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Abstract— model, a network administrator could argue that video isary
While packet scheduling for wired links is a maturing area, £heduling  gnd should bear the brunt of the capacity loss, i.e., thepaarti
of wireless links is less mature. A fundamental difference &tween wired o) flows should get preferential treatment when bandwiih b
and wireless links is that wireless media can exhibit substdial rates of 2 . _ . .
link errors, resulting in significant and unpredictable loss of link capacit. COmes scarce. Similarly, if we consider a wireless netwdtk w
This capacity loss results in a special challenge for wiretss schedulers. For |ocation-dependent errors, we must decide how much extra ai

example, a Weighted Fair Queue (WFQ) scheduler assumes anrer-free ; ; i ;
link and specifies how flows should share the link capacity. Haever, this time to assign to hlgh error stations at the expense of sther

specification is not sufficient to determine the correct outeme when link These problems all center on the question of how the sched-
capacity is sharply reduced, because flows that have beenadited the same  yler should respond to capacity loss. Since capacity loss is
weights may differ greatly in their ability to tolerate thro ughput loss. central issue in wireless link scheduling, it is criticaldevise
In this paper, we first describe the wireless scheduling chidnge in terms . . . s
of an effort-outcome disconnectiolext we propose a novel notion of fair- SCheduling abstractions and mechanisms that explicitigicier
ness for wireless links effort-limited fairmes$ELF), which extends WFQvia and address this issue. We can best capture the requirements
dynamic weight adjustments. ELF guaranteesthat all flows epxe_riencing an  for wireless schedulers by Iisting properties that the dater
error rate below a per-flow threshold receive their expectedervice, defined . . . .
as a specified rate for reserved flows or a specified share of teffort capac- S_hOUId mee_t' The reS_UItS in this paper ar<_e guided by theriolig
ity for best-effort flows. After motivating and defining ELF, we present a list of principles: (1) in an error-free environment, thetcame
practical approximation algorithm, which we evaluate through both trace-  achieved by a wireless scheduler should be identical todhat
gg‘s’gg imﬁgt\'zgéﬁmi%;:{cegfge‘f a prototype wirelessadio network 5y aquivalent wireline scheduler; (2) the amount of capdoits
Keywords—Wireless networks, Quality of Service, Scheduling SUﬁered by a flow should not be proportlonal toits ban(_jWMh
its error rate, but should be configurable through admiaiiste
controls; (3) it must be possible to administratively bouhd
amount of capacity that is lost due to location-dependentsr
Wireless media can exhibit high, variable error rates thiata  (4) in the absence of information to the contrary, flows expe-
network users in a number of ways. One problem is that maFgncing equal error rates should experience the same itppac
applications and end-to-end transport protocols perfoemy v l0ss; and (5) capacity unused by one flow should be distribute
poorly when many packets are lost due to link errors. Thi&irly” among other flows. While several of our principles, (
problem has been widely studied and proposed solutionsdec| 4, and 5) are similar to those used in other projects [7], 83,
modifying end-to-end protocols [1], [2], techniques susA&P  principles dealing with capacity loss (2 and 3) are uniqueese
snooping to avoid undesirable interactions with TCP [3]d arfwo principles will guide our design of a new scheduler model
the use of local error recovery to hide the link errors frora ththat will allow intuitive control over the effect of capagitoss.
upper layer protocols [4], [5], [6]. A second problem is thak The scheduler model we propose focuses on the insight that,
errors reduce the useful throughput of the link. While aefgri in a wireless environment, we must distinguish betweeroteff
of techniques such as swapping time slots between stafipns (air time spent on a flow) and “outcome” (actual useful thioug
[8] or adaptive forward error control [9] can reduce the amipu put achieved by the flow). While effort equals outcome in awir
of lost link capacity, some errors will still result in vabike link  line environment, they can be substantially different inieeless
capacity. environment. Imagine that a wireline scheduler evaluatesta
The dynamic capacity of wireless links creates a variety of flow requirements and determines that a certain flow woald b
problems for both users and network administrators. The-obsatisfied by 10% of the error-free link capacity. If that floerb
ous example is supporting reservations. When the capatitylangs to a station experiencing a 50% packet loss rate, spgnd
a link drops significantly, it may no longer be possible foe th10% of the link’sefforton that flow will resultin it achievingut-
link to meet its commitments for reserved bandwidth, rajsircomeequivalent to 5% of the link’s error-free throughput. But
the question of which flows should be short-changed. Assurifi¢his flow is critically important to some application, itight
we use a Weighted Fair Queueing (WFQ) scheduler to allocatake more sense to spend 20% of the link’s effort on the flow so
bandwidth to three flow classes (e.g., audio, video, Web). tHat it would achieve its expected outcome, 10% of the dres-
the link capacity drops by 50%, a simplistic response woeld tink throughput. To address this effort-outcome discorioeg
to proportionally distribute the remaining capacity (ahds the we propose an “effort-limited fair” (ELF) scheduling appwai.
loss). While this may seem fair according to a traditional@/F An ELF scheduler strives to achieve the outcome that is envi-
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sioned by users (either a specific throughputforreservedsfty and stations believed to be currently error-free [7], [8pain,
a specific fraction of residual link capacity for best-effitwws), this approach does not eliminate all capacity loss, becaftise
subject to limits on the effort spent on each flow using a pe-fl the imperfect predictability of error bursts and becausaesmn-
power factorsetting. The power factor is a control knob that caterference sources may affect multiple stations or everbise
be used to administratively implement a variety of fairnesd station. We conclude thaapacity loss is a fundamental reality
efficiency policies. for wireless schedulers

The remainder of the paper is organized as follows. In the
next section we elaborate on the scheduling challengesifyse C. Reacting to link capacity loss

wireless errors, focusing on providing supporting argutséor  To discuss the impact of variable link capacity we will use
principles 2 and 3. In Section IIl we describe thewer fac- an example of a wireless cell with a capacity of 800 kilobits
tor administrative control which defines how a scheduler sho%r second employing a WFQ scheduler to serve two guaranteed
respond to capacity loss and in Section IV place our work fihws and two best-effort flows. We will first assume that all
the context of related wireless packet scheduling effoBsc- errors are location independent, so that all flows expeei¢he

tion V describes a scheduler implementing the power fadtor. same errorrate. The flow properties and weights are sumethriz
Section VI we examine the behavior of this algorithm viaérac j, Taple I. We will use the terrfidelity to denote the degree to
driven simulation, and Section VII reports on experiencéhwiwhich a scheduler is “faithful” to a particular flow, namelyet

our prototype implementation. percentage of the flow's expected throughput on an errar-fre

link that it actually achieves.
Il. CHALLENGES AND PRINCIPLES

In this section we will analyze the challenges posed by a
wireless error environment in order to guide our design pssc
The insight we gain from this analysis will clarify and supipo

TABLE |
CLIENT EXAMPLE

our second and third design principles. Client Target rate WFQ
A Network model F|0YV (kilobits/second), Weight
) ) Audio reserved 8 1.0

We assume that a ergless_ network co_nS|sts of one or more Video reserved 350 220
cells and that the bandwidth in each cell is managed by a cen- ETP1 available 75
tralized packet scheduler. One example of a such a cell is an ETP? available 27'5

IEEE 802.11 LAN [10] in which a base station is configured to
manage all bandwidth via the Point Control Facility. , : .

We assume that the scheduler views traffic as a set of flows.l‘et us first consider what hfippe_ns I 50% of all pgcke_ts are
Flows can be individual, e.g., a single TCP connection, greg lost. S_lnce all flows are experiencing erro_rs,_most wirefags
gates, e.g., all traffic to a specific host. Throughout theepaye queueing schedglers \_/vould_ assign transn_nssm_n slots f_b)tne
will use a traditional weighted-fair queueing (WFQ) schiedu according to their weights in Table I. With theffort-fair ap-

as an example. In a WFQ scheduler, link time is distributest Ovproach, each flow receives 100% of its expeatdort, but this

the flows according to a set of weights. A WFQ scheduler C(Jﬁ]degraded to yield only 50% of its expectesicomg(Table II),

be used to implement throughput reservations; in that dase so both rate-sensitive flows fail to achieve their desirédsa
weights will be adjusted as flows enter and leave the netwmrk s
that reserved flows maintain their reserved rates.

Finally, we mentioned in the introductionthat link erroesult
in both data loss and capacity loss. Data loss can be addresse

TABLE Il
POSSIBLE RESULTS OF A0%PACKET ERROR RATE

using a range of local and end-to-end techniques that gifect Client | Expected| Effort-fair | Preferable

marily which data traverses the link and are largely orthagto (kbrizti/tseec) (kbrizti/tseec) (kbrizti/tseec)

how we deal with capacity loss. In the remainder of this paer _

will for simplicity assume that a local error recovery megtsa Audio 8 49 8V

is used, although this is not a fundamental assumption. Video 350 175¢ 350/
FTP1 221 110 21~

B. Scheduling implications of link error patterns FTP2 221 110~ 21 ~~

Wireless networks experience errors on different time graftesults marked with” represent flows meeting their needs;
ularities, and network designers have devised a varietyrof e “©" represents un-met needsy" represents flows without spe-
control mechanisms to battle these errors. Error bursthat €ific requirements.
bit level are typically addressed by a mixture of error cadin
and interleaving [9], [5], [6] which reduces but does notredi An alternative would be a priority-based scheduler which
nate link capacity variation. At a coarser time granulastyme would allot enough extra effort to the audio and video flows
packet errors can be predicted based on packet burst ertror pizat they would achieve their target rates at the expense-of r
terns, and a wireless link scheduler may attempt to reduee thucing the effort spent on the best-effort FTP flows. This ldou
overall packet error rate by swapping transmission slatséen produce the result shown in the last column of Table Il which,
stations believed to be experiencing a multi-packet ertosth given the target rates shown in Table I, is the correct ouecom
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TABLE Ill
LOCATION-DEPENDENT ERRORS

Flow | Error Effort Priority | Outcome| Desirable
rate rate rate rate rate
(%) | (kbit/sec)| (kbit/sec)| (kbit/sec)| (kbit/sec)
Videol| 0% 100,/ 100/ 67® 100,/
FTP1| 0% 300~ 250~ 200 167~
Video2 | 50% S0® 100/ 67® 100,/
FTP2| 50% 150= 125 200 167~
Throughput 600 575 534 534
Efficiency 75% 72% 67% 67%

Results marked with/” represent flows meeting their needs;™represents un-met needsy” represents flows without specific
requirements.

While the priority-based scheduler achieves high fidelity ibased scheduler ensures that every reserved flow experienci
the above scenario, it is too simplistic to be practical. Farrors fails to meet its reservation.
example, with a 50% error rate, the priority-based schedule A priority-based scheduler could ensure that both reserved
allocates about 89% of the useful bandwidth to reserved flofigws are satisfied. We would then need to define how it should
(358kbs/400kbs). Many network managers would argue thadjvide the remaining link capacity among the (equal-ptigri
this is unfair to the best effort-flows. Things get even worsgest-effort flows; Table 11l assumes this division would Her-
stream meets its reservation while the other three flowstli hroughput.

remaining bandwidth. To address the best-effort fairness issue, we could empioy a
Each of these approach_es performs well at one extrem_e of IBﬁtcome-fair” scheduler, which would allocate effort tovls
error rate spectrum and fails at the other extreme. 'I_'heteﬁur in such a way that all flows would achieve the same percentage o
Sc_heo!“'ef ensures that a_reserved _ﬂOW EXPENENENYEITONS 4 oy expected throughput. In this case, an outcome-faied¢
wil f‘?"l to meet |t_s reservanon, even 'f_ repairing the esevould uler would ensure that every flow achieves 67% of the throughp
require (_)nly a trivial amount of unfaimess to some c_)th_er ﬂo‘% would achieve on an error-free link. In essence, the aietis
th\_’-) p_nonty-based_scheduler_ performs “”accePtamWh!Qh' divided equally among packets sent to the error-free stakist
priority flow experiences a high error rate. An !mportanug’rﬁ packets sent to the error-prone station, and packets tbhe¢ssr
ofthis example is that, Wh|IeV\m"|puI_dheIpthe video flow more fully reach the error-prone station; each station receagsal
than the FTP flows because of its |mp9rtanc§,oqa h_elp the throughput and 33% of the air time is wasted. While this would
audio flow more than any of the others: multiplying its mOdeﬁtnprove fairness among the FTP floweithervideo flow would
throughputneeds by even a large factor to compensate fgha i jeye jts desired throughput. The outcome-fair schedike

error rate won't drive the I|r_1k to stgrvatlon._ Thls sort ofoilgon the priority scheduler, behaves poorly when any flow expess
calls for a control mechanism which admission control caa u high error rate

to map flow rate and importance into a procedure for disthitgut
link capacity loss among flows. In summaggpacity loss
shouldresultin fidelity loss according to administratiesitrols.

Finally, we will consider a more desirable outcome, in which
both video flows meet their needs and both FTP flows receive
equal throughput. While this outcome could be accomplished
by a hybrid priority/outcome scheduler, this scheduler idou
become unusable when confronted with any high-error-rae fl

Let us now consider the impact of location-dependent errorsNotice that the presence of location-dependent errors alds
using an example with two stations, one of which is erroefresfficiency dimension to the space of policy options. If at&ins
while the other experiences a 50% error rate. Each statiorsovexperience the same error rate, moving air time from one ftow t
one “thumbnail” compressed video flow (100 kbit/sec) and orgother does not effect the useful throughput of the cellwHo
FTP flow (best-effort). Table Ill summarizes the resultsftar  ever, with different error rates, moving air time from lowrer
possible schedulers. flow to a high-error flow reduces the useful throughput of the

With effort-based scheduling, the lost capacity is distiéal cell. This is clearly illustrated by the efficiency row in Tabll:
proportional to the error rate experienced by each flow,aely outcome-based scheduling results in markedly lower effayie
the second station will suffer capacity loss, and its videw fill  than effort-based scheduling. All of these considerataatigor
not meet its throughputexpectation. Aswe saw above, tbeteff a scheduler that employs outcome fairness for best-effmstsfl

D. Location-dependent errors
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when error rates are low, uses priority to support resenaad| power factor?;, and experiences an error rate. We can now
as long as error rates are moderate, and falls back to effinst f define the adjusted weight of floinas

ness in the face of very high error rates so that the link willl s
provide some useful throughput.

This example illustrates two important concepBometimes
flows with different error rates should experience the same fi
delity, but meanwhileit must be possible to control cell-wideThat is, for low error rates we scale the weidht to make up
efficiency in the presence of station-dependent errors byimd for the link errors, but we limit the adjustment to a factor

istratively bounding the amount of link effort devoted taitf The crossover point is at error rafef = £5-2. We will refer
ness’” to the error range?; < E¥ as the outcome region and the error
rangek; > EY as the effort region. The throughgiit for flow
[ll. THE POWER FACTOR i is given by the product of the transmission time it received a

In this section we will present a model of how a wirelesds success rate,
link scheduler should adjust flow weights in response torsrro A
in order to create a hybrid between effort fairness and outo T = (=
fairness which is parameterized by a single administrative Zj 4
trol, the “power factor.” We will state a simple weight adjoent
criterion, describe the throughput flows achieve as a fonatf ~ To justify this approach, we will look at the behavior of the
their error rates, show how this weight adjustment can apply Scheduler under some specific conditions.
both constant-rate and best-effort flows, and discuss thicap ~ First, in an error-free environmenkf = 0, V), the scheduler
bility of this approach. is equivalent to a traditional WFQ scheduler with weighfs

As long as a flow is in its outcome regioni; adjusts to
A. Weighted fair queueing with adjustable weights exactly cancel the flow’s reduced success (ate E; ), yielding

We will begin with a weighted fair queueing (WFQ) schedule? throughput of
that distributes effort (air time) according to weights yiced Wi
by an admission control module. The scheduler will adjushea '
flow’s weight in response to the error rate of that flow, up to
a maximum weight defined by that flow’s power factor, alsbhat is, the effective weight of the flow is corrected backitg
provided by the admission control module (see Figure 1).  althoughthat s relative to the adjusted weights of the whiok.
If all flows are in their outcome regions and they all expecien

x B) x (1—E;)

U Administrati U Administrati i
Requests Controls ¢ Requosts Controls ¢ the same error ratg the throughput of flowi becomes
Application diss Application W W
Admission Protocols Admission Protocols . i . i
Control ¥ L(gggtrg(l)"t T = —_— X B = - X (Bx (1-F))
3 Y > T8 25 Wi
T
Packet P§X¥S? Packet !
weights | Scheduler weights Scheduler Thus the scheduler is equivalent to a WFQ scheduler with the
¥ “ext packet’ effortoutcomel_§'next packet’  griginal weightsi¥; running on ak-degraded link, which is
Link Layer Link Layer exactly outcome-fair.

B — : At the other end of the spectrum, if all flows are in their efffor
(a) Traditional wireline scheduler (b) Proposed wireless scheduler regions, IeEz > Eica Vi, the throughput becomes

Fig. 1. Scheduler models
o =W g By

For example, a power factor of 200% indicates that a flow’s > (P x Wj)
weight should be doubled in a high error environment, which
means that it would gain weight relative to flows with a loweFhis means that the scheduler distributes transmissioe tam
power factor, but lose weight relative to flows with a highethe flows in WFQ fashion and the scheduler is “effort fair” {fvi
power factor. This makes it possible to, for example, inseeaadjusted weights).
the link share of voice and web traffic relative to video taffi Finally, one of the motivations for introducing the ELF sdhe
a high error environment. We call this type of schedwort- uler approach was to limit how much effort (transmissiong)m
limited fair (ELF) because it manipulates flow weights to achievig given to any specific flow, so that one flow experiencing very
outcome fairnessubject to a limit on each flowffort high error rates cannot degrade the performance of theeentir

link. The highest fraction of the link time that floixcan take is

B. The power factor given by

In order to characterize the behavior of the ELF scheduler P x W;
across the entire spectrum of error rates, we introducedhe f (P x Wi) + Zj;ﬁi(Wj)
lowing notation. Let us assume we haVeflows sharing a link
with (error-free) bandwidthB. Each flow has a weight/;, a when flow: isin its effort region and all other flows are error-free.
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C. Fixed-rate reservations straightforwardfashion. Ifthe link error rate is expectedarely
Providing absolute bandwidth reservations (as opposedko IIexceed a certain critical value®, assign every admitted reserved

l . .
shares), which WFQ can do, requires additional support iR gLflow a power factor of and stop admitting new reserved

1-Ee° s i
The reason is that a error-adjusted fraction of a deflatédaifi flows when they occupy 3 £¢ of the error-free link rate, which
be smaller than the expected fraction of the error-free. |Mie

is when their worst-case air-time requirements would caresu

will obtain absolute bandwidth reservations by both adiigst the entire link. Another possibility would be to assign powe

the weights of guaranteed flows upward as described above gqﬂors according to flow classes_. For example, flows rednge_st
simultaneouslyreducing the weights of best-effort flows in o Skb/s or 64kbl/s could be categorized as voice flows and assign

straightforward way. a power factor of 300%; a second throughput range, appitepria
To support throughput guarantees, we will defiia¢o be the for compressed video, could be assigned a power factor &1 50

set of guaranteed flows arig} to be the bandwidth allocated toand a v_alue could be chosen for all best-effqrt flows. Suph_ an
each flowi in G. Next, we will use fractions of the error-free2dMmission control module would need to avoid overcomngttin
link as weights, i.e.JV; = %’ Vi € (. Admission control will the link, and would need some policy to determine how much of

be responsible for ensuring that the link is not overconedith the link could be assigned to each class.
boththe error-free casg ;. , W; < 1) and when all guaranteed
flows are error-limited B¢,,.. = ZZ.EG W; x P; < 1). Next,

we aggregate all best-effort flows into one virtual flow with a The proposed “power factor” scheduler model meets the re-

F. Discussion

special weight-adjustment function quirements outlined in the introduction. By setting the pow
factor appropriately, administrators can control the degto

App = 1— Z A, which the fidelity of a flow will be maintained in the presende o
ieG errors. Selection of the power factor should consider thegive

) ) importance and demands of flows (e.g., audio is typicallyamor
which ensures that the best-effort aggregate flow will camsu yajyable than video while requiring less bandwidth), anolLsth
only whatever link time is left over after every best-effldw 5150 consider faimess issues across classes (e.g.,adgeatfic
has either achieved its outcome or has reached its crossweer should not be able to starve best-effort traffic). The powetdr
rate ;. can also be used to control efficiency. For example, by keepin

For any guaranteed flow with; < Ef, A; = f_’/EEf. so its all power factors below 200%, we can keep the efficiency over
expected throughput 50% (for error rates under 50%).
A, In this section we demonstrated how adding a per-flow power
Ty = —=—— x Bx (1-E;) factor setting transforms a wireline WFQ scheduler intobrity
2 A effort/outcome WFQ scheduler. We believe that the poweofac
becomes the correct value, is al_so_a useful abstraction for other s_chedulers. One ebaa'mp
a priority scheduler. We could associate power factors with
Bi/B different priority levels to avoid high priority traffic cophetely
T = l_lE’ x Bx(1-FE;) =B starving low priority traffic or flows suffering from locatio

dependent errors consuming a disproportionate fractiomef

The best-effort flows will avoid starvation 8¢ _,,. < B, in link capacity in a futile attempt to obtain their expectaso

which case an error-dependent amount of transmission tithe v&chedulers which offer more complex service charactedmat
be allocated to the best-effort aggregate flow, which wid-diwill require additional work. A deadline-based scheduler o

tribute it among the best-effort flows using exactly the aagh any scheduler attempting to meet delay or jitter guarantes

of Section III-B. clearly need to track outcomes for individual packets rathen
entire flows.
D. Example In the next section we will compare the ELF model to other

This scheduler can support a variety of policies. For exampproposed wireless link scheduling models before procegttin
the hybrid outcome/effort scheduler described in Tablecéih describe and evaluate our scheduler implementation inghe r
be implemented by setting the power factors of each flow tomagainder of the paper.
least 200%. In general, setting a flow’s power factor to 100%
will cause it to be scheduled in an effort-fair fashion, aaiging IV. RELATED WORK
its power factor will cause it to experience outcome fais@ger Fair queueing in a error-prone wireless environment is ex-
a wider range of error rates. In particular, it is feasibliae#t amined in [7]. The WPS wireless packet scheduler extends
probably undesirable, to obtain pure outcome fairness flor @eighted round robin in an attempt to provide fairness, swap
best-effort flows by setting their power factors to infinity. time allocations between stations experiencing errortbuasd
currently error-free stations, avoid scheduling burstsa(packet
burst won't collide with an error burst), avoid polling dtats

So far we have assumed that an admission control modebgeriencing an error burst, and ensure that stations rparex
can set appropriate per-flow power factors though we have mwicing errors receive their expected throughputs. WPS tates
specified how they might be chosen. One possibility woulttcount imperfect information about link state and cliemtwepe
be to adapt an existing wireline admission control modula inoccupancy. A recent extension of this work [11] adds a variet

E. Choosing power factors
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of attractive properties, such as separate managementiayf def outcome fairness among best-effort flows, and that it must
and bandwidth and graceful trading off of bandwidth betweeneanwhile be possible to protect the link against flows with
leading and lagging flows. Evaluation is via a simulator gsin very high error rates. ELF provides a way of coping with the
Markov-model error environment. The main difference betwe fundamental challenges posed by wireless link capacity. los
this work and ELF is our belief that it is frequently appraie
for error-free flows to yield throughput to flows experiergin V. SCHEDULER ALGORITHM
errors. A. Scheduler model

A set of formal fairness properties for evaluating wireless

versions of wired packet fair queueing algorithms is prabs Inthis section Wewill_presentan algori_thmforapart_iCLEaF
in [8]. Among these properties are that error-free statireild scheduler based on weighted round-robin (WRR). This sdeedu

not lose service to error-prone stations and that statidrishw Will support reserved flows with absolute-rate reservatiand

receive extra throughput due to another station’s unaviitya begt-eﬁort ﬂOWS_ which distribute_ the remaining Capacii_yx v
are not forced to pay back this excess via a long service offgights. Flows in both classes will be bounded by effortmi
age. These properties are embodied in a proposed algoritNM_’?, use pa_cketwe|ght<_ed round-robln_(WRR) instead of wejhte
Channel-condition Independent packet Fair Queueing (@)F- (&l quéueing, measuring throughputin packet slots. Casae
that achieves these fairness properties in the face ofeeruth [0F USing WRR instead of WFQ is simplicity. Also, wireless
analytical and simulation results are presented, therlbtsed networks are often slot-based for synchronization and powe

on an on-off error model. ELF differs by being able to recovdp@nagement purposes. Finally, the prototype network we use
from the errors of some flows at the expense of other flows. for experiments in (Section V) has a relatively high peeket

TheServer-Based Fairness Approdd?] creates one or more cost, so ch_arging on a per-packet instead of a per-byte kasis
virtual “server” flows that are used to compensate flows fer e?ctually quite reasonable.
rors they have experienced in the past. The amount and tim
of compensation depend on the amount of capacity reserved
each flow’s compensation server, the relative weight offlbmt ~ Protecting a link against excessive consumption by a subset o
compared to others sharing the same compensation serder, #gws is an interesting challenge. The most straightforvegrd
the error rates experienced by all flows compensated by tipa@ach would be to measure the error rate of each flow and of the
server. This approach is powerful due to its generality. Fépk and then to calculate the air time each flow should get¢thas
example, it is possible for SBFA embedded in HFS-C to aph the definition of the power factor (Section I11). Howewiiis
proximate ELF by constructing a tree with two top-level nedeassumes that a link scheduler can accurately measure a flow's
(reserved and best-effort, with the best-effort node alled a €rror rate and the current capacity of a wireless link. These
tiny fraction of the link), pairing every ELF flow with its own measurements are not straightforward. For example, determ
compensation server flow, and assigning weights appr@'b]jating the error rate of a low-throughput flow is difficult, since
One difference between the resultant scheduler and ELFRats tabservations are infrequent; single-packet observatizasfail
ELF will try to meet the latency expectations of low-rate fiowto detect long outage bursts, so increasing the flow's shire o
experiencing errors at the expense of slightly increasigla- the link could increase that flow’s error rate. Determinihg t
tencies of high-rate flows, even those not experiencinggrroavailable link capacity is even more difficult, considerithg
Also, this SBFA construction might suffer from efficiencgiges Ppresence of location-dependent errors. The problem henats
because the compensation server flows (50% of all flows) wodif@nsmitting on behalf of different flows yields differeribk-
frequently transition between being idle and active. Thé ELcapacity measurements. Ifa single flow has a 50% error rate an
scheduler is designed to react efficiently to link errorsating & weight of 50%, and is allocated enough effort to achievexts
them as the common case. We believe that the very generdﬂ@pterUtComen will consume the entire link, so link capacity
of SBFA calls for a simple and intuitive fairness model sush avill be 50%. If itis allocated only its expected 50% of thekis
our power-factor approach. effort, and the remainder of the link is given to error-free flows,
Utility-fair bandwidth allocation [13] presents aframeskdor  link capacity will be 75%. These two considerations argue fo
allowing flows to specify how much damage they incur as a tes@l Scheduling algorithm that achieves the desired link atioa
of varying amounts of throughput reduction. The schedtient Withoutrelying on explicit computations of per-flow errates
allocates throughput to each flow so that all flows perceiee tR Whole-link capacity.
same subjective quality. While this approach expresses mar _ :
information about a flow’s needs than ELF does, it is uncle&r Algorithm Overview
how to apply it to location-dependent errors: it would appea We will explain our scheduling algorithm using the pseudo-
that if a single flow experiences a 100% error rate then all§lowtode in Figures 2 and 3. The code embodies several simpli-
will experience a quality level of zero. fying assumptions. All flows have data queued at all times.
We believe that an explicit model of the desired outcome dfansmission time is slotted into fixed-size packets, tioary
a scheduling algorithm in the face of errors, as provided @gaptive link layer may choose to send shorter packets tiol avo
WPS, CIF-Q, and SBFA, is valuable. However, we believe it isterference-related truncation. Each packet transonisgilly
important in certain situations to give guaranteed flowstsgl succeeds or fails (there are no sub-packet acknowledgsjnent
treatment” when they encounter errors, that it is ofteraative Admission control converts each flow’s weight into its ex-
to slightly reduce overall link efficiency to obtain some amb pected inter-transmission interval (a flow expecting 50%hef

-%.)gTracking Deserved Throughput, Effort, and Outcome



ECKHARDT AND STEENKISTE: EFFORT-LIMITED FAIR (ELF) SCHEDUNG FOR WIRELESS NETWORKS 7

link would transmit every two time slots). The transmisSion "schedule" picks next flow to be served *
intervals of best-effort flows apply not to actual link timatl Schedule(&selectedfiow)

to a virtual time that increases only when no guaranteed flow static int now, dilatednow;

is eligible to transmit. Within each flow group (guaranteed o flow flow,

best-effort), the scheduler operates the same way: eadh tim ++now;

a flow’s transmission interval passesck

allocates it both

tick(protected-flows, now);
choose(protected-flows, &flow);

throughput and an appropriate amount of effort; it is thén el i ¢fiow && length (unprotected-flows) > 0) {

gible for transmission until it either achieves that thrbpgt or
exhausts that effort. When multiple flows are eligible f@ns-

choose(unprotected-flows, &flow);
while (Mflow) {
++dilatednow;

mission,choose selects the most urgent. We will choose the tick{unprotected-fiows, _dilatednow);
. . . choose(unprotected-flows, &flow);

flow whose outcome is currently lagging its deserved threugh }

put by the greatest percentage, breaking ties by serving low i}f —

throughput flows first. /* advance schedule *
nextflow(protected-flows, &flow);
shouldserve(flow, now);

/* per flow state kept by scheduler: *

/* inter - inter-transmission interval, 1/rate * *selectedflow = flow:

/¥ last - timestamp of last eligibility to send */ } '

/¥ power - power factor (as percentage) */

/* deserve - amount of *outcome* flow deserves *

I*

I*

effort - amount of *effort* flow is entitled to */

"tick": update the deserve and effort of each flow */

tick(flow-list, now)

}

foreach flow (flow-list)
if (flow.last + flow.inter <= now)
shouldserve(flow, now);

shouldserve(flow, now)

{

}
I*

++flow.deserve;
flow.effort += flow.power / 100;
cap_effort(flow);
flow.last = now;

"choose" next flow from a class of flows */

choose(flows, &resultflow)

{

int bestwlag = 0; /* best weighted lag */
int bestinter = 0;

int bestdeserve = 0;

flow bestflow = NULL;

foreach flow (flows) {
/* weighted lag: deserve / rate */
int wlag = flow.deserve * flow.inter;

/¥ must have effort */
f (flow.effort < 1)
continue;

/¥ most deserving flow has highest % lag */
/* tie breakers: low-rate flows first; */
/* then flows with more absolute lag */

if (Wlag < bestwlag) ||
(Wlag == bestwlag) && (flow.inter > bestinter)) ||
(Wlag == bestwlag) && (flow.inter == bestinter)
&& (flow.deserve < bestdeserve)) {
continue; /* not the most deserving */

/* becomes the most deserving */
bestwlag = wilag;

bestinter = flow.inter;

bestdeserve = flow.deserve;
bestflow = flow;

*resultflow = bestflow;

Fig. 2. Pseudo-code for core of the scheduler

update(flow,outcome) /* call-back from link layer */

--flow.effort;

if (outcome == SUCCESS) {
--flow.deserve;
cap_effort(flow);

}
cap_effort(flow) /* limit accumulated effort */

/* retain no more than 4 packets’ effort */
int slack = 4;

int cap = ((flow.deserve/100)+slack)*flow.power;
flow.effort = max(flow.effort, cap);

}

/* "nextflow" picks the flow that will fire next */
nextflow(flows, &flow)

{
flow nextflow;
int nextfire = INFINITY;

foreach flow (flows)
int fire = flow.last + flow.inter;

if (fire < nextfire)
nextflow = flow;
nextfire = fire;
*flow = nextflow;

Fig. 3. Pseudo-code for core of the scheduler - part 2

to best-effort flows. That is, guaranteed flows are served unt
each is either satisfied with its outcome or limited by expehd
effort, and the best-effort flows share the leftover bandwidhe
main scheduler decision procedure operates as followst iEir
usestick to inform guaranteed flows of the passage of time,
and then it askehoose whether any guaranteed flow should
currently transmit. If not, it moves on to the best-efforass,
callingtick  with the best-effort virtual time and then invoking
choose . While reserved time increases for each link time
slot, best-effort time increases only when no best-efforfis
eligible, as a consequence of the fact that the best-effidual
flow is almost always overcommitted. If no guaranteed flow
is eligible and there are no best-effort flows, the schedulbr

The main scheduling functioschedule , is called by the slightly advance the schedule of the next-eligible guaarht

link layer when it is ready to send a packet (Figure 3). It wiflow.
first try to select an eligible guaranteed flow before moving o Atthistime the link layer transmits a packet for the designa
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flow, employing whatever combination of packet length and er We will plot the error-free link-level throughput each flow
ror coding recently history suggests is prudent for sudoéssachieves, as a percentage of what it would expect in the absen
communication with that flow’s peer machine. Before the nerf errors, on its own independent vertical axis. Each pldt wi
scheduling decision is made, the link layer will inform ugloé include a “Link” pseudo-flow which represents the total link
transmission outcome using the functiopdate , which will throughput as a fraction of the error-free link throughpiaach
bill the designated flow for the effort expended and update flow will be represented by a moving-window average through-
achievement value appropriately. This assumes the ekisighn put, sampled at the same rate as its expected inter-trasismis
a fast link-level acknowledgement, a feature common to mamterval (that is, a flow expecting 50% of the link is samplee: fi
wireless LAN MAC protocols [10], [14], [15]. times as frequently as a flow expecting 10%) and each point on
Finally, whenever we update the status of a flow (functiofiBe graph is the mean of the 10 most recent samples.
tick andupdate )we check whether the stored effort exceeds We will present three simulator runs. In the first, we eval-
a threshold using the functiarap _effort . This is so that a uate the scheduler’s performance in the motivating scerari
flow cannot accumulate a large effort bank while its erroeraffable Il. Two protected flows, audio and video, expect 1% and
is low and seize the link for an extended period when it sud4% of the link, while two unprotected flows will share the re-
denly increases. We belieeap _effort  contains a plausible mainder equally. The audio flow has a power factor of 300% in

heuristic. an attempt to ensure it will survive most plausible link esto
The video flow has a power factor of 223%, a value chosen so that
D. Possible extensions itand the audio flow will consume the entire link in periodsamh

the error rate is 50% or more. The two best-effort flows each
ave a power factor of 120%, which will enable outcome-based
fairness between them in the face of light errors.
Throughout the trace, the link will experience a uniformly

A question ignored so far is to what extent best-effort flo
should experience “fairness” over a long term. That is, ibavfl
experiences errors for a period and loses throughput asit,liss

. . . > hi
it entitled to regain that lost throughputlater? This cepends distributed 50% packet loss rate which is independent otlwhi

tothe questl_on ofwh_etherthere Isacap on_each fldeserve flow’s packet is being transmitted. We would like the resdrve
value. If this value is allowed to grow without bound, a flow

. ) audio and video flows to experience little or no disruptiorilevh
will eventually reclaim the lost throughput, at the expens$e L .
7 X ; . the two best-effort flows should equally divide the remaimafe
other flows in its class, when it experiences a low-errorqeri

Alternatively, this value could be capped or aged. the link. The results of this simulator run appear in Figuandl

. . are what we would hope to observe.
A related issue is what should happen to a flow that becomes P

idle. One possible policy is that ideserve and effort 1009 ¢ , , ‘ : ‘
would cease to increase. Instead, we could allow an idle flow L WMWMMWWWWWWM’
to accumulate both deserve and effort up to some threshodd; t e

would then allow the flow to burst for a short while when it FTP2

. - T I Y T O S T N
becomes active. Note that deciding whether a flow is idle may

be difficult when error rates are high. FTPL 1
. . ; ) L o0 Lot fm AnRoh me AAL A A o BRA s Ann o dee AMUA A
This scheduler implementation is orthogonal to swapping in
the sense that, if there is some good predictor of when aatati
is unreachablegchoose can easily skip known-unreachable sta- " AT
tions. o

This scheduling approach could be used as the policy foran
802.11 Point Control Function (PCF). If we assume that one a0l
station is in a position to discover the outcomes of most gack g 1000 2000 3000 2000 5000
transmissions, the LAN could operate according to the more-
efficient Distributed Control Function most of the time, @hd
controlling station could then use the PCF period to allocate
extra effort to stations according to their power factors.

Fig. 4. Plot of a straightforward 50% loss scenario suggdsyeTable |1

Figure 5 displays how the same flows would fare in a more
interesting error environment. The error trace [9] inclsidb®th
packet losses and bit corruptions, varying in severity dua t

To evaluate our scheduling algorithm in a repeatable fashiperson moving through the main signal path. The sudden sharp
we subjected it to a simple trace-based simulation. Thelsimu throughput losses leave the audio flow essentially unharmed
assumes all flows are continuously busy, and records thputghSince the video flow requires much more throughput, it cannot
allocation decisions made by the scheduler (ignoring hak reescape all injury, but the scheduler insures it is quicklyneo
transport protocols mightreact to allocation variatio®)e link  pensated. Each link throughput drop immediately affects bo
layer used in the simulation is based on earlier work [5],canal  best-effort flows.
reclaim substantial capacity even in the face of challemgimor Figure 6 is an example of a location-dependent error pattern
patterns. As we discussed in Section Il, thisis largelyagtinal the video flow and one of the best-effort flows belong to astati
to the question of how we distribute the variable link capaci experiencing significant errors, while the other two flowkhg
across the flows, which is the focus of this paper. to a station encountering none. The error pattern is a smpoth

VI. SIMULATION
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Fig. 6. Location-dependent error trace.

more “real-world” environment. We inserted the ELF sched-
uler into our existing prototype wireless LAN, built fromtii
80486 and Pentium laptops running NetBSD 1.2 and using 915
MHz PCMCIA card WaveLAN [16] units. The kernel device
driver includes a simplified poll/response Medium Access-Co
trol (MAC) protocol, similar in spirit to the IEEE 802.11 Pdain
Control Function [10]. In our experiments, one laptop opesa

as a master/base station, while the others use the slawptot
We will report user-level throughput numbers obtained by th
standard kernel TCP stack. In order for TCP to make meaning-
ful progress in the face of these high error rates, we employ a
transparent link-level error control mechanism [9]. As we-d
cussed earlier, error control is largely orthogonal to setiag,

so we could have obtained similar experimental results by di
abling error control and reporting UDP throughput obserrgd
the receiver instead of TCP throughput observed by the sende

The scheduler consists of 400 lines of code, of which approxi
mately 150 lines are the heart of the algorithm and the redegin
is glue code, memory management, tracing support, and-trace
replay error injection code.

We will presenticptrace  output for four TCP streams gen-
erated by a master and two slave stations. Each slave receive
one reserved flow (link fraction: 5%, power factor: 300%) and
one best-effort flow (power factor: 150%). One slave station
experiences no errors and the other begins by experienang n
errors but then experiences 10 seconds each of 20% and 50%
packet loss rates before returning to an error-free cooliti

We would expect that the reserved flows always achieve their
expected throughputs and that the best-effort flows woubeex
rience equal throughput whenever their error rates werevbel
30%. The traces in Figure 7 meet our expectations (the lnitia

increasing frequency of packet loss, ranging from 10% to 90%pward spike in throughputdisplayed for each flow is an actif
surrounded by periods without losses. The video flow’s powef the throughput averaging done bgptrace ). The slight
factor has been lowered to a more-realistic 140%. As thekssag in throughput observed by the reserved flows is an artifac
begin, the two best-effort flows share the burden equalbugih  of the software implementation of our MAC protocol (we are
only “FTP1” experiences actual transmission errors. Soow;h forced to use conservative timeouts to avoid packet colisi
ever, flow “FTP1” exhausts its outcome region and begins ® loso a lost packet takes slightly more air time than a packeéttha
throughput relative to “FTP2.” Later, link errors begin toesv rives). The prototypeimplementation confirms the moreitkta
whelm the video flow’s ability to demand extra link time. Fronsimulator results presented earlier.

this point on, the burden of any increase in the error rateraé

by these two flows. When the link no longer experiences errors VIII. CONCLUSION

we observe two interesting phenomena. First, the video flowTg effectively address wireless errors which may be severe,
receives more than its expected share of the link so it caar Cl%me-varying and location-dependent, we propose an feffo

its lag, but its power factor still limits its link time so th&he

limited fair” (ELF) scheduling approach which extends the

FTP flows are not starved. Seiond, t”he ill-fated “FTP1” flowcheduler with an explicit mechanism for controlling ithbe-
receives more throughput than “FTP2" so it can achieve longs in the presence of capacity loss. An ELF scheduler strive
term faimess with “FTP2.” Again, this short-term unfairaes achjeve the outcome that is envisioned by users (e.g., teigh
limited by its power factor.
These scenarios illustrate the main goals of our schedler. spent on a flow using a per-flow parameter called the power fac-

have observed prioritization of reserved flows over beiref (5r \which can be used to administratively implement a \grie
flows coupled with effort-limited outcome-based fairnesie of fajrness and efficiency policies.

scheduler performs intuitively across a wide range of @eksir

link sharing or fixed-rate reservations) while limiting te#ort

We implemented an ELF WRR scheduler that supports reser-

flow throughputs (1% to 44% of the link) and error rates (10%ations and that uses the power factor to limit the per-flow ef

to 90%).

VII. EXPERIMENTAL PROTOTYPE

fort applied to combat errors. Simulation clearly depictdE
scheduling in action. We also implemented the scheduler in a
NetBSD operating system kernel, and show that it achieves ap

In addition to our simulator-based evaluation, we wishgaropriate division of user-level TCP throughput under vas
to verify that our scheduler would function acceptably in arror conditions.



10

bytes/
viesisec master:CBR_==>_slavel:9 (throughput)

60000
40000

20000

_

60000

40000

20000

IEEE INFOCOM 2000

bytes/sec master:CBR_==>_slave2:9 (throughput)

put /%—/

0

16:12:15  16:12:20 16:12:25  16:12:30  16:12:35  16:12:40
bytes/sec time
Y master:BE_==>_slave2:9 (throughput)

60000

40000

20000
0

16:12:15  16:12:20  16:12:25  16:12:30  16:12:35  16:12:40

time

Fig. 7. Traces of reserved and best-effort TCP streams
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