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Abstract

We formulatea resourceallocationproblemin single-hopmulti-servicenetworkswith quality of servicere-
guirementsWe presentadecompositiorof the probleminto two analyticallytractablesubproblemsWeillustrate
the approacHor the casewherethe QoSrequirements expressedn termsof outageprobability. We establisha
sufficient conditionfor the optimality of the greedypolicy in theabove resourcellocationproblem.

|. INTRODUCTION-MOTIVATION

The scarcity of available resourcessuchas limited bandwidthand low capacity aswell
asthe interferenceamongusersresultin seriouschallengesn the designfor wirelessnet-
works. An importantnetwork layer designproblemis the efficient allocationof thoselimited
resourcesAn efficient allocationmustoptimizea performanceobjective while satisfyingthe
guality of service(QoS)requiredby eachtype of serviceandconnectionexpressedn terms
of signalto noiseplusinterferenceatio (SNIR), andoutageprobability, lateng, etc.).

In this paperwe presenta systematicapproachto connectionadmissioncontrol (CAC) in
single-hopmulti-servicewirelessnetworks with QoSrequirementsThe approackconsistsof
the decompositiorof the resourceallocationprobleminto two sub problems:{) the specifi-
cationof anadmissiornregion A which guaranteeshe QoSrequirementgor eachconnected
user independentlyf theadmissiorpolicy; and(i7) thedeterminatiorof a connectioradmis-
sion policy thatis optimal within the classlI 4 of policiesrestrictedto the admissionregion
A. sucha decompositiorresultsin tractableproblemsand createsa conceptuaframenork
for understandindhe interactionamongthe differentlayersof the wire lesscommunication
networks.

The remainderof the paperconsistsof four parts. In Part 1, we () formulatethe CAC in
single hop multi-servicewirelessnetworks with QoS requirements(iz) discussthe natureof
this problemandthe needfor alternatve tractablemethodsto solwve it; and (iiz) proposethe
aforementionedlecomposition.In Part 2, we (i) presentan approacho defining probability
of outageasa system-wideQoSmeasurdor cellularsystemsand (i) constructanadmission
region A where,independentlyof admissionstratgjies, the requirementon probability of
outageare satisfied.In Part 3, we addresgshe CAC problemundera constraintdescribedoy
theadmissiorregion A. In Part4, we presentonclusionandreflections.

Part 1. Outage-based Admission region

In a wirelesssystemthe desirableresourceallocationis achiered throughtwo separate
mechanismf power-rate assignmen{PRA) and connectionadmissioncontrol (CAC). In
systemswhererate of transmissiornof ary userand the power control mechanismis fixed
and known, CAC is the only mechanisnmto guaranteea certainlevel of servicewhile max-
imizing total revenueover horizonT. Mathematicallythe questioncan be formulatedas

max,rE{ZtTZO S cixf(t)} suchthat g (1) = 6,(x"(1), ... ,x"(T)) € Qi; wherec; is
the rate of revenuegeneratedy a userof typei, z7(¢) is the numberof connectionsf type

i presentat the systemat time ¢ andis a function of CAC stratgy =, x™(¢) is the vector of
numberof users(z7 (t), 5 (¢), - .. , 2% (t)), ¢i. () is avectorof QoSmeasuresor userk of type



i underCAC stratgy  whichis afunctionof thesequencef {z7(¢)}7_,. 6 is suchfunction
andits form depend®nthe physicallayerandthe power assignmentule.

Noticethatquality of servicefor aconnectionris adynamicvariablewhosestatisticsdepend
on the chosenadmissionstratgy. Hence,a key featureof this optimizationproblemis that
thereis atwo-way couplingbetweerthe constraintgesultingfrom the QoSrequirementsnd
the admissionpolicy. Sucha two-way couplingresultsin a computationallychallengingand
analyticallyintractableoptimizationproblem.

In this paperwe proposethe two stepdecompositiordescribedn the introduction. Sucha
decompositiorresultsin a one-way coupling betweenthe constraintgpresentn the resource
allocationproblemand the determinationof an optimal allocationpolicy. Though,in gen-
eral, our approachresultsin a suboptimalsolutionfor the original problem, it reducesthe
compleity of the problemto a greatextent. Furthermorejt createsa conceptuaframework
for understandinghe interactionamongdifferentlayersof wirelesscommunicatiorsystems,
suchas physicallayer concerns,QoS requirementsand network layer resourceallocation.
In other words, the admissionregion 4 = {x : ¢i(7) € Q;forVm € II4} conceptual-
ize the physicalchanneland QoS requirementsandthe optimizationproblemis reducedto

maxeen, B {31y YL, cinf (1)
Part 2. Outage-based Admission region

Outageprobabilityis animportantperformancaneasuran cellular networks. In a cellular
scenaridow SNIRcanincreasebit errorrate,but moreimportantlyif thisratioremaindow for
along enoughduration,it cancausean outagein anongoingservice(dueto lossof synchro-
nization,etc). Thiswill resultin disconnectiorof anadmittedcall. In mostcommonscenarios,
thisis considereca moresevereform of low performancehanblocking (which occurswhena
new call is deniedadmissiorto the cell, hencethe network). As aresult,outageprobabilityis
considerech mainperfomancemeasurdor traditionalcellularnetworks.

We describean outageby two parameters{i) the SNIR thresholdy; and (iz) a minimum
durationr. An outageoccurswhenthe SNIR remainsbelon thethresholdy for aperiodlonger
thanor equalto 7. In mostof the currentlyavailableliterature(e.g. see[9], [12]), an outage
is assumedo occurwhenthe SNIR falls belov a thresholdy*. We believe that this is not
sufficientto capturetheessencef anoutagesinceit ignoresstatisticalcorrelationor burstiness
in theincomingtraffic stream.lt is intuitively expectedthattraffic streamswith high level of
burstinessaaremoreprobableto causean outagethannon-kursty or iid streamswith the same
level of instantaneoumstantaneoumterference Similarly, the memorypresenin shadeving
channelsdirectly affects how long the impairmentwill last, henceit affects the occurance
of an outage. In otherwords, the drop in the SNIR belo~v v doesnot resultin an outage
instantaneouslyanoutageresultsin whenthe SNIR is low for anextendedperiodof time, i.e.
atime periodthatexceedsa minimumdurationr. With this definition,theoccurancef outage
eventsstrictly dependon the secondorder statisticsof the interferenceand/orshadeving. A
characterizatioof outagebothin termsof thethresholdy andthetime durationr hasappeared
only in [10] and[20]. Onekey featureof [10] and[20] is that the effect of otheruserson
the outageprobabilityis not takeninto account.Thatis, the effect of the (random)numberof
active usersaandthestatisticalvariationof theirchannelntheprobabilityof outagas ignored.
Attentionin both[10] and[20] is restrictedon oneuserandontheeffectof its physicalchannel
on the outageprobability In generalthe performancef a wirelesssystemcritically depends
on two factors: (i) the conditionof the physicalchannel;and (ii) theinterferencecreatedby
otherusers.Indeed,we shav thatby incorporatingthe effect of multiple accessnterference
into our approachyve areableto relatethe outageprobability to the numberandtype of users
presentin the systemand, therefore,to determinean admissionregion associatedvith the
maximumacceptabl@utageprobabilityfor eachtype of users.



The salientfeaturesof our approacharethefollowing: (F'1) We modelthe statisticalvaria-
tion of thephysicalchanneby a Markov Chain(asin [20]). (F2) We considerseveraltypesof
usersin termsof their statisticalactivity, andQoSrequirements(F'3) We fix thetotal number
of usersadmittedby the system andwe assumehatthe statusof eachuserswitchesbetween
“active” and “inactive” accordingto a Markov rule (independentf (F'1)). The statusof a
particularuseris not necessarilyndependentf thatof anothemuser

As a resultof the aforementionedeatures we can constructa modelwhich allows us to
define,for any multipleaccesschemethe SNIRratioandhencegdetermindor ary parameters
~ and 7 the probability of outageas a function of the fixed numberof userspresentin the
system.Thisin turn allows usto analyticallydeterminethe capacityof the system(described
in termsof an admissiornregion) associateavith maximumacceptablgrobability of outage.
Therefore,we achieze two main goalsin this part of the paper: (i) the developmentof an
approximatestatisticalmodel for outageand calculationof the outageprobability; and (i:)
theanalyticdeterminatiorof anadmissiorregion basedhe on thedesiredperformancef the
systemwith regardto outageprobability.

This partis organizedasfollows: In Section2.l, we constructastochastienodel,analytically
calculatethe probability of outage ,andprovide a procedurego constructan outage-basedd-
missionregion. In Section2.Il we presentexamplesillustrating the modelingandresultsin
Section2.l.

I. OUTAGE-BASED ADMISSION REGION FOR MULTIUSER SYSTEMS WITH MARKOV
CHANNELS

A. Philosophyof Our Approad

We addressheissueof outagewithin thecontext of QoSrequirementsA userin thesystem
encounteran outageeventwhenits receved SNIR at the basestationfalls below a threshold
for an extendedperiod of time. Hence,an outageis experiencedoy eachuserindividually.
Thereforethekey conceptuaissueis how to analyticallydescribeanoutagesventasasystem-
wide QoS criterion. We addresghis issueby introducinga fictitious obserer/userand by
defining an outageincurring during this users servicetime. To guarantedhat the outage-
basedQoSrequirementaresatisfiedor everytype of userthatmaybeadmittedby thesystem
we proceedasfollows: We considera separatdictitious obserer/useifor eachtype of traffic.
Sucha useris alwaysactive andis identicalto the actualusersof the sametype in termsof
the statisticsof the physicalchannel, SNIR threshold,and minimum outageduration. Each
fictitious obsener/userdoesnot createary interferencan the systemhencehasno effect on
the performancef the system.The outageprobability for sucha useris a conserative bound
on the outageprobability of eachuserof the sametype. The system-wideQoSrequirementn
termsof outageprobabilityis metif andonly if the probability or the frequeg of outagefor
eachof the aforementionedictitious usersis belov a prespecifiedvalue (thatdependsn the
typeof user)whichreflectsthe QoSrequirementin this sectionwe constructheoutage-based
admissiorregion following theabove philosophy

B. Outage Formulationfor a GivenObserver/Usein thePresencef a FixedNumberof Users

We fix the numberof admittedusersandthendevelopanapproactio definingandcomput-
ing outageprobability for afictitious obsener/user.,, whosechannelstatistics SNIR thresh-
old v, andminimumoutagedurationr aregiven.

In a wirelesssettingthe receved SNIR of an obsener/useru, dependn two decoupled
factors: 1) the effect of physicalchannelin the absenceof otherusers;this capturesevents
like additive noise, fading, and/orshadaving (in the presenceor absenceof power-control
mechanisms)2) the effect of the presencepower, and channelstatisticsof the otheractive
usersadmittedin thesystem.Thereforefo determinethe probabilityof outagewe need:(i) to



modelthechannelegradation;(i:) to modeltheinterferenceof otheradmittedusers;and (i)
to constructa “SuperMarkov Chain” combining(i) and(ii) in orderto describethe receved
SNIR of uq. For a detaileddescriptionof a modelthat completelyaccountdor the effect of
thesephenomenaee[6]. In this paperwe consideronly theworstcasescenaridor ugy, where
the channelof all the otherusersarein their bestrealization. Furthermore we assumehat
usersof similar typewith similar channelkrealizationareassignedimilar transmissiorpower.
In this situationthe receved SNIR of u, dependsimply on the effect of the physicalchannel
andthe presencef otheractive users.

It is very commonto modelthe effect of the channelon SNIR in the absencef otherusers
asa Markov chain. Thevalidity of suchmodelhasbeenextensiely studiedandconfirmedin
theliterature(see[19]). Themostcommonlyusedexampleof thiskind is the Gilbert Channel.
In general,sucha MC is definedby its state-spac@{ = {hi, hs, ... , h;}, andits transition
matrix A = [ay] = [Prob{X(¢t+ 1) = k| X (t) = ht}]. Note thatin the caseof an ideal
power control mechanismthe state-spacé{ is reducedo a singleton{A}, henceA = 1; in
caseof power control with quantizederror +6, we have X = {h — 6, h,h + 0}. We assume
thatchannektatef individual usersaremutuallyindependent.

To modeltheinterferenceof otheradmitteduserswe assumehatthereare L typesof users
in termsof QoSrequirementstransmissiorPower, andthe actvity factor[14], andthereare
(My, My, --- , M1) usersadmittedto the system(not including uy). At ary time slot, each
admittedusercanbe active (“on”) or inactive (“off”). Sinceonly active usersinterferewith
therecevedsignalof uq, we needto find anappropriatanodelto describehe evolution of the
users™on” periods.In this paperwe assumehatactive andinactive periodsfor a userof type
| evolve accordingto a b;-orderMarkov chain.Consequentlyhe numberof typel active users
canbe modeledby a Markov chainwhosestateis denotedby anintegerr; € {0,1,..., M;}.
In generalwe assumehattheactvity of all userscanbecorrelated Basedontheabove we can
expressthe stateof the numberof active usersby the therandomvector (ry, 7, ... ,7.). By
constructionthis arrayevolvesaccordingo aknown Markov rule. Let T bethetransitionma-
trix for thisMarkov chain,i.e. T = [t;;] := [Prob{(r, 7o, ... ,71) =7 | (r1,72,... ,71) = i}].
NotethatT is a squarematrix of dimension[ [/, (M; + 1).

To describethe receved SNIR of ug, we constructa “superMarkov chain” (SMC) which
representshe variationof the physicalchanneffor u, andthe numberof the admittedusers.
The statesof this SMC arevectorsof form (h%, 7,79, -+ , 7). Whereh™ € H,, is thestate
of the channelbetweenuseru, andthe base-stationandr;, [ = 1,2,...,L, asmentioned
before,denoteghe numberof type! active user The state-spacef thisSMCis S = H,,, X
Hle{o, 1,2,...,M;}. Sinceby assumptionthe stateof the physicalchannelfor a useris
independenof the numberof the otherusersandtheir channelstate the transitionprobability
for this SMC canbe easilyobtainedby

where A, is the transitionmatrix of the Markov physicalchannelbetweenobsenrer/useru,
andthebase-statiorand A ® B denotegheKronecler productof thematricesA andB. If we
denoteby I,,,, thesizeof setH,,,, thenthesizeof matrix P is I,,, x Hle(Ml +1).

To defineanoutageaventmathematicallywe mustspecifythereceved SNIR of obserer/user
uo ateachstates € S. This SNIRis afunction f,, : § — R,. Theexactform of f,,(-)
depend®nthedynamicsof multiple accessnterferenceandpossiblythe powercontrolmech-
anism.For instancefor a CDMA systemwhereusersof the sameclasshave acommontrans-
mitted power andthereis no power control,the form of function f,,, is:

he PyGly

fuo(8) =
’ n + ZZLZI héestf)lrl

(2)



wheren is the noise power (that includesthe expectedtotal interferencefrom the adjacent
cells), r; is the the total numberof active usersof type I, G, is the spreadinggain for user
ug, h*° is the channelgain betweenu, andthe basestation,and P, is the commontransmitted
power for all type+ users.This form canextendto CDMA systemswith power controlwhere
eachclassof usershasa commontargetedpower, andwhereh!* representshe error of the
power controlmechanism.

After specifyingthe SNIR of useru, ateachstate we definethe setof “bad states”55 as

B:={s € S|fu(s) <7} 3)

Basedon theabove classificatiorof statesve cannow formally definethe following:

Definition1: An outageis aneventwherethe stateof the SMC enters3 andstaysin 5 for
atleastr unitsof time.

Definition2: The probability of an outageis definedto be the probability thata randomly
selectedime slot belongsto anoutageeventandis denoteddy P,y 44 -

C. Outage Analysisfor a GivenObserver/Usem the Presencef a Fixed Numberof Users

The probabilityandfrequeng of anoutageeventin the constructedSMC canbe studiedin
theframework of [20].

Considerthe constructedSMC andthe associatedransitionmatrix P with it. We follow
[20] to establishithe necessargquationsandrelationsthat describethe probability of outage.
Note thatthe SMC is mathematicallyequialentto the physicalMarkov Channelstudiedin
[20], eventhoughthe SMC, in general,hasa muchlarger statespaceandit hasa very spe-
cific structuredueto its construction. Hence,after introducingthe appropriatenotationand
definitionswe canuseresultsprovidedfrom [20] for theanalysisof the probability of outage.

C.1 Definitions

« Lettherow-vectorm denotethe stationarydistribution of SMC.
« Definenrg as

| mw(s) ifseg
Ta(s) = { 0 otherwise ’ (4)
« Define Pg asthe matrix with entries
. P(i,j) ifjeB
PB(ZJ):{O( ]) if‘;’Eg (5)
C.2 Results

We establisrananalyticalexpressiorfor probability of outage.For thatmatterwe needthe
following resultfrom [20].
Fact.1: Theprobabilityof outages givenas

Poutage == ’7'71'G_PBT]. + ﬂ'GpBT_H (I - PB)_I]. (6)
Basedon Fact 1 we establisranalternatve analyticalexpressiorfor the probability of out-
age. The new expressionis easierto computeasit involvesneitherinversionof a matrix nor
calculationof vectorsmrg. For the proof of Propositionl see[6].
Propositionl: P, = ®Pg" (11 — (1 —1)Pg)1

D. Constructionof an Outage-BasedAdmissiorRegion

We now discusshow to usethe resultsobtainedin Section2.1-C to constructan admission
region whenthe probability of outageis the QoSrequirementinderconsiderationAn admis-
sionregion s the setof all combination®f admitteduserssuchthatif connectioradmissions



arerestrictedto a subsef its interior, the probability of an outageencounteredby a fictitious
obserer/usernf type! is lessthana prespecifiedhresholdP! . foralll =1,2,..., L.

The formulation of probability of outagepresentedn Section2.I-B and the analysisof
Section2.1-C provide an expressionfor the probability of outageof a fictitious userof type
! (I =1,2,...,L) asafunctiong, : Z% — R, of the vector of admittedusersM =
(My, My, ..., Mp). Therefore for afixedtype! fictitious user(i.e. H,, = H;, Ay = Ay,
To = T, Yo = Y, and fo,, () = fi(-)) theregion whereQoS (expressedy the probability of
outage)s guaranteedor thattype of useris

Ri:= g, ([0, Prge]) = {M : gu(M) < Ppip}- (7)

mazx

Consequentlytheregion wherethe QoSis guaranteedor all theuserss

Ri=(Ri={M: (M) <P} ®)
=1 =1

Sinceit is notdesirabldor any admissiorstratey to terminateanunfinishedservice we define
theadmissiorregion A asthelargestcoordinatecorvex subsebf R, i.e.

A:=sup{C: if M € C,M' < M thenM' € C}. 9)

CCR

Recallthatour analysisis valid for a fixed numberof admittedusers.In a wirelesssystem
the numberof users(active andinactive) presenin the systemvarieswith time. We establish
thevalidity of our analysisfor wirelesssystemshroughthe following theorem(For the proof
see[6]).

Theoeml: The admissionregion A is a conserative boundon the numberof admitted
usersfor which the QoS expressedy the probability of outageunderarny admissionstratey
is met.

1. SPECIAL CASES, EXAMPLES, DISCUSSION

In thissectionwe presenexampledllustratingourapproachin all theexamplesve consider
theoutageproblemin aCDMA pre-third-generatiowirelesssystemsin suchsystemstraffic
mainly consistsof voice, or datastreamshat arecompresse@ndthentreatedasvoice [16].
This kind of traffic, whenthe numberof usersis fixed, canbe appropriatelymodeledby an
Engsethbirth-deathchain(see[1]).

In the remainderof the sectionwe formally introducethe Engsethtraffic model. In Sec-
tions2.11-A we computethe probability of outage andtheresultingadmissiorregionsundera
variety of power controlscenario@andsystemparameters.

We considelL typesof traffic. Letthecomponeni\/, of thevectorM = (M, ..., M}) rep-
resenthefixednumberof userof typek admittedto thesystem.Let N (t) = (Vi (%), ..., Ni(t))
denotethevectorof thenumberof active usersof eachtypeattime¢. Thenthetransitionprob-
ability for the Engsettmodelis givenasfollows:

(Mk—mk))\k ifnzm—!—ek

My Lk ifn=m—e
P{N(t+1)=n|N(t) =m,M} = § 1= cx,, Mkik

_ZkGKoff (Mk—mk))\k ifn=m

0 otherwise

wheree,, is acolumnvectorwhoseelementsareall zeroexceptfor the k** elementwhichis 1,
Ar IS the activationrateof eachinactive userof type k, . is the probability of thatan active
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Fig. 1. Left) Poytage VS. M, for casesn 2.11-A. Right) AdmissionRegionsfor casesn 2.11-A.

userbecomesnactive, K,rr = {k : my < My}, andK,, = {k : 0 < m;}. Notethat A;fuk is
the activity factorof eachstream.For voice usersthisis around0.4. For datausersit varies
with theapplication andit depend®ntheburstinesandinformationbandwidthof thestream,
aswell asthe compressiomethodemployed.

A. NumericalExamples

Wefirst constructheSMC associatewvith thismodel.Let M denotehenumberof admitted
usersin the system.We constructT'y, = [Prob{r =i/r = j, M }].

For the caseghatfollow we usedifferentchanneimodels(#, Ay). We constructhetransi-
tion probabilityP associateavith each(, Ay) pair, using(1). After identifying thetransition
matrix, determiningthe SNIR at eachstate,andfinally labelling“bad” statesaccordingto (3),
we calculatethe probability of anoutagefor typel connectionssa function g;(M).

We first study the homogeneousraffic scenarios. For all the scenariosunder study we
assumehat Ai = 0.4, T = .0027; (T is the time slot durationandr; is the fadingcycle),
v = 3.1dB, andthe spreadinggainis G, = 64. Fig. 1. Left) shows the resultof sucha
calculationfor CDMA systemswhen: 1) the channelfollows a Gilbert modelwith average
burstlengthsof 4, with steady-stat@robability of the bad-channel-statequalto 0.1 andr =
7T (thevaluerecommendedly ITU-T [13]); 1’) channelis similarto oneof (1), andr = 15T;
2) thechannels anappropriateapproximatiorto a Rayleighfadingchannelvith themaximum
Dopplerfrequeng of 100Hz asgivenby [19] andT = 7T; 2’) thechanneis similarto (2) and
T = 15T; 3) anidealpower controlmechanisms implementedandr = 77’; 3’) thechannels
similarto (3) andr = 157; and4) power controlis appliedwith errorof 5% andr = 77. 4’)
thechanneis similarto (4) andr = 15T

Now we studythe outageproblemfor the sameCDMA systemwhenthetraffic consistsof
two classesof userswith differentactivity factors,spreadinggains,and outageparameters;
theseparametersire 111“ +N =06,G;=64,Gy =32, =2P i =1 =T,
v = 3.1dB, andvy, = 3.3dB. We Setthe maximumacceptablgrobability of outageto be
equalto 10~3. Underthis specificationFig. 1. Right) shavs the admissiorregion, when: 1)
thechannels describedy a Gilbert modelsimilarto theonein Section2.1l-A andr = 77’; 2)
thechannels describedy a Gilbert modelsimilar to theonein Section2.11-A andr = 15T
and3) thereis anideal power controlmechanismandr = 77'; and4) thereis anideal power
controlmechanismandr = 157'.

B. Discussion

Fig. Lillustratesthatfor all casesliscussedh Section2.1I-A ¢; (M) is anincreasingunction
of M. Similarplotsareprovidedin [6]. Theseplots,likeFig. 1, shav thatg, (M, M), 1 = 1,2,
isincreasingn M; andM,. ThisimpliesthattheregionR definedby (8) is coordinatecorvex,



henceA = R for the examplesstudied. Basedon theseresultwe proposethe following
conjecture:

Conjectue 1: In ary cellularsystem g, (M) is increasingn eachcoordinateM, for all [ =
1,2,...,L;Hence A =R.

Part 3. Connection Admission Control

As discussedn theintroduction,We proposeo formulatethe ConnectionAdmissionCon-
trol (CAC) problemin a single-hopmulti-servicenetwork with QoS requirementsasa con-
strainedstochastiadynamicoptimizationproblem,wherethe constraintdescribeghe admis-
sionregion. Onestandardapproachto describingthe admissiorregion for sucha problemis
to defineatotal capacityfor the network andassociaten effective bandwidthto eachclassof
users.Thisapproactapproximatesheboundaryof theadmissiorregion with alinearfunction
of thenumberof eachtypeof usergse€ 3], [17], and[18]). In casesvhereall theQoSrequire-
mentsaresummarizedy aneffective bandwidth-baseddmissiorregion,the CAC problemis
equivalentto a classicalknapsackproblem. (see[15] chapters2-4, andthe referencesherein
for detailson theclassicalstochastidkknapsackproblem).

In generalall QoSrequirementsonsideregimultaneousharesummarizedy anadmission
region the boundaryof which neednotbealine. In sucha situationa reasonabl@ssumption
on the natureof the admissionregions and their boundarieds coordinatecorvexity, which
implies that no forcedterminationof serviceis requiredin orderto meetQoSrequirements.
Basedon this obsenation, in this paperwe proposethe formulation and investigationof a
“generalizedknapsack’whoseschedulings equivalentto the CAC problemwith acoordinate
convex admissiorregion.

To motivatethe analysisof the CAC problempresentedn Section3.I we first briefly dis-
cussandcritique the resultsavailable on the classicalknapsaclkproblem. Several variantsof
the classicalkknapsackoroblemhave beencarefully studiedin literature(for examplesee[2],
[4],[5], [7], [8], [11], and[15]. In [11] rewardthatis fixed andknown, andis obtainedat the
instanceof admission.This featuremakesthe problemconsideredn [11] distinctly different
from the problemwe considerin this paper In [8] it is assumedhat no job admittedto the
knapsackeavesthesystemj.e. the problemchangedo a packingproblem.Sucha problemis
alsodistinctively differentfrom ours. Themodelandtheformulationof the knapsackproblem
consideredn [2], [5], [7], and[15, Ch. 4] are similar to our problem. A Markov Decision
Proces§MDP) approachis usedin this classof referencedor the analysisof the classical
knapsackproblem. It hasbeenshowvn that solving the appropriateMDP, through standard
numericprogrammingmethodscanbe analyticallyintractableand computationallycomplex.
Furthermoreit is known thatthe optimal solutionto suchMDP (which is the optimal admis-
sionpolicy for theclassicaknapsack)in generallacksary specificstructureor well-definable
property(See€[7]).

Thecomplicatedchatureof the optimalconnectioradmissiorcontrolpoliciescreatea practi-
cal difficulty for theirimplementatiorasviable CAC policiesin high speedhetworks. Conse-
guently in this papemwe considetthe“greedypolicy” whichhasavery simpleimplementation.
Thegreedypolicy admitsary requesfor connectionf theresultingnumberandconfiguration
of admittedusersbelongsto set.A. We determineconditionson theratesof revenuegenerated
by differentclassesf connectionssufficient to guaranteghe optimality of the greedypol-
icy. The problemwe addressanbe thoughtof asfollows: How shouldeachtype of service
provided by the network be chaged so thatit shouldbe optimal to admit every requestfor
connectiomprovidedthattherearesuficientresources?

The remainderof this part of paperis organizedasfollows: In Section3.l we formulate
the CAC problemwith two classef connectionsasa generalizeknapsackproblem,called
Problem(P). We provide a sufficient conditionon the optimality of greedypolicy for Problem



(P) (for theproof,seg[6]). Section3.1l includesa brief discussiorof afurtherextensionof the
CAC problem.

I. THE GENERALIZED STOCHASTIC KNAPSACK PROBLEM WITH TwO CLASSES OF
CONNECTIONS

Thegeneralizesgtochastiknapsackroblemwith two classe®f userscanbeformulatedas
follows:
Problem(P)
Considerafinite coordinate-covex setS C R’ which containstheorigin. A two dimensional
generalizedknapsaclkassociateavith setS, consistf asystemof identicalsenersin parallel
that cansene two classeof servicewithin its supportregion S. Thatis, the knapsackmay
sene z; numberof class-1connectionsand z, of class-2connectionsonly if (z;,z5) €
S. Eachconnectionof classk, £ = 1,2, is characterizedy its arrival rate, \;, andthe
rate of its servicetime, u;,. We assumedhat: arrival andservicestatisticsof eachconnection
are independentf eachother and independenbdf the arrival and servicestatisticsof other
connectionstheservicetimefor aconnectiorof type k is amemorylesgandomvariablewith
meanu— eachunit of time thereis at mostone new connectionarrival to the system. Each
arriving connectiorcanbe admittedto the knapsackf the resultingnumberof connectionss
in S. If arequestfor connectionis rejected,the connectionis lost. An admittedconnection
remainsin the knapsachuntil its serviceis completed.Without any lossof generalityandfor
clarity, we assumehatarrivals anddeparturesvithin thetime slot from time ¢ to ¢ + 1 occur
in theopenintenal (¢,¢ + 1); furthermore departure®ccurat the endof atime slot whereas
arrivalsoccuratthe beginningof atime slot. Thus,if we definet™ and¢~ as

tT = inf{s € (t,t + 1) : sisthetime afterthearrival time of new
connectiorrequestaindadmissiordecisionsn time slott}
(t+1)" = sup{s € (t,t+ 1) : s isthetime beforethe completiontime

of any connectiorwhoseserviceendsin timeslott}.

we havet™ < (¢t + 1)~. Eachadmittedconnectiorof typek = 1, 2 generates revenueof rate
¢, While beingsenedin the knapsack.The goalis to find an optimal admissiorstrategy that
maximizesthetotal expectedrevenueover horizonT', whereT maybeinfinite.

Remark As aresultof our formulation,a paclet of type £ maybe admittedin the systemat
t*, completeserviceat (¢t + 1), andresultin arevenuec.

Themainresultof this sectionis summarizedy thefollowing theorem:

Theoem?2: If

—<—< = (10)

thenthe policy thatfollowsthegreedyrule atall timesis optimalfor Problem(P).
For the analysisof Problem(P) andproof of Theoren2, see[6].

[I. EXTENSIONS AND GENERALIZATIONS
A. GenealizedKnapsa& ProblemL (L > 2) Classeof Connections

It is possibleto establishpy agumentssimilar to thoseusedin the proof of Theoren?2, the
following resultfor the generalizeknapsackroblemwith L typesof connections.
Theoem3: ConsideProblem(P) with L typesof users.If

¢ >ch— Vie{1,2,...,L} (11)
k=l



thenthe policy thatfollowsthe greedyrule atall timesis optimal.
We notethatas L increaseshesufficientconditions,describedy (11),for optimality of the
greedyadmissiorpolicy becoméancreasinglyweak.

Part 4. Conclusion

In this paperwe presentednapproactto the connectioradmissiorcontrolfor a single-hop
multi-servicewirelessnetwork with QoS requirements.In general,a connectionadmission
control stratgyy createsa complicatedwo-way couplingbetweerthe physicallayer, i.e. QoS,
andthe network layer, i.e. the optimal resourceallocation. Our approachproposesa decom-
positionof the problemin two subproblems:admissionregion constructionand generalized
knapsackscheduling.Theresultof suchdecompositions reducingthe interactionof the two
layerinto a one-way couplingbetweerthe physicallayer (QoS)andthe network layer (CAC).
To demonstratéhe methodologywe, then,constructedin outage-baseddmissiorregion. Si-
multaneousconsideratiorof QoS requirementsuchas outageprobability, averagebit error
rate,delay etc.,canbeincorporatednto theadmissiorcontrolproblemby takingtheintersec-
tion of the correspondingdmissiorregionsresultingfrom theabove QoSrequirementsSuch
an intersectiondefinesthe admissionregion for a generalizedknapsackproblem. We inves-
tigateda generalizedknapsaclkproblemandestablisheadonditionssufficient to guaranteehe
optimality of the greedyadmissiorpolicy.
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