7 3 . � V�Í ?¨Î�87 3 . "iXq( across
eachnetwork elementdependson theassumedtraffic rout-
ing X6L}e (i.e.,dependsonprioritiesof virtual pathin each
menu

1 / � 1 �y7 ), sincetheloadof eachnetwork element
dependson theassumedrouting.

3. Brief description of algorithm

Algorithm is recursive, sincethe pair of thedualprob-
lems (7)-(11) containsseveral free parameters(internal
prices- transmissioncostsfor eachnetwork element).The
optimalvaluesof following parametersmustbedefined(in
order to minimize expensesof NM): ¢n ? - resourcescost
(per the informationunit); {���E�%�;�;�;�%=� (nodes);{��¬�»�E�%�;�;�;�%=�|��~ (links); X �87 3 . - quantitiesof transmittedinfor-
mationacrossthevirtual paths2 3/ accordingtopriorities H
for eachtraffic type ��L6� . Let V �y7 3 . bea transmissioncost
of informationunit on H -th virtual path 2 3�y7 L 1 �87 from
menu

1 �87 for thetraffic type �ÉL�� , thenit is evidentthatV �87 3 . � V �87 3 . "in�( , wheren}�#"in � %�;�;�;�%=n ? %<;�;�;�%9n �xw¹
 (lL ± .
At first, we mention,thatbeforea problemsolvingwe

aggregateall personalusers-customersof oneusernodeup
to oneaggregateduser. After obtainingsolutionof direct
anddual problemson eachiteration,we disaggregateour
usersmodelto obtainsolutionsfor realprivateandcorpo-
rateusers.

The algorithmconsistsof the initial step Ï Q (seeSec-
tion 3.1) andthreestepsof recursionÏ � %=Ï : and ÏrÐ . All
informationflow characteristicsof usersandtheir QoSre-
quirementsusedin theproblemarerelatedto thefixedhour
in a day.

3.1. Initial stepof recursion

Initial step Ï Q . Wecalculategeneralexpenseś� of NM
(per fixed hour in a day) also taking into account Ñ�� -
upgradecost: ´���½���OÑ�� . On the otherhand,we de-
fine matrix ÒÊ�ÔÓ Õ �	Ö=× 
�=Y Ö 
�� of preferableconnectionsof
eachsender(i.e., a user node � after aggregation) with
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eachreceiver (i.e., a usernode V ), Õ �	� � d , �µ�ØE�%�;�;�;�%	� ;Õ ��Ö � d %9�¯% V LK� . This informationcanbe obtainedboth
from statisticalmonitoringof network andfrom a solution
of auxiliaryflow problem,hereÕ �	Ö meanstheprobabilityof
connectioninitializationfrom ” � ” to ” V ” duringthechosen
timeunit. Note,that

¡�DÙ Ö Ù 
 Y Ö<Ú
 � Õ �	Ö ��E .
Similarly, we define a vector Ûo�Ü" P � %<;�;�;�% P R %<;�;�;�% P � (

which reflectsa load of all links by nodesof the network
(as aggregatedusers). Fix the initial valuesin the formV �87 3 . � V Q independentlyon ( �i&)H)� ).
3.2. Stepsof Ý -th recursion

The first step Ï � . Solve thepair of dualproblem(7)-
(11) andobtain the solution (7) in the form XqÞ Í�ß Î�y7 3 . %=��%A&�L�)%9�NL½�+%�E�F�HhFÈH / (i.e., all virtual pathswith their
correspondingpriorities in all the menusfor eachtraffic
type and for eachconnection "$��%A&)( ) and optimal pricesn Þ Í�ß Î? %	{£�#E�%<;�;�;�%	�r�,~ of usedresources(links andnodes)
pertheinformationunit. Herein Ý is a recursionnumber.

The secondstep Ï : . Correctinternalpricesof network
resources(see(9)) ¢n Í�ß Î? �Ën Q? �!n Þ Í�ß Î? %�{5�ÊE�%<;�;�;�%=���O~
usingassumption(5) from Section2.1.

Correctthe transmissionpricesof the informationunit
on thevirtual path 2 3�y7 for thetraffic type � by using:V Í�ß w � Î�y7 3 . � Z V �y7 3 . "$n Þ Í�ß Î� %�;�;�;�%9n Þ Í�ß Î? %<;�;�;�%9n Þ Í�ß Î
�w¹� �� Z 
�w¹�v? 
S� z ?�y7 3 . n Þ Í�ß Î? % (12)

where
Z

is anindeterminablemultiplier.
Calculateof

Z
from thebalanceZ vÍ �87 3 . Î XqÞ Í�ß

Î�y7 3 . 
�w¹�v? 
�� z ?�87 3 . n Þ Í�ß Î? � ´�+% (13)

andlaterdetermineof pricesV ß w ��y7 3 . � V ß w ��87 3 . " Z %9n Þ Í�ß Î ( .The third step ÏrÐ . Determinationof ”price rate” à ��á for
eachusertakinginto accountthematrix Ò (perinformation

unit, aswell). à ��á � ¡��Ù � Ù 
 Y ��Ú
¹��á Õ � ��á n � � �xw¹
¡R 
 
�w � P R ��á n R .
4. Numerical experiments

4.1. Brief description of simulator.

We developsimulationframework to simulatenetwork,
protocolsbehavior andto analyzedifferentstrategiesof re-
sourcedistribution,routinganduserpolicing. For network
definition andsimulationmanagementthe simulatorcon-
tainsgraphicinteractiveenvironmentfor network topology,
transmissionmediaandequipmentsettings.Topologyedi-
tor providesoptionsfor selectionof routingmodel(static,
dynamicandmulticast),protocolinstancesonnetwork and

usernodes,usertraffic patterns(CBR, VBR) andQoSre-
quirementsfor singleandcorporateusers.Thetool is based
on thediscreteevent-drivenmessageorientedparallelsim-
ulationkernel,which reflectsdistributednatureof thenet-
work andobject-orientedlibrary which realizesbasicnet-
work elements(switches,routers,network crossconnec-
tors) and protocolsfunctionality (signaling, routing, call
admission,flow andcongestioncontrol). Protocolsfunc-
tionality is implementedas set of different transmission
technologyprimitives. For example,queueserver with N
input channelsandoneoutputchannelwith differentmes-
sageprocessingpoliciesis usedasa basefor modelingof
Leaky Bucketflow controlmechanismin ATM, SlideWin-
dow in TCP andWeightedFair Queuing(WFQ) schedul-
ing on the ATM switch. In our simulatorevent is mes-
sageexchangebetweenuser/network nodeswhere mes-
sagecontainsdatafield, protocoldependentfield andinter-
nal simulationinformation. Oneiterationis over whenall
user/network nodesarein stateof wait for amessageor for
somespecifiedsimulationtime. Stateof nodesand links
determinesa currentnetwork state;network nodestateis
definedby a messageprocessingstatusandby messages
containingsource/destinationinformation,amountof data
lossasaresultof buffer overflow andprocessingdelay.

4.2. Conditions of the experiment.

For methodevaluationwe usenetwork simulationen-
vironmentwith customizedtraffic generator. We examine
theproposedmethodof resourcedistribution andservices
pricepolicing in multi-serviceATM network on thetopol-
ogypresentedin Fig 1.

For simplicity weassumelink andnodepriceis propor-
tional to capacity, while installation,maintainsandman-
agementexpansesare30percentsof thenetwork elements
cost. Using simulationwe comparethe proposeddiffer-
entiatedandfixed pricing schemes.Also, predefinedand
adaptive virtual path selectionson call setupconnection
stageare considered. Each user node has CBR traffic
source(aggregatedtraffic from 600standard64Kbpsvoice
channelswith connectionrequestprobability0.7)andVBR
traffic source(12 codedvideo sourceswith 10Mbpspeak
rate and connectionrequestprobability 0.4). We bound
link capacityby 150Mbpsandmultiplexing capabilityof
user/network nodeby 0.5/1Gbps. For video codersgen-
erationwe usea model from [13], as follows: a bit rate
of a codercanbe modeledby a first orderautoregressive
Markov process:

Z "iÝ^(£�ãâ Z "iÝ�©�E�(��OÕ Ã ß , where
Z "iÝ^(

- a bit rateof a coderfor then-th frame, Ã ß is a sequence
of independentGaussianrandomvariablesand â and Õ -
constants.We selectfollowing parametersfor the model:â�� d ; ä�åÅäxE , Õ}� d ;�E�E d ä , GaussianrandomvariablesÃ ß
have a mean Æ�� d ;8æ�å�ç andvariance=1.Following [13]
we take averagevalue of bit rate è�Ó Z × � d ;8æÅé bits per
pixel. Eachvoice sourceis simulatedusingthe ON/OFF
binary-statemodelwith fixed numberof voice cells gen-
eratedat the peakbit rateduring ON periodandno cells

5



Figure 1. Testing topology.

generatedduringOFFperiod.We assumeexponentialdis-
tribution of ON/OFFperiodswith meansE�ê¯â�� d ; é�æ sec
and E¯êÅÕu� d ; ë�æ secrespectively.

Fig. 1 illustrateslinks loadobtainedfrom simulationsof
ATM network with predefinedshortestpathbasedrouting
andadaptive(in termsof network loadsensitivity) routing,
wherevirtual pathis selectedusingourmethodfrom menu
of end-to-endconnectionvirtual pathes.

Fig. 2 demonstratesdependency betweennetwork load
andcostof transmissioninformationunit in selectedtime
interval for differentiatedandpredefinedpolicies. In both
cases,traffic classes,QoSanduserbehavior characteristics
arethesame.

5. Appendix

5.1. Aggregationof users.

Aggregationof usersiswidelyknownandhadbeenused
in numberof works[8], [14], [1] to reachreasonablecom-
putationtime by solvingof differentlargescaleproblems.
In ourcase,weconsidertwo specificsituations:first, there
is no congestionof usersconnectedto thesameusernode;
second,thereis a congestionon theusernode.In thefirst
case,aggregation of users-sendersworking on the same
usernodekeepsthestateof network equipmentalmostin-
variable. In thesecondcase,congestionof theseusersre-
sults in connectionblocking for oneof them. The prob-
ability of this event is very small. Our argumentscould
be referredto the averageflow ratesper sufficiently large
time unit. From here,the congestioncaseis scarcelyaf-
fectsthe averageflow characteristics.Moreover, the con-
gestioncontrolprotocolsof thenetwork excludethissitua-
tion from their function(it maybecoveredby flow control
mechanismon the network entry points). Therefore,this
situationis indistinguishablefor highspeednetwork proto-
cols. Now considerthefirst (usual)case.Let � Q L�� bea

certainusernode.Weshallrestrictourconsiderationto one
traffic typeof all users- senders� ��á thatareassociatedwith
the usernode � Q . Let ì � "i�íL�� ��á ( bea probabilityof con-
nectionrequestof user� duringcertaintimeunit. Let î � be
allocatedbandwidthfor this userconnection.To simplify
estimationswithout lossof generalitywe assumeì � �¿ì
independentlyon �ULJ� � á (underconditionsthatconnection
requestsaredistributedby Erlangandconnectionrequest
processingtime is constant,i.e., î W� �hâ ). Connectionre-
questsfor users� W %9�>ïµL,� � á areindependentonefrom an-
other. Hence,the distribution of number ð5�ËE�;�;òñ�� � á ñ of
usersservedduringthetimeunit will be(see[15],p239)

ó "�ð6��&)(U�#"�E�© Z â)( 7v3 
�� "�©�E�( 7 j 3Åô�3<õ¨ö£÷÷�ø "AH@â Z ( 7 j 3"�&»©�Hx(¨ù � "AH@â Z ( 7 j 3 j �"�&|©�Hí©KE�(¨ù$ú %
where

Z
is a mathematicalexpectationof requestsnumber

per the time unit, in addition, &�â�ûÈE for any available& . Now we can aggregate & individual real userswith a
requiredtime of service&�â to one”collective” userwith a
randomservicetime &�â of theprobability

ó ">ðN��&)( .
5.2. Comparisonof approaches.

Theapproachusedin [1] (1Ap) maybeclassifiedasone
of thefirst attemptsto usetheduality theoryresultsto the
economicalbalancingof modernhigh speednetworks. In
this section,we adducemorecomprehensive comparison
of ourapproach(2Ap) and(1Ap).

A brief descriptionof [1]. The problemformulation
dealswith theaggregateddemandfunctionwhich depends
(nonlinearly)ontheunit price  Ö . All concepts(connected
with informationflows)aregivenhereperunit time,i.e.,in
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Figure 2. Links load distribution.

the sameform asin our consideration.Besides,all flows
consideredin [1] aresmoothedandoptimizationproblems
areformulatedwith constantflows. Authorsusetwo im-
portantconcepts:the effective bandwidthfor eachtraffic
typeandtheaveragedurationof connectionfor eachtype.
Thesimilar conceptsareusedin ourconsiderations.Later,
in essence,Lagrange’s function

¼ "iX^%=n�%= r( hadbeencon-
sideredwith respectto thefollowingargumentsandparam-
eters:n - theunit priceof transmittedinformation,X - pro-
portional valuesto the bandwidthson the pairs  . Two
problemsare formulatedby authors: the first one is net-
work algorithmwhich is similar to our dualproblem(DP)
andthesecondoneis useralgorithmwhichis similar to our
direct problem(dP). Purposeof theseformulationsis on
the onehand,to take into accounttechnologicalandeco-
nomicalinterestsof 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 simultaneoussolving of joint
problemsin theparametersspace.2) An obtainingof two
optimal strategies(on the onehand,pricesfor users,and,
on theotherhand,technologicalregimefor NM) at theend
of solving.

Distinctionsbetween(1Ap) and(2Ap). 1) In (2Ap), the
problemformulation is linear in 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 problem is sustainedby a finite

simplex-procedure,whereasa solving of nonlinearprob-
lemsmaybecomplicatedby a numberof differentcondi-
tionsandrealizedby meansof an infinite procedureonly.
2) We correctnonlineardependencesV ?�y7 3 . � V ?�87 3 . "in�( by
meansof recursionprocess.This processis very easyif
thestepof therecursionis sufficiently small (see(12) and
(13)). Thus,the initial complicatednonlinearproblemof
pricescoordinationand technologicalregimesis reduced
by meansof (2Ap) to aneasylinearproblem.3) In (2Ap)
weusethebalancetheoremfor accelerationof thesolution
process(thegeneralnonlinearform of theproblem(1Ap)
doesnot allow to find an easybalanceof NM costsand
revenue).

5.3. Duality theorems.

In numberof booksthemain resultsof theduality the-
ory arepresentedfor a caseof the nonlinearoptimization
problemin the form of Lagrangian(with Lagrange’s mul-
tipliers,see[12], Sect.3.3-3.4).However, themoststrong
results(which aremoreinterestingfor a practicaluse)can
be obtainedin linear problems. Therefore,we shall re-
strict our considerationto thelinearcaseof dualproblems
only. Let Ï½��Ó â �y7 × ��
�� Y ß�ü 7=
�� Y ý be a real matrix, let XK�"iX � %�;�;�;�%9X 7 %�;�;�;�%9X ß (�LB² ß , ì���"yì � %<;�;�;�%þì 7 %<;�;�;�%þì ß (NLB² ß ,âN�ã"þâ � %<;�;�;�%=â � %<;�;�;�%=â ý (»L,² ý , n��½"in � %<;�;�;�%=n � %<;�;�;�%9n ý (íL² ý , arevectorsfrom spaces² ß and ² ý , correspondingly.
Herea symbol ÿ���%�� � meansa scalarproductof two vectors.
Let’s definetwo setsÃ and ± (socalledsetsof all feasible
valuesof argumentsfor X and n , correspondingly)in the
following way: Ã ����X�L#² ß � Ï�X�F�ât%9X � d � and± ����n5L5² ý � nqÏ � ì^%9n � d � . Considerthe pair of
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Figure 3. Relative cost.

mutuallydualproblems:

(dP) s "iXq(��#ÿ ì�X � ª�«£­¯®Â
(DP)

¼ "$nq(��#ÿ$â�n � ª «§À�Á°
so that thefirst of themis thedirectproblem(dP)andthe
secondoneis thedualproblem(DP) to thefirst one(dP).
Let X Þ and n Þ beanoptimalsolutionof (dP)and(DP),cor-
respondingly. It is necessaryto mentionthe evident facts
arisingfrom the solving method(for example,of the first
directproblem):1) thesolutionsof bothproblemsareob-
tainedsimultaneously, 2) theoptimalvaluesof bothobject
functionsfor optimal solutions X Þ and n Þ areequal,i.e.,s "iX Þ (�� s Þ � ¼ Þ � ¼ "in Þ ( . In other feasiblepointsX�L Ã and nhL ± we have ÿyì¸X ��� ÿþâ�n � . In essence,
the last equalityrepresentsthe first duality theorem. The
following interpretationof the pair (dP) - (DP) could be
consideredin connectionwith theformulationof our main
problem.Thereis a multi-productionalfactoryin thetech-
nologicalspace² ß producingÝ kindsof articlesfrom raw
materialsof 2 ( �l�¶E�%�;�;�;�%92 ) kinds. Let X 7 , (&J�¶E�%<;�;�;�%=Ý )
be the certainproductionplan of the & -th article X 7 � d
(&,��E�%<;�;�;�%=Ý ). Here Ï���Ó â �87 × ��
S� Y ý ü 7=
�� Y ß is so calleda
technologicalmatrix of production,i.e., â �y7 is a quantity
of raw materialsof thekind � requiredperunit of the & -th
articlekind. Let ì 7 (&��ãE�%<;�;�;�%=Ý ) bea working priceof a
unit of the & -th articleandlet â � ( �r�ãE�%<;�;�;�%=2 ) be reserve
of raw materialsof the � -th kind of raw materials.There-
fore, the object function of (dP) (underconditionsof the
assumedproductionplan X6L Ã L6² ß ) is thecommonrev-
enueof thefactoryunderconditionsof limited raw material

reserves. Thenthecondition Ï�XIF�â is the constrainton
theavailableresources.On theotherhand,theobjectfunc-
tion of (DP) (underconditionof the assumedpricesplann�L ± L4² ý ) is thecommonexpensesof thefactoryunder
conditionof limited productioncostof eacharticle kind.
Hencewe interpretnqÏ � ì asconstraintsof theeconomi-
cal - technologicalsensein thepricesspace² ý . Thus,we
cometo main resultsof theduality for a pair of problems
(dP)and(DP) in thelinearspace.

Theorem1, (balancetheorem). If any problemof dual
problemspair((dP)or (DP))hastheoptimalsolution( X Þ orn Þ ) thentheotherproblem(correspondingly, (DP)or (dP))
hasthe optimal solution,aswell, ( n Þ or X Þ ). In addition,
thefollowing balanceconditionholdsÿyì¸X Þ � �Bÿ$â�n Þ � ;
Theorem 2, (token of optimal solutions). The feasible
plansX Þ L Ã and n Þ L ± areoptimalif andonly if thefol-
lowing conditionsof so called ”supplementaryrigitidity”
hold, i.e.,

E�( n Þ� � d %9À�� ßv7=
�� FKâ � "	��
 n Þ� � d %9À�� ßv7=
�� �!â � (
ç�( X Þ7 � d %9À�� ýv ��
�� � ì 7 "	��
 X Þ7 � d %9À�� ýv ��
�� ��ì 7 (

The senseof Theorem1 consistsof balanceof whole
expensesand revenuein the productionundercondition
of useof internalpricesin the productiontechnologyso
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thatthesepricescorrespondto thetechnologicalmatrix (to
thetechnological� possibilitiesof thisproduction).Theeco-
nomical- technologicalsenseof Theorem2 is thattheinter-
nalprice n Þ��� d of raw materialsof thekind � , if resources
of this kind exceedthe realdemandson theoptimalwork
regimeand,on theotherhand, n Þ� � d

, if this kind of re-
sourcesis critical (i.e., it is deficient).Thesimilar conclu-
sionscanbe obtainedfor solutionsof the direct problem:
if theexpensesperunit of a certainkind of articlesexceed
theproductioncostof this kind of articlesthenproduction
of thiskind is notbeneficialand X Þ7 � d , ontheotherhand,
thereis balanceof expensesandrevenueperarticleunit, if
thisarticlekind is beneficial,i.e., X Þ7 � d

.

6. Conclusions

Thecorrectrouting selectionandservicespricedefini-
tion areimportantpartsof network resourceallocationpro-
cessin multiple serviceshigh speednetworks. The pro-
posedapproachresolvestheproblemof network resource
distribution togetherwith optimal servicesprice strategy.
In addition, it is possibleto make topologyconfiguration
and technologyupgradewith respectto cost, congestion
and QoS degradationavoidancein the network solution.
The algorithmhasthe following advantages:1) usageof
duality theoryconnectingeconomicalandtechnologycon-
siderations.2) disaggregationof initial problemto two suc-
cessive problems:one,aggregationof usersetsconnected
to network entrypointsinto collectiveuserswith following
resolvingof pair of dual problemsand,second,obtained
solutiontransformationbackto theindividualusers.
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