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ABSTRACT

Mobile computers consume significant amounts of energy when receiving
streamed multimedia data. The wireless network interface card (WNIC) consumes a
large portion of this energy. One way to reduce the energy consumed is to transmit
the packets to clients in a predictable fashion. Specifically, the packets can be sent in
bursts to clients, who can then switch to a lower power sleep state between bursts.
This technique is especially effective when the bandwidth of a multimedia stream is
small.

This paper investigates techniques for saving energy in a multiple-client scenario,
where clients may be either (1) viewing streaming multimedia or (2) receiving back-
ground (e.g., web) data. Given the real-time requirements of multimedia traffic, we
differentiate network traffic into two types: multimedia and background. We then
generate different global schedules for multimedia packets and background packets.
Several difficulties arise with multiple clients, including delays, droughts and band-
width limitations. Despite this, multimedia clients using our schedule save significant
energy with few missed packets, while general clients achieve reasonable end-to-end
latency. For example, our schedule saves over 90% of the energy for ten multimedia
clients viewing 56kbps video streams. With an additional 220kbps of web traffic,
end-to-end latency averages 32 ms, while multimedia clients save 86.9%.

INDEX WORDS: multimedia, scheduling, energy, power-aware, wireless
networking
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CHAPTER 1

INTRODUCTION

One significant source of consumed energy on mobile computers is the wireless net-
work interface card (WNIC); in fact, it is often the single largest power drain in a
mobile client. This is especially true in streaming multimedia applications; packets
arrive at a frequent and steady rate, requiring the WNIC to remain in ¢dle or receive
mode, both of which use significant amounts of power.

Fortunately, by buffering packets for a client and sending them to the client in
bursts at regular intervals, the client can keep its WNIC in sleep state for much of
the duration of the stream; this state consumes an order of magnitude less power.
This is especially effective when the bandwidth of the stream is low, in which case
a large fraction of the overall energy can be saved.

We have designed a scheduling policy that bursts packets to clients and imple-

mented it in a proxy. Specifically, our proxy:

e allows any number of clients to save energy by receiving data in bursts from a

wireless access point,
e allows both multimedia and general clients to participate,

o cffectively uses delay compensation algorithms to deal with wireless access

point routing delays, and

e handles droughts, where no data is sent to a client for a period of time.
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Our results show that a single 56kbps multimedia client that is connected to the
proxy can use as little as 8.7% of the energy of a client that keeps its WNIC in
high-power mode exclusively (a naive client). When ten 56kbps multimedia clients
are connected to the proxy, they use an average of 6.9% with little or no packet loss.
When an average of 220kbps of background (e.g., web) traffic is transmitted by the
proxy as well, multimedia clients use an average of 13.1% while general clients use
8.4%, with an average of 32 ms end-to-end latency for their data.

Overall, we found that significant energy can be saved for several low bitrate
streams up to the bandwidth of the wireless network. Moreover, this can be done
with little effect on end-to-end latency of general clients downloading background
data. For higher bitrate streams, effective energy saving is still possible, but becomes
more difficult when general streams are added.

The rest of the paper is organized as follows. Chapter 2 discusses related work.
Chapter 3 describes the design and implementation of our scheduling policy in a
proxy, as well as the implementation of a simulator used for determining energy
savings. Chapter 4 describes our experiments and discusses the results. Chapter 5

summarizes and discusses future directions for this research.



CHAPTER 2

RELATED WORK

In the last decade, there has been significant research in power-aware computing;
most aspects of an operating system have been studied from the perspective of
power. For example, scheduling has been investigated [21, 10]; the basic idea is to
use fine-grain control of the clock speed to give the appearance of full computational
power at peak times, but less computational power at other times; this saves battery
power. Also, disk spindown can be used to save energy [12, 7, 22, 1, 16]; in general,
algorithms attempt to determine when there is a large time period in which there are
no disk requests. In some architectures, memory banks can be powered down [6, 15].
In addition, energy can be saved by allowing the battery to recover [4]. Finally,
routing can be performed in a power-aware manner [18, 5, 13].

Recent work has advocated managing energy explicitly as a resource in the oper-
ating system [23, 20, 8]. Another approach is to have the OS cooperate with applica-
tions to save energy [9]. Kravets investigated power-aware mechanisms for end-to-end
communication in wireless networks [14].

Other related approaches are to use the energy saving mechanisms defined by
802.11b or the new 802.11e with Whitecap technology [17]. The former is not a good
match for multimedia [2], and the latter is still upcoming.

Previous work in bursting data to clients is detailed in [2, 3], which provides
energy savings for a single multimedia client for Quicktime, Real, and MS Media.

While the system effectively saves energy for a single client, the scheduling policy
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developed in that work caused high rates of collision and packet loss for multiple
clients. Our work redesigns the algorithm for multiple clients while also improving the
single-client case by handling droughts. In addition, our algorithm supports situations

in which both multiple multimedia clients and general clients execute concurrently.



CHAPTER 3

IMPLEMENTATION

This chapter describes our implementation. Section 3.1 gives an overview, and Sec-
tion 3.2 describes our scheduling policy and its implementation. Section 3.3 describes
delay compensation algorithms used on clients to adjust to routing delays in the
wireless access point. Section 3.4 describes the conditions that can cause a client to
receive no data during a burst interval, and how the proxy responds to this situa-
tion. Section 3.5 describes how we compare different delay compensation algorithms

using a simulator.

3.1 OVERVIEW

Our implementation is within a proxy that is interposed between servers and clients.
It buffers incoming data, and at regular intervals transmits it in a burst to the
appropriate client. There are two classes of clients that connect to the proxy in
our experiments: multimedia clients, which are mobile computers that request and
receive exactly one multimedia stream from the proxy, and general clients, which are
mobile computers that do some other type of communication with the proxy, but do
not request a multimedia stream.

We collect a trace of the wireless-side activity using a packet sniffer running on
a mobile computer known as the monitoring station; this trace is read post-mortem
in order to determine energy used per client. We assume that a wireless network

interface card (WNIC) can be in sleep, idle, receive, or transmit mode. Sleep mode

5
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uses a very small amount of power, and during this time no data can be received
or transmitted. The remaining modes use a relatively large amount of power, with
receive and transmit modes somewhat larger than that used by idle mode [19, 11].
We therefore refer to sleep mode as low-power mode and all other modes as high-
power mode for the remainder of the paper. A client saves energy by transitioning
its WNIC between high- and low-power modes according to our scheduling policy,

which is described next.

3.2 SCHEDULING PoLicy

This section will describe the design and implementation of our energy-conserving
scheduling policy. We use a proxy placed between the server and the wireless access
point to carry out this policy. Section 3.2.1 discusses the design of our policy, and

Section 3.2.2 details our implementation of the policy.

3.2.1 DESIGN

The proxy’s primary purpose is to transform regular multimedia streams into bursted
streams, scheduling bursts so that each multimedia client is given equal bandwidth.
The proxy also schedules background traffic so that it is not forwarded during any
multimedia client’s burst.

We define a rendezvous point (RP) as a moment in time at which the proxy agrees
to begin sending data to a client. The scheduling policy (see Figure 3.1) creates a
series of alternating multimedia and general rendezvous points. Each multimedia
client is assigned exactly one multimedia RP. The proxy buffers all UDP multimedia
data for a given multimedia client in that client’s packet queue until the client’s RP
arrives; at that point the proxy transmits all of the data in the packet queue to the

client in a burst, marking the last packet so the client knows when to transition
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Figure 3.1: Example scheduling policy allowing three multimedia clients.

its WNIC to low-power mode. The multimedia clients are served in a round-robin
fashion: each multimedia RP is assigned to a different client, and the amount of time
between RPs for a given client (referred to as the burst interval) is the same for each
client (see Figure 3.1). For example, in Figure 3.1, RP is assigned to multimedia
client 2 and arrives every 300 ms. The time between a multimedia RP and the
following general RP is referred to as a multimedia slot.

The proxy buffers all incoming background data (including TCP communication
to or from multimedia clients) in a single general queue until a general RP arrives,
at which point it transmits all of the data contained in the general queue in a burst.
The time between a general RP and the following multimedia RP is referred to as
a general slot. If at any time during the general slot additional background data
arrives, it will be sent out immediately by the proxy.

The proxy’s burst interval, the size of a multimedia slot, the size of a general
slot, and the maximum number of multimedia clients are set upon initialization of
the proxy and are static. These four variables precisely define a scheduling policy for
the proxy. For example, in Figure 3.1, the burst interval is 300 ms, the multimedia
slot size is 80 ms, the general slot size is 20 ms, and there can be a maximum of
three multimedia clients. The benefit of this policy is that WNICs on general clients

need only be in high-power mode during general slots. A multimedia client also must



8
keep its WNIC in high-power mode during general slots in case TCP data is sent,
in addition to the time it is receiving its multimedia burst. This consumes more
energy than buffering TCP data in the packet queue, as the WNIC would then be
in low-power state during general slots; Section 5 discusses this further.

The schedule guarantees that the proxy will begin streaming multimedia data
to a multimedia client when the client’s RP arrives (the thick lines in Figure 3.1).
However, in the event that a particular multimedia burst is too large to fit in the
multimedia slot (possible because the bit rate is variable), the proxy may continue
transmitting the multimedia burst up to the next multimedia RP. This delays the
transmission of background data, possibly preventing any from being transmitted
during that general slot. This reduces the chance of multimedia jitter but can increase
background data latency. Note that if the multimedia burst is finished before the
end of the multimedia slot, the schedule may not send background data before the
general RP arrives; this would cause most clients to miss these packets (their WNICs
would be in sleep mode). This means that bandwidth is wasted due to the proxy
sitting idle after each multimedia burst until the next general RP. We are currently
investigating allowing the size of slots to adapt dynamically to the amount of data

being transmitted (see Section 5).

3.2.2 IMPLEMENTATION

We use a multithreaded producer-consumer model for the low-level proxy imple-
mentation. The code is divided into two threads: input (the producer) and output
(the consumer). The two threads run in a round-robin fashion, using semaphores for
passing control.

The output thread is responsible for transmitting all buffered data. When a
multimedia RP arrives, it transmits all of that multimedia client’s data from that

client’s packet queue, marking the last packet in the type-of-service field in the IP
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header. This indicates that the burst is finished and the client may transition its
WNIC to low-power mode. The output thread then allows the input thread to run
until the next general RP. When that arrives, the output thread reacquires control
from the input thread, transmits all packets buffered in the general queue !, then
gives temporary control to the input thread. If at any time before the end of the
general slot more background data arrives, the input thread allows the the output
thread to reacquire control and send this data, at which point the output thread
again releases control. At the end of the general slot, the output thread reacquires
control and begins transmitting the data for the next multimedia client. Note that
if the entire general slot is spent sending background data, the input thread is not
allowed to run, and some background data may remain unsent until the next general
RP.

The input thread runs whenever the output thread has idle time between bursts.
It simply listens for incoming data on all open sockets, placing the data into the
appropriate queue for later transmission by the output thread. It also parses new
connections to determine if they are multimedia or general requests. Because the
input thread is the producer, it cannot be starved by the output thread due to high-
bandwidth traffic: the output thread may at times have so much data to send that
it does not release control, but will eventually consume all the available data and
allow the input thread to run.

In order to guarantee that the input thread releases control before the next RP,
the output thread sets a timer and then blocks using its semaphore. The input thread

checks the timer after each small section of code so that when the output thread

IBefore sending each packet, the output thread verifies that the send will not block, to
prevent the proxy from missing hard rendezvous points. If the send would block, the output
thread gives control to the input thread for a short time (less than the time remaining in
the general slot), then checks again to see if a send would block. It repeats this process
until it is able to send the remaining data in the queue or until the general slot ends.
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needs to run, the input thread will release control. The output thread sets the timer
one millisecond earlier to ensure that it will be running before the RP; it then spins
calling gettimeofday () until the next RP arrives. This solution allows the output
thread to transmit bursts on time with better than millisecond accuracy. Previous
work [2] has used the nanosleep() system call to sleep until the RP; however,
nanosleep() is reported to sleep at least 10 ms longer than requested, which causes
the proxy to send its bursts late at each RP. Our solution therefore results in better

power savings than the call to nanosleep().

3.3 DELAY COMPENSATION ALGORITHMS

A client’s WNIC must be transitioned to high-power mode to receive bursts of data.
If this is done early, some energy will be wasted while waiting for the burst to arrive;
if it is done late, packets will be missed. This would not be an issue if every burst
arrived according to the bursting schedule. However, while the proxy usually adheres
to the bursting schedule with better than millisecond accuracy, delay may at times
be observed by the client. Because data is routed through at least one network node
(the wireless access point), the exact travel delay for each packet cannot be known
with certainty. Furthermore, the receipt of a packet at the proxy causes an interrupt
which is immediately handled by the operating system; large spikes in incoming
data can starve the proxy application for a second or more. For these reasons, we
use a delay compensation algorithm on the client to determine when to transition
the WNIC out of low-power mode.

We divide these algorithms into two broad classes: non-adaptive and adaptive
(see Figure 2). Non-adaptive algorithms leave the WNIC in high-power mode long
enough to estimate an initial transition point; they then set each transition point

one burst interval after the previous transition point. They may use the arrival time
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of the first burst as the original transition point, or may shift the transition times
earlier by any fixed amount less than one burst interval. Figure 2 shows a non-
adaptive algorithm that has shifted the transition point more than half of a burst
interval early. It does not adjust to transitioning the WNIC early nor to missing
packets.

It is our experience that non-adaptive algorithms often produce poor energy
savings and large packet loss. If the algorithm makes a poor initial estimate, it will
either often spend too much time waiting for a burst or may often miss packets
from a burst. For this reason, we examined the benefits of using an adaptive delay
compensation algorithm.

The intuition behind adaptive algorithms is as follows. If a burst arrives earlier
or later than expected, it is most likely a change in access point delay between the
proxy and the client. Most likely, several subsequent bursts will arrive according to
the same schedule. Adaptive algorithms therefore set each transition point a fixed
amount after the arrival time of the previous burst, so that they may immediately
adjust to these changes. If the algorithms transitions in the middle of a burst, it
will estimate the arrival time of the first packet based on the average amount of
time between packets in the burst?. In order to reduce missed packets, the amount
is slightly less than a burst interval; we refer to the difference as the early transition

amount (see Section 4.2). Figure 3.2 shows both classes of algorithms pictorially.

2 Adaptive delay compensation algorithms rely on accurate knowledge of packet arrival
times in order to make an accurate estimate about the next burst arrival. On a slow
client machine, several packets could queue in the operating system buffers before being
read by the delay compensation software, resulting in several packets appearing to arrive
simultaneously. This would have the greatest impact on calculating a new estimate after
missing packets, as the remaining packets in the burst do not give any information about
the average time between packets. A slow client machine such as a PDA might have
to make coarser adjustments in the event that it misses packets, such as estimating an
entire multimedia slot early for the following burst, rather than computing a more precise
estimate.
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Figure 3.2: Delay compensation algorithms compensating for irregular burst arrival
times due to network delays. Non-adaptive algorithms choose a fixed transition point,
whereas adaptive algorithms dynamically adapt to network delays.

As the delay compensation algorithms discussed rely on the fact that the client is
receiving a burst of video data, a slight modification to the algorithms are necessary
when run by general clients. For our experiments, the general clients simply listened
for any multimedia client’s burst and used that to choose an original transition point
and, for adaptive algorithms, to make regular adjustments as necessary. However, in
actual use, it could be the case that a general client was the only client using the
proxy. The proxy could instead mark the initial packet of background data bursts
in the same way as it marks the final packet of multimedia bursts (discussed in
Section 3.2.2), and general clients could use this information to align themselves
to background data burst arrivals. We feel that the performance of that algorithm
would be similar enough to the current solution that it is not necessary to implement

it for our experiments.
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3.4 DROUGHT

A multimedia client relies on the marked packet at the end of a multimedia burst to
know when to transition its WNIC to low-power mode. If that packet is not present,
the client keeps its WNIC in high-power mode for an entire burst interval until the
next marked packet for that client arrives. This occurs if there is no data in the
client’s packet queue when its multimedia RP arrives; we refer to this as a drought.

There are two situations in which a multimedia client may experience several
droughts during a session. First, low-bitrate clients with small burst intervals will
experience regular droughts throughout the session. This situation occurs because
there are very few packets per second in low-bitrate streams, so very short burst
intervals such as 50 ms result in a single packet received per several burst inter-
vals. The second situation occurs when the bandwidth use of all clients approaches
the maximum for the wireless medium. A client experiencing heavy packet loss due
to collisions notifies the server, which seems to respond by changing the client’s
stream bandwidth. However, the results are unexpected: the client experiences sev-
eral periods during which it receives no data (which is an extended drought), followed
by short periods of full- to near-full bandwidth data reception. The reason for these
extended droughts, which can vary from one to tens of seconds, is unknown.

A simple but effective solution to the drought problem that prevents the client
from keeping its WNIC in high-power mode for an entire interval is to send an
empty marked packet to the client in the event of a drought, indicating that no data
will be arriving during this multimedia slot (this has very small overhead.) In an
actual implementation, a daemon controlling the WNIC would intercept this packet
and transition the WNIC to sleep mode, then discard the packet; however, we did

not implement a daemon for our experiments®. Because sending an empty packet

3We chose not to implement a daemon in order to keep the experiments simple; however,
this daemon would consume a small additional amount of energy. In actual implementation,
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Figure 3.3: Comparison of energy usage for an adaptive delay compensation algo-
rithm in ten client experiments before and after inserting empty packets into the
trace. The bar represents the average energy usage for the ten clients; the superim-
posed line represents the minimum and maximum energy usage.

without a daemon to intercept it caused RealOne to crash, we instead explicitly
inserted these packets post-mortem before simulation.

Note that we have designed our proxy so that non-participating clients (those
who are unaware of the power-saving capabilities available) can still use the wireless
access point to communicate. If the proxy sent empty packets to every multimedia
client, these naive clients would crash. Therefore, in an actual implementation, the
daemon on the client would need to notify the proxy of its existence before the proxy
could send empty packets to the client.

The comparison of energy usage for an adaptive delay compensation algorithm
before and after empty packet insertion is shown in Figure 3.3. Each pair of bars
represents an experiment with 10 clients; the first is an example of a low bitrate

stream and a small interval (50 ms), and the second experiment is an example where

this daemon could also act as a “deburster” for the client software, transforming the bursts
of data back into a stream before forwarding it to the client software. This would allow the
software to have a small buffer as usual, removing a step in configuring a client computer
to use our energy-saving software.
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the maximum bandwidth for the network (about 4 Mbps) was reached. The effects
of drought can be significant, costing significant energy across all clients (in the low
bitrate case) or unfairly affecting a few clients (in the high bitrate case, shown by
the large error bars). The third pair of bars shows that drought does not occur with
a low bitrate stream and a large interval, because at least one packet is sent per

burst interval.

3.5 SIMULATOR

As mentioned earlier, a packet sniffer on a monitoring station generates a trace of all
incoming and outgoing packets on the wireless side of the access point. The simulator
reads this trace post-mortem, calculating how much time a client’s WNIC has spent
in high- and low-power mode and how many bytes its WNIC has transmitted or
received. The simulator then reports packet loss for each client, as well as how much
energy the client would use by transitioning its WNIC between modes according to
a given delay compensation algorithm. This is compared to the naive client, which
keeps its WNIC in high-power mode.

For calculating how much energy a client uses, we assume that the energy and
time required to transition the WNIC from sleep to idle mode and vice versa is 0.
We also assume that the power cost to have the WNIC in sleep mode is 0. The basic

energy usage formula is therefore
Tx P+ B x By,

where T is the number of seconds spent with the WNIC in a high-power mode
(including idle, receive, and transmit); P; is the energy cost per second spent in
idle mode; B is the total number of bytes transmitted or received; and P, is the
energy cost per byte. P, is determined by subtracting the energy cost for idling

from the energy cost for receiving, then dividing by the average throughput of the



16
wireless network (which separate experiments show to be approximately 4 Mbps).
For example, a 2.4GHz WaveLan DSSS card uses 1319 mJ/s when idle and 1425
mJ /s when receiving [19, 11]. Receiving 4Mb would take at least one second, using
106 mJ above idle costs; so receiving one byte would use 212 picojoules above idle

costs.



CHAPTER 4

PERFORMANCE

This chapter describes our experiments and presents our results. Section 4.1 describes
the experimental setup; Section 4.2 shows the results of experiments using a single
multimedia client. Section 4.3 examines experiments using ten multimedia clients,

and Section 4.4 adds background traffic.

4.1 EXPERIMENTAL SETUP

See Figure 4.1 for a graphic representation of the experimental setup. In each experi-
ment, multimedia clients requested a video from the proxy in Real format. The basic
results of the work with Real should in general apply to Quicktime and MS Media;
while there are some differences, they do not affect the general principles of saving
energy nor end-to-end latency. This was the case in our prior work [2].

Each of our experiments compared clients using our algorithms to a naive client
that leaves its wireless network interface card (WNIC) in high-power mode for the
duration of the video. HT'TP requests comprised all of the background traffic. The
monitoring station, mobile web client, and mobile multimedia clients were various
laptops using 11Mbps Orinoco PCMCIA WNICs. The monitoring station ran tcp-
dump (version 3.6.3, using libpcap 0.6) to capture data about each packet on the
wireless network. The mobile web client made web requests to an Apache web server
on a Dell dual processor (Xeon 933MHz) server with 1.5 GB of memory, running

FreeBSD 4.5-STABLE. We ran RealServer 8.01 on a Dell 330 equipped with a

17
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Figure 4.1: Experimental setup.

1.5GHz Pentium 4 processor with 512 MB RDRAM, running Microsoft Windows
2000 Server SP2. The multimedia server, web server, and access point were connected
over 100Mbps Fast Ethernet. Each client laptop ran RealOne 2.0; six ran Windows
2000 Professional, three ran Windows 98, and one ran Windows ME. The multimedia
clients requested a two minute trailer for the movie The Wall, encoded by Adobe
Premier 6.0 at 56kbps, 128kbps, 256kbps, or 512kbps. Because the encoder could
not perfectly match the requested bitrates, the effective bitrates of these streams are
34kbps, 80kbps, 225kbps, and 450kbps respectively. As these streams are represen-
tative of multimedia streams that might be encountered in actual use, we will refer

to the streams by their nominal rather than effective bitrates.

4.2 SINGLE MULTIMEDIA CLIENT

As a baseline, we first ran experiments to determine how well our proxy performs

when serving a single multimedia client, as was done in [2]. For each bitrate we
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performed an experiment using burst intervals of 50, 100, 200, 500, and 1000ms. The
multimedia slot size was equal to the burst interval for each experiment, and the
general slot size was zero, which transmits one packet per general slot. We then ran
three variations of adaptive algorithms and five variations of non-adaptive algorithms
on the trace. For each experiment, we report packet loss as well as percentage of
energy used by each algorithm compared to the energy used by a naive client. An
energy usage of 100% for an algorithm indicates that no energy was saved.

The three adaptive algorithms had different early transition amounts (as
described in Section 3.3): 10 ms, 20 ms, and .01B + 5 ms, where B is the burst
interval for the experiment. The third algorithm was developed empirically; the
intuition is that for small burst intervals, the 5 ms will be the dominant factor,
while for large burst intervals, the 1% of the burst interval will be the dominant
factor. We found the third algorithm to be the most effective in all cases we tested.
Hence, we present only the .01B + 5 ms algorithm in the rest of the paper and refer
to it simply as the adaptive algorithm.

The five non-adaptive algorithms have shifts from -40% to 0% of a burst interval
in 10% increments and represent the best possible non-adaptive algorithms (shifts
from -50% to -90% always performed poorly). We refer to these five algorithms as
the 0% through 40% non-adaptive algorithms.

The results of the experiments are in Figure 4.2. We present the energy usage
for three algorithms: the adaptive algorithm and the best and worst non-adaptive
algorithms. There is in general no heuristic to determine a prior: which non-adaptive
algorithm will perform the best; arbitrarily choosing a non-adaptive algorithm falls
within this range.

The figure shows that the adaptive algorithm performs nearly as well as the best
non-adaptive algorithm in all experiments. While it usually uses 1-5% more energy

than the best non-adaptive algorithm, recall that the best non-adaptive algorithm
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Figure 4.2: Energy used in single-client experiments. The 56kbps 50 ms and 100 ms
experiments and the 128kbps 50 ms experiment falsely report a high level of energy
usage; see the text of Section 4.2.
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to use on a client in general cannot be known except by post-mortem analysis.
The exception is in the low bitrate streams and small burst interval experiments
(e.g., 50 ms); this is because our simulation requires at least two clients to execute
our drought-handling algorithm correctly. The figure therefore reports falsely high
energy usage for low-bitrate clients with short burst intervals. This is an artifact
of our simulation and would not occur in actual use. Packet loss for the adaptive
algorithm was never greater than 1.2% and averaged 0.2%; for the non-adaptive
algorithm, it was as large as 33.6% and averaged 3.8%.

The optimal energy usage for a given stream can be determined by dividing the
effective bandwidth of the stream by the effective bandwidth of the network. For
example, the 512kbps stream had an effective bandwidth of 450kbps, so the optimal
energy usage would be approximately 450kbps/4Mbps, or 11% of the energy used
by a naive client. There are several reasons that an algorithm produces suboptimal
energy usage. One is that RealOne clients must set up their streams before tran-
sitioning their WNICs to low-power mode, alternately transmitting and receiving
about twenty RTSP packets via TCP to do so. In single-client experiments with
large burst intervals, this handshake can represent a significant amount of the time
spent with the WNIC in high-power mode. For example, the best non-adaptive algo-
rithm for the 512kbps stream in the 500 ms experiment used 18.6% of the energy
that the naive client used; however, 5.8 of the 17.3 seconds spent with the WNIC
in high-power mode were spent executing the handshake. Excluding this, the client
only used 12.6% of the energy that the naive client used, which is much closer to
the optimum energy usage. For the 56kbps client in the 500 ms experiment, the
best non-adaptive algorithm used 12% of the energy, but only 1.3% excluding the
handshake, which is much closer to the optimal energy usage of .85%. As the movie

length increases, this handshake energy cost is amortized.
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Another cause of suboptimal energy usage is when an algorithm transitions the
WNIC to high-power mode too early, wasting energy until the burst arrives. This is
often the case with non-adaptive algorithms, which can potentially spend nearly the
entire burst interval with the WNIC in high-power mode. Occasionally, it also occurs
with adaptive algorithms. For example, with a 50 ms burst interval, the adaptive
algorithm (which transitions early by 1% of the burst interval + 5 ms) transitions the
WNIC to high-power mode 5.5 ms early 20 times per second, or 110 ms per second
(an 11% energy usage). With a 1000 ms burst interval, however, it transitions the
WNIC 15 ms early once per second (only a 1.5% energy usage). Note, however, that
the experiments with larger burst intervals do not necessarily report better energy
savings, because they have longer handshake times.

Previous work [2] implemented a scheduling policy that was able to support a
single multimedia client successfully. We have improved upon this scheduling policy
in several ways and ran single-client experiments similar to those in [2] for compar-
ison'. We present power usage as the amount of power required to receive the video
data (in mJ/kB): [2] used this metric to normalize against (incorrect) stream fidelity
lowering caused by their schedule. Our schedule never caused incorrect adaptation,
but we list our results in millijoules per kilobyte to allow comparison. We cannot
compare packet loss, as it is not reported in [2]; the percentage of packets missed by
our adaptive algorithm was never greater than 1.2% and averaged .2%.

We find that our schedule and adaptive algorithm usually used between one
fourth and one third of the power reported in [2]?. For example, our 128kbps exper-
iment with a 100 ms burst interval used 11 mJ/kB, compared to 32 mJ/kB in [2];

our 56kbps experiment with a 200 ms burst interval used 20 mJ/kB, compared to

IThe previous work used the same video clips and burst intervals, with a general slot
size of 0.

2The full range of power usage, excluding the three experiments which failed to insert
empty marked packets, was between 20% and 41% of the power usage in [2].
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62 mJ/kB; our 512kbps experiment with a 50 ms burst interval used 4 mJ/kB,
compared to 18 mJ/kB.

The higher energy cost to download data using the scheduling policy in [2] is
partially due to the use of the nanosleep() system call, as discussed in Section 3.2.2.
nanosleep() was used in the proxy to block the output thread between bursts;
however, [2] reported that nanosleep() tends to return at least 10 milliseconds
later than requested, so the proxy was late in sending the burst to the client, who
in turn awoke unnecessarily early. Our experiments show that our solution (using
semaphores and a timer) works well, eliminating both the wasted power and the
missed packets. Our proxy also responded correctly to droughts, reducing wasted
power for low bitrate streams, while the proxy in [2] may not. These problems
combined with other choices in the design of the scheduling policy made the policy
in [2] unsuitable for supporting multiple clients, so we do not compare our multiple-

client experiments with this scheduling policy.

4.3 MuLTIPLE MULTIMEDIA CLIENTS

The next set of experiments examined how our scheduling policy supported multiple
multimedia clients. We ran ten multimedia streams per experiment, with all clients
requesting the same bitrate. The streams were unicast to the clients, so that the total
bandwidth used was roughly equal to ten times the bitrate of the stream. We ran an
experiment for each combination of burst interval and bitrate as in Section 4.2. The
requests were spaced roughly one second apart in order to spread the multimedia
traffic; transmitting identical multimedia streams simultaneously could cause large
spikes of activity during high bitrate sections of the video.

Figure 4.3 shows the average, minimum, and maximum energy usage for each

experiment (represented by the bar and error lines, respectively). If the proxy cor-
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Figure 4.3: Ten multimedia clients with no background traffic. Average, minimum,
and maximum energy usage for the ten clients are represented by the bar and error

lines respectively.
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rectly sends bursts according to the schedule, then each client should be able to
receive its video independent of the rest of the traffic on the network. We found
that the proxy can in fact schedule all clients successfully. Excluding experiments in
which the aggregate transmitted bandwidth exceeded the maximum for the wireless
network, energy savings versus single-client experiments was unaffected by having
multiple clients share the network®. For example, in the 256kbps experiment using
a 50 ms burst interval, the average energy usage by the adaptive algorithm was
23.4%, which is similar to the single-client usage of 22%. As in the single-client case,
the non-adaptive algorithms are inferior. Choosing the best non-adaptive algorithm
is more difficult, because each client itself may need to shift a different amount;
this results in large variation between the minimum and maximum energy used per
client. Packet loss for the adaptive algorithm averaged 1.7%, with a maximum of
6.2%; the loss for the best non-adaptive algorithm averaged 1.5%, but the max-
imum was 31.1%. Handshake time was shorter than in the single-client experiments
because ten background packets could be sent per burst interval.

The 512kbps experiments exceeded the maximum effective bandwidth for the
wireless medium. As a result, some clients requested adaptation from the server to a
lower stream quality. As discussed in Section 3.4, these clients then received unpre-
dictable amounts of data at unpredictable times and experienced large droughts.
However, our algorithm handles drought effectively (see Figure 3.3).

Figure 4.3 shows that the adaptive algorithm in 512kbps experiments usually
has a larger difference between the maximum and minimum energy usage than in

experiments using other bitrates. This is not due to drought; rather, it is a direct

3As the naive client in the ten-client experiments receives ten times the data as in the
single-client experiments, the same energy usage in Joules by an algorithm will result in a
lower percentage of energy used compared to the naive client. This difference is small, as
time with the WNIC in high-power mode rather than the amount of data received is the
dominating factor in energy usage.
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result of packets being dropped by the wireless network. If the marked packet at
the end of a burst is dropped, the client will keep its WNIC in high-power mode
until the next burst arrives. This accounted for between 1/3 and 2/3 of the total
energy consumed in the worst case. We are currently investigating ways to detect

the dropping of marked packets.

4.4 ADDING BACKGROUND TRAFFIC

We next examined our scheduling policy when handling multimedia and general
clients simultaneously. There were three patterns that we used to represent varying
amounts of background traffic, labeled light, medium, and heavy; they had average
bitrates of 220kbps, 1.4Mbps, and 2.8Mbps respectively. Light traffic was generated
by requesting small text files in rapid succession. Medium traffic was generated
by requesting 1-2 megabyte files in succession, with little delay between downloads.
Heavy traffic was generated by requesting 20 megabyte files in succession, with short
delays between downloads. The HT'TP requests were generated by a script to ensure
that the pattern remained identical throughout the experiments.

As discussed in Section 3.2.1, the static nature of the bursting schedule results
in suboptimal use of available bandwidth on the wireless medium. If the total band-
width of the general slots in the schedule is less than the bandwidth of the back-
ground data arriving at the proxy, the proxy will be forced to buffer the data until
it can be sent. There may be unused time after the end of each multimedia client’s
burst, but the schedule cannot use this time to transmit background data. A dynamic
schedule could alleviate this problem. To study the effectiveness a static schedule, we
perform experiments for each traffic pattern using three different values for general
slot weight, which is the percentage of the schedule devoted to transmitting back-

ground data. For example, the schedule in Figure 3.1 has a general slot weight of
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Figure 4.4: Average, minimum, and maximum energy usage for ten multimedia
clients with background traffic on the network. The general slot weight is the time
devoted to the general slot in the schedule.

20% (60 of the 300 ms in the bursting schedule are reserved for background data).
For each traffic pattern, we ran experiments where the general slot weight was larger
than, smaller than, and equal to the size necessary to support the background traffic.
These general slot weights were calculated using our observation that the effective
bandwidth of our wireless network is approximately 4Mbps.

Figure 4.4 shows results for the ten 56kbps video clients in the experiment, using
the adaptive algorithm on a 500 ms burst interval. Packet loss for the adaptive algo-
rithm averaged 1.5% with a maximum of 6.7%; non-adaptive algorithms averaged

0.7% with a maximum of 38.6%. Fewer packets were missed in medium and heavy
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traffic experiments than in light ones because the client’s WNIC was in high-power
mode for a greater percentage of time due to larger general slot weights.

Each client is required to keep its WNIC in high-power mode for the duration
of the general slot in case there is data to be received. This results in the general
slot size being the dominant factor in energy usage for most experiments. It is not
possible to simply minimize the general slot size, as background data will not be
able to travel through the proxy: Figure 4.5 shows that as the general slot weight
decreases, the end-to-end latency of background traffic increases. When the general
slot weight is too small to support the amount of background traffic on the network,
the latency quickly escalates.

If enough packets arrive at the proxy at once (which is often the case when a large
file is requested via TCP), the burst of interrupts can starve the proxy application
for a second or more. This results in a small increase in energy usage and cannot
be resolved simply by inserting empty marked packets into the stream. A real-time
operating system or a distributed proxy might make this occurrence less likely.

Figure 4.5 shows energy usage and average end-to-end latency for the general
clients in each experiment. In general, smaller general slots use less energy but cause
higher end-to-end latency. As seen from the figure, the light and medium traffic
patterns can be handled by setting the general slot size large enough. However,
for a heavy bandwidth background traffic pattern (with an average bandwidth of
2.8Mbps), it is unclear if the data is supportable at any general slot size. As the
heavy bandwidth experiments had frequent proxy starvation due to large amounts
of data arriving at once at the proxy, the proxy had difficulty following the bursting

schedule, causing less predictable results.
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CHAPTER 5

SUMMARY AND FUTURE WORK

This paper has described a novel scheme to save energy for several clients, both
multimedia and general. Whereas streaming multimedia to mobile clients normally
requires the WNIC on a client to remain in high-power mode at all times, our scheme
schedules transmissions to clients so that they may transition their wireless network
interface cards (WNICs) into low-power mode between bursts, thereby saving energy.

We found that our scheduling algorithm is effective. First, it supports multiple
clients, matching per-client energy savings seen in a single-client scenario. Second,
it effectively handles delays and droughts that can occur quite often. Third, it min-
imizes the time the multimedia client spends in an expensive idle mode. Finally,
it supports general clients; end-to-end latency is reasonable if the wireless network
bandwidth is not exceeded.

Specifically, our results show that our scheduling algorithm uses as little as 8.7%
of energy compared to a naive client on a 56kbps stream. It averages as little as 6.9%
energy usage for ten 56kbps streams. With an additional 220kbps of background data
being transmitted, ten 56 kbps streams use an average of 13.1% and general clients
use an average of 8.4% with an average of 32 ms end-to-end latency for their data.

Our system is highly effective at saving energy in many cases. We are currently
relaxing the fixed nature of our scheduling policy and moving to a dynamic policy;
this should provide improved energy savings under changing network conditions.

One way to do this is to broadcast a new schedule on a regular basis. This avoids

30
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setting the multimedia slot size large enough for the highest-fidelity client, which
wastes bandwidth in slots for low-fidelity clients. It also allows adaptation to the
changing bandwidth requirements of general clients.

In the current implementation of the proxy, a multimedia client’s TCP connection
to the proxy is buffered in the general queue along with general traffic, as this data
is sent more frequently and therefore has lower latency. This causes the multimedia
client’s WNIC to have to transition out of low-power mode during all general slots,
in case there is TCP communication from the proxy (forwarded from the server.)
Moving the multimedia client’s TCP packets into its multimedia slot would use less
power but introduce greater latency into the client’s TCP communication; the two
schemes have not yet been compared to determine how greatly power and latency
are affected. It may be the case that the greater latency is acceptable, as the TCP
connection is mostly used for setup of the stream and then remains unused.

The adaptive algorithm can be slightly improved by detecting that a marked
packet is dropped, by seeing the proxy transmit general data without first sending a
marked packet. This can avoid leaving the WNIC in high-power mode for an entire

burst interval.
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