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ABSTRACT

A TRACE-DRIVEN SIMULATOR FOR PALM OSDEVICES

Hyrum D. Carroll
Departmert of Computer Science

Master of Science

Due to the high cost of producing hardware prototypes, software simulators are
typically usedto determine the performanceof proposedsystems. To accurately
represen a systemwith a simulator, the simulator inputs needto be represetative
of actual system usage. Trace-driven simulators that use logs of actual usageare
generally preferred by researbers and dewelopers to other types of simulators to
determine expected performance.

In this thesis we explain the designand results of a trace-driven simulator for
Palm OS devicescapableof starting in a speci ed state and replaying a log of inputs
originally generatedon a handheld. We collect the user inputs with an acceptable
amourt of overheadwhile a deviceis executingreal applicationsin normal operating
ervironmerts. We basedour simulator on the deterministic state machine model. The

model speci es that two equivalent systemsthat start in the samestate and have the



sameinputs applied, follow the sameexecution paths. By replaying the collected
inputs we are able to collect traces and performancestatistics from the simulator
that are represetativ e of actual usagewith minimal perturbation.

Our simulator canbe usedto evaluate various hardware modi cations to Palm OS
devicessut asadding a cade. At the end of this thesiswe presen an in-depth case
study analyzing the expected memory performancefrom adding a cade to a Palm

m515device.
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Chapter 1

Intro duction

Beforea new computer systemis implemerted in hardware, dewelopers often usesoft-
ware simulators to predict the performanceof the new design. A detailed system
simulator subjects a virtual systemto represenativ e workloads for accurate evalua-
tion. Often a trace, or a sequencenf systemewens recordedfrom an actual system,
is usedasinput to the simulator. Simulators that usetracesfor input are known as

trace-driven simulators.

Dewelopers and researbers have demonstratedthe utilit y of trace-driven simu-
lation for desktop and sener systems. They have used this technique to ewaluate
memory hierarchies, processorperformance,etc. [1, 2, 3, 4, 5]. Rather than work-
ing on solutions to the well-known problems of collecting traces for desktopsand
seners|[6, 7, 8, 9], we undertook to collect tracesin an interactive and mobile ervi-

ronmert.

In a mobile environmert, the useris freeto move around while still operating the
handheldand will usethe devicedi erently than a stationary computer. We obsened
that mobile devicesare typically usedfor short periods of time (lessthen a minute)

followed by short or long periods of inactivity, with occasionalperiods of heary usage.
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Often userswill turn on the devicejust to look up a phonenumber or to ched their

calendar. This type of sporadic usageis not characteristic of desktopuse.

SincePalm OS is usedon more handheld devicesthan any other operating sys-
tem [10], we focusedon collecting traces for Palm OS devices. These devicesare
handheld computers running the Palm OS, which has a \preemptive multitasking
kernel that provides basictask managemeti [11, 12]. Tensof millions of handhelds
around the world run Palm OS, with over a million units shippedin the rst quarter

of 2004alone[10].

To collect these tracesis a multi-step process. First, we instrumented a Palm
OS handheldto record external inputs, referredas an activity log. Next, we transfer
this log to a desktop computer. Using a simulator that we dewloped, we replay
the collected activity logs. We use the terms replay and playlack interchangeably
to refer to the simulator's reproduction of an execution of everts from an activity
log. Furthermore, we instrumented the simulator to collect traces and performance

metrics during playbad.

One of the key issueswith a monitoring systemis the amourt of perturbation
introduced. An ideal monitoring procedure would not perturb the systemat all.
Quantifying the perturbation helpsto determinehow closeto ideal a given monitoring
systemis. In this thesis we quartify the amourt of perturbation with the amount
of overheadintroduced, where overheadis the di erence in executiontime between
the instrumented systemand the original system. If the monitoring procedurealters
the way in which a user operatesa system, for example, by perceiably increasing
the amourt of time requiredto processinputs, the overheadis unacceptable.On the
other hand, if a systemcanbe monitored in sud a way that the usercannot perceiwe

the introduction of the monitoring system,the amourt of the overheadis acceptable.
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1.1 Previous Work

Gannamargu and Chandra's work with Palmist [13] provided a foundation for
our work of collecting user'sinputs. They collectedsystemactivity on mobile hand-
heldsby recordingthe occurrenceof 80% (707 of the 880) of the Palm OS 3.5 system
callswith hacks (In the Palm OS comnunity, hadks explicitly referto systemexten-
sions,and are descriked in detail in Section2.3.2.) Due to their collectiontechnique,
Gannamargu and Chandra were unable to generatea complete sequenceof system
activity. Sincethey recordedthe occurrenceof most of the systemcalls, their method
introduceda largeamourt of overhead. They reported that the time requiredfor eath
systemcall to executeincreasedby two or more orders of magnitude with Palmist
running comparedto a systemnot running Palmist. This amourt of overheadis un-
acceptable. Furthermore, their technique requiressigni cant memory requiremens.
For example,they generated1.34 MB of recordson the handheldto perform a set of
tasks that requiresabout one minute of executionwithout Palmist running. Given
that the maximum amourt of memory found on Palm OS devicesfor which they
did their work is between 8 and 16 MB, only a few minutes of execution could be
traced. Using an eternal memory deviceto increasestorage capacity would increase

the already high amourt of overhead.

Roseand Flanagan'swork with CITCAT (Constructing Instruction Tracesfrom
Cache- ltered AddressTraces)[14] inspired the model for our simulator. The CIT-
CAT procedurede nes the medanismsusedto collect and replay an initial memory
state image and important everts. Roseand Flanaganimplemened CITCAT and
produced completeinstruction traces of desktop workloads. Flanagan de ned com-
plete instruction tracesto be \those tracesconaining all CPU generatedreferences
including those produced by interrupts, system calls, exception handlers, other su-

pervisor activities, and user processes'{6]. To do this, they collectedthe \state of
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the processor,cades, main memory, ... hardware interrupts, DMA, and other asyn-
chronous or peripheral ewverts that in uence the processor"[15] with the aid of a
hardware monitor sud as a logic analyzer. They then initialized the simulator with
the collectedinitial madhine state image,and replayed the asyndironousevens. Dur-
ing playbad, they collectedperformancedata and instruction and addresstraces. In
their paper, Rose and Flanagan demonstratedthat CITCAT can collect complete
tracesof desktopworkloads. However, they useda large and expensiwe logic analyzer

which is impractical for real-time mobile collection.

External hardware monitors, sud as logic analyzersand oscilloscos, signi -
cartly alter the user's behavior by restricting the mobility of the user. To usean
external monitor requires connecting probesto various pins to gather data. Hand-
helds monitored with sud equipmert have to be handled very carefully to keepthe
probesattached. Furthermore, attaching a logic analyzer or oscillosco to a hand-
held would greatly restrict the mobility of the device.

Se\eral other studies besidesPalmist have beenperformed on handheld devices,
but have focusedon ewaluating the energy consumption and e ciency. Flinn and
Satyanarayanan[16]collectedinformation about handhelddevicesusingoscilloscogs.
Cycle-accuratesimulators [17, 18,19 have alsobeenusedto estimateenergyconsump-
tion of handhelddevices.For a simulator to produceaccurateestimations,they need
to befedinput represenativ e of real usage.Cignetti, Komarov and Ellis' work [20]is
uniquein that they utilize a modi ed versionof the Palm OS Emulator. They limited

their studiesto energyconsumptionestimates.

1.2 Our Solution

Our approad unites Roseand Flanagan's CITCAT [14] and Gannamargu and
Chandra'sPalmist [13]. We borrow Roseand Flanagan'sfundameral model of repre-

serting a computer systemas a deterministic state madine and apply it to handheld
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devices. They showved that determining the execution path of a state macdhine, or a
computer system, requiresthe initial state and sequenceof inputs. We collect the
initial state of a mobile devicesby storing its memory cortents on a desktop com-
puter. To collectthe sequencef inputs we usea collection technique similar to that
usedby Gannamargu and Chandra, but with ordersof magnitude lessoverhead. To
illustrate the usefulnesof our simulator, we presen a casestudy demonstrating the
expectedperformanceof adding cache memoryto a handhelddevice. This casestudy
would not have beenpossiblewith previousdata collection techniquesfor handheld
devices.
1.3 Thesis Outline

The rest of this thesisproceedsasfollows: Chapter 2 explainsthe architecture of
our systemby rst describingit from a high-level perspective, and then elaborating
on the dierent componerts. The collection of the initial state, activity logs and
their playbadk will all be coveredin this chapter. Chapter 3 illustrates two di erent
methods employed to validate the system. In the rst method, we compare the
activity log of the user's sessionand that of the enulated session. For the second
method, we comparethe nal state of an enulated sessionwith the nal state of
the handheld. In Chapter 4 we demonstrate the usefulnessof the simulator and
presen the expected cadhe memory performancefor a Palm m515. The nal chapter

concludesthe thesisand describesfuture work.






Chapter 2

System Arc hitecture

This chapter explains how we collect external inputs from a Palm OS device and
usethis data asinput to our trace-driven simulator. We rst explain our model, in
generalterms, then we descrile our implementation of it. The model is divided into
three componerts. First, the model requiresthe initial state of the system(comprised
of the memory, processor.etc.). The secondcomponernt is the sequenceof inputs to
the system. We refer to the log of userinputs, along with the correspnding timing
information, as an activity log. The nal componert is an emulator which starts in
the initial state and processeshe inputs to the system. We then explain and evaluate

the implemenation of ead of thesecomponerts.

2.1 High-Lev el Overview

Since a computer processoris deterministic, we can usethe deterministic state
madine model to represen it, asdid Roseand Flanagan[15, 14]. First, let be an
initial state and be a sequenceof external inputs. The model speci es that ewery
time a deterministic state machine starts in  and is applied, the madine always
follows the samesequenceof states and endsin the same nal state. Furthermore,

if machine A and madine B are equivalert deterministic state madines, and both
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Figure 2.1: Application Of The Deterministic State Machine Model.

start in , and isappliedto both madines,then both madcinesA and B will follow

the samepath of executionand endin the samestate.

The deterministic state machine model appliesto situations in which the workload
activity performedon systemSse, IS replicated on system Semyiated (S€EFigure 2.1).
First, let Syser be a systeminstrumented to record the initial state and all external
inputs. Also, let Sermuiated, D€ @an equinalert system(e.g., an enulator or simulator) of
Suser that canreplay the everts from Syser In an ervironmern in which measuremets
canbe made. At the end of a session(the period of time that inputs are collected)we
transfer the initial state and collectedinputs from Syser t0 Semuiated- Th€N Semul ated IS
started in the initial state of Syse; fOr that session.Seny ated then processesnd replays
the collectedactivity log from Syser. Performancemeasuremets and workload traces
can be generatedinternally or externally on Semuateq- Since statistics and data are
gathered on Semuated While the activity log is replayed, they represen the original

executionby the userwithout systemperturbation.

For our implemenation of the model, Syser IS @ handheld computer operated
by a human. We instrumented the handheld to collect the initial state and user

inputs (i.e., pen movemerns and button presses).We then transferred the data for a
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sessiorto a desktopcomputer. Semuiated IS @ Palm OS deviceemulator that accurately
models handheld computer devices.We executethe emulator on a desktop computer
and usethe initial state and activity log from Sy, for playbadk. During playbadk,
the enulator follows the samesequenceof states as the handheld. By applying the
deterministic state madine model to handhelds,we can collect the initial state and
inputs of a deviceand replay them with an emulator on a desktop computer.

The following stepsrepresen the chronological order of the methods we usedto

collect the relevant information from a handheldand replay it on an emulator:

Instrument a handheldto collect userinputs

Transferthe initial state of a handheldto the desktop

Start collecting inputs

Allow the userto operate the handheld normally

Transferthe activity log from the handheldto the desktop

Load the enulator with the collectedinitial state of the handheld

Collect processorinformation while replaying the activity log on the desktop

We explain eat of thesestepsin the following sections.

2.2 Initial State Collection

Before we give a handheld to a volunteer user, we instrument it to collect user
inputs, captureits initial state, and transfer the state information to a desktopcom-
puter. As descriled above, an initial state is necessaryto recreateaccurateplaybadk
of a session.For an initial state to be accurate,it must be complete. For a handheld,
the initial state includesthe cortents of the ash memory, the static RAM and the
current state of the processor(current point of executionand registers).

We use ROMTransfer.prc, an application freely distributed by PalmSource[21],
to transfer a ash imagefrom a Palm OS deviceto a desktopwith a USB cable. To
get the necessarycortents of the RAM, we setthe badup bit for all the applications
and databases,and perform a HotSync [22]. HotSyncing syndironizesthe programs

and databaseson a handheldwith a copy on the desktopwith a USB cable.
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We choseto start every sessiordirectly after a soft reset. A soft reseton Palm OS
devices\reinitialize[s] the globalsand the dynamic memory heap" [23]. Choosinga
commonexecutionpoint freedusfrom recordingthe registersvaluesand consequetty,
writing thesevaluesin the emulated registersat preciselythe beginningof a session.
Instead, we perform a soft resetthat initiates a deterministic sequencef actionsthat
populatesthe registers.

A completeinitial state consistsof the ash image, all programsand databases
from RAM, and the currert point of execution. This information is transferredto the

desktop at the beginning of a session.

2.3 Activit y Logs

The deterministic state madine model speci es that in addition to the initial
state, a complete sequenceof external inputs, or activity log, is neededto accurately
replay a session.For an activity log to be completefor a handheld, all forms of inputs
must be considered. For this reason, this section begins by discussinginputs to
handhelds. Next, our chosenmethod of data collection, hacks is explained,detailing
the v e hadks that we wrote to collect userinputs. This section concludeswith an

ewvaluation of activity logs.

2.3.1 Handheld Inputs

Handheld computers are naturally interactive and allow for di erent forms of
input from users. To produce a completeactivity log, all relevant input needsto be

recorded. A typical handheld allows for the following inputs:

Digitizer (touch screen)
Buttons

Real Time Clock (RTC)
Memory Card

IrD A/Serial Port
ResetButton

10
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Figure 2.2: How A Hadk Works.

Of theseinputs, we collectively record stylus movemerts on the digitizer (touch
screen),button pressequp, down, power, HotSync cradle and four application but-
tons) and the realtime clock (RTC). Thesethreeinput typesaccour for the majority
of input on handhelds. Also, the insertion, removal, and name of a memory card can
be detected with our technique. We have chosennot to use memory cardsin this
study dueto the extra complexity and requiremerns in storing activity logsand simu-
lation. Due to time constraints and an expectedincreasein overhead,IrD A and serial
port activity are not collected. For simplicity, the resetevent wasnot implemerted in
the simulator. Recordingthe event of a systemturning o and on again has inherit

problemsthat we have left for future work.

2.3.2 Hacks

In the Palm OS commnunity, the word hackshasa speci c meaning. A hack is a
sectionof code cortained in a routine that is \called in addition to or in lieu of the

standard Palm OS routines" [24]. By default, at the time a systemroutine is called,
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struct genericEventRecord{
UInt32 timeStamp;
UInt32 RTCtime;
UInt8 eventType : 8;
UInt32 daylnHours : 24;

}

Figure 2.3: The Record Structure For Button, Pen Up And Noti cation Everts.

the operating systemlooks up its addressin the trap dispatch table, jumps to that
location and cortinuesexecution. After the systemroutine nishes, executioncortin-
uesin the application that calledthe routine. Inserting the addressof a hadk into the
trap dispatdh table forcesthe systemto call the had instead of the default system
routine (seeFigure 2.2). Sincethe systempasseshe sameparametersto the hadk
that it would have if it were calling the default systemroutine, the hadk must accept
the sameargumerts as the systemroutine for proper systemexecution. Typically,
a had either starts or endsby calling the default routine, and then returning the
result of that call. Often a hack manager,sut as HackMaster [25], TealMaster[26]
or X-Master [27]is employed to managemodi cations to the trap dispatch table. A
hadk manageralso provides a user interface to activate, deactivate and arrange the

order of hadks.

Unlike Palmist, which usesa had for every systemcall, our simulator only requires
one had for every systemroutine that processesiserinput. We wrote v e hads to
patch the following systemroutines: EvtEnqueueKey , EvtEnqueuePenPoint
KeyCurrentSt  ate , SysNotifyBr oadcast and SysRandom. Eacd of these
hadks opensa commondatabase,inserts a record with the current tick courter and
the real time clock values,the event type and any necessarydata. It then closesthe
commondatabase. Each hadk also makesa call to the original systemroutine. We

now explain eat of these v e hadks in greater detail.
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struct penEventRecord{
UInt32 timeStamp;
UInt32 RTCtime;
UInt8 eventType;
UInt8 x;
Uint8 y;

Figure 2.4: The Record Structure For A Pen Evert.

EvtEnqueueKey Hack

We wrote a had for the EvtEnqueueKey  systemroutine to record the time
at which a user presseda button. After the systemhandlesan interrupt generated
by a button press,the ewert is placedin a queueby the EvtEnqueueKey  system
routine. The up, down, power, HotSync cradle and four application buttons are all
enqueuedwith this function. We replacedthe addressof the EvtEnqueueKey
system routine in the systemtrap table with the addressof our hadk. Our hadk
storesa record on the handheld cortaining information about the button that was
pressed.Figure 2.3 descrikesthe recordsstructure used. timeSt amp represets the
tick courter (with a resolution of 10 msec). RTCtime is a copy of the RTCTIME
Dragorball registersand cortains the hours, minutes and secondsof the RTC (real
time clock). daylnHours de nes the calendar date, by recording the number of
hours sinceJanuary 1, 1904. eventType recordsthe type of evert for the record.
Beforeour hadk nishes, it passeshe parametersit receivedto the EvtEnqueueKey
systemroutine.
EvtEnqueueP enPoint Hack

We wrote another had for the EvtEnqueuePenPoint systemroutine. This
had recordspen movemeris, including pen up events(generatedwhenthe userstops
pressingon the screen). PalmSourceclassi esthe EvtEnqueuePenPoint routine

asan undacumenteal systemuseonly function. The Quartus Forth Manual statesthat
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struct keyCurrentStateCallRecord{
UInt32 timeStamp;
UInt32 RTCtime;
UInt8 eventType;
UInt8 spacer[3];
Uint32 keyBitField;

Figure 2.5: The Record Structure For A Call To KeyCurrentSt  ate .

it takesa PointType pointer and has a return type of Err [28]. After sometrial
and error veri cation of recordingstylus movemerns, we determinedthat the Point-
Type pointer cortains the digitizer coordinates of the stylus. Digitizer coordinates
vary from deviceto devicein relationship to the objects displayed. Recalibrating
a device changesthe relationship of the sampledlocation to the objects displayed.
Pixel coordinates,on the other hand, represe the location of the pixel on the screen.
They do not vary from deviceto devicein relation to the objects on the screen.Our
had callsthe Palm OS systemroutine PenRawToScreen to corvert digitizer co-
ordinates to pixel coordinates. This information, along with the timestamps, are
storedin a penEventRecord . Figure 2.4 illustrates the penEventRecord . The
variableswith the samenamesasin a genericEventRecord have the samemean-
ings. Additionally, x andy are pixel coordinates. A pen up ewert doesnot conain
coordinate information. To consere memory, we usea genericEventRecord (see

Figure 2.3) to recordthe time that this evert occurred.

KeyCurren tState Hack

Although our hadk for EvtEnqueueKey recordsthe time at which a button
is initially pressed,another hadk is neededto capture the duration a user pressed
the button. To accomplishthis, we wrote a had that recordsthe value returned by
KeyCurrentSt  ate in akeyCurrentSt ateCallRecord . Figure 2.5detailsthe

structure of a keyCurrentSt  ateCallRecord . In the record, the keyBitField

14



is the value returned from KeyCurrentSt ate , represeting the buttons that are
currertly pressed. All other valuesin the recordshave the samerepresemations as
before. The Palm OS system routine KeyCurrentSt ate returns a bit pattern
represeting the buttons that are currertly being pressed. Each bit represeis one
of the eight buttons on a Palm OS handheld (power, up and down, four application

buttons and the cradle or cable HotSync button).

SysNotifyBroadcast Hack

To capture all of the userinputs, we wrote a had to recordthe relevant noti ca-
tions sert by the SysNotifyBr oadcast systemroutine. SysNotifyBr oadcast ,
as its name suggestsbroadcastsa systemnoti cation to all applications registered
for that broadcast[23]. Noti cations are usedas an internal messagingprotocol and
include noti cations for ewverts sud as the insertion or removal of a volume (i.e.,
memory card), the deletion of a database,or the transition of the systemto a sleep

state.

The SysNotifyBr oadcast routine sendsa sysNotifyLa teW akeupEvent
noti cation when a userturns the systemon. Similarly, it broadcastsa sysNoti-
fySleepNotifyEvent noti cation whenthe userturns the deviceo. When auser
pressesa button to turn a deviceon, the systemexecutesa di erent sequencepath
than whenthe deviceis turned o . This type of button pressis not enqueuedby the
EvtEnqueueKey routine. For this reason,our hadk recordsthe occurrenceof a
sysNotifyLa teW akeupEvent noti cation, storing this information in a gener-
icEventRecord  (seeFigure 2.3). We choseto record the ewvert of a userturning
the deviceo with our hadk for EvtEnqueueKey instead of with our hadk for

SysNotifyBr oadcast to simplify the logic in the EvtEnqueueKey hadk.
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struct randomcCallRecord{
UInt32 timeStamp;
UInt32 RTCtime;
UInt8 eventType;
UInt8 spacer[3];
UInt32 seed;

}

Figure 2.6: The Record Structure For A Call To SysRandom .

SysRandom Hack

Our nal had recordsewery time the operating systemre-seedshe random num-
ber generator. Although re-seedingis not a user input, we discovered that it is
necessaryto record the new seedvalue, to replay somesessionghat call SysRan-
dom, due to minusculetiming di erences. The operating systemseedsand re-seeds
the random number generatorwith callsto SysRandom .

SysRandom , is a Palm OSsystemroutine that returns arandomnumber between
zeroand sysRandomMax [23]. If it is called with a non-zerovalue, the parameter
is interpreted asa new seedand it returns the rst random number in that sequence.
Calling it with zeroreturns a random number using the existing seed.

As with all the other hadks, this onerecordsthe ewent's timestampsand signi es
its type in a randomCallRecord . Figure 2.6 details the randomCallRecord
record structure, with the seed represeting a non-zeroseedvalue passedto Sys-
Random . Zeroseedvalue callsto SysRandom do not needto be recordedsincethe
devicewill deterministically issuerandom numbersin a sequenceéasedon the seed.
2.3.3 Evaluation of Activit y Logs

The overheadintroduced by collecting the activity logs, in terms of storagere-
guiremerts and executiontime, is negligible. The individual recordsead consume
twelve (seeFigures 2.3 and 2.4) or sixteen bytes (see Figures 2.5 and 2.6) on the

handheld.
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Average Overhead for EvtEnqueueKey Hack
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Figure 2.7: AverageOverheadFor The EvtEnqueueKeyHadk.

We found that volunteer userscould operate a device normally for more than a
week without having the databaseread the maximum number of records(65,536).
Gannamargu and Chandra descrile an implemertation to overcomethis barrier at
the expenseof additional executiontime [13]. If the databasecortains the maximum
number of the largestsizerecords,it would require a total of 1536KB of memory for

the recordsand the databaseheaderinformation.

We asled volunteer usersto qualitativ ely indicate any generaldi erencesin exe-
cution times with hadks enabledand disabled. They reported no perceived di erence

exceptfor computationally intensive applications sud asGrati  Anywhere [29].

We quartitativ ely measuredthe overhead of the EvtEnqueueRenFoint hadk by
courting the number of pen events per secondin the databasewith the stylus con-
tinuously pressedagainst the screen. The test was implemerted on a Palm m515,
which samplespen movemerns 50 times a second. The databaseinitially cortained
no records. The device recordedan average of 50.0 pen ewerts per secondin the

databaseindicating no perceptible overheadfor pen sampling.

We alsodesigneda test that calleda hadk in atight loop on a handheldto further

quartify the overhead. The test eliminated the call to the original system routine
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Figure 2.8: AverageOverheadFor Each Had.

to isolate the overheadassaiated with the hadk. Figure 2.7 illustrates the average
execution time per call of the EvtEnqueueKey hadk. This test revealed that the
overhead of eat call is proportional to the size of the database. For example, the
averageoverheadfor the EvtEnqueueKeyhadk whenthe databasehad zeroto 10,000
recordswas 6.4 ms. Howewer, when the databasehad 50,000to 60,000records,the
averageoverheadwas15.5msper call. Giventhat the position of the stylus is sampled
ewvery 20 ms, the overheadintroduced by a hadk when the databaseis nearly full is

signi cant.

To keepthe overheadat an acceptablelevel, we limited sessiongo shorter time
periods (e.g., two to three days). Figure 2.8 depicts the average overhead of eath
had averagedover the rst 30,000iterations. Limiting sessiongo two or three days
generally kept the number of recordswell belov 30,000. The overheadvaried only

slightly for eat had.
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2.3.4 Summary of Activit y Logs

We wrote v e hadks to record activity logs cortaining user inputs on handheld
devices.Thesehads recordall pen and button activity producedby a user. Further-

more, our hadks have an acceptableamourt of overhead.

2.4 Playback of Activit y Logs

The initial state and an activity log provide very little information in and of them-
seles. Their purposeis to provide the necessarynformation to replay the workload
for the time period they were collectedon a handheld. As stated in Section2.1, an
equivalent systemcan be usedto start in the sameinitial state and replay the same
inputs. This equiwvalert system can then be usedto provide statistics and perfor-
mance information without disturbing the integrity of the original workload. Our
tool utilizes the Palm OS Emulator, POSE, asour equivalert system.

In this section,we rst introduce POSE. We then explain the modi cations we
made to it. Next, we provide details of how we setup our simulator for playbad.

Finally, somelimitations are descrited.

2.4.1 The Palm OS Emulator

The Palm OS Emulator, POSE [21],is a publicly available and widely usedde\el-
opmert tool for handheldsrunning Palm OS[30]. POSE, maintained by PalmSource
Inc., is basedon Greg Hewgill's Copilot [31]. It runs on a desktop system, and
emnulates Palm OS basedsystems(e.g., Handspring, Palm, and Synbol handhelds).
POSE doesthis by keepingtrack of the processorstate and fetching instructions out
of a ash imageand an allocated RAM. Stylus and button pressesare simulated with
the mouse. The enulator generatesan evernt recordto processthe input. This ewvert
record is returned to the system when EvtGetEvent is called (typically in the
application's evert loop). Our simulator is a modi ed version of POSE 3.5 that is

instrumented to replay activity logsand collect performancedata.
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POSE is a suitable framework for playbad for seeral reasons.First, POSE ac-
curately emulates the Palm OS and the supporting hardware. It fetchesthe same
instructions as a handheld and updatesregistersand memory banks just as a phys-
ical devicedoes. Second,POSE is already a widely used and acceptedtool in the
dewelopmen community for Palm OS devices. Third, it is free and distributable,
licensedunder the GNU General Public License[32]. Fourth, POSE also allows for
quicker dewlopmen by building on an existing software base. Finally, the source

code for POSE is available for Windows, UNIX and Mac OS platforms.

The Palm OSEmulator o ers many resourcedor pro ling, debugging,andtesting.
Two relevant functions to this project are Gremlins and Pro ling . Gremlins provide
pseudorandom ewents to ush out bugsin applications. A dewloper can setup
Gremlinsto run for a speci ed number of everts or inde nitely . When an error occurs,
Gremlins stopsand the samesequencef everts can be run again. Pro ling provides
a deweloper with detailed information on the routines and locations the application
executes.It is setup to collect statistics and write them to a le, and canbe enabled

or disabledat runtime.

2.4.2 Modications To POSE

We rst modi ed POSEto generatestylus movemers and button pressegrom an
activity log. During initialization POSE readsa parsedactivity log le and divides
it into three groups| a list of events to be replayed syndironously with the tick
courter and two queues. One queueis for KeyCurrentSt  ate key bit elds and
the other is for random seeds(generatedby non-zero SysRandom calls). We use
Gremlins asa template to executethe syndironouslist of events (i.e., pendown, pen
up and button presses).

To ensurethe correct timing of the syndironous everts, the enulated system's

tick counter is cheded to seeif it is greaterthan or equalto the tick timestamp of

20



the next evert. If it is time for the next evert, the emulator simulates the ewen
and the emulator cortinuesto executethe sameinstructions as the handheld. The
enmulator then cortinues executionuntil the next event is scheduledto occur. This

processcortinuesuntil the syndironousewven log is exhausted.

The KeyCurrentSt  ate keybit eld and randomseedqueuesare utilized when-
ewer their respective systemcalls are made. To assureproper execution,the emulator
handlescalls to the systemroutines KeyCurrentSt  ate and SysRandom dier-
ertly. For the routine KeyCurrentSt  ate , the enulator executeshe function, then
looks up the appropriate key bit eld to return basedon the emulated tick timer and
the queueelemerts' tick timestamps. The enulator handlescallsto SysRandom in
much the sameway whenits parameteris non-zero. The di erence is the seedvalue
from the queueis queriedbeforeSysRandom is called. The parameteris overwritten
with the seedvalue from the queueand executioncortinues. When the parameterfor
SysRandom is zero,SysRandom is executedasnormal, returning the next random

number from the existing seed'ssequence.

We further modi ed POSE to track and output statistical executioninformation
sud asopcodesand memory references.To recordthe opcodes,we treated eat exe-
cuted opcode asanindexinto an array, and incremeried the respective array elemer.
Furthermore, we modi ed Pro ling functions to track the memory references.These
valuescan be written to a le. We modi ed POSEto turn Proling onand o upon
starting and stopping Gremlins. When Pro ling is enabled, POSE's native speed
optimizations are ignoredin favor of the original Palm OS code. A simple exampleof
this involvesthe TrapDisp atcher . A Palm OS complier inserts Trap instructions
for the systemto handle systemcalls. When a Trap instruction is executed,and Pro-
ling is enabled,the \T rapDispatcher looks at the program courter that was pushed

onto the stadk, usesit to fetch the dispatch number following the TRAP opcode, and
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usesthe dispatch number to jump to the requestedROM function. [When Pro ling
is disabled,]the ermulator essetially bypasseshe whole TrapDispatcher function and
. . . doesthe sameoperationswith native x86, PPC, or 68K code" [33]. If Pro ling
were not enabled,the emulator will have skipped executingseeral instructions that

a physical devicewould have, invalidating the collecteddata.

2.4.3 Simulator Setup

To usethe simulator to playbadck a sessionwe rst specify the lename of the
activity log to usein a plain text le. Next, we run the emulator. After the emulator
is nished initializing, we import all of the applications and databasescorrespnding
with the initial state of the speci ed session.We then resetthe enulator to get it
into the sameprocessorstate as when the activity log started. Finally, we tell the

emulator to start Gremlins which beginsthe replay of events.

2.4.4 Limitations

Although our simulator works extremely well for workloads with state-basedap-
plications, choosingthe Palm OS Emulator for playback doescomewith somelimi-
tations with respect to timing. POSE simulates the processor'sick courter but not
the RTC. We appraximated the RTC by using the amourt of time elapsedon the
emulator's host machine (i.e., a desktop) sincethe last evert. All ewerts cortain a
RTC timestamp. Furthermore, dueto appraximating the RTC and other ne-grained
timing di erences (e.g., memory readsand interrupts) the combination of POSE and

our methods are not appropriate for timing-sensitive applications.

The remaining limitations originate from the failure to fully implemert functions
found on handhelddevicessud asthe serialport and memorycard. Theselimitations

are addressedn Section5.1, Future Work.

By using the Palm OS Emulator to replay activity logs and collect data, we
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gather information about the workload on the handheld. POSE is usedto replay

user'sactivity becausat is accurateand easily distributable.
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Chapter 3

System Validation

In the previous chapter, we discussedthe deterministic state maciine model. This
model guararteesthat equivalent deterministic state madinesthat start in the same
state and have the sameinputs applied follow the sameexecution path and end in
the samestate. To validate the accuracyof our trace-driven simulator we employed a
two-fold approad. First, we comparedthe inputs recordedon a Palm OS devicewhile
executinga test workload with the inputs recordedduring playbad on the emulator.
Next, we correlated the handheld's nal state and that of the nal emnulated state.
In both caseswe usedthree di erent test workloadsfor validation.
3.1 Test Setup

We performedboth of the validation testson a Palm m515with a 33MHz Motorola
Dragonball MC68VZ328 processorand 16 MB of RAM. We utilized X-Master [27]
to managethe hadks (seeSection2.3.2). We loadedthree additional applications to
prepare the handheld to collect activity logs. The rst two applications we wrote
to create a common database (the activity log) and to set all the badkup bits of
the databases. The third application, FileZ, a le manager,is produced by nosleep
software [34] and is widely distributed as freeware.

The initial state for the rst test workload mirrors the default factory settings for
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the system,exceptfor the presencef the above mentioned applicationsand database.
The initial state of the secondtest workload is the sameasthe nal state for the rst
test workload. Also, the initial state of the last workload is the sameasthe nal state
of the secondworkload.

To beginthe simulations, we loadedthe simulator with the initial state by import-
ing the applications and databasedor the respective sessiorand resetthe simulator.
To begin playbadk, we invoked Gremlins. After the simulator replayed the last evert
in the activity log, we stopped Gremlins. To obtain the activity log and the nal

emnulated state, we HotSyncedthe emulated system.

3.2 Test Workloads

The following three test workloadswere setup as de ned by the previoussection.
Workloads 1 and 2 followed a prede ned script of actions. Workload 3 illustrates

playing a game.

Workload 1

The rst test involved ertering a moderate amourt of text into Palm's Memopad
application. The generalformat was inspired by a volunteer user. The text entered
into Memopadwas exactly as follows:

Credit Card Purchases
Date Item Amount

3/5 Milk $3.17

3/6 HeadLights $26.55
3/7 Pizza $5.36

3/8 Pop $.73

3/8 Safety Inspections $30.00
3/9 Food $14.54

3/9 Gas $14.44

3/10 Friend $8.00

3/10 Calling Card $10.00
3/13 Juice $2.70

3/13 Gas $18.00
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Figure 3.1: Palm's Puzzle Game.

Workload 2

Workload 2 exercisedPalm's four basic applications, Datebook, Address, To Do
and Memopad. First, a Datebook ertry for June 18, 2004 entitled Last day to
schedule thesis defense was entered. An alarm was also setto go o 15 days
beforethe evert. Next, an addressrecordwas enered with the following information:

Title: Computer Science Department
Company: Brigham Young University
Main Phone: (801) 422-3027

Fax: (801) 422-0169

Address: 3361 TMCBPOBox 26576
City:  Provo

State:  Utah

Zip: 84602-6576

Then, a To Do item with the label of Graduate waserntered with a due date of 7/2/04.
Finally, a memocortaining the following text was entered:

To err is human, but to really foul things up requires a computer.
- Farmers' Almanac, 1978

Workload 3
Workload 3 illustrates the simulator's ability to replay someactivity logs with

random number calls. For this test, we solved a gameof Puzzle. Puzzleis bundled
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with the Palm Desktop Software [35]. The gameconsistsof 15 squaresnumberedone
to 15 and an open slot con ned in a squareframe (seeFigure 3.1). The object of
the gameis to arrange the squaresin ascendingorder. The squaresare moved by
pressingon them and dragging the stylus to the desiredlocation. A new randomly

arrangedgameis started by pressingthe New Puzzle button.

3.3 Activit y Log Correlation

To validate the simulator, we rst veried that the inputs collected from the
physical devicewerereplayed on the simulator. To do this, we comparedthe activity
log generatedwhile executinga test caseand the activity log createdduring playbad.
To obtain the activity log onthe simulator, we imported our hadks and X-Master along
with the other applications and databases.Sincethe simulator accurately emulates

the handheld system,the hads were executedjust asthey did on the handheld.

The activity log from the handheld and that of the emulated sessioncorrelate
very well. Each pen ewent recordedin the original activity log also appearedin the
emulated activity log with the same coordinates. Furthermore, all of the button
ewverts were accurately replayed. Howewer, the ewvents in the emulated activity log
sometimesoccurred in short bursts. A burst of everts would occur slightly behind
sthedule (< 20 ticks), and then return to being replayed at exactly the right tick
court. The bursts are believed to be due to the di erent threads of the simulator
running at di erent times, delaying the core processinghread momertarily. For this
samereason,the KeyCurrentState everts are at times slightly o in the emulated
activity log. Although the activity logs from the initial sessionand the emnulated
sessiondo not perfectly match, they cortain virtually the sameinputs, retaining the

integrity of the log.
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3.4 Final State Correlation

To further validate the simulator, we comparedthe nal state of a test sessioron
a handheld and the nal state of the emulated session. The correlation of the two
nal statesis not a holistic validation but re ects the aggregateof the events. Since
the nal state of a sessions largely determinedby the state of memory, we analyzed
the databasesthat were transferred to the desktop via a HotSync at the end of a

session.

On a Palm OS device, applications are stored internally in the sameformat as
record databases. Each databasestarts with a header, followed by the indexes of
the records, and then the recordsthemseles. The only structural di erence of an
application databaseand a record databaseis the presenceof one or more code (or

other) resources.

To quanify the di erences betweenthe nal state of the handheld sessionand
that of the enmulated session,we comparedthe respective databaseseld by eld.
The databasescorrelated extremely well. The only exceptionsare three elds erti-
tled crea tionD ate , lastBa ckupD ate and modifica tionD ate andthe database
named psysLauntiDB. The three elds represeh the number of secondssince12:00
A.M. on January 1, 1904that the databasewas either created, badked-up, or modi-
ed, respectively. Thesethree elds regularly di er betweenthe two nal states. The
di erences are attributed to the procedureof importing and exporting the databases
to and from the simulator. The crea tionD ate eld for databaseson the simu-
lator was always zero, since the databaseswere imported instead of created. The
lastBa ckupD ate eld was also always zero for the samedatabasesbecausethey
were never badked-up on the emulated system. The modifica tionD ate eld for
thesedatabaseswas alsozerounlessit had a timestamp correspnding with the date

of replay. Exporting the databasesfor the enulated sessioncausedsomedatabases
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to record the time of replay as the modifica tionD ate . The dierences in the
timestamps in the databaseheadersdo not adversely e ect the performanceof the
simulator.

The psysLaun©iDB databaseis usedsolely by the operating systemand has an
unpublished format. We estimate from its name and raw cortents that it stores
information about applicationsthat canbe run from the homescreen.The few single
byte di erences betweenthe recordsof the two databasesare also attributed to the
procedureof loading databasesnto the simulator. We estimatethat the executionof
the systemis not adverselya ected from the di erencesin psysLaunt\DB.

From our validation, the simulator replays activity logs very accurately The
very few di erences are determinedto not a ect the integrity of the simulation, thus

making it suitable for performanceand analysisstudies.
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Chapter 4

Cache Case Study

This chapter preseiis an in-depth casestudy analyzingthe e ects on memory perfor-
mancefrom adding di erent cacesto a Palm OS device. In this chapter we presert
what we beliewve to be the rst cade simulation results for devicesrunning Palm OS.
4.1 Intro duction

Over the past decadesthe gap betweenprocessorand memory performancehas
widened(seeFigure 4.1). Hennessyand Patterson report that processomperformance
hasincreasedannually by 55%since1986while memorylagsbehind with anincrease
of 7% per year [36]. To reducethis gap, memory hierarchies have beendesignedto
take advantage of locality to maximize performanceand minimize cost.

A simple memory hierarchy is shaovn in Figure 4.2. The memory closestto the
CPU is referredto asa cache A cade cortains a subsetof the information found in
memory but is designedto respond more quickly.

When the processorequeststhe cortents of a memorylocation from a cade, and
that information is found, it is called a hit. Conversely if the cortents are not found
in the cade, it is called a miss. When a miss occurs, a black is read from memory
placedin the cade, and returned to the processor.A block is typically in the tens of

bytes, and cortains the cortents of the desiredlocation and adjacent addresses.
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Figure 4.1: CPU And Memory Performance (Data From HennessyAnd Patter-
son[36]).

Cache Memory

Figure 4.2: A Simple Memory Hierarchy.

As shown in Figure 4.3, the memory addressis divided into sectionsto locate the
desiredblock and the o set within that block in the cade. The leastsigni cant bits
de ne the o set within a block. The middle bits of the addressspecify which set
to look in, and are called the index bits. The most signi cant bits of the address
are the block's ID. This part of the addressis referredto asthe tag A cade hasa
correspnding ertry for every block. This allows a cade to determineif a given block

in the right set of a cadhe is the desiredblock.
When a cade missoccurs, an existing block must be displacedto make room for
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Figure 4.4: Palm Memory Hierarchy.

the requestedblock. The most commonalgorithm for selectingthe block to replace
is the least-recently useal (LRU) algorithm.
Averagee ective memory accesstime is usedto quartify the performanceof var-

ious cadhe con gurations and is descriled by the following equation:

Te = Thit + MR Tpiss (4.1)

Thit Is the time (in CPU clock cycles)that a cade requiresto servicea cade hit.
MR, the miss rate of the cade, speci es the perceriage of requeststhat result in a
miss. Tmiss IS the time (in CPU clock cycles)that a memory hierarchy requiresto
deliver the desiredblock on a cade miss.

Since Palm OS deviceshave both RAM and ash memory (seeFigure 4.4) the
averagee ective memory accesstime for a Palm OS device is computed with the

following equation:

REFRAM REF ash

Te = Thr + MR FMTRAM miss T m-r ash _miss

(4.2)

where REFoiay = REFram + REF asn . Tram miss @nd T asn _miss are the CPU cycles
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Session RAM Refs | Flash Refs | Everts | Real Time | Run Time | Ave Mem Cyc
1 213,732,035 443,329,207 1243 | 24:34:31 7:01 2.35
2 31,261,532 68,897,235| 933 48:28:56 4:47 2.38
3 33,670,308 76,069,375| 755 24:52:55 3:56 2.39
4 234,378,096 485,808,992 1622 | 141:27:26 8:44 2.35

Table 4.1: Volunteer User SessionData.

requiredto fetch a block from the RAM and ash respectively. REFgav and REF g
are the number of RAM and ash references.

The following equation is usedto calculate the averagee ective memory access
time for a systemwithout a cade:

_ REFRgram
REI:total

REF ash

T —— 0
¢ REFotal

TRAM _miss T ash _miss (4-3)

With a handhelddevice,not only is performanceimportant, but power consump-
tion is aswell. The systemperformanceof a deviceis the time requiredto perform a
task. With a handheld, power consumptionde nes the amourt of time a devicecan
be used. Studieshave alsobeendoneto show that adding a cade not only increases
performancebut canreducethe battery consumptionfor portable devices[37].

4.2 Experimental Setup

Table4.1summarizeghe four sessionsisedin our cade simulations. Eventsrefers
to the number of entries in ead of the activity logs. Real Time is the amourt of time
(in HH:MM:SS) ead sessiorspans. Run Time is the period of time (in MM:SS) that
the processorwas active (either running or dozing, but not sleeping). Ave Mem Cyc
is the averagee ective memory accesdime (in cycles),without a cade ascomputed
with Equation 4.3.

The volunteer user operated a Palm m515devicewith 16 MB of RAM, 4 MB of
ash and a 33 MHz Dragorball MC68VZ328processorwhich doesnot have a cade).
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Beforeead sessionwe initialized the deviceand collectedthe necessarynformation
for the simulator, as descrited in Chapter 2. While replaying a sessionwith the
emulator, we collecteda log of the memory requests. We usedtheselogs, or traces
with a cade simulator that we wrote to obtain cade missrates. We simulated 56
di erent cade con gurations by varying the cade size, line size and assaiativit y.

The LRU replacemen policy was usedin every con guration.

4.3 Cache Simulation Results

Figure 4.5 illustrates miss rates for the 56 cade con gurations of one session.
Theseresults are typical of the other sessionsn Table 4.1. Cacheswith a line size
of 32 bytes performed better than those with 16 byte lines except for the largest
cade sizessimulated with 4 and 8 way set assaiativities. Furthermore, increasing

the assaiativity typically decreaseshe missrate.

The Dragorball MC68VZ328requiresonecyclefor RAM accesseand three cycles
for ash accesse$38. With the ash cortributing about two thirds of the total
referencesthe averagee ective memory accesdime is closerto that of a ash access
time than a RAM accesgime (seeTable 4.1). We usedEquation 4.2 with Ty; equal
to onecycleand Tram miss @Nd T ash _miss €qualto oneand three cyclesrespectively to
computethe averagee ective memoryaccesgimes. Figure 4.6 displays the resultsfor
the same56 cade con gurations. In all con gurations, adding a cade signi cantly

reducesthe averagememory accesgime.

The small cadhe sizesusedin this study exhibit the samemissrate trends found in
larger cadhesusedin desktop systems.Figure 4.7 shavs the missrates for a desktop
system, exemplifying thesetrends. This samplecomesfrom the Trace Distribution

Center at Brigham Young University, a repository of desktopand sener traces.
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4.4 Conclusion

Averagememory accesgimes for currert Palm OSworkloadssu er from requests
to the ash dominating thoseto the RAM, which require three times as many cycles
to complete. Our cade simulations show that even relatively small cadhescanreduce
the e ective memory accessime by 50% or more! This is mostly due to the ash
memory receiving the majority of references.Adding a cade to a Palm OS device
using a Dragorball MC68VZ328 processorcan greatly reducethe averagee ective

memory accesdime and potertially reducethe battery consumption.
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Figure 4.5: Miss Rates For 56 Cache Con guration.
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Figure 4.6: AverageE ectiv e Memory AccessTimes.
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Figure 4.7: Miss Rates For A Desktop AddressTrace.
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Chapter 5

Conclusion

Hardware prototypes are expensiwe to build. To minimize the overall developmen
cost of new hardware, system architects rely on simulation to guide dewelopmen
choices. Trace-driven simulators provide more accurate performanceestimatesthan
other simulation approades.

We have designeda trace-driven simulator for Palm OS devices.First, the initial
state is collectedfrom a handheld device, then the deviceis instrumented to record
external inputs with v e di erent hadks. The log of external inputs, or activity log,
is collectedwhile an actual useris running real applications under normal operating
conditions. After transferring the activity log to a desktop system,we replayed it on
an equivalent system,instrumented to record opcode usage,memory referencesand
performancestatistics. With this data, tests sud as energyconsumptionand cathe
simulations can be realistically and accurately performed. Furthermore, our cade
simulations show that adding even a small cadhe memory to a Palm OS device can
greatly reducethe averagee ective memory accesgime.

5.1 Future Work
While our simulator provides statistical performancemetrics for the most com-

monly usedfeatures of Palm OS devices,it doesnot currerntly replay activity logs
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that involve memory cards, IrDA or serial port activity, resetsor battery informa-
tion. Eadh of thesefeatureshave beenleft for future work and would allow a more
diverse group of sessiongo be replayed with the simulator. Furthermore, a more
comprehensie study of usagebehavior with more usersover a longer time frame

would provide more accurate estimatesfor cade simulations and other sud tests.

42



LIST OF REFERENCES

[1] J. C. Mogul and A. Borg, \The e ect of cortext switcheson cate performance,
in Proceedingsof 4th International Conferenae on Architect Support for Program-

ming Languageand Operating Systems ACM, 1991,pp. 75{84.

[2] A. Borg, R. E. Kessler,and D. W. Wall, \Generation and analysisof very long
addresstraces,"” in Proceadings of 17th International Sympsium on Computer

Architecture. ACM, 1990,pp. 270{279.

[3] O. A. Olukotun, T. N. Mudge, and R. B. Brown, \Implementing a cade for
a high-performancegaas microprocessor,"in Proceedings of 18th International

Symmsium on Computer Architecture. ACM, 1991,pp. 138{147.

[4] D. A. Wood, M. D. Hill, andR. E. Kessler,\A model for estimating trace-sample
missratios,” in Proc. of 1991 ACM Sigmetrics ACM, 1991,pp. 79{89.

[5] S. Przybylski, M. Horowitz, and J. Hennessy \Characteristics of
performance optimal multi-level cade hierarchies,” in Proceadings of 16th

Annual International Symmsium on Computer Architecture. |EEE, 1989.

[6] J. K. Flanagan, B. E. Nelson,J. K. Archibald, and K. Grimsrud, \Incomplete
trace data and trace driven simulation,” in Proceedings of the International
Workshopon Modeling, Analysis and Simulation of Computer and Telecommu-

nication SystemsMASCOTS. SCS,1993,pp. 203{209.

43



[7] K. Grimsrud, J. K. Archibald, B. E. Nelson,and J. K. Flanagan,\Estimation of

simulation error due to trace inaccuracies." IEEE Asilomar Conference 1992.

[8] A. Borg, R. E. Kessler,G. Lazana,and D. W. Wall, \Long addresstracesfrom

risc machines: generationand analysis," Researb Report 8%=14, Sept 1989.

[9] R. M. Fujimoto and W. C. Hare:, \On the accuracy of multipro cessortracing
techniques,” Georgia Institute of Tednology, Report GIT CC 92 53, June
1993.

[10] T. Kort, R. Cozza,L. Tay, and K. Maita, \P almsourceand microsofttie for 1q04

pda market lead," Gartner Dataquest, Ted. Rep., April 2004.

[11] C. Bey, E. Freeman, G. Hillerson, J. Ostrem, R. Rodriguez, and
G. Wilson, \Palm OS Programmer's Companion Volume |," Available:

http://www.palmos.com/dev/supp ort/do cs/ [accesseduly 2001],1996-2001.

[12] ||, Palm OS Programmer's Companion Volumel, PalImSource,1996-2001.

[13] R. Gannamargu and S. Chandra, \P almist: A tool to log palm systemactivity,"
in Proceedings of IEEE 4th Annual Workshop on Workload Characterization
WWC4, Dec.2001,pp. 111{1109.

[14] C. Roseand K. Flanagan,\Complete instruction tracesfrom incompleteaddress
traces (CITCAT)," Computer Architecture News vol. 24, no. 5, pp. 1{8, Dec
1996.

[15] C. Rose \CITCA T: Constructing Instruction Tracesfrom Cade- ltered Address

Traces," Master's thesis, Brigham Young University, April 1999.

44



[16] J. Flinn and M. Satyanarayanan, \P owerscog: A tool for pro ling the energy
usageof mobile applications,"” in Workshopon Mobile Computing Systemsand

Applications (WMCSA), Feb 1999,pp. 2{10.

[17] N. Vijaykrishnan, M. T. Kandemir, M. J. Irwin, H. S. Kim, and
W. Ye, \Energy-driven integrated hardware-softvare optimizations using
SimplePower,” in ISCA, 2000, pp. 95{106. [Online]. Available: cite-

seer.nj.nec.com/vijgkrishnan00energydrien.html

[18] W. Ye, N. Vijaykrishnan, M. T. Kandemir, and M. J. Irwin, \The
design and use of simplepower: a cycle-accurate energy estimation tool,"
in Design Automation Conferencee, 2000, pp. 340{345. [Online]. Available:

citeseer.nj.nec.com/g00design.tm|

[19] S. Lee, A. Ermedahl, S. L. Min, and N. Chang, \An accurate instruction-level
energy consumption model for enmbedded RISC processors,"in LCTES/OM ,

2001,pp. 1{10. [Online]. Available: citeseer.nj.nec.com/lee0laccuraterhl

[20] T. L. Cignetti, K. Komarov, and C. S. Ellis, \Energy estimation tools for the
palm,” in ACM MSWiM 2000: Modeling, Analysis and Simulation of Wireless
and Mobile Systems Aug. 2000.

[21] PalmSource, Inc, Palm (O] Emulator, Available:

http://www.palmos.com/dev/to ols/emulator/ [accesseduly 2001].

[22] Palm, Inc, \Palm support: Hotsync technology support index," Available:

http://www.palm.com/us/supp ort/hotsync.html [accesse@003].

[23] C. Bey, E. Freeman, G. Hillerson, J. Ostrem, R. Rodriguez, and
G. Wilson, \Palm OS Programmer's APl Reference,” Available:

http://www.palmos.com/dev/supp ort/do cs/ [accesseduly 2001],1996-2001.

45



[24] E. Keyes, \The HadkMaster Protocol," Available:

http://www.daggerw are.com/hadapi.htm [accesse@001].

[25] ||, \Hackmasterv0.9," Available: http://www.daggerw are.net/hadkmstr.htm
[accesse@001].
[26] \T ealmaster system extensions manager," Available:

http://www.tealp oint.com/softmstr.htm [accessed2003], TealFoint Software,

2004.

[27] LinkeSOFT, \X-master 1.5 free extension (hack) manager,” Available:

http://link esoft.com/xmaster/ [accesse@002].

[28] N. Bridges, \Quartus Forth Manual," Available:
http://www.quartus.net/pro ducts/forth/man ual/speci c.htm [accessedanuary

2004],1998-1999.

[29] The Grati Anywhee Page Available: http://www.escande.org/palm/GrfAn ywhere/
[accesse@4 May 2004].

[30] PalmSourcelnc, \P alm os, palm powered handhelds,and 18,000software appli-

cations," Available: http://www.palmsource.com [accesseduly 2001].

[31] G. Hewqill, \Copilot: Designand dewelopmen,” HandheldSystemsvol. 6, no. 3,
May/June 1998.

[32] GNU Geneal Public License Free Software Foundation,

http://www.gn u.org/copyleft/gpl.h tml.

[33] K. Rollin, \The Palm OS Emulator,” HandheldSystemsvol. 6, no. 3, May/June
1998.

46



[34] \The nosleep  software open source  project,” Available:
http://nosleepsoftware.sourceforge.net/danload.itml  [accessed April  2004],

Septenber 2002.

[35] \P alm desktop software for windows," Available:
http://www.palmone.com/us/supp ort/do wnloads/win_desktop.hml [accessed

April 2004],palmOne, Inc., 1995-2001.

[36] J. L. Hennessyand D. A. Patterson, Computure Architecture: A Quantitative

Approach, 3rd ed. Morgan Kaufmann Publishers,2003.

[37] J. Su, \Cache optimization for energy e cient memory hierarchies,” Master's

thesis, Brigham Young University, 1995.

[38] MC68VZ328 Integrated ProcessorUser's Manual, Motorola, 02 2000.

47



