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Referencecourting is a garbage-collectiontechnique that maintains a per-
object count of the number of pointers to that object. When the court readeszero,
the object must be deadand can be collected. Although it is not an exact method, it
is well suited for real-time systemsand is widely implemenrted, sometimesin conjunc-
tion with other methodsto increasethe overall precision. A disadvantage of reference
courting is the extra storagetrac that is introduced. In this paper, we descrike
a new cade write-back policy that can substartially decreasehe reference-couting
trac to RAM. We proposea new cade designthat remenbers the rst-fetc hed
value of a cade subblock, sothat the subblock neednot be written badk to RAM
unlessa di erent value is presen. We presen results from experimerts that show
the e ectivenesf this approad, particularly in mitigating the storagetrac dueto

referencecourting.
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Chapter 1
In tro duction

The relative cost of a RAM accesss worsening;that is, the speedof on-board opera-
tions and cadhe memoryis increasingfasterthan the speedof the memorybusand the
memoryitself. As Hennessyand Patterson point out, memoryaccesspeedhasgained
7% per-year performanceimprovemen in latency since1980,and microprocessoiper-
formancehasimproved between35% and 55% per year since1980. This discrepancy
is incorveniert for programmersand engineerswho desirefast performance,not to
mertion real-time programmerswho require predictable, consisten software perfor-
mance. Hennesseyand Patterson agreethat \clearly, there is a processor-memory
performancegap that computer architects must try to close” [5].

The above suggestghat we should perform our operations on-chip asoften as
possible,opposedto climbing the \memory wall" [19 and succunbing to the lower
speedsof busesand memory Historically, the most commonremedieso this problem
are adding (more) levels of blazing-faston-chip cade memory and optimizing cade
behavior to absorbmore of the main memory tra c.

In this thesis, we examinethe e ectivenessof a \dusty" write-back cade pol-
icy that suppressesinnecessarywvrites to memory. One scenarioin which this design
can prevail is referencecourting, a garbage-collectiortechnique that is widely imple-
merted and well-suited for real-time systems. Referencecourting maintains a court
of pointers that referenceevery object; thesepointer-valueschangerapidly in scenar-
ios of complex pointer arithmetic. In many casesa referencecourt changesfrom its
value v, but then quickly returns to v. Normal write-back cade policy marks this
referencecount dirty upon any value change, marking it for evertual copy bad to
RAM. When the valuereturns to v, it is still considereddirty, and whenit is evicted
from cade, it will be unnecessarilywritten badk to memory We introduce a new
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method of determining how \soiled" a value is, and recognizethat a value is indeed
dusty when it is altered in cade, but only dirty when it diers from the value in
memory We examine referencecourting with this dusty write-badk policy in this
thesis.

Implemerting a new cade policy is a microarchitecture optimization; sud op-
timizations aretraditionally costly to implemert in hardware, and aretime-consuming
to simulate in software. Traditionally, to test our new cade policy, we would have to
rst spend a long time in software simulation, then make an Application-Sp ecic
Integrated Circuit (ASIC) that usesour cade design,costing millions of dollars.
Howeer, the Liquid Architecture [8] system,deweloped at WashingtonUniversity un-
dergrant ITR{0313203, allows usto reify and analyzeour proposedmicroarchitecture
rapidly and with no additional monetary overhead.

In the body of this thesis,we rst discussbadground detailsthat are necessary
to understandthe following experimerts. We then proposethe new write-badk cade
policy, statistically examineits e ectivenesswith referencecourting and Java SPEC
Bendimarks, and usethe Liquid Architecture platform to implement and quartita-
tively analyzethe microarditecture optimization at clock-cycle resolution. Finally,
we proposese\eral averuesof related future work, and review the experimertal nd-
ings of this thesis.



Chapter 2
Background

In this chapter, we review microarditecture optimization, cade organization, and
cade write policy to help dewlop the foundation for our further investigation. We
alsodiscussreferencecourting and somecommontrends of Ob ject-Orien ted Pro-
gramming (OOP), both of which are utilized in the included experimerts.

2.1 Arc hitecture vs. Microarc hitecture

This thesis proposesa cahe microarditecture optimization, so we must make the
distinction betweensoftware, architecture, and microarditecture optimizations. We
will take an outside-in approad, shown in Figure 2.1.

Programmersoften optimize their code to make it more e cient. They depend
on compilersto accuratelytranslate their codeinto architecture-speci ¢ madine

Program

i
Compiler

¥
ISA

v

Microarchitecture

Figure 2.1: The tieredrelationshipof program,architecture,and microachitecture
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instructions. In many cases,an understanding of microarchitecture concepts
sud ascade locality and branching behavior can help a programmerwith sut
optimization.

Compiler dewelopers must provide this translation, but make optimizations of
their own to producea more e cient list of madine instructions, courting on
the computer architecture to interpret theseinstructions as expected.

Computer architecture dewelopersprovide an instruction setarchitecture (ISA),
or an interfacefor the compiledprogramto interfacewith the microarditecture
beneath.

The microarchitecture, or chip, must realize the ISA above it and govern the
primary elemeis of computation. As is proposedin this thesis,we can biasthe
microardhitecture to take advantage of commonprogramming idioms to make
programs run more e ciently. Optimizations at this level must not change
computational behavior with respect to the architecture.

Cade memoryitself is a microarchitecture optimization, and it lendsitself to
further behavioral optimization, aswe concludelater in Subsection2.2.1.

2.2 Cache

On-chip cache memory is the rst and most e ective safeguardagainst unnecessary
memory accesseslt provides a quick bu er layer for intercepting temporally local
memory accessesCade memory is often on the processoritself, so due to its prox-
imity and accessspeed,it savesus the long trip to RAM.

Cache Organization

We can rst classify cache memory by the nature of the data it bu ers. Instruction
cache (I-cache) contains instructions for processorexecution, and for the purposes
of this thesis, is read-only Data cache (D-cache) bu ers the data-valuesfrom our
software execution, including referencecourts. Thesecadesare often separatedon
the processorbut may be combined to form a uni e d cache

Cadthe memoryis composedof blacks alsoknown aslines, which are xed-sized
data collections. Often times, multiple valuessud as integersand charactersshare
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a single block, and blocks are often decompsedinto subbloks When a block of
main memory is accessedit is immediately copiedto cade, sothat any subsequen
memory accessewill usethe cated copy and avoid the trip to main memory,

For ead block, the cadhe maintains the block addressesind o sets, aswell as
a valid bit for ead subblock to monitor whether the subblock cortains a valid value.
This improves the cade seart speed, and will help prevent valid subblocks from
being overwritten wheninvalid subblocks can be written instead.

Whenthe CPU requeststo reada valuefrom memory we rst seard the cade.
If the value is cathed, we experiencea read-hit, and the value is accessedn cade.
If, howewer, the value is absen in cade, we incur a read-miss penalty of returning
the value from RAM and storing it badk in the cade. When the value is stored back
in cahe, we may have to evict a valid subblock from our crowded cade. Seeral
eviction strategiesare utilized, sud ascompletelyrandom eviction, last recently usel
(LRU), and rst in, rst out eviction, where the oldest block is evicted. Reads
composeroughly 79% of all data cade trac [5], and the eviction rate dependson
read locality. The penalty of a miss dependson the latency and bandwith of the
memory and bus, but as discussedin the previous chapter, the relative penalty is
worsening.

Writes compose21%o0f overall memorytra ¢ [5]. Just aswith reads,the cade
experienceswrite-hits and write-misses but the behavior of eat di ers depending
on which write-policy the cadie employs. Historically, there are two basic strategies;
we explorethesebelow.

Write-Through  Cache

The most primativ e acceptedcade policy is write-through In this cade con gura-
tion, wheneer we write to a memoryaddress,jt writes directly to main memory This
resultsin a memorywrite every time, and the CPU waits for the write to completein
what is called a write stall. To help avoid this stall, the processorcaninsteadwrite to
awrite bu er and cortinue its processingwhile the write bu er executeghe write to
memory in parallel. The processomay then quickly write the samevalue into cathe
(known as write allocate) or not write it into cade, and modify the value in RAM
alonevia the write bu er (no-write allocate).



- Blocks

Subblocks

Data | +— Valid Bit
| +— Dirty Bit

Figure 2.2: Write-backcacheorganization

Write-Bac k Cache

A widely acceptedalternative to the simple write-through cade policy is write-back
cade, pictured in Figure 2.2. This con guration has the samebene ts as write-
through cade for reads,but it cansave on write-hits. It achievesthis by re ecting all
writes directly into cadie memory Unlike write-through, it doesnot write to main
memory at this point. Instead, it keepsa dirty bit per subblock in addition to the
valid bit that signi es whether the value in cate hasbeenaltered sinceit was read

in from the memory When the value is evicted from cade, it is written bad to
memory if the dirty bit is set.

2.2.1 Further Cache Optimization

We shall shav that a standardwrite-back cade policy lendsitself to someunnecessary
memory writes. If a value is altered and promptly returns to the samevalue in a
following write, it is still marked dirty and is written badk to main memory even
though the value in main memory is identical. Moreover, if we have a value k in
memory and we write the very samevaluek to the sameaddress.the write will cause
us to mark the subblock dirty, and k will be unnecessarilywritten badk to memory
upon eviction. We can concludethat the dirty bit is su cient but not necessaryto
judge whether a value needsto be written badk to memory
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We investigatea more e ectiv e cade designthat writes to memory only if the

value it writes bad is indeeddi erent. This can save memory accessegsiecially for

software operations and idioms that involve changing a variable and then promptly
returning it to its former value.

2.3 Reference Counting

Referencecourting [14] is an e cient albeit inexact meansof automatic memory
managemet) otherwiseknown as garbage-collection14]. Garbage-collectionertails
automatically reclaiming heap-allacated objects from memoryoncethey are no longer
neededby a program, and is utilized in languagessud as Java and C#. Refer-
encecourting is one averue to garbage-collectiorfunctionality; it works by courting
the pointers that referenceeat object. When the court reades zero, the object
is \garbage" and may be collected. Referencecourting is well suited for real-time
systemsand is widely acceptedand implemerted [1].

Though the implemertation is straightforward, referencecourting canimpose
considerableoverheaddue to increasedmemorytrac. Examplesof saidtrac are
found in common OOP patterns that have one object point to another for a short
time, beforepointing away. The Iterator pattern [4] is a very simple and frequertly
deployed exampleof this thumbing-thiough behavior.

2.3.1 The Thumb Idiom

This widely usedthumb object programming idiom ertails a pointer referencingan
object, performing a short set of operations then pointing away, often to another
object. We obsene this behavior often when iterating through any data structure
sud as a linked list, tree, vector, or hastable. This behavior is also commonin
sorting algorithms. We obsene the thumb object nature of the Iterator pattern with
respect to referencecourting.

Iteration with Reference Counting

A commonuse of the Iterator pattern is shovn below, where we traversean ertire
list and processead item in the collection. It seemssimple in nature, but it causes
a lot of referencecourting tra c.



LinkedList list;

Iterator iter = list.Iterator();

while (iter.hasNext()) {
Object item = iter.next();
foo(item);

As we iterate over the list, the Iterator's internal place-lkeepingpointer switches
from node n; ; to n;, and onward to n;.1, until the end of the list. The reference
court of node n; incremerts from k to k + 1 oncethe iterator touchesit, remainsat
k + 1 for a short while, then decremets badk to k asthe iterator movesonward to
node nj;; . It thumbs through every node in sud, until termination.

Ead node in the list will have a similar referencecourt \hiccup” due to this
commonthumb object idiom. We next discusshow the cade behavior di ers with
respect to the write-policieswe designatedabove.

Cache Response to Iteration & Reference Counting

With a write-through cade policy, both the increment and the decremen will be
written directly to memory whenwe point to and away from the object, respectively.

With a write-back policy, the referencecourt is marked dirty after the incre-
mert, and remainsdirty after the decremetf Though the referencecourt is the same
beforeand after the short hiccup, the write-back cade believesit to be dirty. There-
fore, upon eviction from cade, the value is unnecessarilywritten to memory This
will occur every time a thumb-pointer (or any pointer) points to an object, then away
again.

With our dusty cade policy, we would experienceno writes to memoryfor sudh
hiccups;just a singleread from memoryto get the referencecourt into cade. Upon
the value's eviction from cade, the microarditecture nds it to be idertical to its
former value and doesnot write it bad to memory We will discussthis con guration
more in Chapter 4.



Chapter 3
The Liquid Arc hitecture System

The Liquid Architecture system takes advantage of recon gurable logic to permit
timely design, prototyping, and analysis of new hardware modules. Without sud
a tool, the dusty cade idea could not as easily have been prototyped, tested, and
analyzedin ample time for me to write this and graduate. Moreover, to syrnthesizea
microardhitecture without recon gurable logic requiresmillions of dollars.

Our Liquid Architecture researt team recognizedtheseobstaclesin the hard-
ware designand software pro ling processesand deweloped an interactive systemto
remedythem [11].

3.1 The Proling Problem

Programmersoften want to know how their software utilizes the underlying microar-
chitecture. With an accurateview of what happenson-cip during a programrun, a
programmermay optimize his or her software to take better advantage of the hard-
ware beneath. Sud software-microarditecture interaction feedbak is surely useful,
but very dicult to gather. Unfortunately, many methods of gathering accurate
software performancedata have fundamenal awsin accuracyand timeliness.
Proling software performancewith other instrumented software can yield
skewed results. In someinstances,the pro ling software will add extra overhead
and we're left with a faulty report of processoractivity. Other times, software pro-
ling will not provide su cient resolution of results, and the results are too vague
to draw conclusions.Simulation suites, howeer, yield extremely ne resolution but
take an extremely long time to pro le the simplest of programs. Moreover, many
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Figure 3.1: Photographof the FPX

software pro lers and simulation suitesdo not accourt for (or cannot adequatelypre-
dict) someof the extremely improbable everts that occur during normal execution
sud as pipeline stalls and store bu ers.

3.2 The Liquid Arc hitecture Solution

The Liquid Architecture solution combines recon gurable logic, microarditecture
support for monitoring on-chip ewens, and a web-basedcon guration and analysis
interface. This o ers a solution to the above pro ling problemsand permits rapid
designand testing of hardware and software structures, making this thesis plausible
and conclusie.

3.2.1 The Liquid Pro cessor

The Liquid Architecture processorbeganas LEON2 [3], a softcoreprocessorfor em-
beddedsystems,deweloped by the ESA (European SpaceAgency). The LEON core
provides sophisticatedarchitecture featuressud asinstruction and data cades,the
ertire SPARC V8 instruction set [7], and busesfor high-speed memory accessand
low-speedperipheral cortrol.
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The Statistics Mo dule

The group modi ed the coreto add the Statistics Module [6], a performance-measure-
mert functionality for obtaining cycle-accuratetiming results, cace-behavior statis-
tics, and method-speci ¢ output for ead. Sud statistics are typically unavailable
in genericprocessorsand are incredibly monotonousand time-consiruing to attain
through simulation - the Liquid Architecture processoruns programsat full (FPGA)
speed.

This module is really a collection of smaller courter modules, ead of which
hasthe following:

One speci ¢ instruction or ewert to track

One courter to track how many times this instruction or evert has red
Two memory addressega low and a high, to constitute an addressrange)
A connectionto the addressbus

A connectionto the ewvert bus

A connectionto an output data bus

With this information, eat courter can listen on the buses,and if the evert
occurswithin the designatedmemory range, the courter is incremened. This is all
donein parallel, sothe tracking medanismsdo not add extra clock overheadto the
executionof the program.

The entire module is customizable;that is, we caninstantiate varying numbers
of thesetracking modules within the statistics module with a simple changeto the
VHSIC Hardw are Description Language (VHDL) specication. Onceinstanti-
ated, we can send padkets to the microarchitecture to program the instructions and
addressedgor ead courter module of the Statistics Module.

One precaution the Statistics Module takesis over ow prevertion. When a
user-designatecamourt of clock cyclesexpire, the ertire module evicts the data from
its courters and passeshe statistical data to the padketization module to be sert
badk to the user. It then resetsthe courters and cortinues monitoring execution
without skipping an evert.
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FPX Leon Controller SRAM /
LEON Pl ot
SPARC-
comp atible
Packet I-CACHE [D-CACHE | |Controller gl eisesrzgt’c?r
Processor AHB
I
‘ RITE * APB L * (Modified -
Adapter
MP3) Boot MP3)
Data / Address | Rom
Layered Internet Protocol W rappers

Figure 3.2: Modula diagramof the FPX and Liquid Processo Module

3.2.2 The Liquid Pro cessor Mo dule

The Liquid Architecture systemis an extensible hardware module on a Field-pro-
grammablePort Extender (FPX) [2]. This platform is surroundedby Layered Pro-
tocol Wrappers, which parseinput and formats output as User Datagram Proto-

col (UDP) network padets. Once padets are parsed,they are routed by a Cortrol
Padet Processor(CPP) which delivers certain padkets with command codesto the
LEON cortroller. The LEON cortroller readsthesecommandsand directs the LEON
processoraccordingly or it comnmunicates with the memory cortroller to read the
corntents of external memory Also presen is a MessageGenerator which formats
messageshat contain commandpadet acknowledgemets and pro ling data.

3.3 Interfacing with the Hardw are

The Liquid Architecture group agreedupon a web interface for accesgo the recon-
gurable system.We designedand implemerted a user-friendly interfacethat makes
much of the system'sfunctionality available to the web-useraswell asthe transparen,
analyzable,pro ling output.
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The challengein creating sud an interfaceliesin toolchain support for corvert-

ing a normal C-programto a Liquid Architecture-compatible binary format, comnu-

nicating the user'scon guration speci cs to the hardware, and reporting the results
bad to the userfor analysis.

3.3.1 Toolchain and Language Supp ort

One of the advantages of the Liquid Architecture systemis that we can execute
software programmedin the C programming language. At currert, our systemhas
se\eral restrictions on program behavior and compatibility. None of our bendymarks
cameinto conict with theserestrictions, but nonethelesswe plan to increasethe
compatibility and resole theseissuesin the near future:

No le orterminal I/O. The Liquid Architecture systemdoesnot have aterminal
for printf(...) or getchar() commands,soall of our programsand bendmarks
reroute their trace debuggingand output to SRAM memory This memory may
be read after program execution.

No operating systemcalls. Our currert pro ling interfacedoesnot run software
on top of our customizedLinux kernel; this is future work for the group.

No oating point computation. We plan to incorporate a Floating Point Unit
(FPU) into the microarditecture soon, but at currert we do not o er this
functionality.

Once we have a candidate .c le, we must compile, assemble, link, corvert it
to binary for upload onto the hardware, and createa memory map of the binary le.
We use LEOX 1.0.18,an open sourcetoolkit for cross-compilingfrom linux to the
target LEON (SPARC V8) Instruction Set Arc hitecture (ISA). We combine this
toolkit with a number of other operations and use the following commandsas the
baseof our toolchain functionality:

sparc-elf-gcc  foo.c -s

sparc-elf-as  foo.s -0 foo.o

sparc-elf-ld  <libraries> foo.0 -0 foo.out -Map foo.map
sparc-elf-objcopy  foo.out -v -O binary foo.bin
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Our customized compilation suite performs seweral intermediate and latter

stepsto producea data le for software simulation. Howeer, the above stepsalone

are su cient to ready a C program for executionon the Liquid Architecture system
via the web interface.

3.3.2 The User Interface

The web-baseduser interface provides the vehicle from the creation of the binary
input le to the pro ling results. The work of the interfacecanbe divided into se\eral
tasks: acceptingcustom user programs, gathering con guration input, manipulating
the hardware, and reporting the results.

Accepting C Programs

We provide two averuesto running cross-compiledprogramson the Liquid Archi-
tecture system. We provide se\eral pre-compiled regressiontests and bendimarks
that may be selectedfrom a drop-down list on the rst Hyp ertext Mark-up Lan-
guage (HTML) con guration form (seeFigure 3.3).

In the casethat the userwishesto run a customprogram, two le-input elds
are available on the samepage. The user may browse his or her local computer for
the compiled binary le and its appropriate linker map le (provided by the cross-
compilertoolchain, asmertioned in Subsection3.3.1),and uploadit for con guration
and execution.

The screenshotin Figure 3.3 displays a text input for specifying the memory
addressat which to load the selectedbinary le. At this address,the .text segmenh
will be loaded, followed by the .data and .bss segmets. Further, the hardware will
beginits executionat this address.

Gathering User Input

The interfacepermits further con guration of the executionafter the binary and linker
map les have beenselected(seeFigure 3.4). We parsethe linker map le submitted
by the user,then generatea web form with a grid for selectingspeci c memoryranges
and processorevernts. Theserangesand everts will govern the initialization of the
statistics module, as discussedabove in Subsection3.3.2. This permits method-wise
pro ling for a variety of statistics.
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Liquid Architecture Configuration (1/2)

Username: Admin

1. Choose FPX Architecture

From the dropdown, select the appropriate bitfile you wish to load

Ligjuid_STAT _inta_%2 hit j

2. Select Benchmark for Execution

Select a working, pre-compiled benchmark. In this case, leave steps 3.2 and 3.b blank.
3. Sele_ct E_Iina_r'y & M_ap F_iles_ for Upload

a. Browse your local carnputer for the binary file you wish to load

Browse..

b. Browse your local cornputer for the linker output (.map) file that corresponds to the above prograrm.

Browse..

4. Enter Load Address for Program

Enter the address at which you would like toload the above binary on the FPX.

40000200

Select a bitile, binary file, and loadmap file (optional) before continuing.

Enter Ahove Values

Start Over

Figure 3.3: Con guration pagel of Liquid Architectureinterface

Becausethe Liquid Architecture system does not have a terminal or print-
stream interface, our programswrite to memory for output and debugging. On the
secondcon guration page, we allow the userto specify a memory addressto read
after execution, making sud program data available to the user.

Manipulating the Hardw are

Oncethe con guration is complete,the user choicesare postedto a Perl [13] control
center script that comnunicates with the hardware using custom opcodes within
UDP packets.

The sener usesa Java programhandlethis correspndencethis programwraps
the input opcodesand waits for the adknowledgemets or responses. This interface



Liquid Architecture Configuration (2/2)

L

Load Map File: benchmarks/montecarlo.map
Corresponding Binary File: benchmarks/montecarlo.bin
Binary Loading Point: 40000200

1. Statistical Configuration

Check desired boxes to indicate which attributes you would like to instrument on which methods.

[1i== |
Ctext 0x40000200-0x40000070 O K n imll m imill m u
man.’n. 0x40000470-0x4000058E I M n Nl = n mi m n
do_wead 040000580~ 0x400005EE O K n N n O E n
do_write 0x400005EC-0x4000061F ml u Bl B u O Wi u
do_iner 0x40000620-0x40000673 i n I n ml = n
do_dear 40000674~ 040000607 0 W n Imll m n Imill n
rand value 4 0000605- 0140000713 O B n Iml = n il = u
rand memoxy 0340000714 - 034 000075E Bl = n Bl E n O H n
Crand sbject 0x40000760-0x40000767 O K n imll m n imil m u
init 0x400007E5-0x40000563, I M n Nl = n mi m n
monte get oper  Ox40000864-0x4000095F O B n N n O E n
rand 0x40000840-0x4000095F mil u Bl B u O Wi u
Usex Dafined | 3 O EL n O n O § n

2. Memory Read Address Selection

Indicate a memory address at which to view mermory after program execution. (This allows you to view
program output):

J.Memory ReagLength:Selgction. =

Indicate (in hex) the Mumber of Words to read at the above address:

Frocead to Exacution B Bl

Figure 3.4: Con guration page?2 of Liquid Architectureinterface

16
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is highly extensible;asour systemgrows in functionality and cortrol padet sophisti-
cation, this Java program can cortinue to act asa communication layer betweenthe
userand the liquid processor.

The Perl control script dictates the opcodesto Java program accordingto the
con guration speci cs of the above steps. This providesa layer of abstraction between
the userand the raw opcodes,requiring the useronly to make the above con guration
decisionsand the rest executedautomatically.

Ead trial of the liquid architecture systemsharessomecommonfunctionality
and opcodesfor initializing and executinga given program. These stepsare shavn
in the upper half of Figure 3.5:

We load the bitle with ncharge. This transmits the speci cs of our recon-
gurable microarditecture over to the hardware.

We reset the LEON pro cessor by sendingan opcode via our Java commu-
nication program. This wipesthe memory cleanand initializes the hardware to
a ready state.

After resetting, and throughout initialization, we check pro cessor status by
sendingan opcode and receivinga status code via our Java program.

We upload the binary program via our Java program, and transmit the
binary data to the liquid hardware's SRAM, to a location designatedby the
userin Figure 3.3.

Con guring the statistics module requiresa seriesof opcode transmissions
from the Perl script to the hardware. For ead courter, as selectedin the
con guration stage shown in Figure 3.4, we have to make two transmissions
to the hardware: the high and low memory addressesand the event or signal
to monitor. After ead courter is con gured, we send an opcode to tell the
statistics module how often to ush its courters and send statistics padkets
bad, asdiscussedn Subsection.

Finally, we sendan opcode to start the program .

At this point, the program is running on the recon gurable hardware which
is con gured accordingto the uploadedbit le. Our cortrol script keepslistening for
processomperformancefeedba& and program results.
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Liquid Architecture Execution
Script Execution Began at: 03/30/2005 10:46:00
Username: Scott

Loading Bit File
mand Issuad ¢ WH.bit Welcome to NCHARGE, type h for help, o for option menu FFX: ¢ WB.bit Timed OUT Command esxecuted

Resetting
[ ah3E34]
arazaSeript: Waiting for Lock[d14b3534]
zentsegHum: 1 Leaving SendFile; sent; 480 [414b2634]
[ db3520]
[ ab2E24]
Run Completed
Done.

Loading Binary
Loading benchmadsimontelite.bin to 40000000
sentzeqHum: 1 sent zeqium: 2 sent seqium: 3 sentseqium: 4 Leaving SendFile; sent: 3300 [414b3634]

Done.

Configuring Stats Module

Using text 40000000 - 40000084
[414b3730]
...initing counterD to count Clock here.
javaudpAC OO0
[Haba7a0]
.initing counter 1 to count DCache RHit here.
java udp ACO 11
[#14ba730]
initing counter 2 ta count DCache RMiss here
javaudp ACOZ 2
[314b3730]
..initing counter3 to count DCache WHit here
javaudp ACO 32
[41463720]
..initing counter < to count DCache Widiss here,
javaudp ACD 44
[41463730]
...initing counterS to count Mem Read here
javaudp ACOSS
[H4b3730]
...initing counter B to count Mem Write here.
javaudp ACOG G
[414b3730]
Done.

Configuring Feedback Timeout
TG RE A 000 AT Ia0r
Done.

Starting Program
Starting execution at 40000000
i

Done.

Awaiting Program Termination
Fiping output to statout te
53500001 1110MdS 0282507 00017 c0e 00 34311 00005201 000110 af 000117 a1 00000000 00000000 00000000 53500002 11110001 026542904
00017 ¢as 00390232 00004eab 00011131 D000MSFS 00000000 00000000 00000000 53500003 11110001 0265405 00017 c03 0024047 & 00004233
OO0 S 0000f35d 00000000 00000000 00000000 53500004 11110001 026507 2 00017 bas 00240321 0000492 0001143 000076 00000000
00000000 00000000 §3500005 11110001 0268 e o549 00017413 0024068 3 000042838 0001184 00002 42 00000000 00000000 00000000 53500006
11110001 0268e af2 00017 b26 0034062 & 00004299 0001012 00001752 00000000 00000000 00000000 S3500007 028h331 ce 013 aa73e 000025
0053 af23 00002207 000040 00007 #¥ 00000000 00000000 00000000 150504 44413 eds

Done.

[Pkt Header | 4=t (Clack) [test (DCache RHit) [text (DCache RMiss) [text (DCache WHit) et [DCache Whiss) [texd (Mem Read) [text (Mem Write]

[

|
| szgooont [zssazerar | andsoami | 07,204 [ toFe0ars | 21,180 [ azrast [ riges
|szsooonz |zssazeves | andzsraz | 07,449 [ toFamaes | 20,130 [ tzraer [ sasom
| szsooone |zssaseres | andzosez | 07,283 [ 1o7acnss | 20,131 [ azmaz [ sasm
| szgonona |zssaceres | anazTeaz | 07,187 R 20,114 [ azmoar [ sz
| szs00006 [286328788 | andm0ETE | 07 562 [ to7acsTe | 20,120 [ 27a7z || s3ses
| 200008 |zeEa28786 | andsoEzz | o7 061 [ t07a04es | 20,121 RET
| s2500007 [146081422 | zogzie | 40,759 [ samzaz | 10,247 [ 6008 [ =z
| 7total [1mez922088 | 2e3ze3E1 | 522,503 | emgmsore | 132,041 [ szeo72 [ az1,728

Return

Figure 3.5: Control scriptfor Liquid Architectureexecution
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Gathering and Reporting the Results

As resultsreturn from the hardware, a Java listener program pipesthem out to a le.
Oncethe hardware nishes executingthe program, it sendsa nal padet to signify
either gracefultermination or an error result. In either case,the sener now hasa le
with the statistics of the program'’s executionon the hardware.

Our samePerl script parsesthis le and displays the resultsin a table for the
user, showvn in the bottom of Figure 3.5. If the userrequestedto read a memory
address(from the screenshovn on Figure 3.4), the sener sendsa UDP padket to
the hardware requestingthe valuesin memory at the prescribed addressrange. We
display this data in hexadecimal,decimal, and ASCII to facilitate chedking program
results.

In its ertirety, the automated con guration and result output of the liquid
architecture takes roughly one minute. The program execution time in between
con guration and output dependson the behavior of said program on our 25MHz
processor.
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Chapter 4
Dusty Cache

In this chapter we presen our dusty data cade microarditecture optimization and
discussits designand interaction with the machine architecture. We classify this
policy as an enhancemen to the write-back cade policy that is reviewed in Sec-
tion 2.2. This dusty cade speci cation is implemerted in the Liquid Architecture
system(Chapter 3) asa data cade, and is analyzedin Chapter 6.

4.1 Dusty Cache Design

The dusty cade speci cation employs the samelines (blocks), subblocks, and valid
bits as both the write-through and write-back policies. As discussedn Section2.2,
the write-badck cade policy usesa dirty bit to decidewhento write a value badk. Our
proposeddusty cade usesa dusty check to decidewhen to write the value bad to
memory.

The Dusty Check

The dusty ched is not an actual bit asin write-badk policy, but we still provide a
medanismfor cheking whetherto write the value badk to memorywithout cheding
main memory itself. Like the write-badk policy, the dusty cade has a dirty bit to
decidewhether the value has changedsince erntering cade. In addition, the dusty
cate hasa secondcade bank that actsasan imageof main memory, labeledD | nage
in Figure 4.1. This bank is readily accessiblewithout incurring the time delay of
reading main memory, discussedn Chapter 1.
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Tag D Data D Image

Cache Lines
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oree | [T TN
f L Dirty Bits

Data Valid Bits
Image Valid Bits

Figure 4.1: Dusty cachestructuraldesign

Dusty Cache Structures

The dusty cade policy has a single Tag RAM and a set of data lines Dp . like
write-through and write-back, but it also has an extra set of data lines, discussed
above. We maintain that for eat ertry in the Tag table Tag the correspnding
line in the Dp 4 cadie bank, Data;, is the cadied value pertaining to the addressin
Tag. The correspnding value | mage in the D|mage Cate bank is an image of the
valuein memory at the addressspeci ed in Tag. We discussthe interaction of these
correspnding elemets in Section4.2.

Both cade banks have valid bits for eat subblack, but only the subblacks in
Dpata have dirty bits. We will seewhy aswe discussthe behavior.
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Tag D pata D Image

Cache Lines

=

CPU Memory

Figure 4.2: Dusty cachewith referenceo the CPU and main memay

4.2 Dusty Cache Behavior

Becauséethe D nage Cadie bank is an imageof main memory, it is not written directly
by the CPU in the evert of a memorystore;instead, only Dp 4, IS written. Wheneer
we read from memory howewer, both cade banks are written. We write t0 D mage
to retain an accuratereferenceof memory, and we write to Dp 4, becausethe CPU
usesit asits data cade. This writing behavior is shovn in Figure 4.2.

As we arguedin Subsection2.2.1, our proposedcadie policy prevens the un-
necessarynemorywrites incurred by write-back policy. We examinethe dusty cade's
behavior in sewral di erent scenarios:

Upon aread hit the valueis in Dpgaa, SOthe valueis returned to the CPU.

Upon a read miss the valueis not in Dp 4, SOWe read the value from main
memory and write it to both Dpan and Dymage. Potertial cade eviction.

Upon a write hit the addressmapsto Dpaa, SO We alter the value in Dp g
and set the dirty bit.

Upon a write miss the addressis not mapped to Dpaa, SO We allocate and
write it to Dpaa. Potertial cade eviction.



23
Upon a cache eviction , if the subblock's dirty bit is set, we examine the
value in Dpaa againstthe correspnding value in Dy mage. If they are idertical,
nothing is written. Else, we write the value badk to main memory.

4.3 Dusty Cache Cost

Becauseprocessorreal estate is somewhatlimited, we must justify our intentions of
placing a memory image on a microprocessor. The addition of the memory image
roughly doublesthe size of our e ective cade, sinceead subblock in our cace has
a correspnding subblock in our on-chip memory image. We can imagine se\eral
objections:

With the spacethat dusty cade takeson chip, it may be the casethat we can
better improve performanceby simply doubling the sizeof our write-back cade,
thus improving our missrate.

Aside from reducing the missrate, doubling our write-back cade could poten-
tially keeplines in our cade twice as long, and therefore reduce the rate of
evictions and write-backs, both necessaryand unnecessary

Regardingthe rst objection, we would expect to lower our cadie missrate by
doubling the size of our cate, but we seein Figure 4.3 [5] that the returns quickly
diminish if we keepdoubling our cade. For a cade sizeof 4KBytes, we could argue
that doubling our cade could provide a sucient return; with a 1MByte cade,
howewer, we may be able to more wisely utilize our processorspace.

In addition, the e ectivenesof a data cadedirectly correspndsto the breadth
of the data that the executing program tends to use. For a program that usesa
small breadth of addressesa smaller cadhe will su ce; if our program accessemarny
addressesvithin a wide range, a larger cade will improve performance.

Regardingthe secondobjection, doubling the sizeof our write-back cache would
indeed prolong a value's lifetime in cade, but for a long program run we would still
ewvertually su er the unnecessaryrite-back of evicted cade values. Regardlesof its
size,if we utilize a write-back cade we cannot escae theseunnecessarywrite-badks
that a program may cause.Further, just like the above, this dependsdirectly on the
set of applications we intend to run on our cadhe. We make a distinction of the type
of programsthat best utilize dusty cade opposedto write-badk cade in Chapter 6.
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Figure 4.3: The e ect of doublingour cacheon cachemissrate

In further experimerts, we comparethesetwo cade policiesover various bendimark
executions.

In Chapter 5 we qualify the bene ts of this cade designfor referencecourting
software systems.In Chapter 6 we implemert this microarchitecture and discussthe
behavior of dusty cadhe whenimplemerted in hardware.
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Chapter 5

Software Cache Simulation

5.1 Analysis of JVM Cache Behavior

Before implementing the hardware solution to the dusty cade principle, we rst
pro led somecommon idioms of Object-Oriented Programming (OOP), enbodied
in somecommonbendmarks from the SPEC JVM '98 suite [12] to make an initial
guarti cation of the bene ts of this cade policy over write-through and write-back.

As discussedabove, we expect referencecourting to exhibit the e ciency of
dusty cade over write-back cate, sowe designedthis experimert to track reference
courts in Java and examinehow many times the referencecourts are written bad to
memory for di erent cade con gurations.

JVM Instrumen tation & Output

The bendimark results are gathered from an instrumented version of Sun's Java
Virtual Machine 1.1.8[9] in Solaristhat implemerted ReferenceCournting Garbage
Collection [14]. To get a more transparert view of the referencecourting behar-
ior and the JVM's useageof the architecture beneathit, the JVM usescustomized
trace functions to signal events, sud as referencecourt incremeris and decremets,
putfields , getfields , and avariety of other everts, completewith a dynamic court
of JVM instructions at ead point of execution.

The JVM outputs this data during the executionof the program, allowing us
to capture runtime statistics. We ran and captured seweral bendymark programs,
ead of which is discussedn Subsection5.1.1.
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We parsedthe JVM output with a trace analysistool that constructsa graph

of per-object referencecourt behavior. This allows us to obsene the following, for
ewery object instantiated in the bendmark:

Its referencecourt at any point in execution
The number of total JVM instructions betweenchangesin its referencecourt

The number of cade-altering instructions, sud as putfields , getfields ,
aastores , and aaloads, that occur betweenchangesin its referencecourt

It isimportant to note that this referencecourting implemenration usesa stadk
optimization [1]; that is, referencedrom the stad are not tallied in an object's refer-
encecount. Instead, a single referenceis made from ead stadk frame that cortains
a pointer to the object. Oncethis stadk frame is popped, the stack referencedisap-
pears,and the object may be collectedif it hashasno stadk frame reference®r object
references.For this reason,we only track heap-basedeferencesn this experimert
(seeChapter 6 for a stadk-basedreferencecourting tra c approximation).

Quantifying Memory Savings With JVM Output

The next task is to simulate cadhe memory and evaluate the cade performancefor
seweral di erent cade con gurations. We intend to measurethe e ciency of the
cade in preverting writes to memory, sothe metric of successn this experimert is
\memory writes saved". We crafted a software solution that enulates cade behavior
to gather this data.

To represemh cade e ectiveness,we must have a way of expressingwhat is
currertly storedin cadhe memory; otherwise,we cannot know which readsand writes
esca the cache. We employ a probabilistic, worst-caseapproad here.

Wheneer somethingis written to cade, we take the worst-caseapproad and
assumethat it will evict somevaluefrom cade. In other words, we assumethat there
is no locality in cade writes; every getfield and putfield instruction writes one
value to cade and evicts another. From a probabilistic approad, we assumethese
instructions are equally likely to evict any caded value. In our implemertation, this
is realized as a lifetime, or \window" of cade time for eat referencecourt value.
That is, for a window of k cade writes, if value v is written to cade on write i, v
will be evicted on write i + k.
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We ewaluate both uni ed and data (non-uni ed) cade con gurations, and with
ead, we simulate write-through, write-badk, and dusty policies.

To represen the e ects of uni ed cade (discussedn Section2.2), we designate
every JVM instruction asa cade write - this meansthat if referencecourt value
v is written to cade on instruction i, it will be evicted on instruction i + K.

To represem the e ects of non-uni ed (data) cade, we monitor only everts that
will potertially evict a value from data cade. This includesJVM instructions
get eld, put eld, aaload,and aastore,aswell asreferencecourt incremens and
decremets. If referencecount valuev is written to data cade, it will be evicted
after k of thesespecial events.

On top of the uni ed and data cade con gurations, we simulate se\eral cacdhe
policies: write-through, write-badk, and the new dusty policy. This entails recording
the number of writes to memory for ead policy.

For write-through policy, ead referencecourt incremert and decremen will be
written badk to memory We usethis asthe frame of referencefor the results
of the write-back and dusty cade trials.

For write-back policy, we adapt the above notion of the window. If a reference
court enters cadie memory, it is evicted after the window expires. If it has
changedwithin the window dueto anincremen or decremety it must bewritten
badk to memory (even if the value is equivalent to what it was upon ertering
cade). Theseare the only writes to memoryin the write-back simulation.

For dusty cade, we monitor savings the sameway as write-back cade, save
one di erence: when it comestime to evict a referencecourt from cade, we
compareits currert value to its value upon ertering cade. If the valuesare
idertical, it doesnot get written bad to main memory, and this is recordedas
a saving over write-back cade.

Exp erimen tal Questions

The performanceof the di erent cadiecon gurations will changewith the behaviors of
the bendimark we analyze,sowe want to ewaluate the performanceacrossdi erent
types of programs. As discussedabove, we expect to incur more referencecourt
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| Bendhmark | Objects Created |

db 8,088
javac 26,127
jess 46,129
jack 410,479

Figure 5.1: Objects createdper bendamark simulated

memory trac with programs that allocate more objects and perform fast-paced
pointer changes.

In addition to investigating the performanceacrossbendmarks, we must ob-
sene the performanceacrosscade write policies. Speci cally, within ead cade
write policy we want to discover which cade con guration (uni ed or data) is more
e ective.

5.1.1 Exerimen tal Results

We ewaluated four Java bendimarks over a number of window sizesto obsene memory-
write savings as a function of cade sizes.In addition, we examinesomestatistics of
eah programto understandwhy we obsened thesetrends.

Memory Savings per Benchmark

Ead of the graphsshown above in Figure 5.2through Figure 5.5 measurethe memory
writes due to referencecourting that we save over write-through cade. The two
dotted lines represen the percen of referencecourting memory writes that write-
badk cade can save, and the two solid lines represei the samecharacteristic for our
dusty cade. On all graphs,the distancebetweenthe write-badk and the dusty cade
measuremets is the amourt of unnecessaryrites to memory we expect to save with
dusty cade.

In Figure 5.2, we seethat we can save roughly a third of all reference-couting
overheadin the 209db bendimark with a cade eviction window of size 50 if we
incorporate a dusty data cade. This is roughly a 5% saving over a write-back data
cade of the samesize. The memorywrites that the dusty policy savesover write-back
policy are the \hiccups" discussedn Subsection2.3.1.

We do not expect a great deal of savings for _209.db; this bendimark readsa
1MB data le that cortains personnelrecords,then readsa 19KB le that cortains
operationsto perform on the recordsof the data le, then performstheseoperations
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Reference Count Memory Savings for DB
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Figure 5.2: Cachesimulationresultsfor SPECbenchmgk 209DB

Reference Count Memory Savings for Javac

35 T T T T T T T
Write-Back (Unified)
Write-Back (Data) - - - - -
Dust i
30 Dusty (Data) 4
25 B
<
]
[
o 20 = -
S )
CD
>
I
[%]
2
S
10 B
5 B
0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Window Size (Instructions)

Figure 5.3: Cachesimulationresultsfor SPECbenchmek 213Javac
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Reference Count Memory Savings for Jess
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Figure 5.4: Cachesimulationresultsfor SPECbenchmgk 202Jess

Reference Count Memory Savings for Jack
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Figure 5.5: Cachesimulationresultsfor SPECbenchmak _228 Jack
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[12]. In addition, we seethat it only allocates8,0880bjects in total, in comparison
to the other bendhmarks as shown in Figure 5.1.

The Javac bendimark, shown in Figure 5.3, is the Java compiler from the JDK
1.0.2[17). We canseefrom the resultsthat the dusty data cacdheimplemenation saves
5% of the referencecourting trac due to \hiccups.” Though the bendmark itself
allocatesmore objects than 209.db, it doesnot shov useof quick pointer arithmetic
and consequetially doesnot su er heavy referencecourting tra c.

The Java Exp ert System Shell (JESS) bendimark, a clone of the NASA
CLIPS expert systemshell shovn in Figure 5.4, processesa set of rules, or logical
\if " statemerts, and solwes a set of puzzles[12]. The numbers for this bendimark
are more interesting from a referencecourting aspect. We save 25% of all reference
courting trac with awrite-back cade policy in a window of 50 data cade evictions,
suggestingrapid pointer manipulation. The memory-accessavings from dusty data
cate are morenoticeablehere;this may be a result of high object allocation asshavn
in Figure 5.1. Rougly 25% of the memorytrac savings at any window sizecan be
attributed to prevernting unnecessarywrite-badk of referencecourt \hiccups.”

The Jadk bendimark is an early version of JavaCC, a Java parser generator
with lexical analyzers. Figure 5.5 shavs us a very steepslope of memory savings in
the beginning, for small cade-write windows. This data and the number of objects
allocated in the bendimark (as shavn in Figure 5.1) suggestshigh-tra ¢ object ma-
nipulation in someportion of the bendimark, and consequetially, a lot of reference
courting overhead.

Results Across Benchmarks

We can easily seethe di erence in referencecourting overheadif we examinethe
savings acrossbendmarks.

Due to the results of Figure 5.6 and the processingnature of the bendimarks,
we can concludethat _213javac and _209.db represem software that doesnot make
useof the thumb idiom and therefore doesnot incur major overheadfrom reference
courting. The bendimarks _202jessand 228 jack suggestconsiderablebene t from
a dusty cade implemenation, and justify further investigationin hardware.
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Dusty Policy Performance Across Benchmarks

% Writes Saved of Total

0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Window Size (Instructions)

Figure 5.6: Compaisonof memay-accessavinggueto dusty write policy acrossbench-
maks
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Chapter 6

Liquid Arc hitecture
EXxp erimen tation

After simulating dusty cade with referencecourting in software, we concludedthat
we will savethe mosttrac if weimplemert the dusty policy in our data cade alone.
After consideringthe simulation resultsof Subsection5.1.1,we expectto cortain from
30%to 50% of a program'sreferencecourting memorytra c in cade, dependingon
the program's behavior.

The experimerts in this chapter were conducted on the Liquid Architecture
platform. The current con guration of our platform is as follows:

We use4 Kbytes of on-chip cache memory For our write-badk cade, this means
a 4KByte data cade. For our dusty cade, this meansa 4 KByte data cade
and its according4 KByte memory image.

Our o -c hip memoryis SRAM and o ers 4 MBytes, and we expect to have an
additional 12 MBytes of SDRAM operational soon.

Becauseour systemusesonly SRAM, the ratio of cyclesspernt accessingadhe
to cyclesspert accessing -c hip memory is not represetativ e of ordinary systems.
Our instrumented LEON processorcan monitor read-and write-acces4o main mem-
ory, and report the total accessof ead, as discussedin Chapter 3. Courting the
memory accessewvill help us determine which cade policy causesmore trac to
memory.
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6.1 Monte Carlo Exp erimen tation

We designedthis set of trials to quartify the performanceof a referencecourting
systemwith the Liquid Architecture platform. Due to the memory storageine -
cienciesdiscussedabove, we cannot yet deploy a Java Virtual Machine on the Liquid
Architecture system. We thereforeemploy a probabilistic approad to createa bend-
mark that elicits microarditecture behavior similar to that of the JVM pro led in
the previous chapter.

This experimert is a Monte Carlo simulation [10]: it randomly triggers a set
of everts basedon their probabilities to simulate a model. Sud experimerts are em-
ployed when a scenariois too di cult or expensiwe to evaluate analytically. Because
our target bendimarks have elemertts that do not comply with the current Liquid
Architecture platform (as discussedin Subsection3.3.1), and becausewe are only
interested in the cate behavior these bendimarks elicit, a Monte Carlo simulation
best suits our needs.

To executethis experimert, we supply the set of ewerts, the probabilities of
ead, and a framework to elicit the microarditecture behavior of ead evert.

6.1.1 Determining the Set of Events

As discussedin Section5.1, we are interested in evaluating the performanceof the
cade; this dependson the valuesresiden in cade. Therefore, we are interestedin
monitoring only certain everts that will alter the cade performance.In referenceto
our JVM with referencecourting garbage-collectionthis pertains to the following:

Reads. getfield and aaload instructions.

Writes: putfield and aastore instructions.

Heap-lasal RefCountt+ / . heap-basedeferencepoints to or away from an
object.
Stack-lasal Refount++ /  : stak-basedreferencepoints to or away from an

object (approximated with astore instructions asdiscussedn Subsection6.1.2).

From the above ewerts, we caninfer referencecourt incremens and decremets.
We next dewelop a medanismto determinethe relative probability of eat ever.
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| Event | Occurrences|
Reads 1,182,870
Writes 209,491
AStores 197,794
Heap-BasedRefCourt++ 67,691
Heap-BasedRefCourt 54,706

Figure 6.1: Occurrencesof Cadhe-Altering Everts

6.1.2 Determining Event Probabilit y

We discorered in Subsection5.1.1that the dusty policy is a reasonablecahe write
policy to adopt on the data catde, most noticeably for programs with high refer-
encecourting trac. The resultsin Figure 5.6 encourageus to examinethe JESS
bendimark to examinethe probabilities of ead event.

We gather the results by running the bendimark on the sameinstrumented
JVM from our software simulation experimerts. We added evert-counting function-
ality to our trace analysistool discussedn Section5.1and analyzedthe JVM output.
Theseresults are showvn in Figure 6.1.

It is important to note that the write and read occurrencesdo not include the
actual read and incremert of the referencecourt value. Rather, thesecourts pertain
to JVM instructions that can alter the data cade.

As discussedn Section5.1, our particular JVM reference-couting implemen-
tation [1] doesnot incremert or decremeh an object's referencecourt when a stack-
basedpointer points to or away from it. For this reason,we approximate stack-based
reference-couting tra c by observingthe occurrencesf the astore instruction. We
know that an astore will increasea referencecourt, but we must estimate how often
the instruction overwrites a non-rull value and decremets a referencecourt.

For a lower bound, we look at the ratio of heap-baseddecremets to heap-
basedincremerts (found in Figure 6.1) and multiply the value by the total number of
astores . For our upper bound of stadk-baseddecremets, we usethe total number
of astores . We seethe resultsin Figure 6.2.

A similar approad to appraximating reference-couting tra ¢ on the stac is
to track the aload instruction in addition to the astore instruction. For a stack-
basedmacdine, we could arguethat an object's referencecourt would increaseupon
an aload, increaseagain upon the astore , then decreaseoncethe operation is over.
This behavior would result in even more unnecessaryreferencecourting trac to
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| Evert | Occurrences
Stak-BasedRefCourt++ 197,794
Stak-BasedRefCourt 159,851- 197,794
Heap-BasedRefCourt++ 67,691
Heap-BasedRefCourt 54,706

Figure 6.2: Occurrencesf ReferenceCourting Everts

| Event | Probability |
Read 5727
Write .1263
RefCourt++ .1601
RefCourt .1409

Figure 6.3: Probability of Cade-Altering Evens

memory becauset exhibits the thumb idiom descriked in Subsection2.3.1. Sincewe
usea register-basedarchitecture, we do not accoun for this aload phenomena.

After gathering the occurrencesof eat ewert, we then corvert these values
to relative probability format, as shavn in Figure 6.3. For our immediate purposes,
we will assumethe stadk-basedreferencecount decremen is the medianvalue in the
range.

Now that we have the ewerts and their relative probabilities, we construct a
framework to re theseewerts with their respective probabilities.

6.1.3 A Framework to Mo del JVM Behavior

As we discusseckarlierin the chapter, we cannotload our instrumented JVM onto the
Liquid Architecture platform for executiondue to the currernt platform restrictions.
Howeer, asdiscussedn Section2.1, we canelicit the samemicroarditecture behavior
with di erent programs. Therefore, our objective is to dewelop a framework to re
actionsthat provide madine instructions that are similar to that of the JVM for eat
ewert discussedabove. We can idertify theseactionsfor ead individual even.

A read is an accesgo a memoryaddresswhosevalue may or may not be caded.
For this reason,we allocate an array of 1024integersto represeh the memory
usedby our program. Upon a memoryread, we randomly accessan array index
and read the value at that memory addressinto a register.
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We executea write by generatinganother random index into the samememory
array. Instead of saving this value to a register, we simply write over it with
another value.

In the event of areferencecourt increment we accessn array of 64 integersthat
represen our referencecourt table. We generatea random index to determine
which referencecourt to incremen, readthe correspnding valueinto a register,
incremert it, and write it bad to its position in the array.

A referencecount decrementis the sameasthe above, exceptthe value we write
is onelessthan the onewe read in.

The majority of the programbrancheso amain loop that generatesa random
number and selectsan evert basedon the probabilities listed in Figure 6.3.

6.1.4 Ensuring Valid Exp erimental Results

The foremost challengeof this Monte Carlo approad is keepingthe simulation pro-
gram from cortaminating the resultsthat we wish to monitor. This can presen itself
as skewed results from the statistics module, or asa memory systemwhosecortents
doesnot re ect the data from our simulation.

As discussedabove, Monte Carlo simulations require random numbers. Be-
causewe want to refrain from disturbing the simulation results, our random number
generatormust disrupt the memory systemstate as little as possible. Howeer, our
random number generation method necessarilyreads and writes a single value in
memory upon ead new value generated. This will alter the cade, but we can take
further precautionsto lessenits e ect on our experimertal results.

The Liquid Architecture systemallows us to take other measuresto ensure
valid results. As discussedn Subsection3.3.2,we can perform method-wisepro ling.
This allows us to isolate our random number computation to a single method and
refrain from explicitly tracking it in our statistics module. Therefore, though the
random number computation will alter the state of the cade, the actual cachehit or
cachemiss ewvert will not be tracked.

6.1.5 Monte Carlo Exp erimental Results

We gatheredthe results by following the protocol descriked in Section3.3 and navi-
gating through the con guration interface, shovn in Figure 3.3 and Figure 3.4. Our
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Monte Carlo Trial Results

W‘rite»Back KXXX
400000 Dusty s —|

350000

300000

250000

200000

150000

Number of Memory Accesses
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50000 1

0

All Writes Non-RC Writes RC Writes

Figure 6.4: Monte Calo benchmak resultsfor write-backand dusty policies

primary goalis to quartify the reference-couting memorytra c that occursin dusty
and write-back cades.

For both cate policies,we obsene three results: total memorywrites, memory
writes without reference-couting, and memory writes due to referencecourting. We
obtain theseresults by executingthe bendimark twice: oncewith reference-couting
enabled, and once with the same sequenceof ewerts but omitting the reference-
courting instrumentation. We then compute the reference-couting memory writes
from thesetwo executionresults as so:

M emoryWriteSgref count = M emoryWriteStora M emoryWritesy oref count

In the results shavn in Figure 6.4, we nd that the non-reference-couing
instrumentation and read/write simulation occupiesover two-thirds of the program's
memorywrites. Oncewe separatethe reference-couting tra ¢ from the rest, we nd
that we save roughly half of our memory writes. It follows from the data and from
the designof our cade in Chapter cpt:cade that half of the memory-write trac of
write-back cade was unnecessary

The dusty cade savings on non-reference-couing tra ¢ is unremarkable here.
The write event of our Monte Carlo simulation consistedof writing a random number
to memory, sowe nd very few occurrencesof value change-and-return.
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In our JVM experimert analysis,we categorizeddusty cadie asmore e ective

for data cade than for uni ed cade. In analyzingthis experimert, we can conclude

that when put into practice, dusty cade is more e ective for someclassesof data

than others. We can identify a distinctive classof momenary data sud asreference
courting that operatesbetter under dusty write policy than under write-bac.

6.2 Dusty Cache Performance Across Benchmarks

After seeingthe memory trac savings of the dusty cade policy with a reference
courting simulation, another researb question arises. How much memorytrac, if
any, will the dusty cade policy save for other, non-reference-couig programs?

We gatheredsomeC bendimarks, compiled them with our cross-compilation
suite, then executedthem on the platform with write-back and dusty cade implemen-
tations. Thesebendmarks elicit a variety of memory useagepatterns, as discussed
below.

Towersof Hanoi is a popular recursive computation puzzle. It usesno global
variablesor arrays; rather, it exclusiwely usesregister computation and recur-
sion. For this experimert, we useten \discs" in the puzzle.

Numeric sort is a heap-sort bendimark that generatesan array of random
integersand sortsit. We usean array of size1,000.

BLASTN (Basic Local Alignment Seart Tool / Nucleotide) is a widely em-
ployed software solution for comparing geneticmaterial. We analyzestagel of
BLASTN in this bendimark: open-addresseddouble-hashingof bases(A, C,
T, G). We generatethesebasesrandomly.

We executed these bendimarks with the same cade con gurations as the
Monte Carlo simulation above: 4Kbytes of cate for our write-back con guration, and
4Kbytes of cade paired with a 4Kbyte memory image for our dusty con guration.
The results of the trials and the computed percen savings are showvn in Figure 6.5.
We can better understand theseresults by further examining the behavior of these
programs.

BecauseTowers of Hanoi is almost ertirely stadk-basedin its computational
phase,it useslittle RAM storage. For this reason,we seeno evictions from cade
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Write-Back | Dusty | Percen
Bendmark Writes | Writes Saved
Numeric Heapsort 233 220 5.5%
BLASTN 185,548| 180,203] 3.0%
Towers of Hanoi 0 0 0.0%

Figure 6.5: Memory writes per bendimark for write-badk and dusty cades

and no writes to memory Further, this meansthat dusty cade cannotimprove this
bendimark's performanceover write-back.

As mertioned above, the numeric heapsortbendimark generatesan array and
sortsit. This involves swapping valuesfrom one array index to another, where some
of the array valuesmay be equivalert. Becausethis array is not stadk-based,we see
more memory writes than Towersof Hanoi. The v e percen savingswith dusty cade
suggestghat heapsortoccasionallyswaps a value away and then bad to a location
prior to an eviction.

BLASTN usesan open-addresseddouble-hashedhashable to organize nu-
cleotides, so change-and-returnbehavior is possiblein this stage. We can imagine
an enhancedstatistics module that tracks the method that tracks the instruction
memory addressthat last wrote a caded value. This data would help usidentify the
method in which a saving occurred upon an eviction from dusty cade. At curren,
this module is in dewlopmen. Without it, we are still able to quartify the mem-
ory accesssavings for thesebendimarks and answer the questionat the beginning of
Section6.2.

6.3 Extrap olating Dusty Cache Performance

We measureand report the results of our Liquid Architecture experimerts in both
memory writes and percent memory writes savel. This metric is more portable than
nanoseondssavel or clock cyclessavel becausethe ratio of the Liquid Architecture
system'sprocessoiand memoryspeedsarefar di erent than that of amodern desktop
computer. Moreover, clock cycles measurecade speed and average performance
rather than the behavior of the cade policy.

By reporting our resultsin memory writes, we can project clock cycle savzings
for di erent memory and processorspeeds. In Figure 6.6 we demonstratethe e ect
of increasingthe processorspeedfrom its current speedof 25MHz up to 2.5GHz. We
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Figure 6.6: Monte Calo (referencecountingportion) costin processo clock cyclesas
processo speedincreases

estimate this by changing the clock cycle cost of a memory write sud that if our
processomwere 50MHz, twice as many clock cycleswould passduring a write stall.

We computed Figure 6.6 using the \Reference Counting Only" data set from
our Monte Carlo simulation, shovn on the far right of Figure 6.4. This permits us
to seehow many clock cyclesthe processordedicatedto incremerting, decremeting,
reading, and writing referencecourts. From the gure, we seethat if our processor
wereonehundred times faster, we would expect to save roughly one-third of the clock
cyclesspert on total referencecourting overheadwith dusty cade.

We expect to save even more clock cycleswith faster systems, due to the
\memory wall" notion discussedn Chapter 1.
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Chapter 7
Conclusion

In this chapter we review the progressionof this thesisand the experimertal results.
From this, we illustrate some cortributions and future work that may follow from
theseresults.

7.1 Thesis in Review

We designedand implemerted the dusty cade write policy, and we presen experi-
mertal resultsthat shaw its e ectivenessn executingthe garbage-collectiontechnique
of referencecourting.

We rst approximated the memory savings with an instrumented JVM and a
cade approximation program. From theseresults, we discoveredthat the dusty cade
policy savesthe more memory writes as a data cate than asa uni ed cade, and is
more e ective for programsof greater object trac. We further discoreredthat we
cansave 50%to 70%of the total referencecourting trac to memorywith our dusty
cade.

We implemerted the dusty cade policy in VHDL and realized it with the
Liquid Architecture platform. We then created a Monte Carlo simulation in C to
run on this platform. We tailored this experimert to elicit similar microarchitecture
behavior to a JVM that usesreferencecourting garbage-collection.

Due to the recon gurability of the Liquid processor,we were able to attain
cycle-accurateperformancemeasuremets of the dusty cade performanceaswell as
write-back cade performance.We measuredthe writes to memory with both cades
in a Monte Carlo simulation. Our results showv that dusty cade saves unnecessary
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memorytra ¢ dueto referencecourting in addition to other value-dhange-and-return
behavior in normal program o w.

Through our experimerts, we have quali ed the e ciency of dusty cade in
practice: it is an e ective data cade for momertary change-and-returndata values.
Though we primarily explorereferencecourting asour exampleof this type of data, we
make the casethat this cade write policy e ectively preverts said writes to memory
in any instancewherea caded value changesand returns to its former value prior to
eviction.

7.2 Future Work

This thesishasquarti ed the memorytrac savingsof dusty cate and illustrated its
e ectivenessfor di erent typesof data and cade con gurations. This opensse\eral
averuesof further dusty cade researd.

Dusty cacdhe may work bestasan exclusie data cade, explicity for momenary
change-and-returndata sud asreferencecourts. In this respect, the compiler
may route normal data trac through a generalwrite-back cade, but defer
referencecourting instrumentation to a block of memory bu ered solely by a
dusty cade. The researb would entail nding an optimal compromiseof cades
to consene chip spaceaswell asprevent unncessarywrites to memory,

Similar to the above, we could segregatehe dusty cade and optimize a compiler
to track all possible change-and-returnvalues and route them to the dusty-
bu ered memory space.

In general referencecourting implemertations, we seeonly incremers and
decremets; we newer seea referencecourt overwritten by an idertical value.
The dusty cadhe will prevert the ensuingunnecessaryvrite to memory yet this
identical overwrite gesturewas not measuredin this thesis. This gesturemay
be commonin other scenariosand merits investigation.
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