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Abstract. Energy is a critical resource for battery-driven mobile and wireless de
vices. The power-saving mode (PSM) provided by the 802.11 stdislaot ad-
equate for mobile clients running streaming media applications. We progese
power-aware scheduling strategies that enhance existing traffic gheghiemes
for the purpose of minimizing the communication energy consumption bilmo
clients. Scheduling decisions are made by the local proxy and exedutedac-
cess point. We consider two cases. In the first case, the proxy is tmaivihe
power characteristics of the clients. We present an optimal scheduliegiecthat
minimizes the time that mobile clients stay in high-power modes. This scheme
achieves significant energy savings compared to using traffic shalping. In the
second case, the power profiles and the residual battery capacities aiettits
are taken into account in generating the schedule. Unlike most existirkg wer
believe these factors should be considered in the performance metrropose

a dynamic programming approach that computes the optimal transmsss$ied-

ule based on the new metric. We also present an efficient heuristic wiidbits
near-optimal performance in the simulation experiments.

1 Introduction

Battery-driven mobile/wireless devices such as PDAs arartgphones need to be de-
signed to utilize energy efficiently. As more and more mobtideices are network-aware
instead of being used in the stand-alone mode, this work @imsnimize the energy
consumption of the wireless network interface, which haolre one of the major en-
ergy consumers in mobile systems. For handheld devicesssueBAs, communication
power can be as high as 40% of the total system’s power [1].

A Wireless LAN (WLAN) card typically has three high-power nesd transmit,
receive and idle. Data transmission consumes the highedtdépower. An idle inter-
face consumes almost the same amount of power as when ieisirecdata. Further-
more, most wireless interfaces also have a low-power sleep/mode which consumes
significantly less power. For example, a typical IEEE 80B.WIL AN card consumes
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1400mwW, 950mwW and 805mW while transmitting, receiving aeéhd idle, respec-
tively. While sleeping, it consumes only 60mW [2].

Data communication for common mobile users in a WLAN is asymniaieand is
dominated by downlink traffic. Most of the time, a client ise®/ing data over the wire-
less link, say, watching online videos or browsing the wéte Tplink traffic primarily
consists of short control messages such as HTTP requesTCHACK packets.

Multimedia streaming applications over wireless netwaks gaining popularity
as wireless bandwidth increases. The IEEE 802.11b standfard a transmission rate
of 11Mbps, while the 802.11a and 802.11g can achieve up tddp4MThe bandwidth
growth enables users to listen to music, view video clips, @en watch movies on-
line on their mobile devices equipped with wireless inteefa Since these applications
usually run over a long period of time and involve a large weduof data, a substantial
amount of energy is consumed for receiving the media stremeasthe wireless link.

The current Power-Saving Mode (PSM) supported by the IEEE180standards
is not adequate for media streaming applications. Accgrttinthe specification, all
mobile clients wake up periodically and listen to the beaftames broadcast by the
Access Point (AP) at the beginning of each beacon interypidally 100ms) [3]. If the
beacon indicates data pending, then the wireless intenfarse stay at the high-power
mode and listen to the channel until all data are received.Wditing time is not spec-
ified by the standards and can be arbitrarily long. It is obsithe energy dissipation
while waiting is wasteful and should be minimized. Furthere; existing approaches
do not consider the power characteristics and the residutdry capacities of the mo-
bile clients when scheduling streaming media traffic from &P. If a client at a low
battery level is kept waiting for a long time, its battery Mié quickly depleted.

In this work, we propose power-aware traffic scheduling sedeto address the
above issues. As all traffic must go through the local prost,fin our scheme, schedul-
ing decisions are made at the proxy and delivered to the ABxecution (see Figure 1).
Instead of transmitting media frames individually, thexyrgroups consecutive frames
and sends them in a burst. More importantly, knowing the canioation bandwidth
and the workload, the proxy determines the optimal transiorisschedule that mini-
mizes the waiting times of all the clients. As the time of eicey data is fixed and
cannot be changed, the total energy consumption is mindrbganinimizing the sum
of the waiting times. In addition, the proxy may communicatth the mobile clients
and obtain useful information for scheduling such as reditattery capacity and the
idle power consumption rate of their wireless interfaceggh\Whe information, we use
a weighted energy consumption function as a new performametec, and propose an
optimal scheduling algorithm that minimizes this metric.

Although proxy/server-assisted traffic shaping has beadiest before, the energy
saving capability of traffic shaping alone is limited withi@n appropriate scheduling
algorithm. The power-aware scheduling algorithms we psepo this work enhance the
traffic shaping technique and achieve additional energingavA detailed comparison
with some existing schemes is presented in Section 5.

The rest of the paper is organized as follows. The systenitacthre and a moti-
vating example are introduced in Section 2. We present axypassisted scheduling
schemes in Section 3. In Section 4, the performance of theogeal schemes is evalu-



ated and compared with some existing schemes. Followingievef related work in
Section 5, Section 6 concludes this paper.

2 Background

2.1 System architecture
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Fig. 1. System architecture.

The WLAN environment considered is illustrated in Figure gtéfogeneous wire-
less clients are associated with an AP and access the Ihtéartbe proxy server. The
802.11b standard, which is the most prevalent setting inytsdvireless deployment,
is used between the mobile clients and the AP. The AP is tifpicannected to a proxy
server by a high-speed local area network (e.g., 100Mbp&bps Ethernet). We as-
sume the communication delay between the proxy and the A&yiggible.

Mobile clients retrieve continuous media streams from renweb servers over
the Internet. Each client plays back only one stream at a fline applications (such as
stored video and audio) are assumed to be able to tolerdtgiagely long startup delay.
However, media frames should be delivered to the clientsrdotg to the specified
frame rate to ensure smooth playback.

All the data streams go through the proxy, so the proxy seavéine application
layer can understand the semantics of the streams, ingwl#ita rate and frame rate.
The function of the proxy is two-fold. First, it receives dadackets from the Internet
and stores them in local buffers. Second, the proxy delitreespackets to the AP at
an appropriate time so they can be sent to the mobile cligatthe wireless link. As
streaming media applications usually utilize the UDP protouplink ACK messages
are generally not required.

2.2 802.11 power-saving mode

The current 802.11b standard supports a mechanism cakeBdtver-Saving Mode
(PSM) to reduce the wireless energy dissipation of mobilents. The PSM allows
a client to switch to the low-power sleep mode when it has ngang or incoming
traffic. The client needs to notify the AP that it is going tdemthe sleep mode. The
AP then buffers all the data destined to that client whenstaégeping.



All sleeping mobile clients periodically wake up and listenthe beacon broad-
cast at perioditeacon intervals. The number of beacon intervals between consecutive
wake-ups is called thisten interval. The beacon includes a Traffic Indication Map
(TIM) that informs the mobile clients of data pending. If &alt has data pending, it
sends aPower-Saving poll (PS-poll) message to the AP to indicate it is awake. The
client must then actively monitor the channel until all itg@are received. A client that
does not have data pending can switch back to the low-poeep shode immediately.
The time and energy overhead due to transition between tive acode and the sleep
mode is very short and is usually considered to be negligible

Upon receiving a PS poll message, the AP could send datatgaokaediately to
the client or reply with a short ACK message and delay datsstrassion in order to
receive PS-poll messages from the other clients. The sesthaane, calledeferred re-
sponsg, allows the AP to determine the transmission sequenceiadypOur proposed
schemes make use of this feature, where the AP carries otriatemission schedule
produced by the proxy.

3 Proxy-assisted scheduling

We propose two power-aware scheduling schemes to accontpanyaffic shaping
mechanism. The transmission schedule is computed at tlg peover. We assume the
AP can communicate with the proxy, receive the transmissatredule and send out
data packets accordingly. The AP notifies a client with thd ©hly if the data of that
clientis scheduled to be sent in the current beacon inteftéd function can be imple-
mented in the form of application level software or firmwarétie AP. Throughout this
work, we do not consider transmission errors or packetmstrassion, and assume the
time for transmitting control packets such as RTS/CTS ang&lBo be negligible.

3.1 Energy-efficient scheduling

We first consider the case where the power characterisgodiimts are not known for
scheduling. In this case, the total energy is minimized hyimizing the total time that
the clients stay in the active (receive/idle) modes.

Suppose there arestreams destined toreceiving clients, respectively. The proxy
groups consecutive data frames in each stream and sendsrtlzEesmngle burst. Each
burst contains a number of media frames that can sustaimoonts playback foi3
time units. Therefore each client only needs to receive @ata eveny3 time units. We
call B thebuffer length. Suppose the length of the beacon intervdljshenB = m L
wherem is a positive integer. We ugg (1 < ¢ < n) to denote the time required to
transmit each data burst of streanA feasible schedule is an assignment ofitHaursts
t1,to,...,t, iNnt0 m consecutive beacon intervals I, . .., I,, each of length..

The scheduling problem is formulated as follows. We fise= {s; 1,...,5;n,} tO
denote the order of transmission in the interfialwheres; ;. indicates the data stream
for the k-th transmission. The objective function is the total aetime of all the clients



and can be expressed as:
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The above problem is equivalent to scheduling independshston identical machines
to minimize the sum of their finish times (i.e., completiomés). The latter problem
can be reduced to a min-cost-flow problem and can be solveibetfily [4].

Input: n, m,t; (1 <i<n).
Output: S; (1 <35 <m).

forj=1,2,...,m
SortS; in non-decreasing order of x;

1 Sort streams in non-increasing ordetofl < : < n);
2 fori=1,2,...,n

3 j = imodm;

4 Addito S;;

5

6

Fig. 2. Algorithm for calculating optimal schedule.

We present a polynomial time algorithm to build the optinwdedule [5]. First the
streams are sorted by the transmission time in non-inergasider. Then strearis
assigned to interval; wherej = ¢ modm. Finally, in each beacon interval, streams are
transmitted in non-decreasing order of the transmissina.tirhe algorithm is formally
presented in Figure 2, and the time complexit@ig: logn).

For example, suppose = 3 and there are 6 streams whose receiving times are
10,9, 8,7, 6,5, respectively. According to the algorithm, streais allocated to inter-
val (imodm). As a result, streamgl, 4} are allocated to interval 1, strear{3,5} to
interval 2, and stream§3, 6} to interval 3. In each interval, the allocated streams are
scheduled in non-decreasing order of their receiving timbsrefore stream 4 is sched-
uled before stream 1 in interval 1, and so on. The total tintfégh-power modes of all
the clients i63.

The condition given in Theorem 1 below guarantees the s¢dgutaduced by the
above algorithm is feasible. Please refer to [5] for the pad@ptimality.

Theorem 1. Suppose ¢; (1 < ¢ < n) are sorted in non-increasing order. If the in-
equality (3°;_, t;)/m + t1 < L holds, then the schedule produced by the algorithmin
Figure 2 isfeasible, that is, Vj, >, ; ts,, < L.

Proof: We prove the theorem by contradiction.

Supposé)_" | t;)/m+t; < Lholds buij, >}, t,,, > L. Now the last stream
transmitted in interval; is s; . Obviouslytsjw < t;. As the schedule is optimal in
minimizing the sum of finish times, moving strea,,; to any other interval cannot
decrease the sum of finish times. Therefore, we have

n;—1
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Furthermore,
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which contradicts with>""" | ¢;)/m +t; < L. a

Given today’s high wireless bandwidth and that many hardldelvices support
low-data-rate media streams only, the above feasible tondisually holds. In this
case, the algorithm given in Figure 2 produces the optimhitism for our schedul-
ing problem. However, if the condition does not hold, theestiie produced may not
be feasible. Then the problem of determining whether allstineams can be feasibly
scheduled is NP-hard [6].

In the next section, we present a dynamic programming apprttaminimize the
weighted sum of finish times. The algorithm has a pseudorgoiyal time complexity.
The problem of minimizing the sum of finish times, as a spexdsk, can also be solved
using this dynamic programming approach.

3.2 Battery-aware scheduling

The mobile devices in a WLAN environment are likely to be proetli by several dif-
ferent manufacturers, and their wireless interfaces mag Hiferent power character-
istics. For example, the idle power of an OriNOCO PC Gold ¢éaRD5mW, while that
of a Cisco AIR-PCM350 card is more than 30% higher (1080mW) If2pddition to
power dissipation, the available battery capacities ofctlents may also be different.
The battery capacity is approximately proportional to thtdry size. Limited by size,
small mobile devices such as smart phones have lower baipacities compared to
PDAs or Pocket PCs.

The transmission schedule calculated in Section 3.1, barsednimizing the finish
times, may not be optimal when the power profiles of the cliané heterogeneous. Fur-
thermore, without considering the residual energy capatieé schedule may require a
client at a low battery level to wait for a long time and quickleplete its battery.

Based on the above observations, we propose to use a weegtdgsgly consumption
function as the performance metric. The idea is to minimiee waiting time of the
mobile clients with a high idle power and a low battery le\2énote the idle power
of client: as P, and the residual battery capacity @ The weightw; = P;/C; is
the proportion of the residual battery that will be consurbgdkeeping the wireless
interface idle for one time unit.

Assumen; clients receive their data in intervgl the problem is formally formu-
lated as a linear optimization problem with 0/1 variableg . (see Figure 3). The
binary variablex; ; , = 1 indicates that client is the k-th to receive data in interval
j. The first constraint specifies that the total transmisgioe in each interval cannot
exceed the length of the interval The second constraint guarantees every stream is
transmitted and only transmitted once. The last constegistires only one stream is
selected in each interval and each transmission sequetioe sthedule is generated.

Solving this optimization problem is NP-hard [4], so we eayph dynamic pro-
gramming approach. First the streams are sorted; py; in non-decreasing order.
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Fig. 3. A linear optimization formulation.

The solution procedure takesstages. At stagé the minimum weighted energy for
transmitting the data streams to clients. ., is determined. Given a schedule, let

T; ( =1,...,m) be the latest finish time of the last transmission in intejv&l/e use
E;[Ty,...,T,] to denote the minimum weighted energy for transmitting dat@ams
1,...,7 so that the finish times in the: intervals areTy, ..., T,,, respectively. The

weighted energy of the optimal schedule foclients is thereforé®,, [L, ..., L].
The energy function in the initial stage is:

0 if V4, T; =0,
oo otherwise

Ey[Th,....,Tn) = { (2)

The optimal weighted energy is obtained by iteratively catimqg E; up to E,,. The
energy function in each stagés given by:

Ei [Tl,...,Tm] = min {E,’_l [Tl,...,Tj —ti,...,Tm,]+witi}, 1 SZSTL

1<j<m
®3)
This dynamic programming solution has a pseudo-polynotimiaé complexity.
For any givenm-tuple [T1,...,T,,], the time complexity of computing the optimal

E;[Ty,...,T,,] according to equation (3) i©(m). As there are at most™ differ-
ent states for each stagethe time complexity for all stages igD(mn L™). If the
data streams are not sorted, the time complexity bec@niesn L™ + n logn). The
complexity is exponential to the number of beacon intervadsthe computation time
is prohibitive for largem. Therefore, we present an efficient heuristic below which ha
polynomial-time complexity.

We modify the optimal scheduling algorithm for minimizirtgetsum of finish times
in Section 3.1 and use it under our new performance metrie.Euristic takes three
steps to compute the transmission schedule. First, it Bwtstreams in non-increasing
order oft; /w; (1 < i < n). Then it schedules data stredrto interval j = i modm.
Finally, the algorithm sorts the streams scheduled in eatdnial in non-decreasing
order oft; /w; (1 <4 < n). The time complexity of the heuristic 8(n logn). In the
next section, we show that this heuristic exhibits neamogitperformance.



4 Performance evaluation

Two sets of experiments have been performed to evaluatehieeres proposed in Sec-
tions 3.1 and 3.2. We have built a simulator to simulate traffiaping and scheduling in
a 11Mbps wireless LAN environment. In the simulated envinent, 20 clients are si-
multaneously running streaming media applications. Thdiagtreams have constant
data rates which are uniformly distributed between 64bgk 480bps, representing
applications from music streaming to video streaming. Wettse beacon interval at
100ms. Each client wakes up periodically and listens to é&etton to see if there is
pending traffic. The idle/receiving power of the wirelesteiface is uniformly distrib-
uted between 500mwW and 1500mW with a supply voltage of 5V.

4.1 Energy minimization

In the first set of experiments, we evaluated the sum of theggransumption rates
of all the clients in the idle and receiving modes, compatheproposed scheduling
scheme in Section 3.1 with a scheme that employs traffic samily. In the latter
scheme, streams are assigned to the intervals in a rouidmaimner. The buffer length
B was varied from 100ms to 500ms (i.e., 1 to 5 beacon intervads)each buffer length,
10 experiments were conducted in which the data rates ottamns were varied. The
average of the total energy consumption rates in the 10 empets was taken and
presented in Figure 4. The x-axis denotes the buffer lefigth.y-axis specifies, under
the given traffic shaping and scheduling schemes, the ecerggumed by all the clients
in one second.
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Fig. 4. Total energy consumption rate with traffic shaping and scheduling.

A few observations can be made regarding the results. Figdtic shaping with
optimal scheduling achieves about 18% to 27% energy sacmggared to plain traffic
shaping with round-robin scheduling. Second, the energgwmption rate under both
schemes decreases as the length of stream buffering iesré&h a longer buffering
time, the clients need to wait for data reception in fewercbeantervals, which reduces



the energy consumption in the waiting mode. Third, as thé&blgngth increases, the
difference between optimal scheduling and round-robio décreases. This is because
with fewer clients receiving data in each beacon intervid,less flexible and beneficial
to change the data transmission sequence.

4.2 Battery-aware performance

In the second set of experiments, we compared the perfoenaffour algorithms in
minimizing the weighted sum of finish times. In addition tainal-robin, we imple-
mented the optimal dynamic programming approach and thedtieipresented in Sec-
tion 3.2. The optimal algorithm in Section 3.1 essentialipimizes the sum of finish
times of all the clients disregarding their power dissipatind battery capacities. This
algorithm is also evaluated under the new performance en@urie to the exponential
computation time of the dynamic programming approach, énekperiments we used
only three values of the buffer length: 100ms, 200ms, andr20@s in the previous set
of experiments, for each buffer length setting, 10 expenithi@ere conducted and the
average value was taken.

We set the maximum residual battery capacity to 5000mAh hadrtinimum to
100mAh. The battery capacities of the other clients weréoumily distributed between
these two bounds.
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Fig. 5. Normalized weighted sum of finish times with traffic shaping and scheduling.
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The simulation experiment results are presented in Figui&esset the baseline
to the weighted sum of finish times under round-robin schiedwhith a buffer length
of 100ms. All results are normalized with respect to the limsdor easy comparison.
Note that the algorithm that minimizes the sum of finish tipegformed even worse
than round-robin under the new metric. The performance ehturistic algorithm is
close to that of the optimal algorithm (less than 5% diffeedrin all cases, and is about
50% better than that of the round-robin algorithm.

After evaluating the algorithms under the system-wide netrity we took a closer
look at the energy dissipation of each individual clientphrticular, we compared the



proportion of the residual battery capacity each clienns® receiving one minute
of media stream. As shown in Figure 6, we observed that thienaptlgorithm for
minimizing finish times created very unbalanced energyigig®n among the clients:
some clients used only 0.02% while others used as much as B%iobattery capacity.
Some clients spending a large portion of their residualgynén particular clients 1,
13, 16 and 20, were found running at a low battery level andesting media streams
with a high data rate. The min-finish-time algorithm, disneting their battery infor-
mation, scheduled some of these clients to wait and receitee tdwards the end of
each beacon interval. Therefore, these clients will deplle¢ir battery power sooner
than the other clients. In contrast, our proposed heunstiduced the most balanced
schedule: all clients consumed less tlat% of their remaining battery capacities for
data reception per minute. Furthermoré% of the clients consumed betweén %
and0.3%. The variance of the energy consumption among differeentdiwas small.
The battery-aware mechanism is particularly beneficidi¢sé clients running at a low
battery level. For example, client 13 consunied’% and1.2% of its residual battery
capacity for receiving one minute of data under the minfistime and the round-robin
schemes, respectively , but it consumed only 0.4% underdatterlg-aware heuristic.

6

" Round-Robin -—x---
Min Finish time -
Heuristic —— |

Proportion of battery capacity (%)

*
B / 3 g
SNt SO N X e -
AN e NP o S SR
0 P - % o

(I S W S ==
1 2 3 45 6 7 8 9 101112 13 14 1516 17 18 19 20
Client

Fig. 6. Proportion of residual battery capacity to receive 1-minute of mediarstre

Powered with battery-awareness, our proposed scheduireee effectively min-
imizes the waiting times of clients at a low battery level,iethin turn reduces their
energy consumption and prolongs their battery life.

5 Related work

As energy conservation has become an important design isswebile computing
systems, there has been a lot of work on energy-efficient aomuations [7-10].

Much work has focused on minimizing energy consumptionrdydata transmis-
sion [7,8]. Based on the Shannon equation of channel cgpt@ttransmission rate can
be traded off for a lower transmission power. When the woklisafixed, an optimal



transmission schedule can be computed to minimize thettatmission energy [7,8].
On the other hand, when energy and time are limited, a tresséom schedule can be
built to maximize the data throughput or the value from degagmission [10].

Dynamic mode transition complements transmission powatrebby switching
the wireless interface from high-power active modes to apower mode whenever
possible. In [11], the energy consumption for accessinglapege is analyzed. Based
on information such as the expected size of the page, theonetaund trip time (RTT)
and the mode transition overhead, the mobile client carrmhéte whether the wireless
interface should be switched off before the requested mageived. Krashinsky and
Balakrishnan [9] have investigated the interaction betwB€P and the IEEE 802.11
power-saving mechanism. They suggest that the mobileta@es not need to listen to
every beacon. Instead, the client can elect to wake up aghptiased on traffic density.
On the other hand, a rendezvous policy [12] requires theypbogadcasts a transmis-
sion schedule while the clients turn on their wireless fategs at the scheduled times.
Utilizing an additional low-power transceiver at the cliés studied in [2]. The low-
power transceiver is always monitoring the channel. If @efiees a control message
indicating data pending, it wakes up the main transceivetdd receiving data.These
schemes do not utilize traffic shaping technique at the paoxyrequire modification to
the clients so they can understand the traffic charactesiatid switch modes accord-
ingly. Our approach, instead, utilizes the PSM mechanistheofEEE 802.11 standard,
which is usually already built into the system software & dhents.

Traffic shaping increases data burstiness and reducesrteéniervals the wireless
interface must stay at the high-power transmit/receiveendti3, 14]. Chandra [13] has
studied the energy savings of server-side traffic shapindifferent streaming media
formats. For client-server style multimedia applicaticasontrol channel can be estab-
lished to facilitate power management [14]. The clientinfe the server of its expected
service rate and instantaneous buffer occupancy. Therdbem adjusts the amount of
data to be delivered in each burst. However, as the serveumlly located at a distant
site over the Internet, energy savings may be adverselgtaffedue to obsolete client
information and distorted data bursts. Note that none odblzve schemes make use of
any optimized scheduling algorithm in delivering data.

Our approach combines traffic shaping and power-aware atthgdo further re-
duce the energy consumption. Moreover, as the scheme ignnepited at the local
proxy, the delay in message exchange is low and traffic digtois minimal.

6 Conclusion

In this work we aim to minimize the energy dissipation of mietsystems running

online streaming media applications in a WLAN environmené Neve analyzed the
energy consumption of the wireless interface for receivireglia streams over a wire-
less link. Note that a mobile client may be kept waiting whitthsuming energy for
some time before it actually starts data reception. We shaw the current power-
saving mode (PSM) provided by the 802.11 standard is ingiffi@nd point out traffic

shaping alone does not give the best result for reducing aorzation energy.



We propose two power-aware scheduling schemes to enhaffoeshaping for ad-
ditional energy savings. The algorithms build a transmissichedule at the local proxy
server which informs the AP of the schedule that the strediosld be delivered. The
mobile clients simply follow the PSM specified by the 802.fdinslards and do not need
to be aware of the traffic scheduling scheme at the proxy. Thesttheme we propose
optimally minimizes the sum of finish times of all the clientsining stream media ap-
plications in the WLAN. It does not require client side infation and has been shown
to be effective in energy minimization through simulatioqperiments. In the second
scheme we take idle powers and residual battery capaaitiesonsideration. We use
the weighted sum of finish times as the performance metriis fils the effect of fa-
voring the clients that are low in battery power and who idd&er consumption rate is
high. The optimal dynamic programming scheme we propos@sasgdo-polynomial
time complexity. We also present an efficient heuristic. @ation results have shown
that the heuristic achieves near-optimal performance arable to attain significant
improvement over using traffic shaping alone.
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