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Abstract

In presentwork we addressa problem of optimal re-
source partitioning in high-speednetworkwith heteroge-
neoustraffic classesand differentiatedQoSrequirements.
The problemargumentsare bandwidthand network-edge
buffer spaceallocationsfor end-to-endconnections.The
problemformulationcantake into accountsensitivityvari-
ation of applicationperformancefor both aggregatedand
single service requests. The proposedmethodis recur-
siveand solvestwo problemson each iteration step. The
first step definesoptimal relations betweennetwork me-
dia, equipmentperformanceparameters andselectedrout-
ing schemein accordancewith generalizedmeanof links
andnetworknodesloads. Mutual influenceof flowsin the
networkis considered on this stage. The secondstage is
intendedto provide optimal bandwidthand buffer sizeal-
locationparameters undernetworkresourceandQoScon-
straints. At this stage, stochasticresourceallocationprob-
lemformulationwith piecewiselinearizationof non-linear
constraints is applied. We useconnectionrequestdistribu-
tion, average connectionduration time and quantityof in-
formationexchangeassensitiveparameters in postoptimal
analysisto improvesolutionconvergenceto optimal trade-
off betweenresourceallocationandacceptableapplication
performance.

1. Intr oduction

Rapidadvancein computingand Internetusageexplo-
sionis causingashift from dominantclassicvoiceconstant
bit rate(CBR) serviceto heterogeneousenvironmentwith
significantpartof variablebit rate(VBR) traffic types.Dy-
namicbehavior of servicerequests,high variability of con-
nectionsdurationand traffic burstnessmake efficient net-
work resourceallocationwith adequatequality of service
(QoS)a distinguishnetwork engineeringtask.Network re-
sourceallocationandmanagementmaybedividedinto two
mainparts.Onepartis relatedto effectivebandwidthcom-

putation[3],[4],[20], flow and congestioncontrol scheme
developmentconsideringdifferent traffic type characteris-
tics [9],[10],[14],[18], QoS, servicesrequestsdistribution
andpricingpolicy [2],[7],[19]. Thepresentwork focuseson
thesecondpart,relatedto network flow modeling,loadbal-
ancingandoptimal (in termsof utilization) resourcereser-
vation undernetwork capacityand servicecontractscon-
straints.

Optimal resourceallocationstrategies are presentedin
numberof contributionswith different theoreticalandex-
perimentalapproaches.[12] proposesnetworkmanagement
algorithmicframework,whichformulatesacapacityalloca-
tion policy for setof virtual paths(VP) thatguaranteesQoS
bothatcell andcall level. This framework is basedonalgo-
rithm for theVP capacityallocationthatsatisfiesnodalcon-
straintson thecall processingloadandblockingconstraints
for eachsource-destinationpair. Primal-baseddecomposi-
tion approachusedin [1] examinesafair capacityallocation
for a large populationof best-effort connectionsin typical
multi-accesscommunicationsystem.Thismethodachieves
reductionof computationcomplexity by meansof decom-
position. It is realizedby so-calledcontrollerthatgetssum
of resourcerequestsandnumberof connectionsandsolves
optimizationproblemof lower complexity. Multi-market
approachto network resourceallocation is introducedin
[17]. Primary focus of this work is providing guarantees
of resourceavailability aswell asprice andQoSstability
by applyingmicroeconomicprincipals. The applicationof
ideasto exploit stochasticoptimizationand duality in or-
der to defineadaptive (in termsof demandvariation and
network congestion)resourceprice is presentedin [6], [8],
[15] and[19].

Difficulties in formulationandsolvingof resourceallo-
cationproblemareconnectedwith mutualinfluencesof in-
formationflow during transmissionprocess,stochasticna-
ture of the generatedtraffic, high variability of servicere-
questsdistribution andwide rangeof modernapplications
with strongend-to-endperformancerequirements.In our
work, we presentalgorithmic framework for effective re-
sourceallocationparametersdefinitionbasedon solvingof



two-stageoptimizationproblemwith probability measure-
mentof network loadconditionsandQoSparameters.Ex-
pectedtotal flow estimationis basedon aggregatedequiva-
lent bandwidthcomputationfor groupof users[3], [4]. We
assumeBernulidistributionof connectionrequestswith dif-
ferenttraffic classesandQoSin theselectedtime interval.
Proposedresourcemanagementmethodis appropriatefor
transportprotocolsuitesthat supportdynamicselectionof
end-to-endtransmissionpathandresourcereservation ca-
pability. This optimizationproblemformulationconsiders
widely deployedATM technologyandwith slidemodifica-
tion may be appliedto resourcemanagementin emerging
MPLSnetwork with RSVPsupport.

Initial optimizationstepis intendedto increaseoverall
network throughputusing virtual path selectionand flow
relaxationat the most loadednetwork elements. Sensi-
tiveanalysisof marginalpriceof network resourceobtained
from dual valueof the capacityconstraintsprovidesinfor-
mationaboutnetwork nodes,whicharevulnerableto poten-
tial congestion.Problemof optimal bandwidthandbuffer
spaceparametersis formulatedas stochasticresourceal-
locationproblemthat seeksa resourcedistribution policy,
which drivesthenetwork to maximumresourceutilization.
The policy is constrainedby initial optimizationstepand
dependson therealizationof thenoisyparameters,likeser-
vice requestsdistribution, connectiondurationand traffic
burstness.

2. Generalproblem formulation and notations

ConsideranATM network with aset
���������	��

������
����

of links
�

andwith a set � ����������
�������
����
of switches

servinga set � ���
 ���!"�#%$ of users(senders-receivers). This
network providesall userswith differenttypesof services&�')( �*����
�+,
.-,
./0
213�

, accordingly: voice, video, com-
puterdata,compressedvoiceandcompressedvideo. Each
user prescribesthe following flow characteristics465"7�� 465 $"8
 465�9"�
 465;:"8� correspondingto PeakCell Rate,Sustain-
ableCell Rate,MaximumBurstSizeof aflow persecond.

Let < 5">= be an orderedmenu of all virtual pathsfrom
sender

 
to receiver ? usedto provide service & . Let @ �@BA  2
 ? 
 &,C be a numberof virtual pathsin a menu <%5">= . LetDFE 5">= ' <%5">=�G �IHKJLH @BA  �
 ? 
 &,C ber-th virtual pathin theor-

deredmenu <%5">= . Finally, let M;N 
�� ' � or
� ' � becapacities

of links andswitchesrespectively. We definetwo succes-
sive problems: the first one is an auxiliary non-stochastic
problemof mathematicalprogramming(2.1), which takes
into accountmutualinfluencesof informationflows during
transmissionprocess.Thesecondproblemis thestochastic
one-stageM-P problem(2.2)consideringstochasticbehav-
ior of thegeneratedtraffic.

Thus,solving resourceallocationproblemwe obtain3
independentresults:

1) Optimalroutingin termsof loadbalancing
2) Optimalorderingof virtual pathsin eachmenu
3) Optimalbandwidthsandbuffersallocation.

2.1. Formulation of the auxiliary problem

Let O E 5">= bea flow from
 

to ? through DFE 5">= . In what fol-
lows P �Q� O E 5"R=	S� 2
 ? ' � 
T 6U� ? 
��VHWJXH @BA  2
 ? 
 &,C 
 &Y'( 
 DBE 5"R= ' <Z5"R=[� . Let M[5"F
T ' � 
 &K'W( be an information
quantitypera time unit requiredto fulfill all requestsfor a
service & madeby user

 
. Let M[5">= be a portion of M[5" to be

transmittedto receiver ? . The value M[5">= may be obtained
from M 5" accordingto usersdistribution assumption.ThisM[5">= valueis definedunderconditionthatwe canuseany set
of virtual pathsfrom themenu<Z5"R= .

Before solving (2.1), we considerso called ”extended
menu” of virtual paths. This menucontainsredundantset
of VPs from which mostappropriateVPswill beselected.
As result,weobtain P�\ �)� O E�] \">=�� - optimalflow valuesfor
eachvirtual path DBE 5"R= . Further, eachmenu <%5">= is modified
so that virtual paths D E 5">= arereorderedaccordingto corre-
spondingO E.] \"R= values. Later, eachmenu <%5">= is revised to
eliminatethosevirtual paths DBE 5">= for which correspondingO E 5">= valuesaresufficiently small.Theobjectfunctionof the
first problemis definedasfollows^ $ A_O C �a`Ib�c$ed N dFf AhgjiN M�Nlk mn "po =.o E o 5;qsr�t n N q O

E 5"R= C klu `wv�xy r�z 
 (1)

where{wA � C is asetof collectionsA  �
 ? 
TJ�
 &0C , sothat D E 5"R= con-
tainsnetwork element

�T
.� ' � or
� ' � andthefeasiblearea|

is definedby thefollowing constraintgroups:} n "po =.o 5;qm E #%$ O E 5
">=�~ M 5">= 
� 2
 ? ' � 
T �U� ? 
 &L'V( (2)

mn "_o =�o E o 5�q�r�t n N q O
E 5">= H gji iN M;N 
�� ' � or

� ' � (3)

O E 5">= ~�� 
� �
 ? ' � 
� �U� ? 
 &L'�( 

�wH�J�H @BA  2
 ? 
 &,C (4)

Themeaningof theseconstraintgroupstransparent,accord-
ingly: to meetQoSrequirementsof eachsender

 
, to satisfy

the capacityconstrainton eachlink (or switch) andto en-
surenon-negativity of flow values.

The object function is definedto increasenetwork re-
sourceavailability of the whole network, sinceit helpsto
relax theflows throughthemostloadednetwork elements.
Coefficients g iN and g i iN G � H g iN 
 g i iN HQ��
.� ' � or

� ' �
areintendedto balanceoptimally realnetwork elementca-
pacitiesreplacingthemwith so called”virtual capacities”
values. The goal of (2.1) is to defineall flows O E 5">= in the



network in the way that would reducetheir ”competition”
obtainingresourceson the most loadednetwork elements
without compromisingquality. Thus,the first problemso-
lution is intended:1) to selecta small number(2-4) of the
mostperspective virtual pathsfor eachmenu < 5"R= from the
correspondingextendedmenucontaining3-10virtualpaths,
2) to orderselectedvirtual paths(2-4) in themenu,so that
more usedvirtual pathsprecedelessusedonesand 3) to
definetheaverageflows throughall network elements.

2.2. One stageM-P problem

Thesecondproblemis stochasticprogrammingoneand
it is formulatedfor a little time unit � . Let ��5">= A  2
 ? ' � 
T �U�? 
 &�')(�C be a randomtransmissiondensityprocess(bits
per second)andlet �,5">= A  2
 ? ' � 
T jU� ? 
 &�'�(�C be a band-
width (bits per second)to be provided to the end-to-end
connectionof servicetype & from sender

 
to receiver ? .

Let � " 5�� ��5"R= G � " 5I� �,5">= , sinceneitherdependson receiver? .
Let ���� ��� ( bea setof all feasiblepairs(user,service

type). Let � � �� be a setof all feasiblepairs
 & corre-

spondingto connectionsof type & from sender
 

working
simultaneouslyduring a time unit � . Let ��� � � be an
arbitrarysubsetof � . Finally, let ����A � C � ��� be an arbi-
trary subsetof feasiblepairs

 & correspondingto connec-
tionsworkingsimultaneouslyduringtimeunit � andusing
network element

�
. In order to simplify the descriptionof

theapproachwithout lossof generality, weconsiderthesit-
uationwhenonly first virtual pathof eachmenuis usedand
theobjectfunctionincludesonly network links.

Randomvariable � N" 5 , � N" 5 � � " 5�� Aa�" 5�r��3� n N q �
" 5 C meansa

relative weight of the bandwidth � " 5 in the sample ����A � C .
Theessenceof aproduct� N" 5 � " 5 consistsof theaverageof an
informationquantitycorrespondingto the fixed value � " 5 .
Theobjectfunctionof (2.2) is constructedsimilarly:^ 9 Ap� C �K I��`Ib�cN r�¡ Ah¢;i iN M;NFk mn " 5�q�r��3� n N q �

N" 5 � " 5 C � klu `wv�xB

(5)

where
  AT£ C meansanaverageof a randomvalue.Note,that

value � N" 5 is connectedwith randomflowsandexpressesthe
weight-depositof thefixedparticipantinto thewholeflow.
At this point, it is necessaryto describethe main ideaof
constraintssetconstruction.We generatesufficiently large
numberof samplingsof userpairsworking simultaneously
in thenetwork. Every consideredsampling ��� is obtained
by meansof randomtossingtaking into accountall proba-
bilistic distributions: intensityof connections,durationsof
messageandtraffic typeof thisconnection.Thesetof these
samplings¤ �	� � � S � � � � � is therepresentativeselec-
tion (in thestatisticalsense)of all feasiblesituationsin the

considerednetwork. Now weconstructconstraintsof (2.2).
A first groupof constraintsis resourceconstraintson each
link:

mn " 5;q�r�� � n N q �
" 5 H�¥ �N M N 
 � � A � C � � � � ¤ 
¦� ' ��
 (6)

wherethecoefficient
¥ �N dependsonthemeasure

¥ A�� � A � CTC .
Thevalue

¥ �N maybecomputedfrom thesolutionof thefirst
auxiliaryproblem(2.1).

The secondgroup is probability constraintsconcerning
of cellslossprobabilityon network nodes:

§���¨ �N mn " 5;q�r�� � n N q �
" 5 H mn " 5�q�r�� � n N q �

" 5 �6H�©0ª N 

� � A � C � � � � ¤ 
¦� ' ��
 (7)

where,
©0ª N 
.� ' � is prescribedlossprobabilitydueto net-

work congestion.Theparametersof theprocess� " 5 (in our
formulation, � " 5 is a randomvalue)canbe obtainedfrom
givenflows characteristics465" . Thecoefficient

¨ �N depends
on buffer sizesassociatedwith link

�
.

Thethird groupis probabilityconstraintsconnectedwith
themeancellsdelivery time andconcernstwo traffic types& �«��
�+ (voiceandvideo).§�� mn " 5�q�r[¬�­ n N q �

" 5 � " 5 ~�® 5 �6H8© $ N 

& �	��
�+,
¯� ' ��
±° 5 A � C � � � A � C � ¤

(8)

where
° 5 A � C 
 & �²��
2+ is a setof pairsgeneratingqueuesin

the buffer. The value
® 5 A & �³��
�+ C shows a limit delay

for voice cells A & �´� C or videocells A & �µ+ C and
© $ N are

prescribedprobabilitiesfor thedelayon differentbuffersof
thenetwork. In addition,thecondition ¶ ° ] ¶�·¸¶ ����A � C ¶ must
besatisfiedin all cases,where ¶ ¹�¶ is a numberof elements
in theset ¹ .

ThelastconstraintsgroupdependsontheneededQoSof
eachuser:

� min" 5 H � " 5 
 A  &0C � � � A � C � ¤ 
¦� ' � (9)

where � min" 5 � � min" 5 A & 
. �
 4»º � A  C.C is a function depending
on the requiredQoS of the user

 
for transmissionof the

traffic type & . This functiontakesinto accountthemeasure
of using”deficient” (loaded)links of thenetwork.

3. Method outline

Presentapproachis appropriatefor short-timeresource
allocationmanagementby meansof periodicalcomputation
of so-called”suggestedbandwidth” (SB). TheseSB val-
uesarecalculatedby softwareagentrealizingtheproposed



approachand implicating correctionof equivalent band-
widths. Durationof the time interval betweenSB recalcu-
lationsdependson ’busy’ hourspersonifiedperaggregated
users,serviceaccesspolicing andnetwork loadin selected
time interval. Using extensive simulationof the network
with differenttopologystructuresandserviceaccesspolices
undervariabletransmissionscenarioswe have definedrec-
ommendedfrequency of SB calculationto bewithin 10-20
minutesinterval. Thesimulationis performedusingcustom
developedevent-drivenparallelsimulationagentwith built-
in traffic generatormodule. In orderto capturefeasible(in
termsof precisionof the network performanceestimation)
interval for SB calculationwe simulatethe transmission
processsignificantly varying servicerequestsdistribution,
traffic characteristicsandQoSrequirements.In essence,SB
bringsthenetwork stateinformationto theCall Admission
Control(CAC),whichrealizesresourcereservationfor end-
to-endconnectionconsideringtwo variedfactors:

1) Thechangeof priority of virtual pathsin themenu,
2) Thechangeof SB.
Let P n " q$ be an equivalentbandwidth(seefor example,

[3] and [20]) for user
 

and let P n " q9 be an SB-bandwidth
obtainedfrom theproblemsolution.Therefor, thecorrected
equivalentbandwidth P n " q may be establishedin the fol-
lowing form

P n " q �K¼ $ O n " q$¾½ ¼ 9 O n
" q9

Where
¼ $ 
2¼ 9 ~¿� 
À¼ $ ½ ¼ 9 �¸�

. Coefficients
¼ $ 
�¼ 9

dependon theburstsizeof traffic andnetwork loadon the
consideredperiodof time.

By < " A � C � <�A � C we denotethe subsetof virtual paths
from the sender

 
(selectedfor eachpair

 �
 ? by singleton)
so that

� 'ÁDBE 5"R= ' < " A � C and let Â i" be the subsetof all
virtual pathsfrom the senderI (selectedalsoby singleton
for eachpair

 2
 ? ). Fixing acertainlink
�
weconstructtheset

functions Ã i" (on separateusers
 ' � ) and Ã i i" (on different

traffic types)by thefollowing way

Ã�iN A  C � < i
" A � CÂ i" 
� ' � 
.� ' �

Ã�i i" A &,C � M[5"�" r[Ä M 5
" 
� ' � 
 &6'�(

Setfunctions
 u*Ã iN A  C and

 u*Ã i i" A &0C definetheprob-
ability of link

�
usageby

 
-th userandthe distribution be-

tween traffic types of eachuser. The measureÃ iN is de-
fined by the network topology and the acceptedmenuof
virtual paths. The measureÃ i i" is definedby preferences
of sendersin useof traffic types. Thesemeasurescanbe
definedby meansof statisticalanalysisof network oper-
ating. A stochasticproblemstructureis basedon follow-
ing principles. P1) All constraintsmay be divided in four

groups: a) resourceconstraints,b) constraintson the re-
quiredQoSfor eachuserin accordancewith its ”contribu-
tion” to thelinks load,c) constraintsongeneralinformation
lossesprobability (for non-personifiedlosses)on eachlink
at prescribedlimits, d) constraintson thecellsmeandeliv-
ery time for eachlink at prescribedlimits. P2)A structure
of eachgroupof constraintsis identicalandbasedonthein-
formationaboutnetwork topology, meanvaluesof flowsfor
differenttraffic types,flowscharacteristicsof eachuserand
its QoSrequirements.P3) The following statisticalinfor-
mationis takeninto account:a) themeasureof theloadon
links, theprobabilitiesof userensembleswhich aresimul-
taneouslyfunctioningin the form of differenttraffic types,
b) usertransmissioncharacteristics465" . P4)Thebandwidth� " 5 mustbepresentin eachsubset¤ } of constraintsoneach
link even if one time for any ¤ } . Principles

§6+
and

§»-
generatethenonnegativemeasure

¥
on ¤ sothat

¥ AÅ����A � CTC
is the probabilityof appearanceof the ����A � C combination.
P5) In the presentwork we useresultsof [16]. We gener-
ateconstraintsof all group ¤ } 
 @ �³��
2+Æ
.-0
T/ by taking
into accountthe following informationon thegeneralflow
in the network. 1. � $ and � 9 (the differentiatedapproach
to users-a userfrom � $ is includedin themajority of con-
straints). 2.

�
Ç E ��ÈE #%$ and
�É� E �ÉÈE #Z$ (ratesof links load –

the most loadedlinks are includedin the majority of con-
straints). 3. The measuresÃ i and Ã i i the acceptedsystem
of virtual pathsinfluenceson senderspreferencesin useof
virtual paths). 4. The measure

¥
involvesdirectly in the

processof generationof thesets� � A � C for constraints.
The essenceof the proposedalgorithmconsistsof a re-

cursiveprocessof successive problemspair solving(1-2-3-
4) and(6-7-8-9-10)with a parallelanalysisof the current
stateof the investigatedsystem.This analysisis basedon
dual estimatesof mentionedabove problems. In this way
weobtainthepriceestimatesfor usingof eachnetwork ele-
ment(similarestimateswerementionedin [15]). Recursive
processresult suppliesa balancedstateof the parametric
system(i.e., thebalanceof thenetwork resourcesprovided
by network equipmentandloadpattern,usersrequestswith
desiredGoS,serviceaccesspricepolicingandetc.).

Thebuffering technologymaybedividedin two stages.
Thefirst of themis aprocessof theflowsarrival to thecon-
sideredbuffer. Thesecondstageis a cellsprocessingin the
buffering mechanism.Describebothmodels.To createthe
first stagemodelwe needfollowing assumptions.

A1) At first we considera situationwith the buffer ca-
pacity

¥Ê� �
.

A2) The cells arrival to the buffer seemsin the form of
therandomstationaryprocesses.

A3) Theconsideredswitchhas
�

links. Without lossof a
generalityweassumethatlink

�
is aoutputonewith respect

to theconsideredswitchon theconsideredperiodandlink
�

for
���	��
�������
2� k � areaninput. In addition,wecanassume



that link A � k + C aggregatesflows of thefirst A � k + C links.
Thus, in our model thereare two input links A � k + C andA � k � C andoneoutputlink

�
.

A4) Theactivity of input aggregatinglink A � k + C does
not leadto collision at thebuffer.

Indeed,thereexist two causesfor this : 1) undercon-
ditions of real ATM networks the buffer size

¥ =ÌË �
and

thereforethe flows sum Í�Î 9�"�#%$ �,A  C is smoothedby buffering

in previousnodes.Here Ï�,A  C for
 Ð�¾��
�������
�� k + areflows

in the input links of thementionedfixedswitch. 2) theco-
incidenceof flowsmaximumsis low-probabilityon a suffi-
cientlysmalltime interval, i.e., thefollowing inequality

Ï�,A � k + C�Ñ Ï�,A � k � C (10)

holds.

4. Decisionof congestionproblem

Thecollision maybeoccurredby a superpositionof the
flows �,A � k � C and �,A � k + C only; �,A � k � C and �,A � k + C mean
partsof theseflows Ï�,A � k + C and Ï�,A � k � C which directed
to the link

�
. In addition O%A � k + C and O%A � k � C aresum-

marizedbandwidthsof thetraffic from thelinks A � k + C andA � k � C to thelink
�
. Therefore,to simplify adescriptionof

procedureswe usethe termsa ”bandwidths”or ”requests”
for O%A � k + C and OZA � k � C assumingin thiscasethechannels� k + and

� k � asaggregatedusers.
At first notetwo following facts: F1) Accordingto the

AssumptionA2 anarrival time of ”requests”O%A � k + C andO%A � k � C from the A � k + C -th and A � k � C -th channels
to the

�
-th channelis distributed uniformly on � . F2)O%A � k � C ½ OZA � k + CÓÒ � becauseof theprocedure”setup”

connectionholdsandthis connectionmaybeallowed. Un-
dertheseconditionswe solve theflowssuperpositionprob-
lem. In this problemwe obtaintheprobabilityof theflows
superpositionduringconsideredtimeperiod � .

In view of assumptionsA3, A4 and(11) the flows su-
perpositionprobabilitycoincideswith theperiodof a flows
superpositionon � . Sincewe calculatethe possiblecells
lossquantity taking into accountthe transmissionratepa-
rametersof theflow �,A � k � C .

By denoting the summarizedlengths of the ”band-
widths” O%A � k + C and OZA � k � C by meansof � Í�Î 9 and � Í�Î

$
,

we cometo theproblemon a superpositionof two random
flows,whereall cellsaregroupedin one”burst”. Theinten-
sities �,A � k + C and �,A � k � C maybecharacterizedby means
of thevalues& Í2Î 9

Ë �
and & Í2Î

$ Ë �
suchthat

& Í�Î 9
½ & Í�Î

$ �)��
 & Í�Î 9& Í�Î
$ � ÂÌÔ n Í�Î 9�qÂÌÔ n Í�Î

$ q (11)

where Â Ô is an averageof a randomstationaryprocess� .
Thecondition(12)correspondsto theconceptof anequiva-
lent bandwidth.We obtaincharacteristicsanddistributions
of the flows ÕBA � k + C �7`Iv[xF� � G �,A � k + C k & Í�Î 9 M Í

�
andÕBA � k � C �Ö`wv[xl� � G �,A � k � C k & Í2Î

$ M Í
�
. Theflows ÕBA � k + C

and ÕBA � k � C cangeneratea congestionstateon theoutput
buffer of theswitch.A temporalmeasureof anexistenceof
theseflowsat � is sufficiently small(0.1-0.15for ATM net-
works, see[5]). Taking into accountstatisticalmultiplex-
ing gainweacceptthefollowing interpretationof a random
flow ÕFA  C for

 ��×� k +,
�� k � in the form of a sequence
of rectangulardisjoint pulsesof unit altitudeandof a ran-
dom length � � (with a randomlocation of their startson
the time unit � ). Accordingto what hasbeensaidabove,
we have � � � � ·Ø� . Combininglast inequalityandLevi’s

theoremonthesetsmeasurefor theuniformdistributionon
thesegment Ù � G �;Ú (see[11], p.418)wecomefrom theprob-
lem of superpositionof two randomflows that consistof
many rectangularpulsesto theproblemon superpositionof
two rectangularpulsesof thesamealtitudewith thelengthsÛ A � k + C � � � � Í�Î 9� and

Û A � k � C � � � � Í�Î
$� . Eachof them

is locateduniformly randomlyinto � .
Thesolutionwasobtainedfor thelastversionof a prob-

lem formulationin theform of theprobability
§

of a flows
superpositionÕBA � k + C and ÕFA � k � C during thetime inter-
val � �¸�

. This probability is equalnumericallyto the
superpositiondurationof theseflows and dependson the
arguments

Û A � k + C and
Û A � k � C :

§��Ü§ A Û A � k + C G Û A � k � C.C �� k�Ý Û 9 A � k + C ½ Û 9 A � k � C�Þ ½ Û A � k + C ½ Û A � k � C (12)

It is evident,thatthequadraticfunctionis monotone(in-
creasing)on botharguments(its derivativesare

§ iß n Í�Î
= q �k Û A � kà? C ½ � ~Ö� for ? ��� k +Æ
2� k � and

Û A � k + C ½ Û A � k � C H� �¿�
. In really functioningATM network management

protocolhaspossibilitiesto accumulateinformationabout
thestateof theeachbuffer duringwork time. This process
hasthe distribution which similar to thedistribution of the
processÕ � ÕFA � k + C and ÕBA � k � C .

In view of assumptionA1 a quantitative lossestimateis
connectedwith two factors: the flows superpositiontime
andtheintensity ÕFA � k � C (seeAssumptionsA3 andA4).

Let á Ô ApO C beaprobabilitydensityof arateof theprocess� � �,A � k + C ½ �,A � k � C and M Í bea capacityof theoutput
link

�
. Henceit followsthattheprobabilitydensityof arate

of theprocessÕBA � C mayberepresentedin theform

á Ô A_O C ��âãä
ãå
� 


for O Ò �á ª Ë � 
 for O � �á Ô A_O ½ M Í C



for O Ë � (13)



where á ª � æsçè
ÎFé
á Ô A_O C�ê O . It is importantto useanaverage

Â�ë of Õ on � for anestimationof informationloss,where

Â ë � éè ª á ë A_O C�ê O . Under condition
¥¾� �

(a buffer is

absent)this valueestimatestheinformationlossduringthe
time interval � if a collision arises,but the probability of
an collision origin

§
wasdefinedin (13). Therefore,the

informationlossmeanvalue Ïì A � C on the link
�

during the
time interval � mayberepresentedin theform (see(13))

ì A � C � Â ë A � C0í k �+Vî O 9 A � k + C ½ O 9 A � k � C.ï ½½ O%A � k + C ½ OZA � k � C�ð (14)

whereÕBA � C � Õ
5. Buffer optimization

Taking into accountthe statisticalmultiplexing gainwe
solve optimalbuffer sizeproblemin connectionwith char-
acteristicsof the flow Õ in the form of the problemwith
confidentialconditions. To this end we prescribebefore-
handa confidencelevel

© ª
to the problemsolution. This

problemmay be formulatedasthe problemon an optimal
storage(see,for simplestexample,[13],p.221). The opti-
mal buffer size ñ Í (in thesimplestproblemformulationfor
a symmetricdistribution á Ô A_O C without an accountof the
buffer cost unit) is definedas ñ Í

� Â Ô ½�ò0ó�ô�õ Ô , whereò,ó�ô
is thevaluedependingon theconfidentiallevel

©0ª
, i.e.,© ª �÷ö�ø ôè

ÎBé
á Ô A_O C�ê O and

õ Ô is thestandarddeviation for the

process� . Nevertheless,the optimal buffer size problem
wassolvedby usin a dynamicform (for a randomprocess)
with anaccountof its dynamiccharacteristics(its autocor-
relation). Theoptimal size ñù\ of thebuffer mayberepre-
sentedas ñú\ �7û A_ü 
�¼�
 á ª C Â Ô ½ A � k�á ª C;ý | ë , whereû A S�
�S�
�S C is a function dependingon ü �¿� ü = S ? ')( � ,¼Y�Q��¼ = S ? 'Ö( � and

| ë is dispersionof the processÕ .
Theargumentsü = , for ? �¾��
2+Æ
.-0
T/ meanthedensityof a
transmissionof differenttraffic typesfor thetimeunit � andü ª is the work bit rateof network mediafor the time unit� , aswell. The arguments

¼ =
for ? �³��
�������
�1 meanload

weightsof differenttraffic typesin correspondingprocess.

6. Numerical experiments

For methodevaluationwe useNetKit - customdevel-
opednetwork simulationandoptimizationtool thatcontains
network topology editor, event-driven message-oriented
parallelsimulationkernelandobject-orientedmathematical
agentwith propertaryoptimizationalgorithms. The topol-
ogy editorprovidesoptionsfor selectionof routingmodel,

protocol instanceson network andusernodes,load distri-
butionpatterndefinitionanduserQoSrequirements.Using
simulationwe compareresourcemanagementmethodwith
equivalentbandwidthcorrectionandwidely usedresource
allocationschemebasedon modificationof effective band-
widthsfor priorities[4]. SB is calculatedby softwareagent
realizingtheproposedapproachandis usedin computation
of optimalresourceallocationparameters.Weexaminethis
methodon theATM network topologypresentedin Fig. 1.

Figure 1. Network topology

EachusernodehasCBR traffic source(six groupsof
standard64Kbpsvoice channelswith 100 aggregatedtraf-
fic sourcesin eachgroup), VBR traffic source(12 coded
video sourceswith 10Mbpspeakrate) and ABR services
(four groupsof 1000aggregatedtraffic sources,eachone
with a rate uniformly distributed between100Kbps and
800Kbps).We boundlink capacityby 155Mbpsandmulti-
plexing capacityof user/network nodeby 0.5/1Gbps.Sim-
ulationscenariosapplyuniformdistribution for servicesre-
questsdestinationandnotconstrainedby predeterminedset
of destinations.Efficiency of the methodis analyzedun-
der differentnetwork load patternsgeneratedby variation
of the servicesrequestsprobability. For videocodersgen-

Table 1. Connection request probability.
Experiment CBR VBR ABR

number
1 0.7 0.3 0.1
2 0.4 0.2 0.6
3 0.2 0.6 0.5

erationwe usea first orderautoregressiveMarkov process:¼ Apþ C �ØÿÆ¼ A_þ�k � C ½ ¨ ü�� , where
¼ A_þ C - a bit rate of a

coderfor the n-th frame, ü�� is a sequenceof independent
Gaussianrandomvariablesand

ÿ
and

¨
- constants. We

selectfollowing parametersfor the model:
ÿ	� � � �����,�

,



Figure 2. Results

¨X� � ����� � �
, Gaussianrandomvariablesü�� have a meanÃ � � �R1���+ andvariance=1.Eachvoicesourceis simulated

using the ON/OFF binary-statemodel with fixed number
of voicecellsgeneratedat thepeakbit rateduringON pe-
riod andno cellsgeneratedduringOFFperiod.We assume
exponentialdistribution of ON/OFF periodswith means� � ÿ � � � -�1 secand

� � ¨V� � � ��1
secrespectively. For ag-

gregatedABR sourcesmodelingwe useON/OFF binary
statemodel,wherenumberof datacellsduringON period
is Gaussianrandomvariable ü i with a mean Ã i � � � �,�
and variance=1. We assumeexponentialdistribution of
ON/OFFperiodswith mean

� � ÿ i � � � /�/ and
� � ¨ i � � �R1��

respectively. Efficiency of equivalent bandwidthcorrec-
tion methodin multi-servicesenvironmentis evaluatedin
termsof servicegoodput- a percentof usersrequestsbe-
ing deliveredsatisfyingend-to-endQoSrequirementsand
call blockingbounds.Fig. 2 demonstratesdependency be-
tweennetwork load and servicesgoodputunderdifferent
traffic patterns,asspecifiedin Table1. Traffic burstness,
servicessessionlength,QoSrequirementsandoverall net-
work load make major influenceon the servicesgoodput.
In caseof prevalenceof CBR servicesandhigh deployed
network utilization, advantagesof thestatisticalmultiplex-
ing andsubsequentlyof the proposedschemedo not gain
any valid improvementscomparingwith resourcealloca-
tion without equivalent bandwidthcorrections. Numeric
resultsindicatethat the suggestedschemeof resourceal-
locationasymptoticallyequalto the equivalentbandwidth
with priority classesresourceallocation in the following
cases:network load is under35%, amongconnectionre-
questsareprevailing servicesrequiringpeakor nearpeak
rateresourcereservation,network load is above 80%. The
schemehasvalid advantageswhensharesof VBR andABR
traffic classesin network loadpatternaresufficiently large
comparingwith CBR service.

7. Conclusions

Thecorrectroutingselectionandoptimalresourcereser-
vationareimportantpartsof effectivenetwork management

in multi-servicehigh speednetworks. The proposedap-
proachresolves the problemof optimal definition of net-
work resourcereservation parameters.In addition, it al-
lows to make appropriateestimationof servicepricepolic-
ing with respectto network utilization and desiredgrade
of service. In spite of complex optimization structures,
independent(from connectionsetupprocedure)realization
of the SB calculationeliminatescomputationoverheadof
timeconstrainedCAC functions.Resourcereservationpro-
tocol appliesprecalculatedSB value as equivalent band-
width correctionparameterduring connectionsetuptime.
Practically, unlimited scalabilityof the approachcould be
achieved by meansof distributed realizationand parallel
processing.The algorithmicframework hasfollowing ad-
vantages:1) definitionof theoptimalrelationbetweennet-
work equipment,routing schemeandusersgeneratednet-
work flow using dual theory 2) usageof calculated”sug-
gestedbandwidth”asaggregatedmeasurementof network
stateinformation improving accuracy of resourcereserva-
tion.
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