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Abstract

In access-pimt basedwirelessnetworks,employingthe IEEE
80211 protocd in DCF mode withoutbandwidh manajementand
rate control, uses pumpdatainto the networkasfastasit is gen-
erated. Thisresultsin a lossof QoSfor the userand performane
degradation of the network. There is a needfor bardwidth allo-
cationandfor usess to co-qperatively cortrol their ratesbasedon
theallocated bandwidh. In this paper, we useprice asa signalfor
bandvidth allocation in wirelesshot spot networks. We allocate
more bandvidth to usess that pay more. At thesametime wealso
aimto maximizechannelutilization andincreasemeansatisfaction
acrossall theuses.

1 Intr oduction and Moti vation

Recentyearshave witnessedhe emepgenceof thephenanenon
of nearubiquitaus Intemetaccesshroughwireless*hot spot” net-
works. A hot spotis a hotel, airpott, cafe or restauranprovid-
ing accesgo the Intemetvia an access-poin(AP) basedwireless
local-ar@ network (WLAN) thatusuallyemgoysthelEEE80211
protacol in DCF mode. Userscanwalk into the hotel or cafewith
their 80211 interface-egippedlaptopsor PDAs and, after some
network corfiguration canaccessheInterret. Suchhotspotwire-
lessnetworks arealso available at mosttechnicalconfeencesfor
theuseof thedelegates.

One major challeng in hot spot networks is the distribution
of the sharedresouce of bandvidth amongt the numepususers.
Userscan have different requirenents,basedon the applicatios
they arerunnirg. In addition, they mayalsobewilling to paydif-
ferentsumsof mone for the samequarity of bandvidth. Thisis
becaus¢hesameamoun of bandvidth is worthalot to someusers
(e.g.astock-bokerwhoneed to make animportantbuying/selling
decisionbasedon the price of a certainstock)andnot somuchto
others(e.g apersornwho is checkirg his/here-mail for the fourth
timein anhoui). In the absencef a bandwidh arbitrationmech-
anism,eachuserwill pumpdatainto the network asfastasit is
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geneatedandif the sumof the ratesexceedsthe channé capac-
ity, thentherewill be severeperformarce degradation.Bandwiah

managmentandco-ordnatedratecontrd enhamestheQoSof the
individual applicatiors, asshavnin [12]. In this paperwe address
this prablemof how to distribute bandvidth in awirelessLAN be-
tweenuserswith different requrementsandwilling to paydifferent

sumsof mongy. We attempto maximze channéutilizationaswell

assystenreverue,while keepingusersatisfictionalsoin mind.

Eachuser onceallocateda certainpottion of the total network
bandvidth, mustco-operatewith the network provider andcontol
his/herrateto confam to the bandvidth fractionallocated While
we do notaddresshis prodem of co-operative andcollective rate-
contol, it is anactive areaof researctat various layersof the OSI
pratocol stack. Fair schedling at the MAC layer [13] addesses
thisprodem of ratecontrol. We addresshe prodem from the point
of view of the policy in allocatinga portionof the overall network
bandvidth to eachuser Themedanismof how eachuserconfams
to its allottedsharefalls under the domain of fair scheduliig at the
MAC layerandotherratecontrd schemes.

The restof this paperis organizedas follows. Section2 is a
formal represetation of the prodem. Section3 discusseshecon-
ceptof chamel time proportion which is integral to our scheme.
In Sectiond, we presentheoverall architectue of our schemeand
our chanrel time allocationalgorithm. Section5 contairs a sum-
maryof our experimentalsetupandresults.Section6 discussethe
relatedwork in theareaandSection7 concludsthe paper

2 Network Model

We assume single IEEE 802.11 subnetwith a single AP and
asetS of userswith wirelesshosts.Eachuserf € S hasa maxi-
mumbandwidh requirengentb( f, max) andaminimum bandwidh
requrementb( f, min), bothin bits persecond Themaximumand
minimum bandvidth requirenentsinclude both uplink anddown-
link bandwidhs. They canbe estimateddy the userbasedon the
applicatins he/shentendsto run andcanbe changdat ary time
duringtheusersactivity. For best-efortflows,b( f, min) = 0. The
users utility curve is thusof the shapeshavn in Figurel. Sucha
utility curve hasalsobeenusedpreviouslyin literature[12, 10].

One of the major contrikutions of our schemeis that we con-
vert bandwidh requirenentsinto chamel time propation (CTP)
regurements. The chamel time proportion is the fraction of unit
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Figure 1. Utility curve of users.

time a userutilizes the chanrl for sendingandreceving his/her
data. This is directly relatedto the bandwidh becase, larger
this fraction the more datain unit time a usercan send/reeive,
andthusthe larger his/herthroughput. The detailsof the corver-

sion of bardwidth requrementsinto CTP requrementsare dis-
cussedin Section3. The minimum bandvidth requrement of

userf, b(f, min) is corvertedinto a minimum CTP requilement
¢(f, min) andthe maximumbardwidth requrementb( f, maz) is

convertedinto a maximum CTP requirenent ¢(f, maz). Obvi-

ously ¢(f, maz) < 100%.

Eachuser f alsohasa maximun price mp(f) that he/sheis
willing to pay per minute for 1% of the channettime 1. B(f) =
mp(f) - ¢(f, maz) is thusthe maximumbid (in centsper minute)
thattheuserf is willing to makefor theserviceit is requestingThe
valuesof b(f, min), b(f, max) and B(f) arevalid for the entire
sessiorof userf, unlesschangdby theuserin between

A centralizedBandvidth Manager (BM) situatedatthe AP takes
asinputthe CTPrequirenentsof all theactive usersaswell astheir
maximum bids. It outpus the currert pricep (in centsperminute
for 1% of the chanrel time) andthe CTP ¢( f, a) allocatedto each
userf € S, which arecalculatedusingthe algoithm presentedn
Sectiond. ¢(f,min) < ¢(f,a) < ¢(f,max). Thereveruefrom a
particula userf, in centspersecondis p-c(f, a). If thisis smaller
thanuserf’sbid B(f), thenthebalarceis refundedto theuser The
refurd is veryimportantbecausé encouagesheuserto bid high.
If the bid is excessve, no harmis dore, the balanceis refunced.
The instantaneasirevenue of the network provider, in cents/min

iSR=p- > c¢(f,a). Thetotal reverueis R aggr@atedover the
fes
entiretime of operatim of the network. If thesetS changs(users

arrive or leave), or if a userchangs his/herparaneters,thenthe
pricep andthe CTPsof all theusersf have to berecomputed,and
thevalueof R in cents/minalsocharges.

3 Channd Time Proportion (CTP)
3.1 Effective Channel Capacity

In the previous section,we menticmedthatwe corverted band-
width requrementsf theuserdnto chanrel time propation (CTP)
requilements Themotivation behird thiswasthateachusers com-
municdion with the AP is affectedby varying levels of medium
contertion, fadingandinterferere. If thesephysicalerrorsgreatly
affectthewirelesslink betweertheuserandthe AP, thena greater

1We have arbitrarily picked minutes andcent, respedtvely, asthe units of time
andmong in this pape. Similarly, the minimum resoluton of CTP usedin this
paper(1%) hasbeenarbitrarily chosenNetwork providers cansettheseparamegrs
to suit their network.

length of time mustbe expendedtowardssendinga single IEEE
80211 MAC frame,belorgingto this userAP conrection,over the
link. Thisis becaus¢hewirelessterminal(useror AP) mayhaveto
wait longerfor the medium to be unaccupied(bacloffs arelarger)

and/a deal with collisions and RTS/DATA re-trarsmissions. If

a greder length of time is expendedin sendingthis connetion’s
framesoverthewirelesdlink, thenthe effective bandwidh or chan

nel capacityb. (f) perceved by this userAP conrection (recipgo-
cal of thetime expended)is smaller Fewer framesof this userAP
conrectioncan be sentover the wirelesslink in unit time. Since
eachuserAP wirelesslink is affectedby a differentlevel of physi-

calerrors,eachlink perceévesadifferert effective network chanrel

capacity The physical errars alsovary with time, sothe effective
chamel capacityb. ( f) alsovarieswith time.
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Figure 2. Measurement of b.(f).

Figure2 descrilesthe measurerantof b.(f) atthe MAC level.
The effective chanrel capacityis estimatedy averagirg thevalue
of be(f) = ﬁ measuredver severalframetransmissionsThis
measurmenttakesinto account medium cortentioneffectsdueto
otherusers,which would resultin a longe bacloff intenal, and
alsofadingandinterferenceeffects (at both senderandrecever),
which may causealossandconseqgantre-trarsmissionof RTS or
DATA paclets. The measuementcanbe donein the MAC layer
80211 device driver atthe AP alone,for eachuserAP link. The
BM programat the AP periddically prokesits MAC layer API for
the b, (f) estimatefor thelink to eachuser f. Detailsof the mea-
suremehmecharsm, including dealingwith initial condtions and
nomalizationfor different frame sizes,are availablein [3]. The
measurment mechaism has beentestedfor accurag using the

ns-2simulatorandalsousedin areal80211 network [12].
3.2 Converting Bandwidth to CTP

We usetheeffective chanrel capacityb. (f) perceved onauser
AP link, determiredin the previous subsectionto corverttheuser
f’s bandwidh requrementsto its CTP requrements. We canil-
lustrateusingan exampe the needfor doingthis conversionprior
to admissioncontiol. Assumethatthe delayt, — ts from Figure
2 in transmittinga single MAC frameis suchthat 10 framesof a
particdar size s canbe transmittedin a secondover the userAP
link for userf. Assumethatuserf’s minimum bandwidh require-
mentis 3 framesof sizes persecond Then,userf requiesatleast
30% of the chamel capacity It needsto be active on the chanrel
for 30% of unit time to meetits minimumbandwidh requiement.
This leavesonly 70% of unit time availableto otherusers,which
directly affectstheir admission.Although our exampe is in terms
of frames per secondof frame size s, we canexterd this logic to
bits per secondalso. If & bits canbe transmittedover a wireless
link in a secondgiven a certainlevel of physical errorsonit, and



auserrequresaminimum throudhputof  bits persecondthenin
effecttheusemrequresafraction % of unittimeonthechamel. The
purposebehindthe normalizéion operdion in [3] is to corvertthe
framesper secondcapacityof a wirelesslink, for differentframe
sizes,into acommonbits persecondcapacity

The CTP requrementsof user f, ¢(f, min) and ¢(f, max),
canthusbe obtainedby simply dividing its respectie bandvidth

requiementsb(f, min) and b(f,maz) by b.(f). c(f,min) =

71’(;;7}")”) andc(f, maz) = 7[’({;7('}“)”.
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Figure 3. Difference between using bandwidth and
CTP for admission contr ol.

Figure3 showvsthediffererce betweerusingCTPfor adnission
contrd asoppasedusingpurebandvidth asin [10]. In Figure3(a)
bothusersareadmittedbecaus@dmissioris donepurdy onband-
width andthe minimum requilementsare lessthan the effective
chanrel capacitymeasuredor therespectie users.In Figure3(b),
both userscannotbe admittedbecausein sum,they requiremore
than100% of unit time onthechanrel, whichis obviously notpos-
sible.If admissiorcontrd basecpurelyonbandwidh requrements
andnot CTP (Figure3(a))is done,thenan overflow will occurat
theinterfacequaue.

4 SystemAr chitecture and Channel Time Alloca-
tion Algorithm

The compmentsof the systemandits overall archtectureare
very similar to that of the bandvidth management schemede-
scribedin [12]. Theprice-b&edchanrel time allocationalgoithm,
however, is competely different from the “fair” allocationalgo-
rithmin [12].

4.1 SystemAr chitecture
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Figure 4. System architecture .

Theoverall architectue of thesystemis shavn in Figure4. The
User Agent (UA), at the applicationlayer, takes from the user f
the valuesof b(f, min) andb(f,maz). It obtans from the Band-
width Manager (BM) atthe AP thevalueof b, (f) for its link with
the AP. The UA thencomptesCTP requiementsc( f, min) and
¢(f, max), asdescribedn the previous section,and sendsthem,
along with user f’s maxinum bid B(f) for theseCTP requite-
mentstotheBM atthe AP. TheBM compues,usingthealgorithm
in thenext subsectionthesystenpricep andCTPallocatedo each
user It thencorveysthesevaluesto all UAs of all theuserghrough
asubnetoroadcast. The UA of eachuserpasseshe CTP allocated
to it to the schedler at the MAC level sothatit canuseit asthe
“weight” of this userin the fair schedulingalgorithm A perfa-
manceevaluationof this basicschemevia ns-2simulationsaswell
asin areal802.11 network testbedcougded with a “fair” chanrel
time allocationalgorithm is availablein [12].

If atarny stagetheusersrequilementor bid chamgeor thevalue
of b.(f) variessignificantly the UA hasto re-regotiatewith the
BM with thesenew parametes. (TheBM informstheUA of userf
the b, (f) valueit periadically retrieves from the AP’s MAC layer
API.) Ther is incentive for the userto re-regotiateevenwhenre-
guestingasmallerCTR, becasethesmallerthe CTPreqestedthe
lower the price he/shehasto pay. If a useris within range of mul-
tiple APs, thenhis/herUA canjust pick whichever one gives the
userthebestdeal,in termsof CTP allocatedandprice chaged. At
ary time, a usercanquerya BM for systeminformationsuchas
the current price p, resene price reservep, or channelutilization

> ¢(f,a), andusethis informationin his/herbidding decisions.
fes
The BM mayalsoprovide a new userall the parametes of all the

existing userswithout actuallynamingthem,sothatthe new user
canlocally execue the BM's chanrel time allocationalgorithm

andobtainaresultanfpriceandCTPallocation.Depenéhg on this
result,the new usermay decideto chan@ someof its paraneters,
or maydecideto notbid atall, atthistime.

4.2 Channel Time Allocation Algorithm

The pseudecode of the chamel time allocation algorithm is
shavn in Figure5. This algotithm runs atthe BM andis respmsi-
ble for deternining the currert chanrel price p andtheindividual
users’CTPallocation

Thenetwork provider setsafixedreservepricewhichis derived
from the costof mainteranceof the network. Theprice persecond
of 1% of CTP is never lower thanthe resere price. In the triv-

ial casewhere > ¢(f, maz) < 100%, the priceis just setto the
jes
maximum of the resenre price andr?igb{mp(f)}. A resene price
€

ensure that usersdo not get away with settingtheir mp(f) very

small,andthusyielding verylow reverueto thesystem.By setting

thepriceto T?ig{mp(f)}, in the casewhereit is greder thanthan
€

reservep, our algolithm finds the largestprice for which averag
usersatishctionis 100%andchanrel utilizationis maxinum. (See
Apperdix for prod.) Alternaively, in thistrivial casethe network

provider may opt to just setthe price equalto the resere price,
irrespectve of themp(f) values.



proc CTAlloc(V := Ssorted in non — decreasing order of mp(f)) =
do
redo := false;

if (3 e(f, maz) < 100%) then
fev

p = mazx{reservep, ?M‘T/L{mp(f)}},
€

foreachf € V do

c(f, a) := min{c(f, maz), B(f)/p};

od
else

W := Move users fromtop of V until > c(f, maz) < 100% or V = {};
fev

while (|p := maxz{reservep, 155

> B(g)

geEW

0% 3 Fmam ) | > man{mp(f)}) do

it (vV = {}) then
break;
else

fev

W =W + First user € V;

fi
od
foreachf € V do
c(f,a) := c(f, maz);
od
foreachg € W do
c(g,a) := B(g)/p;
od
fi
if (3f € V | e(f,a) < c(f, min)) then
delete(f,V);
redo := true;
fi
while (redo = true);

Figure 5. Channel time allocation algorithm.

In thenon-tivial case Y ¢(f, maz) > 100%, theBM allocates
fes
the CTP sothatreverue is maximizedwhile keepirg chamel uti-

lization at 100%. Theusersf € S aresortedin non-decreasing
orderof mp(f). Let V be this sortedset. Repeatedlythe user
with the lowestvalue of mp(f) is removed from V' andadded to
asetW until Y ¢(f,maz) < 100%. The priceis now setto

fev
3. Blo) _ .
p= m. If p < a}zez‘y/z{mp(f)}, thenthe algorithm
fev

€
terminatesright there. If not, the curren split of usersbetween
setsV andW is invalid. So, onceagainthe userwith the mini-
mummp(f) is moved from V to W andthe price is recompuited
for the new valuesof setV andsetW. The procedire contintes
until avalueof p is foundthatis < T}lei‘r}{mp(f)} (i.e.,avalid split

of usersbetweersetsV andW) or until setV is empty Thelast
valueof p compuedis the pricefor thesetof usersS. Theportion
of thealgorittm describe sofarrunsin O(]|S]|) time.

The CTP allocatedto eachuser f € S is simply ¢(f,a) =
min{c(f, maz), B(f)/p}. If ¢(f,a) < c(f, min) thenuserf is
deletedfrom S. He/sheis bloked becauséhe/sheis not paying

enough to even have his/herminimum CTP requilementbe satis-
fied. Thealgorithmmustrun all over againfor the new value of
setS. Theworst-caseverall rumingtime of the algorithmis thus
o(lISI1*).

Basically in the nontrivial casewhen > ¢(f, maz) > 100%,

fes
the algorithm finds the maximum possiblevalid price for which

chamelutilizationis 100%. Thealgorithm thusmaximizesrevenue
andchamel utilization simultaneosly. As mentioredin the next
subsectionif theuserswereto enterinto anauctia, the pricethey
will natually settleuponat equilibrium is the price our algorithm

ultimately settlesupm, in thecasewhere > ¢(f, maz) > 100%.
fes
This pricethusreflectsthe trueworth of chanrel time amongt the

usersn the network.

If the algorithmtermimateswith setV' not empty thenit basi-
cally meanghatthe CTP allocatedo eachuserin setW is limited
by its maximum bid, andthe CTP allocatedto eachuserin setV
is limited by its maximum requilement. In otherwords,the users
in setV have paidmorethanthey requireto satisfytheirmaximunm
CTPrequiementandwill hencereceve arefund Corversely the
userdn setW have paidlessthanthey require to satisfytheirmax-



imum CTPrequrementandwill have to settlefor lessCTP, while
their entirebid is consuned by the system?. Incidertally, the al-
gorithm ensureshatuserswith the samevalue of mp( f) are, ulti-
mately eitherplacedall togetterin V or all togethe in W. Thus,
wheninitially sortingthe usersin non-decreasingrde of mp(f)
in V, tiescanbebrokenarbitrarily.

At ary instant,the pricefor 1% CTPis the samefor all users®.
As usersarrive andleave, the price variesdepading on the com-
petingdemand The useris billed the instantarousprice times
his/herinstantaeousallotment,aggegatedover his/herentireses-
sion, when he/sheleaves the network. We adop an “acceptake
or nothing QoS philos@hy. A usergets acceptableQoS (be-
tweenminimumandmaxmum requirenents)or no serviceat all.
Whendemand increaseandCTP becanesdeakr, userswilling to
paytoo little for their minimum requiementareblocked 4. Such
userscaneitherincreaseheir maximum bid or decreas¢heir min-
imum requilementand rejoin the network, after a time delayT'.
The algorithmworks in sucha way that, if ¢(f,min) = 0 and
¢(f, mazx) = 100%, Vf € S, thentheuserswill beallocatedCTP
in the ratio of their mp(f) values. The pricein this casewill be

> mp(f) (cents/sec)/%CTP
jes

4.3 Centralized Auction of Channel Time

Forthecase ) ¢(f, maz) > 100%, thealgorithm describedn
fes
the previous subsectioris actually a centralizedversionof a dis-

tributedauctionof chanrl time. It mustbe notedthatan auction
is a naturalway of resouce allotmen wheneachbidder valuesthe
resouce differently. Thisis the casewith wirelesschanrel timein
ahotspotnetwork, aswe mentimedin Sectionl.

Assumeanascendig, multi-unit auction[6] of chanrel time be-
tweenthe users suchthateachuseris allotteda CTP proportioral
to its bid. (CTP allotted at ary instantto a useris equalto the
users bid dividedby thesumof all bidsatthatinstant.)Now, users
increaseheirbidsin orderto obtainmoreandmore CTPR This bid-
ding continwesuntil all userseitherobtéan their maximunm CTPre-
quirenentc(f, max) or reachthe maximum they arewilling to bid
B(f), i.e., the maxinum sumof mone they canafford. At this
point, the systemreachesequilibrium until a new userarrives,an
existinguserleaves,or someothe paraneter suchasausers max-
imum bid, changes.The equilibiium price p is the true worth of
CTPamorgsttheusers.

Table 1 illustratesan examge of sucha proportioral, ascend-
ing, multi-unit auction Threeusers,f1, fo and f3 competefor
CTR For the sale of simplicity, the minimum CTP requrements
¢(f, min) of all usersarekeptat 0%. The maximum requrements
¢(f, mazx) of thethreeusersare20%, 40% and 60% respectiely.
Theirrespectie maximumbudgets B( f) are6, 10and12 centsper
minute,giving themthe respectie mp(f) valuesof 0.3 0.25 and
0.2(c/miny%CTR Thetableshavs how theauctionplaysout. The

2t is notlogical for auserwith alargermyp( f) to haveits maximumrequirement
satisfie while onewith a smalle mp(f) value is not fully satisfiel. This is the
reasorwhy usersaremovedfrom V' to W only in non-dereasirg orderof mp(f).

SIncidentally, the price for 1 bpsthroughputis differentfor userswith different
chanrel quaities. Thisis alsothecasein [8].

4Best-efort userssincethey have ¢(f, min) = 0, arealwaysadmitied.

userseachstartbiddng at the resere price of 0.1 (¢c/min)/%CTR
At eachstage,the %CTP availableto a useris proportiond to its
instantaneusbid. We assumenly onebid periteration. Theorder
of biddng hasno bearingon the ultimate outcane of the auction
althowgh the individual iterationsmay differ for different orders.
Withou ary lossof geneality, we assumea round-rcbin orderof
biddng betweernthethreeusers.Theonly informationrequred by
a userto compue its next bid on its next turn is the currert price.
Usingthis alone,he/shecanfigure out what shouldbe his/hernext
bid in orderto obtdn eitherthe maximum requrementor exhaust
themaximum budget.

Obviously, sucha distributed auctionis infeasiblein our sce-
naria Therepeatedids, eachresultingin a different CTP allot-
ment, constitutea very large overtead. The nunber of bids or it-
eratiors depemlsontheresene price,the numkber of usersandthe
respectie requrementsand maxmum bids of the users. The de-
lay in attainingequilibiium canalsobe unterably long, andduring
this time, the users’CTP allotmen will be contiruouslyvarying.
We centralize this auctian by having all the usersprovide the BM
their limiting paraneters:c(f, max) andB(f). Thechannétime
allocationalgorithrm describedearlier then simulatesthe ascend-
ing auction It determiresthe sameequilibium price,i.e. 0.25
(c/minY%CTPin theexanple,andCTPallotmentasthedistributed
auction(seeApperdix for proof) in O(||S]|*) time, while the dis-
tributedauctionwould have requred severaliteratiors of bidding
from eachuser The auctionin the examge takes six iterations,
while our algoiithm takesonly two for the sameinput. (Two users
aresuccessiely moved from V to W)

Onepossibleprodem with theauctionbasedchameltime allo-
cationpolicy is thatof collusion If all the biddersco-geratewith
eachotheranddecideto make very small bids, thenthe systems
revenuecanbeadwerselyaffected. As is well known in auctionlit-
eratue [9, 4], having a resene price mitigatesthis prablemto an
extert. Furthernore,in ahotspotnetwork ata public placesuchas
anairportor cafe,it is impractica for all the usersof the network
to meetandagreeto collude. The collusionfails if thereis evena
singleuserfrom outsidethe grow of colluderspresentn the net-
work. Thus,if all the colludershave smallmaximun bids (B(f))
andonly oneusermakesa nomal maxinum bid, thatuserwill get
mostof the channeltime andthe othes will all be adwerselyaf-
fected,causinghemto increaetheir maximum bids. Thepromise
of morechanrel time for a larger bid, aswell asthe assuranethat
ary extra morey will be refunded,shouldencairageusersto set
their maximum bids B(f) high, andthusincreasesystemrevenue.
Therefund helpsto avoid the“winner’s curse”[2].

5 Results

Thechanmel time allocation algorithmdescritedin the previous
sectionis a variable price algorithmbecausehe price changs ac-
cordng to the“richness”of the usersin setS. In this section,we
evaluatetheperfamanceof this algorithm andalsocompareit with
two fixedprice schemes:

1. In thefixedprice proportioral (FPP)schemegachuser f is
initially allotted CTP ¢,.(f,a) = B(f)/p» wherep, is the

fixed price. If > ¢.(f,a) > 100%, then the allocations
fes



| Iteration | Action | Bids (c/min) | Price((c/min)/%CTP) | Allocations (%CTP) | Commelts |
0 Initial 2,4,6 Resere price: 0.1 17,3350 nore satisfied
1 /1 bids 2.54,6 0.1%5 20,3248 f1 satisfied
2 fo bids | 2.5,567,6 0.1 18,4042 fo satisfied
3 f3 bids | 2.5,567,12 0.2@ 12,2860 f3 satisfied/ghawsted
4 f1 bids | 4.42,5.6/,12 0.22 20,2654 f1 satisfied
5 fo bids | 4.42,10,2 0.2¢4 17,3845 f2 exhausted
6 f1bids| 5.5,10,12 Egm.price:0.25 20,3644 f1 satisfied
f2 exhausted
f3 exhausted

Table 1. Example auction.

¢-(f,a) are scaleddown proportionately so that their sum
equals100%. If, for ary user c¢,.(f,a) > c(f, mazx), then
cr(f,a) = c(f,mazx). If, for ary userc,(f,a) < ¢(f,min),
thenthis useris blockedonthe growundsof insufiicientbudge.

2. Thefixedprice greedy(FPG)schemegreedy allocatesCTR,
usingpricep,, to theuserswith thelowestmaximumrequire-
ments.Userswith largermaximum requrementsgetblocked
oncel00%of the CTPhasbeenallocated Userswhohavetoo
smallabudgetto evensatisfytheir minimum requrementsat
thefixedpricep,, arealsoblocked

Our simulation scenarioconsistedof 100 userswith rancdbm
arriva anddeparturetimesin a 5-hour time window. The mini-
mum CTP requiementsof the users(c(f, min)) were uniformly
distributedin the range0% to 2%, correspndingto 0 to 40klps
for a 2Mbps channé The maxmum CTP requrementswere
uniformly distributed in the range2% to 10%, corresponéhg to
40khpsto 20kbpsfor a 2Mbpschannel. The valueof mp(f), in
(cents/min6CTR for eachuserf wasrandanly choserfrom the
set{0.1,0.2 ..., 1.0}. Theresene pricefor the network wassetat
0.1 (certs/min)/%CTP

Figure6(b) is a plot of the nunber of usersrequestingservice
andthe numkber of usersadmitted usingour vaiiable pricescheme
The remairing usersare blocked. For the sale of simplicity, we
assumehat blocked usersdo not returnandrequestservicelater
(Alternatively, we canassumehata userarriving lateris actually
areturring user with differert parametes.) Figure6(a)shavs the
variationin price asusersarrive andleave. The averag price for
theentiresimulationrunis 0.75(cents/min)/%CTRFigure6(c) il-
lustratesthe meansatisaction of the admittedusers. We measue
satishction,asa percetage,for auserf as: % - 100. Fig-
ure6(d) is a plot of the chanrel utilization, in percentage,over the
courseof the simulation As moreusersareadmitted,chanrel uti-
lizationincreasesut theindividual usersareallocatedessCTR so
their satishctionfalls. The meanusersatistctionandchamel uti-
lization, averagedover the entire5-haur simulationrun, areshovn
unde the“VariablePrice” row of Table2. The“Reverue” column
of Table2 shavs the total revenue earred at the endof the 5-haur
simulationrun.

Table2 presentsheresultsof the compaisonbetweerour vari-
able price channé time allocationalgorithm and the fixed{price
algoritms. For lower fixed prices,the revenue for the systemis

lower, but the meanusersatisiction and chanrl utilization are
higher. Thisis becauset lower prices,the users’budgetscanbuy
themlarge CTPs.At higher prices thereverueis higher but mean
user satishction, channelutilization and the blocking factor are
worse.Our variableprice schemeattemptgo simultaneosly opti-
mizeall theperformarceparametes. While theremaybepricesfor
which thefixed price schemeslightly outpeform our schemeun-
deroneof theperfamancemetrics thecorrespondig pendty paid
by thefixedpriceschemen termsof the othermetricsis large. For
exanple, the FPPschemewith a price of 1.5 (cents/minfoCTP
yields a 10% higherreverue thanour scheme put the meanuser
satishctionis nearlyhalved chanrl utilization falls from 83%to
51%,andblocking factoris alsoworse.

It should be noted that, even at the low fixed price of 0.2
(cents/miy%CTR thefixedprice schemeslo not necessarilyper
form betterthanour variableprice algorithm in termsof chanrel
utilization andmeanusersatisfction. Thisis becauseur resere
priceis lowerthan0.2 (cents/min}%CTR Thus, whenour scheme
defadts to theresene price,it resultsin muchbetterutilizationand
meanusersatisfction at thoseinstants,which affectsthe overall
meanutilization andmeanusersatistctioncompaisons.

Also notethatthefixed price schemeganna know the average
worth of the chanmel time to the usersbefae hand. But even if
this knowledgewere available,andthe fixed price weresetto this
average worth (i.e., the averagge price of the variable price scheme
0.75(cents/minfCTP),the perfomancestill doesnot matchthe
performane of thevariablepricescheme.

6 RelatedWork

In thissectionwe suney theliteraturein thefield of price-tased
bandvidth allocationin differert typesof wirelessnetworks. We
poirt out the differercesfrom our work, andfinally highlight our
conttibutions.

An early work on pricing and bandwdth adapation in wire-
lessnetworks wasthe TIMELY project[1]. Usersbenefittingfrom
adapation werechagedandthosesuffering from adapationwere
compensated. However, how the exact chages and creditswere
calculatedwasnotspecifiedIn [8], theauthos discussprice-tased
resouce allocationon the downlink of a time-slottedor CDMA-
basedvirelessLAN. They assumehatusersdonotknow eachoth-
ers’ utility curves.In [7], theauthos divide thenetwork bandwidh
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Figure 6. Performance evaluation of our variable price channel time allocation algorithm.

into stable(low bandvidth) andinstantaeous(unstalte, highband-
width) classesandbroaatasta price-serice menufor theseclasses
periodcally. Theusersaregivenanincentie to truthfuly declae
theirrequirael bandvidth andserviceclass.As far aswe know, the
concep of chamel time proportionis unigue to our scheme.Our
schemealsodirectly auctiors chanrel time sothatuserswhovalue
it moreobtainmore of it.

There hasalsobeenresearchn the areaof pricebasedesoure
allocationfor wirelessad-ha networks [14, 11]. In [14], the au-
thorsarguethatthe sharedesourcds notalink, asin thecaseof a
wireline network, but awirelessneightorhaod clique. Onthebasis
of this, they adaptthe concgtsof Kelly etal's seminalpape [5] on
price-tasedresoure allocationin wireline networks to mohle ad
hocnetworks.

7 Conclusion

In this paper we preseted a price-tasedchanné time alloca-
tion schemefor a wirelesshot spotnetwork, in orde to alleviate
the prodem of congestion,andprovide admittedusersacceptale
Qo0S.We madetwo maincontibutionsin thiswork. First,weintro-
ducedheconeptof chameltimepropation (CTP),andcorverted
users'throughput requirengntsto channétime requrements.Sec-
ondly, we preseted a centralizedauctian algoritm, of quadatic
time-conplexity, to deteminetheinstantaneosiprice of the chan-
nel andthe users’respectie CTP allocatiors. We comparedthe
perfamanceof our algoithm with two fixedprice chanrel allo-

cationschemesndfound that our algorithm doesthe bestjob of
simultaneasly maximizing revenue,usersatisfictionandchanrel
utilization.
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Appendix

Theorem1 When Y’ ¢(f, max) > 100%, the price and channel
€S

f
time allocation obtained by our algorithmis identical to the equi-
librium price and equilibrium chamel time allocation of the pro-
portional, ascenéhg, multi-urit auctiondescribedn Sectiord.3.

Prodf: An equilibium is reachedn the auctionwhenit is either
infeasibleor impossiblefor ary userin the systemto bid a larger
amount. It is infeasiblefor usersto do sowhenthey alreadyhave

their maximun requirenent. It is impassibleto do so whenthey

have alreadyexhaisted their entire maximum bid. Until he/she
reachesone of thesetwo condtions, eachusercontines to bid

highe andhigher.

non-decreasing order———

[mp(y) .. [mpopktd) ... [ mp(m)

W:exhausted T
ps

V:satisfied

Figure 7. Split between exhausted and satisfied
flows.

Ultimately, as shavn in Figure 7, both schemesdetemine a
price ps that splits a set of usersarrangd in sequene of non-
decreasig mp(f) into two subsets:

1. ThesubsetV of userswith mp(f) > p,. Eachuserin this
subsebbtainshis/hermaximumCTPrequrement.

2. The subsetWW of userswith mp(f) < ps. Eachuserin
this subsetcanna afford his/hermaximum CTP requrement
but exhaustshis/hermaxinum bid towardsobtainingasmud
CTPaspossible.

We have to prove thatthe splitting point of the sequencés the
samefor bothschemesWe prove this by contradiction. The split-
ting point as determired by the auctionat equilibrium canrot be
lowerin themp( f) sequenethanthatdetermiredby ouralgorithm
becawseouralgorithmscrollsover all possiblesplitting pointsone
by onefrom thelowestto highestvalueof mp(f). If avalid splitin
thesequeneexistedearlier suchthatall userswereeithersatisfied
or exhawsted, our algorithmwould have found it. Our algorithm
findsthelowestpossiblevalid splitting pointin thenondecreasig
sequene,if ary. Theauctioncanfind a higher splitting poirt only
if usersby-passthe lower onefound by our algoithm by contin
uing to bid even whenfully satisfiedor fully exhawsted. This is
not possible,so the auctiondoesnot find a higher splitting point
thanour algorithm either Thus bothschemesplit the setof users
arrargedin sequene of nondecreasingnp(f) valuesat the exact
samepoint.

Now, for a given valid split, thereis only one possibleprice
ps, giventhatall 100% of thechameltime is ultimatelyauctionel
away. All theusersin V' getallottedtheir maximum requrements.
The remainirg CTP is sharedproportiorately by all the usersin
W who exhaist their respectie maximum bidstowardsthe share.
Thus, the sumof the maximum bids of all flows in W divided by
the balanceCTP remaning afterall usersin V' have receved their
maximum requirementis the price. For a given pricep, the CTP
allocationfor eachuserf is the samejrrespectie of whatscheme
is used:min{c(f,max), B(f)/ps}

Thus, both the auctionat equilibrium aswell asour algoritm
retun thesamepriceandCTP allocation O

Theorem?2 When )" ¢(f, maz) < 100%, our algorithm findsthe
fes
maximunprice, no lessthanthe reserveprice, for which usersat-

isfactionis 106 andchanrel utilizationis maximum.

Proof: We prove this theoremalsoby contradction. If our algo-
rithm useda larger price thanthe onecurrently usedthenit would
resultin all usersbeingallotted CTP lower thanthey arecurrerily
allotted. Thus, theirrespectie levelsof satishctionwouldonly de-
creaseChanneutilization would alsoconsegentlyonly decrease.



If ouralgoithm useda pricelowerthantheonecurrerly used,
it may violate the resene price. If thethe priceis setlower than
the currentvaluebut no lower thantheresenre price, thenall flows
areeligible to get CTP higherthantheir current allotment. How-
ever, sincewe are currenly usingmin{mp(f)} asthe price, all
flows can afford morethancurren price, so they areall alread/
gettingtheir maximumrequrement,currerly. Theallotmentcan-
notincreaseabore this. So,the currert priceresultsin 100%user
satishiction and maximum possiblechanné utilization. A lower
price doesnot charge allotmen and hen@ doesnot chang user
satishctionandchamel utilization.

Thusthecurren price,asdetermiedby ourschemeis themax-
imum price, no lessthantheresene price,for which usersatisac-
tion is 100%andchanrel utilization is maximum. O



