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Abstract— model, anetwork administrator could argue that videoisaluxury
While packet scheduling for wired links is a maturing area, scheduling - and should bear the brunt of the capacity loss, i.e., the audio and

of wireless links is less mature. A fundamental difference between wired : :
and wireless links is that wireless media can exhibit substantial rates of web flows should get preferentlal trestment when bandwidth be-

link errors, resulting in significant and unpredictable loss of link capacity. comes scarce. Similarly, if we consider a wireless network with
This capacity loss results in a special challenge for wireless schedulers. Forlocation-dependent errors, we must decide how much extra air
example, a Weighted Fair Queue (WFQ) scheduler assumes an error-free timeto assign to high-error stations at the expense of others.

link and specifies how flows should share the link capacity. However, this .
specification is not sufficient to determine the correct outcome when link ~ These problems al center on the question of how the sched-

capacity is sharply reduced, because flows that have been allocated the samgjler should respond to capacity loss. Since capacity loss is a

weights may differ greatly in their ability to tolerate throughput loss. central issue in wireless link scheduling, it is critical to devise
In this paper, we first describe the wireless scheduling challenge in terms

of an effort-outcome disconnection. Next we propose a novel notion of fair- Scheduling abqraptionsmd mechanisms that explicitly ?OnSider
ness for wireless links effort-limited fairness (ELF), which extends WFQ via and address this issue. We can best capture the requirements

dynamic weight adjustments. ELF guaranteesthat all flows experiencing an for wireless schedulers by listi ng properties that the scheduler
error rate below a per-flow threshold receive their expected service, defined

as a specified rate for reserved flows or a specified share of best-effort capac-

ity for best-effort flows. After motivating and defining ELF, we present a
practical approximation algorithm, which we evaluate through both trace-
driven simulation and measurement of a prototype wireless radio network
based on the WaveL AN physical layer.
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I. INTRODUCTION

Wirelessmediacan exhibit high, variable error ratesthat affect
network users in a number of ways. One problem is that many
applications and end-to-end transport protocols perform very
poorly when many packets are lost due to link errors. This
problem has been widely studied and proposed solutionsinclude
modifying end-to-end protocols[1], [2], techniques such as TCP
snooping to avoid undesirable interactions with TCP [3], and
the use of local error recovery to hide the link errors from the
upper layer protocols[4], [5], [6]. A second problemisthat link
errors reduce the useful throughput of the link. While a variety
of techniques such as swapping time dlots between stations [7],
[8] or adaptive forward error control [9] can reduce the amount
of lost link capacity, some errorswill still result in variable link
capacity.

The dynamic capacity of wireless links creates a variety of
problems for both users and network administrators. The obvi-
ous example is supporting reservations. When the capacity of
a link drops significantly, it may no longer be possible for the
link to meet its commitments for reserved bandwidth, raising
the question of which flows should be short-changed. Assume
we use a Weighted Fair Queueing (WFQ) scheduler to allocate
bandwidth to three flow classes (e.g., audio, video, Web). If
the link capacity drops by 50%, a simplistic response would be
to proportionally distribute the remaining capacity (and thusthe
loss). Whilethis may seem fair according to a traditional WFQ

should meet. Theresultsinthispaper areguided by thefollowing
list of principles: (1) in an error-free environment, the outcome
achieved by a wireless scheduler should be identical to that of
an equivalent wireline scheduler; (2) the amount of capacity loss
suffered by aflow should not be proportional to its bandwidth or
itserror rate, but should be configurable through administrative
controls; (3) it must be possible to administratively bound the
amount of capacity that islost due to location-dependent errors;
(4) in the absence of information to the contrary, flows expe-
riencing equal error rates should experience the same capacity
loss; and (5) capacity unused by one flow should be distributed
“fairly” among other flows. While several of our principles (1,
4, and 5) are similar to those used in other projects[7], [8], the
principlesdealing with capacity loss (2 and 3) are unique. These
two principles will guide our design of a new scheduler model
that will alow intuitive control over the effect of capacity loss.

The scheduler model we propose focuses on the insight that,
inawireless environment, we must distinguish between “ effort”
(air time spent on aflow) and “outcome” (actual useful through-
put achieved by theflow). Whileeffort equals outcomeinawire-
line environment, they can be substantially differentinawireless
environment. Imagine that a wireline scheduler evaluates a set
of flow requirementsand determinesthat a certain flow would be
satisfied by 10% of the error-free link capacity. If that flow be-
longsto a station experiencing a 50% packet loss rate, spending
10% of thelink’seffort on that flow will resultinit achieving out-
come equivalent to 5% of the link’s error-free throughput. But
if this flow is critically important to some application, it might
make more sense to spend 20% of the link’ seffort on the flow so
that it woul d achieve its expected outcome, 10% of the error-free
link throughput. To address this effort-outcome disconnection,
we propose an “effort-limited fair” (ELF) scheduling approach.
An ELF scheduler strives to achieve the outcome that is envi-



sioned by users (either a specific throughput for reserved flowsor
aspecific fraction of residua link capacity for best-effort flows),
subject to limitson the effort spent on each flow using a per-flow
power factor setting. The power factor isa control knob that can
be used to administratively implement a variety of fairness and
efficiency policies.

The remainder of the paper is organized as follows. In the
next section we el aborate on the scheduling challenges posed by
wireless errors, focusing on providing supporting arguments for
principles 2 and 3. In Section Il we describe the power fac-
tor administrative control which defines how a scheduler should
respond to capacity loss and in Section IV place our work in
the context of related wireless packet scheduling efforts. Sec-
tion V describes a scheduler implementing the power factor. In
Section VI we examine the behavior of thisa gorithm viatrace-
driven simulation, and Section V11 reports on experience with
our prototype implementation.

1. CHALLENGES AND PRINCIPLES

In this section we will analyze the challenges posed by a
wireless error environment in order to guide our design process.
The insight we gain from this analysis will clarify and support
our second and third design principles.

A. Network model

We assume that a wireless network consists of one or more
cells and that the bandwidth in each cell is managed by a cen-
tralized packet scheduler. One example of a such a cell is an
|EEE 802.11 LAN [10] in which a base station is configured to
manage all bandwidth via the Point Control Fecility.

We assume that the scheduler views traffic as a set of flows.
Flowscan beindividual, e.g., asingle TCP connection, or aggre-
gates, e.g., all traffic to a specific host. Throughout the paper we
will use a traditional weighted-fair queueing (WFQ) scheduler
asan example. InaWFQ scheduler, link timeisdistributed over
the flows according to a set of weights. A WFQ scheduler can
be used to implement throughput reservations; in that case, the
weightswill be adjusted as flows enter and |eave the network so
that reserved flows maintain their reserved rates.

Finally, wementionedin theintroductionthat link errorsresult
in both data loss and capacity loss. Dataloss can be addressed
using arange of local and end-to-end techniques that affect pri-
marily which datatraversesthelink and arelargely orthogonal to
how wedeal with capacity loss. Intheremainder of thispaper we
will for smplicity assume that alocal error recovery mechanism
isused, athough thisis not afundamental assumption.

B. Scheduling implicationsof link error patterns

Wireless networks experience errors on different time gran-
ularities, and network designers have devised a variety of error
control mechanisms to battle these errors. Error bursts at the
bit level are typically addressed by a mixture of error coding
and interleaving [9], [5], [6] which reduces but does not elimi-
nate link capacity variation. At a coarser time granularity, some
packet errors can be predicted based on packet burst error pat-
terns, and a wireless link scheduler may attempt to reduce the
overall packet error rate by swapping transmission slots between
stations believed to be experiencing a multi-packet error burst
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and stations believed to be currently error-free [7], [8]. Again,
this approach does not eliminate all capacity loss, because of
theimperfect predictability of error bursts and because somein-
terference sources may affect multiple stations or even the base
station. We conclude that capacity loss is a fundamental reality
for wireless schedulers.

C. Reacting tolink capacity loss

To discuss the impact of variable link capacity we will use
an example of a wireless cell with a capacity of 800 kilobits
per second employinga WFQ scheduler to serve two guaranteed
flows and two best-effort flows. We will first assume that al
errors are location independent, so that all flows experience the
same error rate. Theflow propertiesand weightsare summarized
in Table I. We will use the term fidelity to denote the degree to
which a scheduler is “faithful” to a particular flow, namely the
percentage of the flow’s expected throughput on an error-free
link that it actually achieves.

TABLE |
CLIENT EXAMPLE

Client Target rate WFQ
Flow | (kilobits/second) | Weight
Audio reserved 8 1.0
Video reserved 350 44.0
FTP1 available 275
FTP2 available 275

Let us first consider what happens if 50% of al packets are
lost. Since al flows are experiencing errors, most wireless fair
gueueing schedulerswould assign transmission slotsto the flows
according to their weightsin Table |. With this effort-fair ap-
proach, each flow receives 100% of its expected effort, but this
isdegraded to yield only 50% of itsexpected outcome (Tablell),
so both rate-sensitive flows fail to achieve their desired rates.

TABLE I
POSSIBLE RESULTS OF A 50% PACKET ERROR RATE

Client | Expected | Effort-fair | Preferable
rate rate rate

(kbit/sec) | (kbit/sec) | (Kbit/sec)

Audio 8 4® 8.

Video 350 175 350 /

FTP1 221 110 21~

FTP2 221 110 21~

Results marked with /" represent flows meeting their needs;
“®" represents un-met needs; “~" represents flows without spe-
cific requirements.

An alternative would be a priority-based scheduler which
would allot enough extra effort to the audio and video flows
that they would achieve their target rates at the expense of re-
ducing the effort spent on the best-effort FTP flows. Thiswould
produce the result shown in the last column of Table Il which,
given the target rates shown in Table |, isthe correct outcome.
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TABLE 11

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% 50 ® 100 ./ 67 @ 100 ./

FTP2 | 50% 150 = 125~ 200 = 167 ~

Throughput 600 575 534 534

Efficiency 75% 2% 67% 67%

Results marked with“ /" represent flows meeting their needs; “®” represents un-met needs; “~" represents flows without specific

requirements.

While the priority-based scheduler achieves high fidelity in
the above scenario, it is too simplistic to be practical. For
example, with a 50% error rate, the priority-based scheduler
allocates about 89% of the useful bandwidth to reserved flows
(358kbs/400kbs). Many network managers would argue that
this is unfair to the best effort-flows. Things get even worse
when the error rate increases. As soon as the error rate is more
than 55%, the FTP flows will receive no throughput even though
both the audio and video flows will fail to meet their reserva-
tions. Since no flow will be satisfied, thisis an unreasonable use
of the bandwidth. A better allocation would be to have the audio
stream meets its reservation while the other three flows split the
remaining bandwidth.

Each of these approaches performs well at one extreme of the
error rate spectrum and failsat the other extreme. The effort-fair
scheduler ensures that a reserved flow experiencing any errors
will fail to meet itsreservation, even if repairing theerrorswould
require only a trivial amount of unfairness to some other flow;
the priority-based scheduler performs unacceptably if any high-
priority flow experiences ahigh error rate. Animportant insight
of thisexample isthat, whilewe should help the video flow more
than the FTP flows because of its importance, we can help the
audio flow more than any of the others: multiplying its modest
throughput needs by even alarge factor to compensate for ahigh
error ratewon't drivethelink to starvation. Thissort of decision
calls for a control mechanism which admission control can use
to map flow rate and importance into a procedure for distributing
link capacity loss among flows.  In summary, capacity loss
shouldresult infidelity lossaccording to administrative controls.

D. Location-dependent errors

Let us now consider the impact of location-dependent errors
using an example with two stations, one of which is error-free
while the other experiences a50% error rate. Each station owns
one “thumbnail” compressed video flow (100 kbit/sec) and one
FTP flow (best-effort). Table Il summarizes the resultsfor four
possible schedulers.

With effort-based scheduling, the lost capacity is distributed
proportional to the error rate experienced by each flow, i.e., only
the second stationwill suffer capacity loss, and itsvideoflow will
not meet itsthroughput expectation. Aswe saw above, theeffort-

based scheduler ensures that every reserved flow experiencing
errors fails to meet its reservation.

A priority-based scheduler could ensure that both reserved
flows are satisfied. We would then need to define how it should
divide the remaining link capacity among the (equal-priority)
best-effort flows; Table 111 assumes thisdivisionwould be effort-
fair. Once again, we cannot actually deploy a priority-based
scheduler, since a single high-priority flow experiencing serious
errorswould starve every flow. Also, thethroughput discrepancy
between the two FTP flows is very large, and a case could be
made that it would be more fair for them to receive the equal
throughpuit.

To address the best-effort fairness issue, we could employ an
“outcome-fair” scheduler, which would alocate effort to flows
insuch away that all flowswoul d achieve the same percentage of
their expected throughput. In this case, an outcome-fair sched-
uler would ensurethat every flow achieves 67% of thethroughput
it would achieve on an error-free link. In essence, theair timeis
divided equally among packets sent to the error-free station, lost
packets sent to the error-prone station, and packets that success-
fully reach the error-prone station; each station receives equal
throughput and 33% of the air time iswasted. While thiswould
improvefairnessamong the FTP flows, neither video flow would
achieve itsdesired throughput. The outcome-fair scheduler, like
the priority schedul er, behaves poorly when any flow experiences
ahigh error rate.

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 would
become unusable when confronted withany high-error-rateflow.

Notice that the presence of |ocation-dependent errors adds an
efficiency dimensiontothe space of policy options. If all stations
experience the same error rate, moving air time from one flow to
another does not effect the useful throughput of the cell. How-
ever, with different error rates, moving air time from low-error
flow to a high-error flow reduces the useful throughput of the
cell. Thisisclearly illustrated by the efficiency row in TableI11:
outcome-based scheduling results in markedly lower efficiency
than effort-based scheduling. All of these considerationscall for
a scheduler that employs outcome fairness for best-effort flows



when error rates are low, uses priority to support reserved flows
as long as error rates are moderate, and falls back to effort fair-
ness in the face of very high error rates so that the link will still
provide some useful throughpuit.

This example illustrates two important concepts: Sometimes
flows with different error rates should experience the same fi-
delity, but meanwhile it must be possible to control cell-wide
efficiency in the presence of station-dependent errors by admin-
istratively bounding the amount of link effort devoted to “ fair-
ness’

I11. THE POWER FACTOR

In this section we will present a model of how a wireless
link scheduler should adjust flow weights in response to errors
in order to create a hybrid between effort fairness and outcome
fairness which is parameterized by a single administrative con-
trol, the* power factor.” Wewill stateasimpleweight adjustment
criterion, describe the throughput flows achieve as a function of
their error rates, show how this weight adjustment can apply to
both constant-rate and best-effort flows, and discuss the applica-
bility of thisapproach.

A. Weighted fair queueing with adjustable weights

Wewill begin withaweighted fair queueing (WFQ) scheduler
that distributes effort (air time) according to weights provided
by an admission control module. The scheduler will adjust each
flow's weight in response to the error rate of that flow, up to
a maximum weight defined by that flow's power factor, also
provided by the admission control module (see Figure 1).

User Administrative
Requests Controls

User Administrative
Requests Controls

* * Application * _ * Application
Admission Protocols Admission Protocols
Control Control +
* Loss Policy| *
Packet act% Packet
weights Scheduler WEGHS Scheduler
* “next packet” effortloutcome* * next packet”
Link Layer Link Layer

(a) Traditional wireline scheduler (b) Proposed wireless scheduler

Fig. 1. Scheduler models

For example, a power factor of 200% indicates that a flow’s
weight should be doubled in a high error environment, which
means that it would gain weight relative to flows with a lower
power factor, but lose weight relative to flows with a higher
power factor. This makes it possible to, for example, increase
the link share of voice and web traffic relative to video traffic in
a high error environment. We call this type of scheduler effort-
limited fair (ELF) because it manipul atesflow weightsto achieve
outcome fairness subject to alimit on each flow’'s effort.

B. The power factor

In order to characterize the behavior of the ELF scheduler
across the entire spectrum of error rates, we introduce the fol-
lowing notation. Let us assume we have N flows sharing alink
with (error-free) bandwidth B. Each flow has a weight IV;, a
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power factor P;, and experiences an error rate E;. \We can now
define the adjusted weight of flow ¢ as

Wi , P x W)

1— E @)

A = min(

That is, for low error rates we scale the weight 1V; to make up
for the link errors, but we limit the adjustment to a factor P;.
The crossover point is at error rate £¢ = i1, We will refer
to the error range E; < E¢ as the outcome region and the error
range £; > EY astheeffort region. The throughput 7; for flow
i isgiven by the product of the transmission timeit receives and
its success rate,

A;

= (ZjAJ

x B) x (1— E;)

To justify this approach, we will ook at the behavior of the
scheduler under some specific conditions.

First, inan error-free environment (£; = 0, V), the scheduler
is equivalent to a traditional WFQ scheduler with weights 17/;.

As long as a flow is in its outcome region, A; adjusts to
exactly cancel the flow’s reduced success rate (1 — E; ), yielding
a throughput of

Wi
2.5 (44)

That is, the effective weight of the flow is corrected back to IV,
althoughthat isrelativeto the adjusted weights of thewholelink.
If al flows are in their outcome regions and they all experience
the same error rate F the throughput of flow ¢ becomes

T = x B

Wi
W,
218

Thus the scheduler is equivalent to a WFQ scheduler with the
original weights 1W; running on a £-degraded link, which is
exactly outcome-fair.

At the other end of the spectrum, if all flows are in their effort
regions, i.e.,, I; > E¢, Vi, the throughput becomes

7

Wi
Zj W;

T, = x B = x (B x (1-E))

PZ'XVVZ'

=S W)

x (B x (1- Ey))

This means that the scheduler distributes transmission time to
the flowsin WFQ fashion and the scheduler is” effort fair” (with
adjusted weights).

Finally, one of the motivationsfor introducing the ELF sched-
uler approach was to limit how much effort (transmission time)
is given to any specific flow, so that one flow experiencing very
high error rates cannot degrade the performance of the entire
link. The highest fraction of the link time that flow ¢ can takeis
given by

Pz’ X VVZ
(P x Wi) + Zj;ﬁi(Wj)

whenflow i isinitseffortregionandall other flowsareerror-free.
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C. Fixed-rate reservations

Providing absol ute bandwidth reservations (as opposed to link
shares), which WFQ can do, requires additional support in ELF.
The reason isthat a error-adjusted fraction of a deflated link will
be smaller than the expected fraction of the error-free link. We
will obtain absolute bandwidth reservations by both adjusting
the weights of guaranteed flows upward as described above and
simultaneously reducing the weights of best-effort flows in a
straightforward way.

To support throughput guarantees, we will define G to be the
set of guaranteed flows and B; to be the bandwidth allocated to
each flow ¢ in G. Next, we will use fractions of the error-free
link asweights, i.e., W; = %,Vi € G. Admission control will
be responsible for ensuring that the link is not overcommitted in
boththeerror-freecase (3 ;. Wi < 1) andwhen all guaranteed
flows are error-limited (Bg,,,, = > ;eq Wi x P < 1). Next,
we aggregate al best-effort flows into one virtua flow with a
specia weight-adjustment function

App =1— ZAZ»
ieG

which ensures that the best-effort aggregate flow will consume
only whatever link time is left over after every best-effort flow
has either achieved its outcome or hasreached its crossover error
rate .

For any guaranteed flow with ; < Ef, A; = 242 soits
expected throughput
A,
Ty = —=—— x Bx (1- E;)
DA
becomes the correct value,
B,/B

Tizl_—lE’xBx(l—Ei):Bi

The best-effort flows will avoid starvationif B¢, .. < B, in
which case an error-dependent amount of transmission time will
be allocated to the best-effort aggregate flow, which will dis-
tribute it among the best-effort flows using exactly the approach
of Section I11-B.

D. Example

This scheduler can support avariety of policies. For example,
the hybrid outcome/effort scheduler described in Table 111 can
be implemented by setting the power factors of each flow to at
least 200%. In general, setting a flow’s power factor to 100%
will causeit to be scheduled in an effort-fair fashion, and raising
itspower factor will cause it to experience outcomefairness over
a wider range of error rates. In particular, it is feasible, albeit
probably undesirable, to obtain pure outcome fairness for all
best-effort flows by setting their power factorsto infinity.

E. Choosing power factors

So far we have assumed that an admission control module
can set appropriate per-flow power factors though we have not
specified how they might be chosen. One possibility would
be to adapt an existing wireline admission control module in a

straightforwardfashion. If thelink error rateisexpected to rarely
exceed acertaincritical value £°, assign every admitted reserved
flow a power factor of ﬁ and stop admitting new reserved
flowswhen they occupy 1 — E*¢ of theerror-free link rate, which
is when their worst-case air-time reguirements would consume
the entire link. Another possibility would be to assign power
factors according to flow classes. For example, flows requesting
8kb/sor 64kb/s could be categorized as voice flows and assigned
apower factor of 300%; a second throughput range, appropriate
for compressed video, could be assighed apower factor of 150%;
and a value could be chosen for all best-effort flows. Such an
admission control module would need to avoid overcommitting
the link, and would need some policy to determine how much of
the link could be assigned to each class.

F. Discussion

The proposed “power factor” scheduler model meets the re-
guirements outlined in the introduction. By setting the power
factor appropriately, administrators can control the degree to
which thefidelity of aflow will be maintained in the presence of
errors. Selection of the power factor should consider the relative
importance and demands of flows (e.g., audio is typically more
valuable than video while requiring less bandwidth), and should
also consider fairness issues across classes (e.g., reserved traffic
should not be able to starve best-effort traffic). The power factor
can also be used to control efficiency. For example, by keeping
all power factors below 200%, we can keep the efficiency over
50% (for error rates under 50%).

In this section we demonstrated how adding a per-flow power
factor setting transformsawireline WFQ scheduler intoahybrid
effort/outcome WFQ scheduler. We believe that the power factor
is also a useful abstraction for other schedulers. One exampleis
a priority scheduler. We could associate power factors with the
different priority levels to avoid high priority traffic completely
starving low priority traffic or flows suffering from location-
dependent errors consuming a disproportionate fraction of the
link capacity in a futile attempt to obtain their expectations.
Schedulers which offer more complex service characterizations
will require additional work. A deadline-based scheduler or
any scheduler attempting to meet delay or jitter guarantees will
clearly need to track outcomes for individual packets rather than
entire flows.

In the next section we will compare the ELF model to other
proposed wireless link scheduling models before proceeding to
describe and evaluate our scheduler implementation in the re-
mainder of the paper.

IV. RELATED WORK

Fair queueing in a error-prone wireless environment is ex-
amined in [7]. The WPS wireless packet scheduler extends
weighted round robin in an attempt to provide fairness, swap
time allocations between stations experiencing error bursts and
currently error-free stations, avoid scheduling bursts (so a packet
burst won't collide with an error burst), avoid polling stations
experiencing an error burst, and ensure that stations not experi-
encing errorsreceivetheir expected throughputs. WPS takesinto
account imperfect information about link state and client queue
occupancy. A recent extension of thiswork [11] adds a variety



of attractive properties, such as separate management of delay
and bandwidth and graceful trading off of bandwidth between
leading and lagging flows. Evaluation isviaasimulator using a
Markov-model error environment. The main difference between
thiswork and ELF is our belief that it is frequently appropriate
for error-free flows to yield throughput to flows experiencing
errors.

A set of formal fairness properties for evaluating wireless
versions of wired packet fair queueing algorithms is proposed
in[8]. Among these propertiesare that error-free stationsshould
not lose service to error-prone stations and that stations which
receive extra throughput due to another station’s unavailability
are not forced to pay back this excess via a long service out-
age. These properties are embodied in a proposed a gorithm,
Channel-condition Independent packet Fair Queueing (CIF-Q),
that achieves these fairness propertiesin the face of errors. Both
analytical and simulation results are presented, the latter based
on an on-off error model. ELF differs by being able to recover
from the errors of some flows at the expense of other flows.

The Server-Based Fairness Approach [12] creates one or more
virtual “server” flows that are used to compensate flows for er-
rors they have experienced in the past. The amount and timing
of compensation depend on the amount of capacity reserved for
each flow’s compensation server, therelative weight of that flow
compared to others sharing the same compensation server, and
the error rates experienced by all flows compensated by that
server. This approach is powerful due to its generality. For
example, it is possible for SBFA embedded in HFS-C to ap-
proximate ELF by constructing a tree with two top-level nodes
(reserved and best-effort, with the best-effort node allocated a
tiny fraction of the link), pairing every ELF flow with its own
compensation server flow, and assigning weights appropriately.
One difference between the resultant scheduler and ELF is that
ELF will try to meet the latency expectations of low-rate flows
experiencing errors at the expense of slightly increasing the la-
tencies of high-rate flows, even those not experiencing errors.
Also, thisSBFA construction might suffer from efficiency issues
because the compensation server flows (50% of all flows) would
frequently transition between being idle and active. The ELF
scheduler is designed to react efficiently to link errors, treating
them as the common case. We believe that the very generality
of SBFA cadlsfor a simple and intuitive fairness model such as
our power-factor approach.

Utility-fair bandwidthallocation [13] presentsaframework for
allowingflowsto specify how much damage they incur asaresult
of varying amounts of throughput reduction. The scheduler then
allocates throughput to each flow so that all flows perceive the
same subjective quality. While this approach expresses more
information about a flow’s needs than ELF does, it is unclear
how to apply it to location-dependent errors: it would appear
that if a single flow experiences a 100% error rate then all flows
will experience aquality level of zero.

We believe that an explicit model of the desired outcome of
a scheduling algorithm in the face of errors, as provided by
WPS, CIF-Q, and SBFA, isvauable. However, we believe it is
important in certain situationsto give guaranteed flows “ special
treatment” when they encounter errors, that it is often attractive
to dightly reduce overall link efficiency to obtain some amount
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of outcome fairness among best-effort flows, and that it must
meanwhile be possible to protect the link against flows with
very high error rates. ELF provides a way of coping with the
fundamental challenges posed by wireless link capacity |oss.

V. SCHEDULER ALGORITHM
A. Scheduler model

Inthissectionwewill present analgorithmfor aparticular ELF
schedul er based on weighted round-robin (WRR). Thisscheduler
will support reserved flows with absolute-rate reservations and
best-effort flows which distribute the remaining capacity via
weights. Flows in both classes will be bounded by effort limits.
We use packet weighted round-robin (WRR) instead of weighted
fair queueing, measuring throughput in packet slots. One reason
for using WRR instead of WFQ is simplicity. Also, wireless
networks are often dot-based for synchronization and power-
management purposes. Finaly, the prototype network we use
for experimentsin (Section V1) has arelatively high per-packet
cost, so charging on a per-packet instead of a per-byte basis is
actually quite reasonable.

B. Tracking Deserved Throughput, Effort, and Outcome

Protecting alink against excessive consumption by a subset of
flows is an interesting challenge. The most straightforward ap-
proach would beto measure the error rate of each flow and of the
link and then to calculate the air time each flow should get based
on the definition of the power factor (Section 111). However, this
assumes that a link scheduler can accurately measure a flow’s
error rate and the current capacity of a wireless link. These
measurements are not straightforward. For example, determin-
ing the error rate of a low-throughput flow is difficult, since
observations are infrequent; single-packet observationsmay fail
to detect long outage bursts, so increasing the flow’s share of
the link could increase that flow’s error rate. Determining the
available link capacity is even more difficult, considering the
presence of location-dependent errors. The problem hereisthat
transmitting on behalf of different flows yields different link-
capacity measurements. If asingleflow hasa50% error rate and
aweight of 50%, and isallocated enough effort to achieve its ex-
pected outcome, it will consume the entire link, so link capacity
will be 50%. If itisallocated only itsexpected 50% of thelink’s
effort, and the remainder of the link is given to error-free flows,
link capacity will be 75%. These two considerations argue for
a scheduling algorithm that achieves the desired link allocation
without relying on explicit computations of per-flow error rates
or whole-link capacity.

C. Algorithm Overview

We will explain our scheduling agorithm using the pseudo-
code in Figures 2 and 3. The code embodies several simpli-
fying assumptions. All flows have data queued at al times.
Transmission time is dlotted into fixed-size packets, though an
adaptive link layer may choose to send shorter packets to avoid
interference-related truncation. Each packet transmission fully
succeeds or fails (there are no sub-packet acknowledgements).

Admission control converts each flow’s weight into its ex-
pected inter-transmission interval (a flow expecting 50% of the
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link would transmit every two time slots). The transmission
intervals of best-effort flows apply not to actua link time but
to a virtual time that increases only when no guaranteed flow
is eligible to transmit. Within each flow group (guaranteed or
best-effort), the scheduler operates the same way: each time
a flow’s transmission interval passes, ti ck alocates it both
throughput and an appropriate amount of effort; it is then eli-
gible for transmission until it either achieves that throughput or
exhausts that effort. When multipleflows are eligible for trans-
mission, choose selects the most urgent. We will choose the
flow whose outcome is currently lagging its deserved through-
put by the greatest percentage, breaking ties by serving low-
throughput flows first.

/* per flow state kept by schedul er: */
/* inter - inter-transmssion interval, 1l/rate */
/* last - timestanp of last eligibility to send */
/* power - power factor (as percentage) */
/* deserve - anount of *outcome* flow deserves */
/* effort - amount of *effort* flow is entitled to */
/* "tick": update the deserve and effort of each flow */
tick(flowlist, now

{

foreach flow (flowlist)
if (flowlast + flowinter
shoul dserve(flow, now);

<= now)
}

shoul dserve(fl ow,

{

now)

++f | ow. deser ve;

flow effort += flow power / 100;
cap_effort (flow);

flow last = now,

}

/* "choose" next flow froma class of flows */
choose(flows, &esultflow

int bestwag = 0;
int bestinter = 0;
int bestdeserve = O;
flow bestflow = NULL;

/* best weighted lag */

foreach flow (flows) {
/* weighted |ag: deserve / rate */
int wag = flow deserve * flowinter;

/* nust have effort */
if (floweffort < 1)

conti nue;
/* nost deserving flow has highest %lag */
/* tie breakers: lowrate flows first; */
/* then flows with nore absolute |ag */

if ((Wag < bestw ag) ||
((Wag == bestwag) && (flow inter > bestinter)) ||
((Wag == bestw ag) && (flow inter == bestinter)
&% (flow deserve < bestdeserve)) {
continue; /* not the nost deserving */

/* becones the nost deserving */
bestw ag = w ag;

bestinter = flowinter;

best deserve = fl ow deserve;
bestflow = flow,

*resultflow = bestflow

Fig. 2. Pseudo-codefor core of the scheduler

The main scheduling function schedul e, is called by the
link layer when it is ready to send a packet (Figure 3). It will
first try to select an eligible guaranteed flow before moving on

/* "schedul e" picks next flow to be served */
schedul e( &sel ect edf | ow)

{
static int now dilatednow
flow flow
++now,
tick(protected-flows, now;
choose(protected-flows, &low;
if (!flow & length (unprotected-flows) > 0) {
choose(unprotected-fl ows, & low;
while (!'flow {
++di | at ednow;
tick(unprotected-flows, dilatednow);
choose(unprotected-flows, & low;
}
}
if ('flow {
/* advance schedule */
next fl ow( protected-flows, & low;
shoul dserve(fl ow, now);
*sel ectedfl ow = flow,
}

updat e(fl ow, out cone) /* call-back fromlink |ayer */

--flow effort;

if (outcone == SUCCESS) {
--fl ow. deserve;
cap_effort(flow;

}

cap_effort(flow) /* limt accumulated effort */
/* retain no nore than 4 packets’ effort */

int slack = 4;

int cap = ((flow deserve/ 100) +sl ack)*f | ow. power ;

flow effort = max(flow effort, cap);

}

/* "nextflow' picks the flow that wll
nextflow flows, &flow)
{

fire next */

flow nextflow

int nextfire = INFINTY;

foreach flow (flows)

int fire = flowlast + flowinter;

if (fire < nextfire)

nextflow = flow

nextfire = fire;
*flow = nextflow

Fig. 3. Pseudo-codefor core of the scheduler - part 2

to best-effort flows. That is, guaranteed flows are served until
each is either satisfied with its outcome or limited by expended
effort, and the best-effort flows share theleftover bandwidth. The
main scheduler decision procedure operates as follows. First it
usesti ck to inform guaranteed flows of the passage of time,
and then it asks choose whether any guaranteed flow should
currently transmit. If not, it moves on to the best-effort class,
calingt i ck 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-effort flow is
eligible, as a consequence of the fact that the best-effort virtual
flow is almost always overcommitted. If no guaranteed flow
is eligible and there are no best-effort flows, the scheduler will
dlightly advance the schedule of the next-eligible guaranteed
flow.

Atthistimethelink layer transmitsapacket for the designated



flow, employing whatever combination of packet length and er-
ror coding recently history suggests is prudent for successful
communication with that flow’s peer machine. Before the next
scheduling decision is made, the link layer will inform us of the
transmission outcome using the function updat e, which will
bill the designated flow for the effort expended and update its
achievement value appropriately. This assumes the existence of
a fast link-level acknowledgement, a feature common to many
wirelessLAN MAC protocols[10], [14], [15].

Finally, whenever we update the status of a flow (functions
ti ck andupdat e) we check whether the stored effort exceeds
a threshold using the function cap_ef f ort. Thisissothat a
flow cannot accumulate a large effort bank while its error rate
is low and seize the link for an extended period when it sud-
denly increases. We believe cap_ef f ort containsa plausible
heuristic.

D. Possible extensions

A question ignored so far is to what extent best-effort flows
should experience “fairness’ over along term. That is, if aflow
experiences errorsfor aperiod and losesthroughputasaresult, is
it entitled to regain that lost throughput later? This corresponds
tothe question of whether thereisacap oneach flow’sdeser ve
value. If this value is alowed to grow without bound, a flow
will eventually reclaim the lost throughput, at the expense of
other flows in its class, when it experiences a low-error period.
Alternatively, thisvalue could be capped or aged.

A related issue is what should happen to a flow that becomes
idle. One possible policy is that its deser ve and ef f ort
would cease to increase. Instead, we could alow an idle flow
to accumul ate both deserve and effort up to some threshold; this
would then allow the flow to burst for a short while when it
becomes active. Note that deciding whether a flow isidle may
be difficult when error rates are high.

This scheduler implementation is orthogonal to swapping in
the sense that, if there is some good predictor of when a station
isunreachable, choose can easily skip known-unreachabl e sta-
tions.

This scheduling approach could be used as the policy for an
802.11 Point Control Function (PCF). If we assume that one
station is in a position to discover the outcomes of most packet
transmissions, the LAN could operate according to the more-
efficient Distributed Control Function most of the time, and the
controlling station could then use the PCF period to alocate
extra effort to stations according to their power factors.

V1. SIMULATION

To evaluate our scheduling algorithm in a repeatable fashion
we subjectedit toasimpletrace-based simulation. The simulator
assumes all flows are continuously busy, and records throughput
allocation decisions made by the scheduler (ignoring how real
transport protocolsmight react toall ocation variations). Thelink
layer used inthe simulationis based on earlier work [5], and can
reclaim substantial capacity even in the face of challenging error
patterns. Aswediscussedin Section 1, thisislargely orthogonal
to the question of how we distribute the variable link capacity
across the flows, which is the focus of this paper.
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We will plot the error-free link-level throughput each flow
achieves, as a percentage of what it would expect in the absence
of errors, on its own independent vertical axis. Each plot will
include a “Link” pseudo-flow which represents the total link
throughput as a fraction of the error-free link throughput. Each
flow will be represented by a moving-window average through-
put, sampled at the same rate as its expected inter-transmission
interval (that is, aflow expecting 50% of the link is sampled five
times as frequently as a flow expecting 10%) and each point on
the graph is the mean of the 10 most recent samples.

We will present three smulator runs. In the first, we eval-
uate the scheduler’s performance in the motivating scenario of
Table I1. Two protected flows, audio and video, expect 1% and
44% of the link, while two unprotected flows will share the re-
mainder equally. The audio flow has a power factor of 300% in
an attempt to ensure it will survive most plausible link errors.
Thevideo flow hasapower factor of 223%, avalue chosen so that
it and the audioflow will consumethe entirelink in periodswhen
the error rate is 50% or more. The two best-effort flows each
have 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
distributed 50% packet loss rate which is independent of which
flow’s packet is being transmitted. We would like the reserved
audio and video flows to experience little or no disruptionwhile
the two best-effort flows should equally divide the remainder of
thelink. The results of thissimulator run appear in Figure 4 and
are what we would hope to observe.
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Fig. 4. Plot of astraightforward 50% loss scenario suggested by Table Il

Figure 5 displays how the same flows would fare in a more
interesting error environment. The error trace [9] includes both
packet losses and bit corruptions, varying in severity due to a
person moving through the main signal path. The sudden sharp
throughput losses leave the audio flow essentially unharmed.
Since the video flow requires much more throughput, it cannot
escape al injury, but the scheduler insures it is quickly com-
pensated. Each link throughput drop immediately affects both
best-effort flows.

Figure 6 is an example of a location-dependent error pattern:
thevideo flow and one of the best-effort flows bel ong to a station
experiencing significant errors, whilethe other two flows belong
to a station encountering none. The error pattern is a smoothly
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Fig. 5. Responseto adynamic real-world error trace.
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Fig. 6. Location-dependent error trace.

increasing frequency of packet loss, ranging from 10% to 90%,
surrounded by periods without losses. The video flow’s power
factor has been lowered to a more-realistic 140%. Asthelosses
begin, the two best-effort flows share the burden equally, though
only “FTP1" experiences actual transmission errors. Soon, how-
ever, flow “FTPL" exhaustsitsoutcome region and beginstolose
throughput relative to “FTP2." Later, link errors begin to over-
whelm the video flow’s ability to demand extralink time. From
this point on, the burden of any increase inthe error rateisborne
by these two flows. When the link no longer experiences errors,
we observe two interesting phenomena. First, the video flow
receives more than its expected share of the link so it can clear
its lag, but its power factor still limits its link time so that the
FTP flows are not starved. Second, the ill-fated “FTP1" flow
receives more throughput than “FTP2” so it can achieve long-
term fairness with “FTP2.” Again, this short-term unfairnessis
limited by its power factor.

These scenariosillustratethe main goals of our scheduler. We
have observed prioritization of reserved flows over best-effort
flows coupled with effort-limited outcome-based fairness. The
scheduler performs intuitively across a wide range of desired
flow throughputs (1% to 44% of the link) and error rates (10%
to 90%).

VII. EXPERIMENTAL PROTOTYPE

In addition to our simulator-based evaluation, we wished
to verify that our scheduler would function acceptably in a

more “real-world” environment. We inserted the ELF sched-
uler into our existing prototype wireless LAN, built from Intel

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 Con-
trol (MAC) protocol, similar in spirit to the IEEE 802.11 Point
Control Function [10]. In our experiments, one laptop operates
as a master/base station, while the others use the slave protocol.
We will report user-level throughput numbers obtained by the
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]. Aswe dis-
cussed earlier, error control islargely orthogonal to scheduling,
so we could have obtained similar experimental results by dis-
abling error control and reporting UDP throughput observed by
the receiver instead of TCP throughput observed by the sender.

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

Wewill present t cpt r ace output for four TCP streams gen-
erated by a master and two slave stations. Each dave receives
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 experiencing no
errors but then experiences 10 seconds each of 20% and 50%
packet loss rates before returning to an error-free condition.

We would expect that the reserved flows always achieve their
expected throughputs and that the best-effort flows would expe-
rience equa throughput whenever their error rates were below
30%. The traces in Figure 7 meet our expectations (the initial
upward spikein throughput displayed for each flow is an artifact
of the throughput averaging done by t cpt r ace). The slight
sag in throughput observed by the reserved flows is an artifact
of the software implementation of our MAC protocol (we are
forced to use conservative timeouts to avoid packet collisions,
so alost packet takes dightly more air time than a packet that ar-
rives). The prototypeimplementation confirmsthe more detailed
simulator results presented earlier.

VI1Il. CONCLUSION

To effectively address wireless errors which may be severe,
time-varying, and location-dependent, we propose an “effort-
limited fair” (ELF) scheduling approach which extends the
scheduler with an explicit mechanism for controlling its behav-
ior in the presence of capacity loss. An ELF scheduler strivesto
achieve the outcome that is envisioned by users (e.g., weighted
link sharing or fixed-rate reservations) while limiting the effort
spent on a flow using a per-flow parameter called the power fac-
tor, which can be used to administratively implement a variety
of fairness and efficiency policies.

We implemented an ELF WRR schedul er that supports reser-
vations and that uses the power factor to limit the per-flow ef-
fort applied to combat errors. Simulation clearly depicts ELF
scheduling in action. We aso implemented the scheduler in a
NetBSD operating system kernel, and show that it achieves ap-
propriate division of user-level TCP throughput under various
error conditions.
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Fig. 7. Tracesof reserved and best-effort TCP streams
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