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Abstract

In this paper we investigatean on-demandink-state
multi-path QoS(quality-of-serviceyouting protocolin a
MANET which is important for many real-time multi-
media applications. The basic idea of the on-demand,
link-state multi-pathrouting protocolis to reactivelycol-
lect link-state information from source to destinationin
order to dynamicallyconstructa partial networktopol-
ogy which is only sketched from souice to destinationin
a MANET Theeefore, a multi-path QoSrouting protocol
is proposedby finding multi-path routesat the destina-
tion underthe CDMA-over-TDMA channelmodel,which
satisfiesa given bandwidthrequirement. Existing work
mainly aimsto exploit a uni-pathfrom source to destina-
tion. Thedestinationaccurately determines QoSmulti-
path routing and repliesto the source host. This greatly
improvesthe successate by meansof seaching the QoS
multi-pathrouting Performanceanalysisresultsdemon-
strate that our proposedprotocol outperformsother pro-
tocols.

1. Intr oduction

A mobilead-hometworks(MANET) [5] consistof wire-
lesshoststhatcommunicateavith eachotherin theabsence
of afixedinfrastructure.ln a MANET, hostmobility can
causefrequentunpredictablgopology changesthusthe
designof a MANET QoSrouting protocolis morecom-
plicatedthan that of traditional networks. Extensve re-
searchefforts have beendevoted to the designof rout-
ing protocolsfor MANETSs [9]. However, theseproto-
cols,whensearchindor arouteto a destinationareonly
concernedvith shortest-pathouting andthe availability
of multiple routesin theMANET’ s dynamicallychanging
ernvironment. Connectionswith quality-of-service(QoS)
requirementssuchasthosefor multimediaapplications
with delayandbandwidthconstraintsarelessfrequently
addressed.

Somework recentlyhasbeenintensiely studiedQoS
issuedn MANETSs. Theseproblemshave beenaddressed
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in several studies[2, 3, 4, 6, 7, 8]. Initially, in a quite

ideal model, it is assumedhat the bandwidthof a link

canbe determinedndependenthof its neighboringlinks

[2]. Undersucha model,aticket-baseddoSrouting pro-

tocolwasproposedn [2]. Usingthe samemodel,Liao et

al. recentlyproposeda QoS multi-pathrouting protocol
[6] basedon a ticket-distritution scheme. Obsene that
Liao et al.’s routing protocol presentsa multi-path con-

ceptto satisfybandwidthconstraintsUnfortunately Liao

etal.’s schemedoesnot consideradiointerferenceprob-

lems. Efforts will be madeto develop a QoS multi-path
routing protocol with consideringthe radio interference
problem. Obsere that, a CDMA-overTDMA channel
modelwas recentlyassumedn [7, 8] to developa QoS
routing protocolin a MANET, wherethe useof a time

slotonalink is only dependentnthestatusof its one-hop
neighboringinks. A codeassignmenprotocolshouldbe

supported.Therefore Lin andLiu calculatedthe end-to-
endpathbandwidthto develop DSDV-basedQoSrouting

[8] andon-demandloSrouting[7] in a MANET.

This papercalculatesthe end-to-endpath bandwidth
of a QoS multi-pathrouting following the CDMA-over-
TDMA channelmodel, as definedin [8]. This pa-
per presentsan on-demand link-state, multi-path QoS
(quality-of-service)routing protocolin a MANET. The
basicideaof the on-demand|ink-state, multi-path, rout-
ing protocolis to reactvely collectlink-stateinformation
from sourceto destination.The purposés to dynamically
constructa flow network, which is a network topology
sketchedfrom sourceto destinationin a MANET. There-
fore, a multi-path QoS routing protocolis proposedby
searchingmulti-path routesat the destinationwhich sat-
isfy the bandwidthrequirement. The destinationaccu-
rately determinesa QoSmulti-pathroutingandrepliesto
the sourcehost. This greatly improvesthe succesgate
by meansof searchinghe QoS multi-pathrouting. Per
formanceanalysisresultsdemonstratehat our proposed
protocoloutperformsotherprotocols.

Therestof the paperis organizedasfollows. Section2
presentdasicideasandmotivation. Our protocolis devel-
opedin Section3 andexperimentalresultsare discussed
in Sectiond. Section5 presentghe conclusions.
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Figurel: Themulti-pathapproach.

2. Basicldea and Challenges

Recently Liao et al. presenteca QoS multi-path rout-
ing approacti6]. Themulti-pathapproactwasdeveloped
which doesnot considerthe radio interferenceproblem.
The challengeof our work wasin attemptingto designa
QoSmulti-pathroutingin a strongemodel,which is the
CDMA-over-TDMA channelmodel. We review Liao et
al.’s multi-pathapproacH6]. The original bandwidthre-
guirements splitinto sub-bandwidtmequirementsyhere
eachsub-pathis in chage of onesub-bandwidthrequire-
ment. Let B} denotethe link bandwidthfrom nodex to

nodey asB, anddenote(hy, hy, - - -, hy) asapathfrom node
hi, hy, -- -, to nodehy. GiventhatasourcenodeSinitiates
aQoSrouterequestvith abandwidthrequiremenB, Fig.

1(a) revealsthat a successfulQoSroute,from Sto D, is

constructedwith link bandwidthsof (S,D’) and (D', D)

being Bg' and BB,, respectiely. Fig. 1(b) illustratesa
failed QoSroutesincethe sub-pathbandwidthof (S, D)

is bg', whereb < B. Thisindicatesthata QoSroutemay
fail if we do not know the enoughlink-stateinformation
in aMANET. However, multi-paths(S, X, D), (S,Y, D),

and(S,Z,D') canbeusedfor the QoSrouterequestwith

bandwidthrequiremenB. We assumehatmulti-pathsex-

ist in the network. However, if thereareno multi-paths,
thenthe QoSfails. Fig. 1(c) showvsthatthe bandwidthre-
quirementB is dividedinto threesub-bandwidttrequire-
ments. For instance(S, S, X,D’,D), (S, S,Y,D’,D), and
(S S,z,D’',D) arethreemulti-pathsfrom sourceSto des-
tination D. Each multi-path is responsiblefor one sub-
bandwidthrequirementNotably, multi-pathsareallowed
to sharethe samesub-paths. For instance,multi-paths
(SS,X,D',D), (§8,Y,D',D), and(S,S,Z,D’,D) share
(S S) and(D',D). Thisindicatesthatall multi-pathsare
notnecessarilgisjointed.

TheMAC sub-layeiin ourmodelisimplementedy us-
ing the CDMA-over-TDMA channelmodel. Eachframe
is divided into a control phaseand a dataphase. The
CDMA-over-TDMA channelmodel is assumedby fol-
lowing the samemodelasdefinedin [7, 8]. The CDMA
(codedivision multiple access)s overlaid on top of the
TDMA infrastructure. To overcomethe hidden-terminal
problem,an orthogonalkcodeusedby a hostshoulddiffer
from that usedby ary of its two-hopneighbors.A code
assignmenprotocolshouldbe supported The bandwidth
requirements realizedby reservingtime slots on links.
Undersucha model, the useof a time slot on a link is
only dependenbn the statusof its one-hopneighboring
links. Thismodelcanbeemulatedoy wirelessLAN cards
whichfollow the IEEE 802.11standard1].

Thetraditionallink-staterecordsall informationof net-
work topology; however this is difficult and inefficient.
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Figure2:
Exampleof multi-pathin CDMA-over-TDMA channeimodel.

This protocol reactvely collects link-state information
from sourceto destination. This forms a flow-network.
Basedon theflow-network, a bettermulti-pathresultthan
that of Liao etal. [6] is obtained. The overview of our
protocolis given nonv. A mobile hostknows the avail-
ablebandwidthto eachof its neighbors.Whena source
nodeS needsarouteto adestinatiorD of bandwidthB, it
will sendoutsomeRREQ(RouteREQuestpaclets,each
of which carriesthe path history andlink-stateinforma-
tion. EachRREQ paclet recordsall link-stateinforma-
tion from sourceto destination. The destinationcollects
all possiblelink-state information from different RREQ
pacletssentfrom the source.A partial network, which is
a flow-network, is constructedn the destinatiomodeaf-
ter receving multiple informationpaclets. An algorithm
is appliedatthedestinatiorto determinea betterresultfor
QoS multi-path routing. After determininga multi-path
route, a reply paclet is sentfrom the destinationto the
source.On thereply’s way backto the source the band-
widths areconfirmedandresened. Obsene that, Liao et
al.’s schemepossiblyfails to identify the QoS route al-
thoughmulti-pathsexist in a MANET, sinceLiao etal.’s
schemeusesthe hop-by-hopQoS route discovery oper
ation. This shortcomingcan be overcomeby using our
on-demandlink-state multi-pathQoSrouting protocol.

Some notations are defined herein. Let
{01,002, --,0¢—1} denote the free time-slots list of
a node. Let XY denotea link from X to Y. If free
time-slot lists of two neighboringnodesA and B are
{ag,00,-,0,} and {By,Bz-+,By,}, K1 # K2, We
define an intersection function N({a,az,---,0, },
{Bla 627 Ty BKZ}) = [y17y27 e 7yK3]7 where [y17y27 Ty
rKs] € {01,02, T 7GK1}7 [Vlay2a T ang] € {Bla BZ’ )
B}, and k3 < min{ky, Ko} Let [yy,Va,oors Vi)
represent shared free time-slots between nodes A
and B. This indicates that time slots for commu-
nicating between A and B must be selected from
[Y1, Y2 *» Y- FOr instanceasillustratedin Fig. 2(a), if
the free time-slot lists of S and A are {1,2,3,4,5,6,7}
and {1,2,3,4,5,6,7,8}, then nN({1,2,3,4,5,6,7},
{1,2,3,4,5,6,7,8}) = [1,2,3,4,5,6,7]. Time slots will
bereseredfrom the sharedtime-slotlist of [1,2,3,4, 5,
6, 7.

Our multi-path routing is constructedusing multiple
uni-paths.An exampleof multi-pathroutingis illustrated
in Fig. 2(b); paths(S A,B,D) and(S,A,C,D) areestab-
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Figure3: Exampleof hop-by-hoptime slotreserationscheme.

lishedif the pathbandwidthrequirements four slots.We
now discusghe basicideaof the uni-pathroutingscheme
adoptedin this paper Underthe CDMA-over-TDMA
channelmodel, Lin [7, 8] calculatedthe end-to-enduni-
pathbandwidthby the hop-by-hopcalculationfor thetime
slot resenation. For instanceasshawn in Fig. 3, a QoS
route requestwith pathrequirement= two slots, is sent
from sourcenodeA to destinatiomodeF. Thehop-by-hop
time slot resenation repeatedlycalculatesthe free time
slotsbetweentwo adjacentnodes. From nodeA, we ini-
tially allocatetime slots{1,4} and{2,7} to AB and @,
respectrely. Continuing,thetime slot {4,5} is allocated
to CD. Unfortunatelythis QoSroutefailsin link ﬁ since
thereis only onefreetime slot {8} in DE. Underthesame
network ervironment, however, it is possibleto exploit
a QoS uni-path, which satisfiespath requirement= two
slotsasshawn in Fig. 4. We canfirst allocatetime slots
{3,5} and{4,8} to B andﬁ, respectrely. Continuing,
slot {1,2} is resered to I? andthenslots {1,3} and
{2,7} aredispatchedo AB and @, respectiely. There-
fore, a uni-pathwith two slotsis establishedrom A to
F. Obviously, this is not the hop-by-hopcalculationof
time slot resenation. Existing on-demandouting proto-
cols [7, 8] usually adoptthe hop-by-hopcalculationfor
time-slotresenation. The propertyof the hop-by-hopcal-
culationis thateachnodeonly needgo maintainthe link
bandwidthof its neighbors.

3. The On-Demand,Link-State, Multi-P ath
QoS Routing Protocol

3.1. Phasel: On-Demand, Link-State Delivery and
Collection

The sourcenode initiates a QRREQ (QoS Route RE-
Quest)packet andfloodsthe MANET until arriving atits
destination.Eachpaclket recordsthe path history andall
link-stateinformation. The link-stateinformationis de-
liveredfrom the sourcetoward to the destination. The
destinationpossibly collectslink-state information from
different QRREQpaclets, eachof which travels alonga
differentpaths.

For eachbandwidthrequestanumberof QRREQpack-
ets may be sent. Each QRREQ paclet is responsible
for searchinga path from sourceto destinationnodes.
However, final pathsare eventually selectedfrom all of
the pathswhich arereceved by the destination. A QR-
REQ paclet is denotedas QRREQ(S, D, node_history,
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Exampleof slotresenationby our QoSuni-pathprotocol.

freetimeslot_list, B, TTL), where eachfield of the
pacletis definedasfollows:

¢ S thesourcehost;
¢ D: thedestinatiorhost;

¢ node_higtory: alist of nodeswhichdenotegshenode
historywhichrecordghepathfrom sourceto thecur-
renttraversednode;

e freetimesilot_list: alist of free time slot of links,
eachof which recordsfreetime slotsamongthe cur-
renttraversednodeandthe lastnoderecordedn the
node_history;

¢ B: thebandwidthrequiremenfrom Sto D; and

e TTL: (Time To Live) thelimitation of hop-lengthof
thesearchpath.

We now formally definethe on-demand|ink-statede-
livery/collectionoperationasfollows.

Al) Source node S initiates and floods a
QRRE)(S,D,node hisgtory = {8}, link_
bandwidthlist = {},B, TTL) paclet into the
MANET towardthe destinatiomnodeD if the given
bandwidthrequirements B.

A2) If nodee recevesa QRRE) paclet, thenwe adde
into node_history and appendthe free time slots of
nodee andthelastnoderecordedn thenode_history
into the freetimeslot_list, and decreasehe value
of the TTL. If e is not the destinationand TTL
is not equalto zero, thenwe re-forward the paclet
to all neighboring nodes which do not exist in
node_history.

The destination eventually receives mary different
QRRE) paclets from the source. The destinationwill
re-configurethe network topologyandall corresponding
free time-slot information. For instanceas shown in
Fig. 6(a), 6(b), 6(c), 6(d), QRREQ(S,D,{S,A,B,D},
[{1,2,3,4,5,6,7}, {2,3,4,5,7,8}, {2,3,4,5,7},
B,TTL), QRREQ(SD,{SA,C,D}, [{1,2,3,4,5,6,7},
{2,5,6,8}, {2,5}, B, TTL), QRREY( SD,{SE,C,D},
[{3,4,5,6},{5,6},{2,5},B,TTL),andQRREQ)(S D, {S
,E,F,D}, [{3,4,5,6}, {3,4,5,6}, {3,4,5,7}, B, TTL)
pacletsarecollectedat the destinatiomnodeD. A partial
network topology asshowvn in Fig. 2(a),is re-configured
atdestinatiomodeD.
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Figure6:
On-demandlink-statedelivery andcollectionoperation.

3.2. Phase2: Uni-Path Discovery

Obsene thata network topologywith link-stateinforma-
tion is re-constructedn the destinationnode. All of the
uni-pathand multi-path discovery operationsare identi-
fied in the destination.Our uni-pathdiscovery operation
is accomplishedby constructingaleast-cost-firstime-slot
resenationtree T cp. Before describingconstructionof
theT cF tree,thetraditionalhop-by-hogime-slotresena-
tion is againdiscussedherein,becaus@ur approachdoes
notusehop-by-hop.

Existing on-demand time-slot resenation results
mainly calculate the end-to-endpath bandwidth from
sourceto destinationby the hop-by-hopapproach. For
instancelin’sapproactj7] is oneof them. For example,
thereis a path (A,B,C,---,F) betweensourcenode A
and destinationnode F. Let a,b,c,---,e denotefree
time slotsof links ATL%, @,C?L ---,and ﬁ:), respectiely,
as illustrated in Fig. 5(a). To follow the hop-by-hop
reservingsequencepur resenation schemefollows the
orderof AB, BC,CD, - -, andﬁ:). Theexampleshovn in
Fig. 5(c) is a hop-by-hopresenationscheme A maximal
resenedtime-slothumbeiis denotedo reserethelargest
numberof time slotsof alink in a path. For examplein
Fig. 5(c), if a={1,3,4,5,8} andb = {2,3,7,8}, then
[1,4,5] is reseredto link AB and [2,3,7] is reseredto
link BC. The maximalresened time-slotnumbersof /-\_I§

A ELLEEDE] B

Figure7: Theoriginal network andfound multi-paths.

and@ are3. Additionally, slot[2,3,7] is allocatedo @,

andthe freetime slot of ¢ is thusupdatedrom [3,4,5, 8]

to [4,5,8]. Further [4] is resened to link CB and [5] is
resened to DE, so [1] is then given to EF. Therefore,
the path bandwidthof path (A,B,C,D,E,F) is 1 using
hop-by-hopresenation. Obsene that, our approactdoes
not use traditional hop-by-hopslot resenation. Efforts
are made to acquire greater path bandwidth than that
acquiredusing hop-by-hopresenation. For exampleas
showvnin Fig. 6, a pathwith bandwidth= two slotsexists
by not adoptingthe hop-by-hopslot resenation.

The purposeof constructingtree Tycr is to identify a
pathwith maximalpathbandwidth. A time-slotresena-
tion treeT is firstly constructed.The T.ce and T trees
are usedto efficiently resene time slots for a uni-path.
This indicatesthat our time-slotresenation schemedoes
not follow the orderof A%], é,ﬁg,---, andﬁ:). Obsenre
thattreesT andT.cr areconstructedo represenall pos-
sible conditionsof time-slot resenation. Given a path
(A,B,C,D,E,---Y,Z), letabcd- - - yzdenotefreetime slots
of IinksATé, ,CD,---, andYZ. Assumethatx andx’ are
freetimelists of links XX" andX'X", letab---xX ---y de-

notethe resenedtime slotsto links XX’ andX’X" in the
first order, andthetime slot is selectedrom x andx'. A
time-slotresenationtreeT is constructedy the breadth-
first-searchin@pproachwhichis formally definedbelow.

Definition 1 Time-Slot Reservation Tree T: Given a
path (A,B,C,D,E,---Y, Z), let the root of T be rep-
resentedas abcd---yz Children nodesof the root are
abcd---yz abdl---yz abcd---yz and abcd- --yz which

formthefirstlevel of treeT. Thetreerecursivelyexpands
all children nodesof each nodeon ead level of treeT,

andfollowsthe samerules of thefirstlevel of treeT until

readiingtheleafnodes Observahatleafnodesonly exist
asonecomponentTheefore, time-slotreservatiortree T

is constructed.

For instance,a tree T is constructedas illustratedin
Fig. 5(b). As shown in Fig. 5(b), the maximalresened
time-slotnumbersare3, 3, 2, 3 from left to right in thefirst
level of treeT. Our uni-pathtime-slotresenationutilizes
treetraversalby the depth-first-searchingrder, which is
formally givenbelow.



B1) Givenatime-slotresenationtree T andpathband-
width B, tree T is traversed by the depth-first-
searchingorder Eachpathfrom root to leaf nodes
formsatime-slotresenation pattern.This patternis
usedto resenetime slotsfrom sourceto destination.

- Forinstanceasillustratedin Fig. 5(b), thefirstreser
vation patternis ab,cd, ande, whoseresenedtime
slotis 1, andthe secondresenationpatternis ab, de,
andc, whoseresenedtime slotis 0.

B2) If a new resenation patternexiststo resene a path
bandwidthB', andB' < B, thenwe proceedto tra-
versetree T until identifying other resenation pat-
terns, and then go to stepB2. Otherwise,if tree
traversalis finishedor B’ > B, thenexits the proce-
dure.

All possibleaesenationpatternsareidentified,andtheir
correspondingpathbandwidthsareexploited; thereforea
maximalpathbandwidthis exploited. To reducethetime
neededo seacrhapathwhile satisfyingagivenbandwidth
requiremens, treeT is modifiedto be theleast-cost-fist
time-slotreservatiortreeT cr asfollows.

Definition 2 Least-Cost-First Time-Slot Reservation

Tree Ticr: Atime-slotreservationtreeT is saidto bea

least-costtime-slotreservationtree T cg if the children

nodeson ead level of tree T are sortedby the maximal
reservedime-slotnumberfrom left to right in ascending
order.

For instanceasillustratedin Fig. 5(d), tree T cr is ob-
tainedfrom treeT asfollows. Childrennodesof theroot
of treeT areabcde, abade, abcde, andabcde, but children
nodesof the root of tree T cg are abcde, abcde, abade,
andabcdg, sincethemaximalresenedtime-slotnumbers
onthefirstlevel of treeT.cr, from left to right, are2, 3, 3,
and3. Theuni-pathtime-slotresenationalgorithmis the
samefor stepsB1 andB2.

C1) ThispartisthesameasstepB1, exceptfor providing
theleast-cost-firstime-slotresenationtreeT cg and
pathbandwidthB.

C2) Thispartis thesameasstepB2, exceptfor traversing
theleast-cost-firstime-slotresenationtree T, cr.

For instance asillustratedin Fig. 5(d), thefirst reser
vation patternis cd,ab, and e, whoseresened time slot
is 2, andthe secondresenation patternis ab,cd, ande,
whoseresenedtime slotis 1. ComparingT -treetraversal
with T, cg-treetraversalschemesthe T cg-treetraversal
schemas moreefficientthanthe T-treetraversalscheme.

A simpleresultof searchinga uni-pathtime-slotreser
vation can be usedwithout constructingand traversing
treesT and T cg, which is statedas follows. The re-
sultis thesameasthefirst resenation patternin the T cr
tree. Thisresenationpatternis easilyobtainedasfollows.
Givenapath(A,B,C,D,E,---Y,Z), andletabcd- - -yzde-
notefreetime slotsof links ATI%, ,C?S,---, andY_>. As-
sumethat x and X' are free time lists of links XX’ and
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Figure8: Exampleof multi-pathdiscovery.

W

X", andlet ab---xX - --yzdenoteresenedtime slotsof

links )&ﬁ andw in thefirst orderif xX hasthe small-

estvalue of maximal resered time-slot number where
time slotsareselectedrom x andX. If xX is determined,
thena second-lagestvalueof maximalresered-timeslot

numberof tt’, tt’ € ab---yz— xX, is resenedastime slots
over andover again,until a simpleresenation patternis

obtained An exampleis givenin Fig. 4.

3.3. Phase3: Multi-P ath Discovery and Reply

Our multi-path discovery operationsequentiallyexploits
multiple uni-pathssuchthat the total sum of pathband-
widths fulfills the original path bandwidthB. A central-
izedalgorithmis proposedht the destinatiorto determine
the multi-paths. Given a pathbandwidthof B, the multi-
pathdiscovery algorithmis givenbelow.

D1) LetBandwidth-Sumdenotethetotal sumof multiple
uni-paths.Initially, we setBandwidth-Sum= 0.

D2) The destinationwaits for a period of time to ob-
tain a possibleuni-pathfrom the sourcenode,while
Bandwidth.Sum < B. A uni-path discovery pro-
cedureis appliedto sucha uni-pathto acquireits
maximal path bandwidthb. Let Bandwidth_-Sum =
Bandwidth_-Sum+ b. If Bandwidth-Sum < B, then
modify all link-state information of the network
topology accordingto the current constructeduni-
pathandthengoto stepD2. Obsene thatall of the
modifying operationsare carriedout at the destina-
tion node. Otherwise,if Bandwidth_.Sum> B, then
exits theprocedure.

An exampleof searchingnulti-pathis shovn in Fig. 7
andFig. 8.

4. Experimental Results

To examinethe effectivenessof our approachwe com-
pareour proposalwith anexisting on-demandQoSrout-
ing schemedenotedasLIN, presentedh [7]. Ourscheme
is denotedVIP1if usingthe constructedr cr treeandde-
noted MP2 if not using the constructedT, cr tree. The
simulationparameteraregivenbelow.

¢ Thenumberof mobilehostsrangesrom 20to 40.
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Successatevs. network densityandnumberof routing paclets.

¢ Thenumberoftimeslotsin thedataphaseof aframe
is assumedo be 16 slots.

¢ Threedifferentbandwidthrequirementarel, 2 and4
slots. We comparethe numberwith LIN-x, MP1-,
and MP2x, x = 1,2,4, wherex denotesthe band-
width requiremenB of eachQoSrequest.

¢ Thebandwidthdensityis setfrom 25%to 75%of the
network density

¢ Themobilityrangedrom 2 to 10 ft/sec.

¢ Eachsimulatedresultis obtainedby averagevalues
through5000runs.

The performancemetricsof our simulationare given
below.

e SuccessRae (SR): the numberof successfulQoS
route requestdivided by the total numberof QoS
routerequestgrom sourceto destination.

e Sot Utilization (J): theaverageslot utilization of
everylink in all QoSroutes.

e OverHead (OH): the hop countof routing paclets
beingtransmittedividedby thetotalnumberof QoS
requests.

¢ Inconplete Rae (IR): the numberof broken con-
nectionsdivided by the numberof successfulQoS
requests.

4.1. Performanceof Success Rate (SR)

1A) Effect of networkdensity: Eachvaluein Fig. 9(a) is
obtainedby assuminghat the numberof mobile hostsis
30 and the numberof routing pacletsis 30. Fig. 9(a)
shaws the successate of searchinga QoSroutevs. net-
work density Obsenrethatourapproactacquiresahigher
successatethandoesthe Lin approachundera network
densityfrom low to high. Thisindicateshatour proposed
protocol outperformsthe Lin protocol, especiallyif the
network densityis high. This is becauseour multi-path
schemecanindeedimprove the successate,andour uni-
pathschemdasahighersuccessatethanthelLin scheme.
Fig. 9(a)illustratesthatif the bandwidthrequirements 4
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Figurel0:
Slotutilizationvs. network densityandnumberof routingpaclets.

andthe network densityis largerthan63%,theLin proto-
col cannotfind ary QoSroutebecauséhereis nouni-path
which satisfieghe bandwidthrequirementHowever, our
protocolstill hasa successate of 65% (density= 63%)
and28% (density= 75%)dueto the multi-pathrouting.

1B) Effectof numberof routing padkets: Everyvaluein
9(b) is obtainedby assumingthat the numberof mobile
hostsis 30 andthe network densityis 63%. The number
of routing paclets reflectsthe total numberof QRREQ
pacletsin a MANET. EachQRRE) paclet representa
possiblepath from sourceto destinationif this QQREQ
paclet canreachthe destination.The greaterthe number
of routingpacletsis, themore-accuratéhenetwork topol-
ogy will be re-configuredat the destination.Fig. 9(b) il-
lustratesthat a high successateis obtainedwhenusing
a greaternumberof QRRE) paclets. Fig. 9(b) shavs
that our approachhasa greaterthan 70% successate if
thesourcesendgnorethan40 QRRE) paclets. This sim-
ulation result usesand controls the numberof QRREQ
pacletsto representhefloodingschemen our multi-path
scheme.

4.2. Performanceof Sot Utilization (SU)

2A) Effectof networkdensity: The simulationassumption
is thesamefor caselA. Fig. 10(a)shavsthatif theband-
width requirements 4 slots,our MP protocolprovidesat
least7% moreslot utilization thandoesthe Lin protocol.
Thisis becausg.in's protocolfindsaroutewith difficulty
if the bandwidthrequirementis high, thereforethe slot
utilization is low. This revealsthe advantagesof our ap-
proach.

2B) Effect of numberof routing padets: The simula-
tion assumptionis the sameas for caselB. Fig. 10(b)
comparesslot utilization undervariousnumbersof rout-
ing paclets.Ourapproactproducestleasta6%increase
in slot utilization if agreatemumberof routing pacletsis
used.This alsoreflectstheresultfrom Fig. 10(b),thatthe
highersuccessateobtainsbetterslot utilization.

4.3. Performanceof Overhead (OH)

3A) Effectof numberof mobilehosts:Eachvaluein 11(a)
is obtainedoy assumindhatthe numberof mobilehostsis
30 andthe network densityis 38%. Fig. 11(a)showvsthe
performanceof overheadundervariousnumbersof mo-
bile hosts. Obsenre that our MP protocol hasthe same
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overheadfor MP1-x and MP2-x, wherex = 1,2, and 4,
sincethe overheadf our approachmainly concernshow
mary QRREQpacletsaredeliveredand collectedin the
on-demandink-statedelivery/collectionphase. That is,
our overheadis independenbf the bandwidthrequire-
ment.However, in Lin’sapproachpverheads dependent
on the bandwidthrequirement.For instance asshown in
Fig. 11(a), the averageoverheadof MP1x and MP2x
rangedrom 75to 91. However, Lin’ sprotocolhasalower
overheadObsenrethattheroutingpacketof ourapproach
will be re-forwardedto the destinationin an intermedi-
atenodeevenif this nodedoesnot have enoughfreetime
slots. Underthe samecondition, the routing pacletsin
Lin’s protocolaredropped.This propertyof our protocol
is helpfulto reducethe overhead.

3B) Effectof networkdensity: The simulationassump-
tionisthesameor caselA. Fig. 11(b)comparesherout-
ing overheadvs. network density Lin's protocolhasa
very low overheadfor high network density Thereason
is that whenthe densityis high, the successateis very
low, thereforefew routing paclketscanreachthe destina-
tion host. Many routing paclets are droppedvery soon
afterleaving the source. Thereforethe overheadof Lin’s
approachis quite low for high network density On the
contrary ourapproactstill maintainsahighvalueof over-
headwith high network density

4.4. Performanceof Incomplete Rate (IR)

4A) Effect of Mobility: Eachvaluein Fig. 12 is obtained
by assumingthat the numberof mobile hostsis 30, the
numberof routing pacletsis 30, andthe network density
is 38%. A transmissionconnectionmight not be com-
pletelyfinisheddueto link breakage Fig. 12 shows that

our MP protocolhasan incompleterate under1% if the
mobility is low, andhasanincompleterateunder10%if
themobility is high. Thesecorrespondo incompleterates
of Lin’s protocolof 4% ~17%. This is becaus¢he backup
pathschemdmprovesthe routerobustness.This verifies
thatour multi-pathapproachwhich utilizesbackuppaths,
hasalowerincompleterate.

5. Conclusions

This paperpresentsan on-demandlink-state, multi-path
QoSrouting protocolin a MANET. Our proposedoroto-
col reactively collect link-stateinformation from source
to destination,andaimsto dynamicallyconstructa par
tial network topologywhichis only sketchedfrom source
to destination. A multi-path QoSrouting protocolis de-
velopedby searchingmulti-pathroutesat the destination
underthe CDMA-over-TDMA channemodel.Ourappo-
rachgreatlyimprovesthesuccessateby meansf search-
ing the QoSmulti-pathrouting. Performancenalysisre-
sultsdemonstrat¢hat our proposedrotocoloutperforms
existing QoSrouting protocol.
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