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Abstract
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2006

Memory latency is an important barrier to performancein computing applications. With

the advent of SimultaneousMultithreading, it is now possibleto useidle thread contexts

to executecode that prefetchesdata, thereby reducing cache missesand improving per-

formance. TOPP is a systemthat completely automatesthe processof detecting delin-

quent loads, generating prefetch slicesand executing prefetch slices in a synchronized

manner to achieve speedup by data prefetching. We present a detailed description of

the components of TOPP and their interactions. We identify tradeo�s and signi�cant

overheadsassociated with TOPP and the processof prefetching. We evaluate TOPP on

memory-intensive benchmarks and demonstratedrastic reductions in cache missesin all

tested benchmarks, leading to signi�cant speedupsin somecases,and negligiblebene�ts

in others.
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Chapter 1

In tro duction

Memory latency is now a dominating factor in many real-world applications. For this

reason,cache missesare an important bottleneck in performance-oriented computing [1].

Recent advancesin simultaneousmultithreading (SMT, alsoknown ashyperthreading[2])

have brought parallel processingcapabilities into the desktop PC (Fig. 1.1). However,

the vast majorit y of modern applications are not designedto take advantage of SMT or

any sort of parallel processing.

Figure 1.1: HyperthreadedCPU
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Chapter 1. Intr oduction 2

In this thesis, we develop and implement a system that addressesthe cache miss

bottleneck while making use of existing, but underutilized capabilities of SMT CPUs.

TOPP (Trace-basedOptimization for Precomputation and Prefetching) is a runtime

optimization system that dynamically pro�les programs, and generatesand executes

prefetching sliceswith the purposeof reducing cache missesand speedingup a single-

threaded target program.

1.1 Functional Overview of TOPP

Figure 1.2: TOPP Functional Overview

The fundamental working of TOPP is as follows: TOPP functionality is compiled
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into the target program binary. As the target executes,TOPP usesperformancemoni-

toring hardware along with statistical sampling to identify load instructions with many

cache misses. Once such a load has been identi�ed, TOPP generatesa prefetch slice

which contains just enoughcode to compute future memory accessesfor the load. As

hyperthreadedCPUs have two thread contexts, the prefetch slice is executedon the idle

thread context.

As the prefetch sliceruns, it executesfuture iterations of the loop containing the target

load and prefetches data into the cache. Sincethe cache is sharedon a hyperthreaded

CPU, the target program will not experiencecache miss latency while accessingalready

prefetched data. This results in a reduced cache miss rate and consequently, faster

program execution. Fig. 1.2 describesthe functionality of TOPP.

Although existing research (Section 2.4) details numerousvaried approaches to ad-

dressingcache miss latency with multiple threads,ours is the only approach to combine

the aspects of dynamic cache miss monitoring, slice generation and prefetching using

hyperthreadedCPUs.

1.2 Comp onents of TOPP

TOPP is built as an extension to Strata [3], which is a software dynamic translator

(Section2.1). Strata helpsTOPP take control of the target program, interrupt it whena

load causingmany cache missesis identi�ed, and usethe basicblocks around the load to

build a prefetching slice. Thus, Strata can be consideredthe baseof TOPP. We alsouse

somelibrary API functionality from DynamoRio [4], which is another software dynamic

translator.

To generatea prefetch slice, �rst a frequently missing load has to be identi�ed. For

this, we make useof the Intel Xeon's performancemonitoring hardware. We implement

functionality in the Linux kernel which allows us to monitor the target program and
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obtain samplesof instructions causingcache misses. This allows us to keep counts of

cache missescausedby speci�c instructions.

Once such a load has been identi�ed, we use our extensionsto Strata to compute

the trace that it is on. This trace is usually a loop or set of loops that are involved in

computing the load address.We then usethe Dynamorio API to generatethe prefetch

slice itself. Although Dynamorio is also a software dynamic translator, we only use its

powerful library for translating and working with machine-level instructions. We usethe

library API of Dynamorio to prune the trace and generatea minimal prefetch slice.

1.3 TOPP Con tributions

In this thesis,we make the following contributions:

� We present the designand implementation of TOPP, a transparent software-only

dynamic optimizer that usesruntime pro�ling to perform cache prefetching at run-

time.

� We show our implementation of a runtime pro�ler usingexisting performancemon-

itoring hardware on Intel CPUs.

� We demonstrate a novel approach to prefetch slice generation at runtime using

Software Dynamic Translators.

� We present performanceresults of TOPP and show that it can be quite bene�cial

to cache performanceof real-world benchmarks.

1.4 Overview of Thesis

We present a background and describe underlying tools in Chapter 2. In Chapter 3,

we describe the processof dynamic pro�ling and statistical sampling to identify loads
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with many cache misses. We then present the processof generatinga prefetch slice in

Chapter 4. In Chapter 5, we explain how a prefetch slice is executedand coordinated

so it can carry out its task of prefetching. Chapter 6 is a description of our evaluation

methodology and results. We concludein Chapter 7, providing a summary of our work

and touching upon future research directions.



Chapter 2

Background and Related Work

In this chapter, we introducesystemsand algorithms that are usedto make TOPP work.

We discussStrata and DynamoRio and touch upon functionality that is usedby TOPP.

We then describe Intel's performancemonitoring systemand describe how we useit for

our purposes.In the relatedwork section,we discussrelatedresearch and contrast TOPP

with other existing approachesto data prefetching.

2.1 Strata

Strata is a Software Dynamic Translator. It functions similar to a virtual machine in

that it examinesand translates instructions beforeallowing them to executeon the host

CPU [3]. Strata's basicfunction is to enablecode control and on-the-
y modi�cation. It

accomplishesthis by not allowing the target programto executenatively. Instead,native

code is copiedinto Strata's code cache. Only code in the code cache is actually executed

on the host CPU. This allows us to take control of executingprogramswhenever needed,

and alsoallows us to modify code that is about to execute.

6
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Figure 2.1: Strata Code Generationand Execution Flow

2.1.1 Strata Fragmen t Builder

Strata uses\fragments" to group contiguously executinginstructions. A fragment is the

Strata equivalent of a basic block in that control 
o w can only enter a fragment at the

�rst instruction, and can only leave the fragment at the last instruction.

Strata's fragment builder is invoked by explicit function calls from the target C pro-

gram (i.e., the program that is to be controlled by Strata). Once the fragment builder

hasbeeninvoked, it fetchesand partially decodesmachine code instructions of the target

program. Strata only decodesenoughof an instruction to compute its length (so that it

can fetch the next instruction) and to distinguish betweennormal instructions and those

a�ecting control 
o w.

Strata does not interpret or executesingle native instructions, instead it natively

executescompletefragments only. Therefore,Strata must be able to identify the bound-

aries of fragments beforeexecuting them. To build a fragment, the native instructions

to be executedare inspected in sequence.Any instruction that is not a control transfer

instruction (CTI) is simply appendedto the end of the fragment currently being built.
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When a CTI is encountered, oneof the following actions is performed:

1. If the CTI is an unconditional jump, Strata continues fetching from the target

program counter address(PC). Instructions continue to be added to the current

fragment.

2. If the CTI is a conditional jump, Strata endsthe fragment and insertsa trampoline

(Section 2.1.2).

3. If the CTI is a function call, Strata continuesfetching instructions from the callee

function and adding them to the current fragment.

4. If Strata encounters a return instruction, it endsthe fragment at that point.

Once a fragment is generated, it is stored in Strata's own code cache, called the

fragment cache. At the end of the fragment, Strata inserts code that calls the fragment

builder with the addressof the next native code instruction. Oncethe fragment is stored,

it is executed. Onceexecutionreachesthe end of the fragment, the fragment builder is

automatically called and begins generating the next fragment, and so on. Figure 2.1

elaborateson this process.

2.1.2 Strata Tramp olines

At the time a fragment is being generatedby Strata, it has not beenexecutedyet. In

addition, sinceStrata doesnot interpret machine code, there is no easyway of deducing

whether a conditional jump will be taken or not. Therefore, when Strata encounters a

conditional jump, it hasno way of knowing whether to fetch subsequent instructions from

the taken PC or the not taken PC (x86 conditional jumps can only branch two ways).

Strata solvesthis issueby using trampolinesand patches.

A trampoline is a sectionof code (one to three instructions) that mediatesa condi-

tional jump and a target. A conditional jump �rst jumps to a trampoline, which then
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decideswhereexecutionwill continue to. Sinceconditional jumps have two possibleout-

comes,there are two trampolinesper conditional jump. The conditional jump obviously

has to be retargeted(i.e., its target addressshould be set to the trampoline PC) so that

when it is taken, it jumps to the taken trampoline. The not taken trampoline has to be

in the fallthrough portion of the conditional jump. SinceStrata doesnot modify native

code, the trampoline only exists in the Strata-generatedfragment.

0x10000 mov ecx -> eax

0x10003 dec eax

0x10005 jnz 11000

0x10009 mov eax,ebx

...

...

0x20000 mov ecx -> eax

0x20003 dec eax

0x20005 jnz 20013

0x20009 push 0x10009

0x2000d call <strata>

0x20013 push 0x11000

0x20017 call <strata>

0x20000 mov ecx -> eax

0x20003 dec eax

0x20005 jnz 20013

0x20009 push 0x10009

0x2000d call <strata>

0x20013 jmp 21000

a) Native code b) Unpatched Fragment c) Patched Fragment

Figure 2.2: An exampleof trampolines

The function of a Strata trampoline is asfollows. When a fragment is generated,both

taken and not taken trampolinesconsistof the samecode - A pushof the original (native

code) addressto start generating from, and a call to the fragment builder. When the

fragment is executedand executionreacheseither trampoline, Strata beginsto generate

the missing fragment. Once the fragment is generated,the push and call trampoline is

replacedby a direct jump to the newly generatedfragment. The next time the trampoline

is encountered, executiongoesdirectly to the appropriate fragment.

An exampleof the above is shown in Fig. 2.2. In this example,Strata starts processing

native code from address0x10000(Fig. 2.2a). The �rst Strata fragment is shown in

Fig. 2.2b. Weseethe two trampolinesthat call the fragment builder with the appropriate

address.In this example,we assumethat oncethe fragment is executed,the conditional
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jump at 0x20005is taken. Therefore, we need the fragment corresponding to address

0x11000.This is the secondfragment generatedby Strata, and for the purposesof this

example,we give it a starting addressof 0x21000(fragment not shown). In Fig. 2.2c,we

seehow the taken trampoline is patched with a jump to the newly generatedfragment.

By using trampolinesand patching, Strata is able to link fragments together as they

are generated. This act of patching jumps so that execution 
o ws directly from one

fragment to another is called fragment linking.

2.2 DynamoRIO

The DynamoRiopackageis similar to Strata in that it is alsoa Software Dynamic Trans-

lator - it alsohasa code cache in which it executescopiedcode. In addition, DynamoRio

collectsand generatestraces(Sequencesof \hot" basicblocks which repeatedly execute

more than a minimum number of times), thus reducing the overheadof decoding and

translating code [4]. However, due to the fact that DynamoRio is not open-source,we

wereunableto useits softwaretranslation capabilitiesfor our purposes.This wasbecause

TOPP requiresmajor modi�cations to the basicSDT infrastructure. While DynamoRio

provided an API for controlling and instrumenting trace generation, it was not general

enoughfor our needs.We thereforehad to usethe open-sourceStrata framework.

DynamoRiohasan excellent API that lets usmanipulate instructions and instruction

lists. The API has many capabilities, such as changing instruction operands, creating

instruction lists and encoding them into real machine code instructions into memory,

etc. We useDynamoRio as a library for disassembly and instruction manipulation. On

the other hand, Strata allows for modi�cation of fragments, but does not provide any

support for dissassembly or instruction manipulation. Strata fragments are represented

as low-level binary code. For this reason,we make extensive useof the DynamoRio API

to perform taskssuch asmanipulating lists of instructions, computing dependencies,etc.
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Figure 2.3: PEBS Bu�er and associated data structures

2.3 In tel Performance Monitoring

We use the Intel Pentium IV Xeon's existing performancemonitoring hardware to dy-

namically pro�le the program under analysis. Intel provides a mechanism called Precise

Event-BasedSampling(PEBS) [5] to preciselyidentify the instruction that causesa par-

ticular event. We can usethis to count cache missesand identify instructions that cause

them. The following describeshow we usePEBS for our purposes:

1. We initialize a set of registerson the CPU to enableL2 cache miss counting and

PEBS.

2. We declare the PEBS bu�er (Fig. 2.3b) in kernel memory space. This is where

PEBS sampleswill be stored.

3. We initialize the PEBS bu�er management area(Fig. 2.3a). This contains informa-
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Figure 2.4: PEBS in action

tion on the location and sizeof the PEBS bu�er, and other data such as interrupt

threshold and counter resetvalue.

Performing the abovestepswill set things up sothat PEBS samplescanbegenerated.

A PEBS sample(Fig. 2.3c) consistsof a snapshotof ten registersthat describe the state

of the CPU at the time of an event. Theseare the eight generalpurposeregisters, the


ags register and the program counter.

Once the initial setup (steps 1-3, above) is done, PEBS samplesare collected and

stored in the PEBS bu�er automatically by the underlying hardware. This process

happensas follows: aswe run the program, instructions causecache misses.Each cache

miss causesthe counter register to increment (Fig. 2.4a). When the counter register

over
ows, the CPU looksat the taggedinstruction that causedthe cache miss. The ten-

register PEBS sampleis saved to the PEBS bu�er (Fig. 2.4b). A pointer in the bu�er

management areais updated to re
ect the position of the latest sample.After the sample

is saved, the counter is reinitialized and the CPU resumesnormal execution.

2.3.1 PEBS In terrupts

The PEBS Bu�er is a limited-size kernel bu�er. In our case,it can store a maximum

of 100 samples. Since PEBS samplesfrom real-world programs would �ll this bu�er



Chapter 2. Ba ck gr ound and Rela ted Work 13

many times over, it is necessaryto periodically processthe samples. The PEBS Bu�er

Management Area (Fig. 2.3a)includesentries for PEBSInterrupt Threshold,PEBSIndex

and PEBS Absolute Maximum. The PEBS Index denotesthe location of the latest PEBS

sample. This is automatically incremented when a sampleis addedto the PEBS bu�er.

The PEBS Interrupt Threshold is initialized, in the beginning, to be an address,which

is closeto the end of the bu�er. When the PEBS Index equalsthe Interrupt Threshold,

a PEBS interrupt is generated. In other words, when the PEBS Bu�er is almost full, a

PEBS interrupt is generatedand a user-de�ned interrupt handler is called. The above

mechanism has been implemented by Intel as part of the Pentium IV Xeon's PEBS

mechanism. We simply have to de�ne the parametersfor interrupt threshold, bu�er size,

etc.

In experiments performedwhile evaluating TOPP, the PEBSinterrupt is set to trigger

when the PEBS bu�er is 80% full. This calls a kernel-level routine, which processesall

the samplesin the PEBS Bu�er. The working of the PEBS interrupt handler is described

in Figure 2.4c. At the time of initialization, an interrupt handling mechanism is set up.

This setsthe interrupt handler for a PEBS interrupt to point to our interrupt handler.

Each time a PEBS bu�er reachesthe threshold, a PEBS interrupt is generated,and the

interrupt handler is called.

In this way, we use Intel's performancemonitoring hardware to generatestatistical

samplesand dynamically pro�le the target program. (Section3.2).

2.4 Related Work

Although our approach is unique, many overlapping areashave beencovered in recent

research.

SimultaneousMultithreading (SMT), or Hyperthreading,was�rst studied by IBM in

1968[6]. SMT research perked up in the 1990s,with Tullsen et al simulating an SMT
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processor[7]. Since then, many approaches to prefetching with SMT processorshave

beenresearched.

Collins et al introducethe conceptof speculativeprecomputationfor prefetching delin-

quent loadsusingstatic pro�ling information with SMT [1]. They de�ne the conceptof a

\delinquent load" asstatic loadsthat causethe moststalls. Other approachesusinghelper

threadsare found in [8], and [9]. Roth and Sohipresent a very �ne-grained, instruction-

level prefetching approach to reducecache missesin [10]. Liao et al [11] automate the

processof prefetch slice generationusing pro�ling information on an already-compiled

binary. Kim and Yeung [12], on the other hand, implement program slicing on source

code, thus \impro ving portabilit y".

Using the �rst mainstream SMT processor,the Intel Pentium 4, Kim et al provide

results from \the �rst physical experimentation of prefetching using SMT" [13]. In this

paper, the authors present a system to generateand executehelper threads for data

cacheprefetching. They usea pro�ling tool to identify delinquent loads. Oncedelinquent

loadshave beenidenti�ed, loopsaround the delinquent load are selectedfor slicing. The

decision of loop selection depth is made using loop counts gathered during pro�ling.

The loops are then sliced using program slicing on sourcecode and code for the assist

thread is generated.In addition to the above, this paper also demonstratesthe concept

of throttling back (i.e., not invoking assist threads for certain periods, depending on

dynamic monitoring of sharedresourceuse, cache missesobserved, etc. Although this

work di�ers from ours in that the authors perform all DL detection and slicing before

compiling the �nal sourcecode, the conceptof throttling the assistthread on an as-needed

basiscould be an optimization that would enhanceour work.

Moshovos et al [14] present sliceprocessors- which completelyautomate the process

of dynamic DL detection and slice generation, all in hardware. The authors add DL

identi�cation capabilites to a simulation model of an execution pipeline. Small slices

upto 16 instructions long are generatedfrom a bu�er of recently committed instructions
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using a dynamically generateddependencegraph. Typically, these slicesare triggered

each time a DL is encountered, and executefor the equivalent of a few loop iterations or

less. Although the authors do not assumeSMT capability, somekind of parallel thread

capability is implicit in their test CPU.

In [15],Collins et al present an approach that is similar in purposeto [14]. Delinquent

loads are tracked and identi�ed in harware, and prefetch slicesgeneratedon demand.

The authors alsopresent chaining slices,an approach similar to TOPP, whereslicesare

themselvesloops. Synchronization issuesand cross-loop dependenciesare alsotaken into

account in this work.

Smith introducesa form of prefetching in [16]. The author proposesa CPU architec-

ture with two separate,but interacting processors- one to accessmemory, and another

to executeinstructions and perform calculations. One intention of this architecture is

to allow the accessprocessorto \run ahead" of the executeprocessor,thereby achiev-

ing data prefetching. The proposedarchitecture, although not entirely transparent to

compilers,allows for signi�cant useof \known compiler and proramming techniques".

Another hardware-basedapproach is Chou and Shen's\Instruction Path Coproces-

sors" [17]. In this paper, the authors describe a programmablehardware-only engine

which has capabilities such as trace collection and optimization, and stride and linked

data structure prefetching. In their implementation, the prefetchers are only invoked

when stride or linked data structures are explicitly recognizedby specializedhardware.

In contrast to the abovementioned hardware-basedapproaches,TOPP is a software-

only approach that attempts to reproducethe functionality of wholly self-contained and

transparent sliceprocessorswith real silicon. Ro and Gaudiot describe a hybrid compiler

and hardware-driven prefetching mechanism [18].

[19]by Lu et al is a similar work to ours in that it is a software-onlyapproach usinga

runtime optimizer to detectdelinquent loadsand prefetch for them. A dynamicoptimizer

is used to detect phasesin programs and build traces for stable phases. Performance
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monitoring hardware is usedto detect delinquent loadsfor the currently executingtrace.

A prefetch instruction is then generatedbasedon the nature of the DL instruction and

the prefetch is inserted into the trace. Their work focuseson using a single thread to

perform DL detection and prefetching. Although dependenciesare calculated for the

purposeof generatingthe prefetch, no prefetch slicesare generatedin their approach.

Brown et al describe a system for prefetching using chip multipro cessors(CMPs)

in [20], using a simulation environment. Another work with considerableoverlap with

ours is Lu et al's [21]. In this work, a dynamic optimizer is usedwith a CMP to detect

phases,generatetraces and detect DLs on loops. The authors also implement prefetch

slicegenerationand synchronization of main and helper threads. This work di�ers from

TOPP in that somepro�ling information (for example,branch hints) is used. Further-

more, the target CPU for this paper is a CMP, which considerablyreducesthe overheads

of dynamic optimization and prefetch thread execution as comparedto an SMT CPU.

Another distinguishing di�erence is their test processoris a RISC Sun UltraSparc CPU

whereaswe focuson the CISC Intel Pentium Xeon,which hasuniqueissueswith dynamic

optimization.

Having reviewed existing research in this area, it is our opinion that ours is the only

approach sofar to combine the conceptsof dynamic DL detection, runtime prefetch slice

generationand prefetching using hyperthreading.



Chapter 3

Iden tifying Delinquen t Loads

3.1 Overview of DL Iden ti�cation System

Figure 3.1: TOPP Component Overview

In most programs,a small number of loadsareresponsiblefor most stalls dueto cache

misses.Theseare de�ned as\delinquent loads" [1]. In our implementation of TOPP, we

are not able to perform statistical sampling by measuringstalls causedby instructions.

However, we are able to count cache missescausedby instructions. Therefore, for the

17
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purposesof our work, delinquent loads are consideredto be those that causea number

of cache misses,above a preset threshold. In this chapter, we describe how we identify

such loads.

The delinquent load (DL) identi�er is the �rst module in our system(Fig. 3.1). The

purposeof this module is to dynamically pro�le the main program and keep count of

instructions that causethe most cache misses. We make extensive useof the Pentium

Xeon'sperformancemonitoring hardwareto perform dynamicpro�ling. Kernel-level data

structures are usedto store samplecounts, and a signal is sent to userspacewhenever a

delinquent load is identi�ed.

In the following sections,we �rst describehow weuseexistingperformancemonitoring

hardware to dynamically collect pro�ling information. Then, we describe how we usethis

information to identify delinquent loads. We then discussthe action taken to interrupt

the user-level processwhen a delinquent load is identi�ed. We also discussparameters

a�ecting overheadand accuracyof the dynamic pro�ling process.

3.2 Kernel Supp ort for Iden tifying DLs

This sectiondescribesthe kernel-level support implementation for processingPEBS sam-

ples and using them to identify delinquent loads. As described in Section2.3, we setup

and useIntel's performancemonitoring hardware to collect PEBS samplesand generate

interrupts when a number (80, in our implementation) of sampleshave beencollected.

We have implemented a kernel-level interrupt handler to processPEBS samples. This

interrupt handler processesPEBS samplesin the following way:

1. Each sample'sprogram counter value (Fig. 2.3c) is read and an entry createdin a

hashtable. The purposeof the hashtable is to keepcount of how many sampleswe

have seenwith a particular program counter address(i.e., a particular instruction).

Thus, if the entry exists in the hashtable, its count is incremented. All samplesin
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the bu�er are processedin this manner.

2. The bu�er is reset, i.e., the PEBS Index is resetback to the base.

3. Once an entry's count reaches a certain threshold, the associated instruction is

deemedto be a delinquent load.

Oncethe kernel-level handler identi�es a delinquent load, a signal is sent to the user-level

process,to interrupt it. The program counter addressof the delinquent load instruction

is madeavailable to userspace,so that a prefetching slicecan be generatedfor it.

3.3 Coordinating with the User-Lev el Thread

As a delinquent load is identi�ed by the kernel-level module, this hasto becommunicated

to the user-level program. The user-level program needsto be interrupted so that a

prefetch slice can be generatedand started up. This is done as follows: Earlier on, as

part of the PEBS initialization process,a customsignal is de�ned and a user-level signal

handler is set up to wait for this signal. In the kernel-level module, when a delinquent

load is identi�ed, a signal is sent to the user-level process(Fig. 2.4c). The user-level

process,when interrupted, runs a signal handler.

The signal handler usesa system call to get the program counter addressof the

delinquent load (Fig. 3.3). The purposeof the signal handler is to ensurethat the main

program is interrupted and the prefetch slice generator is called. We have chosento

accomplishthis by overwriting an instruction at or near the delinquent load with a call

instruction that calls the Strata fragment builder. Figure 3.2 is an exampleof how code

around the DL is changedto insert escape code.
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Figure 3.2: Overwriting a DL Instruction With Escape Code

3.4 DL Iden ti�cation Latency

DL Identi�cation Latency refersto the delay betweena load becoming delinquent and the

point at which it is identi�e d. This latency exists becausethe PEBS bu�er storesa few

tens of samplesbeforeprocessingthem, thus, execution could have moved on from the

loop in which the delinquent load was. Overwriting the delinquent load instruction is still

correct becauseexecutionmight (and, in our experience,does) return to the delinquent

load loop, at which point our prefetch slicecanget into action. However, asa precaution,

we continue performancemonitoring and DL identi�cation even after we overwrite the

DL instruction with escape code. This is done so that, if executiondoesmove on from

this DL loop, other DLs in other loopshavea chanceto be identi�ed. If that happens,the

newly identi�ed DL is marked for processing,the old overwritten instruction is restored,

and the new DL instruction is overwritten with escape code. Figure 3.3 describes this

procedure.

Another issue causedby DL identi�cation latency is that sometimes,the current

program counter is too close to the delinquent load. The call instruction we use to
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Figure 3.3: Coordination of User-Level and Kernel-Level Functions
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Figure 3.4: Impact of counter resetvalue on performancemonitoring overhead

escape is �v e bytes long. If, for example,the delinquent load instruction is three bytes

long, and the program counter is at the next instruction, overwriting the DL instruction

will, in fact,overwrite the instruction about to be executed,and causean error. We avoid

this by checking the return addressof the signal handler. Thus, if there is not enough

room betweenthe DL and the return address,we overwrite the return addressitself. As,

by de�nition, this is very closeto the DL instruction, we areguaranteed, in practice, that

executionwill remain on the delinquent load loop.

After overwriting the appropriate instruction, the signalhandler is allowed to return.

The next time execution reaches our overwritten code, the Strata fragment builder is

invoked. The overwritten code is immediately restoredby the fragment builder, which

then commencesthe task of prefetch slicegeneration(Chapter 4).

3.5 Overheads and Tradeo�s

In our design of DL identi�cation, there are three di�erent variable parameters,each

with its own e�ects:
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a) mcf b) list

Figure 3.5: Impact on PEBS bu�er sizeon DL Latency

Coun ter reset value - This is the number of cache missesfor which the event counter

will over
ow, generatinga PEBS sample.The higher this number, the fewer PEBS

sampleswe have, and consequently, the lower \resolution" we have. On the other

hand, the lower the number, the more PEBS samplesare generatedper unit time,

and the higher the performancemonitoring overhead is. Fig. 3.4 shows the per-

formancemonitoring overheadfor di�erent valuesof counter resetas measuredon

our test system using the mcf benchmark. Overhead is calculated as percentage

slowdown seenin runs with performancemonitoring turned on versusthose with

performancemonitoring turned o�.

PEBS Bu�er size - This a�ects the number of samplesstoredin the bu�er beforethey

are processed.Increasingthis number reducesthe frequencyof calls to the kernel-

level PEBS sampleprocessingfunctions. However, increasingthe bu�er sizealso

a�ects whena delinquent load is caught. For example,if the bu�er is too large,we

may have an unnecessarilylong wait betweenthe time a delinquent load becomes

\hot" and the time it is identi�ed. In other words, a large bu�er sizeincreasesthe

latency betweenthe time a load crossesthe threshold of becomingdelinquent and

the time it is identi�ed as such. Experimentation has shown that in somecases,
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Figure 3.6: Impact of PEBS bu�er sizeon performancemonitoring overhead

the program actually runs past the end of the loop containing the delinquent load,

and only then is the DL identi�ed as such.

Long DL latency has an e�ect on the e�cacy of the DL identi�cation system as

prefetch slicegeneration,andby extension,prefetching, aredirectly triggeredby DL

identi�cation. For this reason,the sooner a DL is identi�ed, the earlier TOPP can

start the assist thread to prefetch for it. We ran experiments on two benchmarks

- mcf and list, varying PEBS Bu�er sizewhile keepingthe counter resetvalue and

DL threshold constant. We normalizelatency calculationswith respect to readings

from the smallest PEBS Bu�er size of 10 entries. From Fig. 3.5a and Fig. 3.5b,

we seethat increasingPEBS bu�er sizegenerallycausesan increasein DL latency,

although the impact of this can vary considerablyacrossbenchmarks. Figure 3.6

shows that PEBS overheadmostly decreasesas PEBS Bu�er sizeis increased.

DL threshold - This is a parameter that applies to the kernel-level hash table counts

(Section 3.2). The lower the DL threshold, the sooner an instruction is identi�ed

as a delinquent load. However, too low a threshold causestoo many loads to be
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Figure 3.7: Number of DLs versusthreshold valuesfor mcf

identi�ed asdelinquent. This leadsus to generateprefetching slicesfor many traces

that do not executelong enoughto amortize the associated overhead.Limiting slice

generationand prefetching to loadsthat have high samplecounts thus makessense.

Fig. 3.7 shows the number of DL samplesmeasuredin a benchmark above various

thresholds.

From the above analysis,we are able to chooseconcretevalues for the parameters.

We choosea counter resetvalue of 10000as it results in quite low overhead,alongwith a

reasonableDL latency. For the samereason,we choosea PEBS bu�er sizeof 100entries.

We choosea DL threshold sizeof 500to keepthe number of di�erent slicesgeneratedto

a manageableamount.

3.6 DL Iden ti�cation Summary

In this chapter, wehavedescribedhow a delinquent load is identi�ed. Wehave introduced

performancemonitoring and PreciseEvent-Based Sampling,and have described how we

usethem to identify delinquent loads. We have shown how the DL identi�cation module



Chapter 3. Identifying Delinquent Lo ads 26

interacts with the running program and how it triggers prefetch slice generation. We

have alsodiscussedissuesrelating to the overheadand e�ciency of DL identi�cation. In

the next chapter, we will describe the processof prefetch slicegenerationthat is triggered

by DL identi�cation.



Chapter 4

Generating the Prefetc h Slice

4.1 Overview of Prefetc h Slice Generation

Figure 4.1: TOPP Component Overview

Generating the prefetch slice given only the delinquent load addressis a multi-step

processthat is at the coreof TOPP. It consistsof two steps- �rst, the trace of execution

that contains the delinquent load is computed. Second,this trace is pruned to generate

a slice,which is the smallestset of instructions su�cien t to prefetch the delinquent load.

27
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In this chapter, thesetwo processesand associated tasks are described in detail.

4.1.1 Prefetc h Slice Requiremen ts

The objective of a prefetching slice is to prefetch for the main thread. To e�ectively

prefetch, the slice needsto run alongsideand slightly aheadof the main thread. Since

delinquent loadsare found in loops,the prefetch slicemust exit its versionof loop at the

sametime the main thread exits. To successfullyprefetch, the slicemust contain enough

instructions to completely and correctly computesuccessive delinquent load addresses.

The above are criteria for a correct prefetch slice. In addition, a prefetch sliceshould

run for at least a minimum amount of time. This is becauseof the overheadassociated

with invoking the prefetch slice - if there are too many invokes over the courseof a

program, we may loseany bene�t gainedfrom prefetching. To this end, the prefetch slice

must contain, if necessary, someauxiliary fragments that are not necessaryto compute

the delinquent load, but a�ect whether execution\falls o� " the slice.

In the remainder of this chapter, we will describe how we generatea prefetch slice

that satis�es the above criteria.

4.2 Connected Traces

We de�ne a \connected trace" (CT) to be a set of executionpaths that the delinquent

load lies on. A delinquent load, is executedrepeatedly (since it has multiple cache miss

samples),thereforeit must lie on a loop. However, depending on the circumstances,the

delinquent load may lie on an inner nestedloop and may have complicatedcontrol 
o w

around it. Although many executionpaths may contain the delinquent load, a connected

trace is computedsuch that it includesfrequently taken executionpaths. Thus, the CT

neednot include all executionpaths that the DL may lie on.

In other words, a CT may be de�ned as basic blocks comprising a set of frequently
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Figure 4.2: ConnectedTraceexample- BB's 1,2,4,5,6form the CT

occuring execution paths that contain the DL, constituting at least one loop around the

DL.

Webuild the connectedtrace �rst, to obtain the setof fragments around the DL, after

which we construct the prefetch slice. In Section 4.1.1, we determined that a prefetch

slicemust run for a minimum amount of time. It is with this requirement in mind that

we generatea \connected trace" rather than a single trace or loop. Thus, a connected

trace is the set of fragments that includesthe delinquent load, and is expectedto execute

for a signi�cant amount of time. We will de�ne \signi�can t" in section4.4. Figure 4.2 is

an exampleof a connectedtrace.

Our methodology for generatinga CT is as follows: First, we generatethe main loop

that contains the delinquent load. Then, if necessary, we expandthe CT, onefragment at

a time, in an iterativ e process(Fig. 4.3). The following sectionsdescribe this procedure.
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Figure 4.3: CT generationand expansion

4.3 Generating the Primary DL Lo op

The primary loop is generatedas soon as we identify the delinquent load. The strata

fragment builder is called by the user-spacesignal handler (Section 3.3). At this point,

the delinquent load addressand the addressof the last executedinstruction are made

available to the fragment builder.

Oncethe fragment builder hasbeencalled with a delinquent load, its objective is to

store loop fragments in a \trace cache", just like Strata storesfragments in the fragment

cache. Fragments in the trace cache (tcache) correspond to fragments in the fragment

cache (fcache) analogousto how fragments in the fragment cache correspond to native

code. Becauseof the analogy, we are able reusethe fragment builder to build CTs.

To generatethe �rst fragment, given the DL, we look up the fcache fragment that

contains the DL. We then allocate a region of memory for the trace cache. The Strata

fetch/decode/translate loop is then executed.This loop copiesover instructions from the

fcache to the tcache, stopping at a conditional jump or return instruction (essentially ,

from where control 
o w cannot be predicted without executing the fragment). This

ends generation of the �rst trace fragment. As the fragment is generated,when we

encounter the last executedfcache instruction (the oneafter which we jumped into trace

generation),wenote its correspondingtcacheinstruction address.After the �rst fragment

is generated,we resumeexecution in the trace cache starting at this particular address.
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Figure 4.4: Primary DL Loop Generation

This step maintains program correctnessand ensuresthat instructions are executedin

the correct sequence.In this way, we seamlesslytransfer program execution from the

fragment cache to the trace cache.

The �rst CT fragment endswith two \tramp olines" (Section2.1.2) becauseno other

fragments have yet beencopiedfrom the fragment cache into the trace cache. The func-

tion of the trampoline is to call the fragment builder with the starting addressof the

fragment to be executednext, thereby starting the processof fragment linking (Sec-

tion 2.1.2) Unlike normal strata executionhowever, we only link fragments that are on

the sameCT, and explicitly avoid creating inter-CT links. This helps us keep track of

whether executionstays on a particular CT.

We continue generatingand linking fragments until we �nd a jump instruction whose

target addressis the beginningof the �rst fragment. At this point, the primary DL loop

is complete (Fig. 4.4). The prefetch slice can now be generatedand started. In some

cases,the primary DL loop represents the entire connectedtrace. However, in many

cases,more fragments needto be added to form a \complete" CT. This is described in

the following section. In somerare cases,a required fragment is not in the fragment
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cache - i.e., it has not beentranslated by Strata yet. In this case,CT generationmust

abort and return to normal fcache mode, as CT generationin its current form can only

operate on fragments that are already in the fragment cache.

Once the CT has been generated,the prefetch slice is built (Section 4.6). At this

point, the prefetch sliceis executedasthe assistthread, and the CT as the main thread.

Executing the CT asthe main thread preservescorrectness,sinceCT fragments areexact

copiesof Strata fcachefragments. Sincethe CT only hasa limited number of fragments, it

eventually encounters an unlinked trampoline - i.e., control 
o w needsto goto a fragment

that is not part of the CT. At this point, executionreenters the fragment builder. This

constitutes going \o�trace", at which point the prefetch slice is alsostopped and normal

mode is reentered.

When a CT goeso�trace, we count the number of times the DL has beenexecuted

using previously inserted instrumentation. If this count is above a certain threshold,

the CT is deemedto be run long enough,and the CT is \committed" - i.e., it and its

fragments are 
agged as having run long enough. Committing a CT fragment protects

it from being discardedin the future (Section 4.5). On the other hand, if the count is

below the threshold, the CT is too short, and needsto be expanded. CT expansionis

discussedin the following section.

4.4 Connected Trace Expansion

Expansion of the trace is a simple procedure. We generateonly the fragment that was

missing and link it with the CT, by patching the trampoline. We then generatea new

prefetch slice and executeit. If we needto expand again, we repeat the above stepsas

long asis needed.Traceexpansionis thus an iterativ e process.In practice, no more than

a few expansionsare required to generatea CT that executesthe DL thousandsof times

and satis�es our amortization requirements.
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(a) (b)

Figure 4.5: An exampleof CT Expansion: (a) The primary DL Loop (BB 1,2,4,5), (b)

the expandedCT with an additional basicblock (BB 6)

Once a CT executesabove the threshold of iterations, it does not need to expand

any more. It and all its constituent fragments are 
agged as \committed". However,

this doesnot precludefuture expansion. If future invocations of the CT do not execute

su�cien tly long enough,the CT will be expandedagain.

Each time the CT is expanded,we generatea newprefetch slicefor the expandedCT.

Execution of the prefetch slicefollows immediately. If further expansionsare needed,the

processis repeated.

4.5 Ab orting CT Generation

Sometimes,we needto abort generatinga CT. For example,we might not completea

loop after adding hundredsof fragments. In expansionmode, we may reach the end of a

function, and processa return fragment. Or, we may encounter a fragment that hasn't

beentranslated by Strata from native code yet (i.e., The fragment doesnot even exist in

Strata's fragment cache). At instanceslike these,we needto abort CT generation,either
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partially or completely.

Aborting a CT, however, is not completely straightforward. In many cases,part of

the CT is valid, and doesnot have to be thrown away, whereasother parts needto be

thrown away. For example,if we commit a DL loop, but run acrossan aborting condition

in expansionmode, we do not want to discard the entire CT, just the fragments added

in expansionmode.

When a trace is aborted, all uncommitted fragments are deleted. In addition, all

patches usedto link fragments are recordedin the processof trace generation. At the

time of aborting, this information is usedto undo the trampoline links from committed

fragments to fragments that are to bedeleted. Thus, all fragments in the CT look exactly

like they did at the time of the last commit. If we are aborting an entirely uncommitted

CT (i.e., a new CT), we also delete its corresponding prefetch slice and remove other

related information about it sothat we can start from a cleanslate the next time the DL

is encountered.

As a �nal step, to resumenormal operation, we set the builder mode to regular

fragment generation,resumeDL detectionandbeginexecutingfragments from the fcache.

4.6 Generating the Prefetc h Slice from a CT

Oncea CT hasbeencompleted,we generatethe prefetch sliceusing a processof slicing.

We use the dynamorio suite (Section 2.2) to work with instructions, modify operands,

and encode the prefetch slice in memory. In the following subsections,we describe the

stepsinvolved in generatingthe prefetch slice.

4.6.1 Finding secondary DLs

In someCTs, we have found that more than one instruction shows a large number of

cache misses.Due to the fact that we usea threshold systemto detect cache misses,we
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Figure 4.6: SliceGenerationSteps

only have one \primary" delinquent load for a CT. We have implemented a systemfor

identifying \secondary" delinquent loads.

A secondaryDL has two characteristics - it is on the sameCT as the primary DL,

and it has a signi�cant number of cache misses.Sincewe usesampling to identify DLs,

the secondcharacteristic reducesto a requirement for a signi�cant number of samplesin

the kernel-level hashtable (Section3.2). We introducea secondaryDL threshold, which

is a fraction (usually half) of the primary DL threshold.

Just after generatingthe CT with the primary DL, but beforebeginning the process

of slicing, a systemcall is made. A list of instructions in the CT is passedto the kernel,

in the form of fragment cache addresses.The kernel-level function looksup each address
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in the DL samplehashtable, and prunesthe list, leaving only thoseaddressesthat have

samplecounts greater than the secondarythreshold. It then copiesover the pruned list

back to userspace.This provides us with a listing of primary and secondaryDLs.

Back in userspace,the instruction addressesare translated from fragment cache to

trace cacheaddresses,usinga 1-to-1mapping(which is generatedby the fragment builder

during CT generation). This list of delinquent loadsis then passedalongfor slicing. The

slicing processmakesno distinction betweenprimary and secondaryDLs, and generates

a slicewhich prefetchesfor all DLs.

There are somefactors in choosing an appropriate secondarythreshold. Too high a

threshold causestoo few secondaryDLs to be identi�ed, thus missing someDLs. Too

low a threshold could include too many DLs, thus bloating the prefetch sliceand possi-

bly slowing it down so much that it cannot run aheadof the main thread. In addition,

someload instructions are related (e.g., Instructions operating on di�erent �elds of a

singledata structure), and prefetching for onealsoprefetchesfor the other. In caseslike

this, prefetching too many DLs could possibly be redundant. We have selecteda sec-

ondary thresholdof 50%of the primary DL thresholdbasedon experimental observations

(Section6.5.3).

4.6.2 Generating the Basic Blo ck List

This is the �rst stepof the slicingprocess.DynamoRiohasits own format for instructions,

instruction lists, etc. To usedynamorio on a CT that hasbeengeneratedby Strata, the

CT has to be translated into DynamoRio's instruction format. To this end, we use a

customdata structure that correspondsto each CT fragment. Each basic block structure

storesthe following information:

� Starting and ending PC of the CT fragment that corresponds to the basicblock

� A list of all the instructions that belongto the basicblock.
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� Other data structures that help in data
o w and control 
o w analysis- e.g., A list

of successors,predecessors,the reaching de�nitions in-set, etc.

For each CT fragment, we \decode" each instruction into dynamorio's Instr format

and add it to the basic block - speci�c instruction list. If we comeacrossa delinquent

load address,we note its location by using a pointer to the Instr . Normal instruction

processingcontinues until we reach a trampoline. If the trampoline is patched (i.e., it

is a jump to the target fragment), we processand add it, and then skip to the next

trampoline, if it exists. If, on the other hand, we encounter an unpatched trampoline,

it meansthat the target fragment is not part of the CT. In this case,we add a dummy

jump to the instruction list to denotean o�trace condition.

Onceall fragments have beenprocessed,we have a list of basicblock structures, each

containing a list of instructions in dynamorio format.

464EA077 mov edx,[ecx+0x10]

464EA07A test edx,edx

464EA07C mov ecx,edx

464EA07E jnz 0x464ea094

464EA080 mov dword [0x8160d1c],0x0

464EA08A push dword 0x4000d27b

464EA08F jmp 0x805eafa

464EA094 jmp 0x464ea0a8

0x464ea077 mov 0x10(%ecx) -> %edx

0x464ea07a test %edx%edx

0x464ea07c mov %edx-> %ecx

0x464ea07e jnz $0x464ea094

0x00000000 jmp instr_ptr

TARGETOF CTI: 0x00000000 nop

0x464ea094 jmp $0x464ea0a8

a. Input fragment b. BB Instruction List

Figure 4.7: An exampleof decoding a fragment

In Fig 4.7, the CT fragment is shown on the left. As we can see,the conditional

branch (at 0x464ea07E)leads to a trampoline. The fallthough part of the trampoline

(0x464ea080-0x464ea08f) hasnot beenpatched,thusit is an o�trace condition. The taken

part (at 0x464ea094)hasbeenpatched, and jumps to the next CT fragment. When the
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fragment is decoded into a basicblock instruction list in dynamorio, the o�trace part is

replacedby a jump to a dummy instruction.

4.6.3 Finding Basic Blo ck Successors and Predecessors

Oncewe have generatedthe basicblock list, we needto deducecontrol 
o w information

beforeproceedingfurther with data
o w analysis. Speci�cally, each basicblock needsto

be \connected", i.e., its predecessorsand successorsneed to be found. We implement

this by �rst generatinga control 
o w graph, and then usingit to populate the basicblock

list with predecessorsand successors.

To generatethe control 
o w graph, we �rst add empty basic block data structures

representing the entry and exit basic blocks. We then iterate through each basic block

to �nd its successorbasic blocks. Becauseof the nature of strata trampolines, and the

way we processthem (Section 4.6.2), the last one or two instructions in a basic block

are the jumps that tell us wherecontrol is transferred to. Thus, to �nd the basicblock

that correspondsto a particular jump, we simply look for the basicblock whosestarting

PC is the target addressof the jump in question. In this way, we are able to generate

the edgesof the control 
o w graph. Somejumps may represent o�trace conditions. We

denotetheseby adding an edgewith the exit basicblock as the target.

Thus, we now have a control 
o w graph, with serial numbers corresponding to each

basic block as the nodes, and directed edgesrepresenting jumps between basic blocks.

We then iterate through all the edges,and add predecessorsand successorsto each basic

block structure. At the end of this process,each basic block has a list of predecessors

and a list of successors.

4.6.4 Basic-Blo ck-Sp eci�c Reaching De�nitions Analysis

We perform two reaching de�nitions analysesto �nd dependent instructions so we can

generatethe prefetch slice. The �rst is a global, basic-block-at-a-time analysis. The
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secondis a local, instruction-speci�c analysis,which builds on the global reaching de�-

nitions result to generateinstruction-speci�c reaching de�nition lists. In this section,we

describe the stepsinvolved in performing the global analysis.

The �rst step in a reaching de�nitions analysis is generating gen and kill sets for

each basic block. Here, our approach di�ers from a standard compiler-level reaching

de�nitions analysisin that we work with registersand memory operandsrather than the

usual variablesand constants.

We populate gen setsone basic block at a time. We iterate through the instruction

list of a BB, adding each destination operand to a global list of de�nitions (GDL). Any

register or memory operand that is written to is considereda de�nition and included in

the GDL. At the sametime, we add the de�nition to the BB gen set. However, some

de�nitions computed in this way overlap. For example,a register may be written to by

two di�erent instructions within a singleBB. To account for caseslike these,all de�nitions

are given unique entries in the global de�nitions list, however only the de�nition that

makesit out of the basicblock is retained in the genset. Thus, the genset endsup being

the set of de�nitions that are valid at the exit of the basicblock.

After all basic blocks have beenconsidered,the GDL contains a list of all operands

that arede�ned in the CT, andall gensetshavebeencomputed. At this time, BB-speci�c

kill setsare computedin the following manner: We iterate through each de�nition in the

gen set of the basic block and compareit to each de�nition in the GDL. If the gen set

de�nition \kills" the GDL de�nition (Section 4.6.5), the GDL de�nition is addedto the

BB kill set. In this way, we generatekill setsfor each basicblock in the CT.

Oncewehave BB-speci�c genand kill sets,we apply the standardreaching de�nitions

algorithm [22] to �nd the reaching de�nition in-sets(RDins) for all basicblocks.
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4.6.5 Criteria for Killing De�nitions

At many stagesof our slicing algorithm, we needto test for whether an operand a�ects

the value of another. This is similar to the problem of deciding whether one de�nition

kills another. We thereforede�ne a set of criteria we useto decidewhether an operand

(or de�nition) a�ects another.

A de�nition a is consideredto kill a de�nition b if they are both identical registers

or memory references.In addition, a is consideredto kill b if b is a memory reference,

and a is a register,and b dependson a . This is becausethe act of writing a causesb to

change.

The above criteria work well, except in the caseof aliasing. They do not detect

the casein which two memory operandshave di�erent baseregistersand operands,but

the samee�ective address. In our work, it is important for the prefetch slice to be as

small as possibleso it can run aheadof the main thread. For this reason,we choosean

aggressive approach and ignore the possibility of aliasing so as to minimize the number

of instructions added to the slice. Although there might be casesin which this is not

the correct approach, the speculative nature of the assist thread ensuresthat program

correctnessis maintained nevertheless.In the worst-casescenario,the assistthread may

not prefetch at all, or may prefetch a wrong addressand possiblypollute the cache.

As a future optimization, aliasing may be handled. In fact, since ours is a wholly

runtime system,we may be able to useruntime program information to resolve aliasing,

and may not have to be too conservative in our approach. At present, oneof our bench-

marks (mcf) experiencesproblemsdue to uncaught aliasing. In this case,we chooseto

ignore the basic blocks which causethis and construct our CT and slice without them.

We still maintain program correctness,and our prefetch slicesstill run long enoughto

perform usefulprefetching.
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4.6.6 Generating the Slice

We use the results of the global reaching de�nitions analysis to perform slicing. Our

slicing algorithm is basedon delinquent load instructions. The �nal slice is to consist

of: the delinquent loads,all instructions that are involved in computing the value of the

delinquent load, and all control 
o w instructions that a�ect computation of delinquent

loads. By extension,instructions that a�ect control 
o w by setting 
ags (e.g., compare

instructions, etc.) alsoneedto be addedto the slice. Finally, instructions that causethe

slice to go o�trace alsoneedto be included. Our slicing algorithm hasbeendesignedto

account for all the above requirements.

Figure 4.8: Slicer Loop
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The slicing algorithm is iterativ e - each iteration starts with a set of instructions that

needto be addedto the slice,curr set. Each instruction in this set is addedto the slice.

If this is the �rst time an instruction is being processed,instructions it dependson are

addedto new set. If the instruction hasbeenprocessedbefore(i.e., the instruction, and

by consequence,instructions it dependson, have already beenadded to the slice), it is

ignored. This way, after all instructions in curr sethave beenprocessed,new setcontains

a set of instructions that will be processedin the next iteration of the slicing algorithm.

Each iteration, we processcontrol 
o w instructions and instructions that a�ect 
ags

(i.e., instructions that indirectly a�ect control 
o w). In this manner, we slice for data


o w as well as control 
o w.

Finally, at the end of the iteration, we set curr set to new set and begin the next

iteration. We stop slicing when no new instructions have beenadded,i.e., when new set

is empty. At this point, the prefetch slice has been generated. However, it still needs

further processing.

Computing Instruction Dep endencies

Computing instruction dependenciesrefersto the processof �nding all instructions which

a�ect the result of an instruction (targ) that we are interested in. Each sourceoperand

of targ is analyzed. Immediate operandsare ignored becauseno instruction can a�ect

them. Oncewe have decidedthat a sourceoperand needsto be processed,the reaching

de�nition in-set for targ (instrRDin ) is computed.

We needto �nd the instrRDin becausethe global, basic-block-speci�c reaching de�-

nitions analysisis insu�cien t. This is becauseinstructions in the samebasicblock, but

executing before the instruction under consideration, may generateor overwrite (kill)

de�nitions. We usethe results of the global analysisand local gen and kill information

to generatean instrRDin on an as-neededbasisfor each requestedinstruction.

A completeinstrRDin contains the set of all operand de�nitions that reach targ. We
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compareeach sourceoperandof targ to the de�nitions in instrRDin , and useour criteria

(Section 4.6.5) to seeif any de�nitions a�ect the sourceoperandsof targ. Since each

de�nition is generatedby a speci�c instruction, it is now a simple matter to compute

the set of all instructions that a�ect targ. We have thus computeddependenciesfor the

instruction in question.

Tagging Essential Con trol Flo w Instructions

Essential control 
o w instructions (CFI's) are those which select between paths that

could alter delinquent load computations. A basic block X contains essential CFIs if

there is any sliceinstruction I betweenit and its immediate postdominator. Although X

may not compute any valuesfor the slice, it is essential becauseit choosesbetween its

successors,which could a�ect whether or not I is executedor not, thus changing the DL

addresscomputation. For this reason,the test instruction in BB X (the last instruction

in the BB that a�ects the e
ags register) needsto be added to the slice, along with

the BB-ending jump instruction(s). We therefore tag essential BBs, and add the test

instructions of taggedBBs to the slice(along with dependencies).The jump instructions

are handledseparately(Section4.6.8)

For example, in Fig. 4.9a, the BB is essential becauseone of its successorscontains

an essential instruction. However, in Fig. 4.9b, the BB is not essential becauseall its

successorsupto its postdominator do not contain an essential instruction.

Essential BBs are computed as follows: As instructions are added to the slice, their

respective BBs are tagged as essential. We then recursively traverseall paths between

the basicblock X and its immediate postdominator X . If any path contains an essential

BB, then BB X is alsotaggedasessential. We repeat this tagging processeach iteration

of the slicer, sincewe may have added more slice instructions (and thus, more directly

essential BBs).
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(a) (b)

Figure 4.9: An exampleof essential BBs

4.6.7 Memory Write Redirection

The assistthread is a speculative thread that hasa subsetof the code in the main thread.

In addition, the assistthread is intendedto \run ahead"of the main thread. Therefore,it

is essential to ensurethat the assistthread doesnot make any modi�cations to memory,

as that may a�ect correctnessof the main program. For this reason,the prefetch slice

must not contain any writes to the memory spaceof the main thread.

We allocate a \scratchspace"which the assistthread can write to. Oncethe prefetch

slicehasbeengenerated,weiterate through it andsearch for any memorywrites. Memory

writes are redirected to the scratchspacein the following manner: First, a new memory

operand with a unique scratchspaceaddressis generated. Then, the original memory

write operand is replacedwith the new operand. Both original and new operandsare

saved in a structure that keepstrack of memory write redirections.

Sincewe have redirectedmemorywrites, we alsoneedto patch certain memory reads

to read from the scratchspacerather than from main memory. To accomplishthis, we

again iterate through the slice, searching for any reads from memory that depend on
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redirected writes. The respective read operands are then replaced with scratchspace

operands.

Sometimes,replacingmemory readsand writes may causecorrectnessissues.For ex-

ample,whenthe assistthread runs, a patched readmay be executedbeforeits respective

patched write. In this case,the redirected location has incorrect data. To prevent this,

we prime the scratchspacebeforeinvoking the assistthread - we copy data from original

memorylocationsto their equivalent scratchspacelocationsbeforeexecutingthe prefetch

slice.

As a further optimization, and to minimize caseswhereboth main and assistthreads

accessthe samememory location, we redirect invariant memory readsin the slice. An

invariant memory read is one whosee�ective addressdoes not change throughout the

duration of the slice. This could be a static memory read or a base-indexedread whose

baseregisteris not written to anywherein the slice. Weiterate through the slicesearching

for invariant reads,and replacethem with readsfrom the scratchspace.We keeptrack of

invariant readsthat are being replacedwith scratchspacereads,sothat the scratchspace

can be primed beforethe prefetch slice is executed.

4.6.8 Tracking Jumps

Most jump instructions encode the target addressin their opcode. The fragments we

useto generatethe prefetch sliceare part of the connectedtrace. For this reason,jump

instructions in the prefetch slicestill target PCs in the trace cache. We needto retarget

any jump instruction in the slice so that it points to the appropriate instruction in the

slice itself.

We retarget jumps in two stages. The �rst stage occurs after the slice has been

generated.We iterate through the list of basicblocks, and for each essential basicblock,

we add its terminal jump trampoline (which is a set of three jump instructions) to the

�nal slice. In the processof adding the jumps, we encode the \note" (which is a user-
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customizable�eld attached to each dynamorio Instr data structure) to re
ect the fact

that the instruction is a jump and alsoencode the serialnumber of the target instruction

in the note �eld. This note will be usedin a subsequent step. We handle o�trace jumps

by encoding the note with a special number that denotesa jump to exit. The �nal

encoding of the note �eld of any instruction contains:

� The instruction's own unique serial number.

� Information as to whether the instruction is a jump or not.

� For jumps to other instructions in the slice,the serialnumber of the target instruc-

tion.

� For o�trace jumps, a unique number denoting a jump to exit.

In addition to encoding jumps, we alsotry to perform a simpleoptimization here. As

we have seenin section2.1.2,an artifact of Strata is that it converts all conditional jumps

to three-jump trampolines. In our slice, we do not needthe 
exibilit y of a trampoline.

Therefore, in simple caseswhere a basic block successoris the next basic block in the

list, we try to eliminate the trampoline and just leave a singleconditional jump. At this

time, we do not perform non-trivial optimizations which may involve changing the sign

of conditional jumps. This would reduceslicesizefurther.

The secondstageof jump retargeting occurs just beforethe prefetch slice is encoded

in memory (Section 5.3). We iterate through the entire slice and decode the note �eld

of each instruction. For all jump instructions, we usea DynamoRio function to set the

target to the appropriate target instruction. Oncewe have set the targets, DynamoRio

automatically setsjump opcodeswhen it encodesthe slice into machine code.
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4.7 Prefetc h Slice Generation Summary

In this section,we have described the processof generatinga connectedtrace. We have

introduced the criteria for deciding what constitutes a CT and described how a CT

can be expanded. We have also enumerated the stepsinvolved in generatinga prefetch

sliceusing a CT. We have introducedsomeissuesthat ariseduring slicegenerationand

presented our solutions. In the next chapter, we will show how a prefetch sliceis invoked

and executed.



Chapter 5

Executing and Coordinating the

Assist Thread

Figure 5.1: TOPP working 
o wchart

5.1 Overview of Assist Thread Coordination

In the previoustwo chapters,wehavedescribedour techniquesto generatea prefetch slice

for a particular delinquent load. In this chapter, we describe ancillary proceduresthat

are not directly involved in generatingthe prefetch slice, but are necessaryto properly

executeand coordinate the assistthread.

48
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We discusssynchronization of the assist thread and the main thread and identify

relevant issues. We then discusshow an assist thread is executedusing a generated

prefetch slice. We present optimizations such as reusing previously generatedprefetch

slices(Fig. 5.1).

5.2 Synchronization of the Assist Thread

Synchronization of the assist thread is a very important issue. The utilit y of the assist

thread is in its function of prefetching. Therefore,it is necessaryto ensurethat the assist

thread always runs aheadof the main thread. We do this by slicing, to pare the assist

thread down to the minimum number of necessaryinstructions. However, sincethe assist

thread is expected to run faster, it needsto be kept only a few iterations aheadof the

main thread.

If the assistthread is too far ahead,prefetched data could begin to evict cache blocks

that are still neededby the main thread [13]. For this reason,the prefetch sliceneedsto

constantly check where its execution is, in relation to the main thread, and accordingly

wait when it is too far ahead.

Our current implementation of TOPP doesnot handlethe casewherethe assistthread

is too far behind. Such a caseis, in fact, quite unexpected,consideringthat the prefetch

slice is usually much smaller than the equivalent code in CT.

We implement synchronization the following way. While generating the connected

trace, when we are generating the primary DL, we add an instruction to increment a

counter, the main thread iteration counter. This counter counts the number of times

the primary DL instruction is executed. Similarly, in the the prefetch slice, we insert

code just after the instruction that corresponds to the primary DL. to increment an

assist counter that corresponds to the number of times the prefetch slice has executed

the primary DL. Comparing the valuesof the main and assistcounters helps maintain
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Figure 5.2: Assist Thread Synchronization Flowchart
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synchronization.

However, checking for synchronization has its own overhead, especially as shared

variables(the counters) are being constantly changedand read by di�erent threads. To

minimize overhead, we implement chunk prefetching. We only comparethe main and

assist counters when the assist counter's last byte is zero. In other words, we only

perform synchronization checks every 256increments of the assistcounter. We chosethe

number on the basisof experimental timing measurements, and alsobecauseit provides

a tolerable tradeo� betweenaccuracyand overhead. It must be kept in mind that chunk

prefetching does not a�ect correctness. i.e., the prefetch slice will go o�trace and exit

when it is supposedto, even if that happensin the middle of a chunk. Chunk prefetching

only a�ects the synchronization check itself.

Therefore,the prefetch slicechecks synchronization as follows:

1. Executeprimary DL prefetch instruction

2. Increment assistcounter

3. If last 8 bits of assistcounter are all zero,synchronization check is needed

4. Synchronization check: Comparelocal and global counter. If too far ahead,pause

and recheck. If not, continue executingslicecode.

There are two synchronization parametersthat are variable. They are:

Slack: This is the number of iterations that the assist thread is allowed to run ahead

of the main thread. If this value is too low, the assistthread will constantly start-

stop, each time checking the main thread counter. This is not desirableasit causes

excessive synchronization overhead. If the slack is too much, the assistthread could

�ll up lower levels of cache and evict blocks that the main thread hasn't read yet.

This is obviously counterproductive and must be avoided.
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PauseDuration and Type: The assist thread needsto be pausedwhen it is too far

ahead. There are two ways to do this - using the usleep() call or using a number

of pauseinstructions. We found that the usleep() call hasa minimum sleepperiod

of one OS \tic k". However, its advantage is that it it completely deactivates the

logical CPU of the assist thread, thus causing no overhead on the logical CPU

of the main thread. On our test system, one OS tick equatesto a minimum of

20 milliseconds. Becausewe require pausetimes of a few hundred cycles,we are

unable to make useof usleep(). The secondway to pausea thread is to us a pause

instruction [23]. We usea number of consecutive pauseinstructions to pausethe

assist thread. Unfortunately, the logical CPU executing the pauseinstruction is

constantly active, and hassomeimpact on the performanceof the main thread.

In Section 6.5.3, we present experimental results, showing the e�ect of parameters

such as slack and pauseduration on TOPP's performance. We chooseour parameters

basedon theseresults.

5.3 Completing the Prefetc h Slice

As discussedin Chapter 4, a prefetch slice consistsof a set of instructions that are

necessaryto computeand prefetch delinquent loads. However, in addition to simply gen-

erating the prefetch slice,additional instructions needto beaddedto get a self-contained,

fully functioning prefetch slice. The code addedis considered\housekeeping" code as it

is not directly involved in prefetching, yet it is necessaryto ensurethat the prefetch slice

can actually executeproperly. The code described in this section is executedwhen the

prefetch slice is invoked. The following stepsare involved in adding housekeepingcode:

1. The slice is analyzedto �nd two registersthat are not accessedin any part of the

slice. Theseregisterswill be usedto keeptrack of the assistcounter and synchro-

nization. Under the current implementation, if no \safe" registersare found, slice
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generationis aborted and normal fragment cache executionresumes.Fortunately,

our test benchmarks do not encounter this issuedue to the fact that the stack

pointer and frame pointer are unchangedexceptacrossfunction calls, which we do

not encounter in slicesgeneratedfrom our test benchmarks. A slightly slower but

safer alternative would be to use memory locations or register spilling instead of

looking for saferegisters.

2. We insert instructions to save registersand 
ags, and copy the appropriate register

and 
ag valuesfrom the main thread. This ensuresthat the prefetch slice starts

with the samecontext that the main thread had at the time of DL identi�cation.

3. We insert code to prime the scratchspace(SeeSection4.6.7).

4. After the code to prime the scratchspace,we insert an indirect jump instruction.

The purposeof this jump instruction is to start the prefetch slice at a point for

which its initial context is valid. Section5.4.1explains this conceptin detail.

5. After the indirect jump comesthe actual prefetching slice code. We insert syn-

chronization code, including the pause loop, immediately after the primary DL

instruction in the slice. Along with the synchronization code, we insert an o�trace

check - to exit the assistthread as soon as the main thread goeso�trace. This is

not a commonoccurrencesincethe prefetch slice usually runs aheadof the main

thread; it usually goeso�trace and exits beforethe main thread.

6. We append exit instructions at the end of the prefetch slice to restorethe original

context of the assist thread, and a return instruction. In this way, the entire

prefetching slice, including housekeeping code, can be invoked using a function

call, using a function pointer.

7. As an aside,sincewe have information about the exit basicblock, we perform jump

retargeting (Section 4.6.8) at this point.
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while(1)

{

pthread_cond_wait();

slice_fptr(); //Prefetch slice function

//End of prefetch slice, loop back

}

Figure 5.3: Assist thread invoke loop, runs on the secondlogical CPU

The above stepscompletethe prefetch slice,and make it a self-contained entit y that

coordinates and prefetcheswithout further intervention. However, it is still in the form

of a DynamoRio instruction list. We useDynamoRio's encode facility to encode the list

into machine code in memory. The starting addressof the memory block is thus the

starting addressof the prefetching slice. To invoke the prefetch slice,a function pointer

is set to the starting addressand called.

5.4 In voking Prefetc h Slices

In our implementation of prefetch slicegeneration,the CT and sliceare generatedwhile

the main thread is interrupted. The prefetch sliceis intendedto be executedon the same

physical CPU, by a di�erent thread.

When the program is started, we create and start the assist thread using pthreads.

However, we keepthe assist thread waiting for a conditional signal. After the prefetch

slice is completed, the main thread sets a function pointer to the starting addressof

the newly generatedprefetch slice. It then signalsthe assist thread. The assist thread

immediately executesa function call to the function pointer, which, in e�ect, starts

executing the prefetch slice on the samelogical CPU as the assist thread. The main

thread proceedsto executefragments within the CT.
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When the prefetch slicecompletesby goingo�trace, the assistthread resumeswaiting

for another signal. When the main thread goeso�trace, TOPP exits prefetching mode

and reenters strata mode (i.e., fragment cache fragments are now executed). This ap-

proach also lets us repeat the processasmany times asdesired,letting us reuseprefetch

slices.Fig. 5.3 and Fig. 5.1 describe this process.

5.4.1 Prefetc h Slice Start Poin ts

As discussedin Section3.3,any DL may initiate prefetching. Sincecontext (registersand


ags) are only valid at a particular intersection,we needa mapping that describeswhere

to jump to in a slicefor a givenDL. We implement this by generatinga mappingbetween

tcache addressesfor the CT and prefetch slice addressesat the sametime the prefetch

slice is generated.Each time a prefetch slice is invoked, the mapping is usedto �nd the

appropriate start point in the slice. We load a memory location with the appropriate

start point address.As discussedin section5.3, an indirect jump in the beginningof the

completedprefetch slicemakesthe sliceexecutionstart from the correct point.

5.5 Reusing Prefetc h Slices

In most real-world programs,there isn't just oneloop - there are nestedloops, functions

called repeatedly, etc. For this reason,connectedtracesare usually invoked repeatedly,

and consequently, the prefetch slice needsto be started and stopped repeatedly. In

addition, programshave di�erent CTs which may executein turn, also repeatedly. For

the above reasons,it hasbeennecessaryto implement support for reusingprefetch slices

and connectedtraces.

We usea hash table to keep track of CT's and slicesfor reusing. Each time a slice

is generated,an entry is madein the hashtable for the primary DL. In addition, entries

are alsocreatedfor secondaryDLs. Sincethere is somesharedand commoninformation
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betweenprimary and secondaryDLs, we usea two-structure approach:

dl struct: The �rst data structure is the hashtable entry itself. There is oneof these

for every DL, primary or secondary. This contains just the fragment cache DL address,

the location of the DL in the CT (the trace cache DL address,in other words), and a

pointer to a trace struct.

trace struct: The seconddata structure is speci�c to each trace. All dl structs be-

longing to a trace have a link to the appropriate trace struct. The trace struct contains

the following information:

� The starting addressof the prefetch slice.

� A list of all the trace cache fragments that make up the connectedtrace

� A list of all the primary and secondaryDLs in the CT.

� A list of all possiblestartpoints and their corresponding startpoint addressesin the

slice.

Using the above hashtable structure, we are able to reuseCTs and slices.When we

identify a DL, we do a hash table lookup basedon its fragment cache PC. If we �nd it,

we load the corresponding prefetch sliceinto the function pointer (Section5.4). We then

usethe startpoint array for the CT to calculatethe appropriate assiststartpoint and set

the indirect jump variable accordingly. We then reset the main iteration counter and

start o� the sliceand start executingfragments from the CT.

Using the above method, we can repeatedly reuseslicesand traces without having

to regeneratethem. We can alsoexpandslicesand CTs (Section 4.4) after a number of

reuses,as our hash table structures store all the information neededto expanda CT at

any time.
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5.5.1 DL Patching

As we have complexcontrol 
o w in real-world programs,we needa method to identify if

we are back on a DL-containing trace. Oncewe have generateda CT and slice,we need

a way to ensurethat we re-identify the DL and reusethe slice at the correct time. We

do this as follows:

After a CT and slice are successfullygenerated,we patch the fragment cache DL

instruction by code that calls the Strata fragment builder. Each time executionreaches

that point, we immediately enter prefetching mode and reusethe trace and slice. This

providesperfectcoverageof the delinquent load trace. However, there is oneshortcoming

of this approach in that we do not detect delinquent loadson the CT any more. Thus, we

are not able to detect any new loadsthat may take longer to be identi�ed as delinquent

and continue prefetching for only the original set of DLs. Becauseof this, we may miss

someDLs for the entire executionof the program.

5.6 Summary of Assist Thread Coordination

In this chapter, we have described how the piecesof our architecture �t together. We

have introducedthe conceptof assistthread synchronization and discussedour approach

to it. We have presented how we completea prefetch sliceand prepareit for execution.

We have also discussedthe issuesconcerninginvoking a prefetch slice with the proper

context and presented our solutionsto them. Finally, wehave discussedissuesconcerning

real-world benchmarks and our approachesto e�cien tly dealingwith multiple tracesand

slices.
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Metho dology and Results

6.1 Overview of Metho dology and Results

In this chapter, we describe our experimentation and evaluation procedureson TOPP.

We �rst introduce our test system and its characteristics. We then touch upon the

parameterswe use to evaluate TOPP. We describe the di�erent benchmarks we useto

analyze the performanceof TOPP. We present the performanceresults of TOPP, and

discusshow it is in
uenced by external overheadsand internal parameters.We conclude

with suggestionsfor future optimizations to TOPP.

6.2 Test System

Our test system is a Dell PowerEdge 6600 server. It has four Intel Pentium IV Xeon

CPUs running at 1.6 Ghz, each with hyperthreading enabled,and 2 GB of RAM. We

use RedHat 7.3 with a Linux kernel version of 2.4.18-3. We have modi�ed the kernel

to accomodate our purposes. We have implemented thread binding - where a thread

or processis bound to a singleCPU. This is necessarybecauseperformancemonitoring

and prefetching both require that threads involved do not migrate. We have alsoadded

systemcalls to the kernel to allow programsto accessperformancemonitoring registers
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and counters. Finally, we have patched the kernel to enablePEBS interrupts [24].

6.3 Evaluation Parameters and Metho dology

We evaluate TOPP using a set of benchmarks. We focus on wall clock time and cache

miss count as the two main parametersusedto compareTOPP-enabledbenchmarks to

the equivalent native versions.

We use the time application to measurewall clock time. time also keepstrack of

the total time usedby all individual threads of a process- we use this to compute the

percentage of time the assist thread was active and to �nd the percentage of program

executionthat was covered in prefetching mode.

To measurecache misses,we useanother set of performancemonitoring registers.At

the time TOPP is initialized, we activate a counter to count the number of L2 cache

missesas seenby the main thread. We read the counter just before the program exits.

We take careto avoid con
icts betweenthis performancemonitoring and TOPP's inbuilt

dynamic pro�ling.

6.4 Benchmarks

We usea set of benchmarks to evaluate TOPP. Sincethe purposeof TOPP is to prefetch

into the cache, we focus on benchmarks that are expected to be memory-intensive.

Among these,we evaluate TOPP on both pointer-chasingbenchmarks (e.g., list and tree

access)andarray-basedapplications. WealsoevaluateTOPP on a real-world benchmark.

The following are the benchmarks we use:

list

List is a simple list-basedbenchmark that focuseson list access.It consistsof an allo-

cation phase,wherea large circular linked list is allocated and linked. Then, the access
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phaseis started - the list is iterated through. At each iteration, a small amount of work

(
oating point arithmetic) is done. Sincethe list is circular, it can be iterated through

as many times as required so that we have the benchmark run for a signi�cant enough

amount of time. TOPP is invoked at the beginning of the accessphase. It must be

noted that we do not arti�cially randomizethe list - in practice, we �nd that successive

list elements are more or lesscontiguous in memory. Randomizing the list would prob-

ably in
ate performancemeasurements in favour of TOPP, however it would not re
ect

real-world applications.

arra y

Array is a simplearray-basedbenchmark. It is similar to the list benchmark in having an

allocation and accessphase.It alsohas 
oating point work inbetweenmemory accesses.

BST

BST is a binary search tree benchmark. In the allocation phase,we allocateand initialize

a large binary search tree. In the accessphase, we perform many repeated random

searches for data from the tree, on which we perform some
oating point arithmetic to

simulate work.

mcf

Mcf is a real-world benchmark that is part of the Spec CPU 2000 integer benchmark

suite. Wechosemcf becauseof its relatively high proportion of memoryaccessoperations

and relatively high cache miss rate, as comparedwith the remainder of the Spec suite.

However, since it is an integer benchmark, it is expected to be suboptimal in terms

of taking advantage of hyperthreading. In Intel's implementation of hyperthreading,

functional units such as adders,
oating point units are sharedbetween the two logical

CPUs. For this reason,hyperthreading works well if the two threads perform di�erent
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Figure 6.1: Strata and SliceGenerationOverheads

types of computations - e.g.,onethread performing mostly integer operations, and the

other, 
oating point operations.

6.5 Results

In this section,we discussthe results obtained from running the benchmarks described

in Section6.4. We analyzeour results using the parametersintroducedin Section6.3.

6.5.1 TOPP Overheads

Since TOPP involves a number of runtime activities, there are signi�cant overheads

incurred in to processof generatingand executinga prefetching slice. Theseare:

Overhead due to Strata

This occurs becauseof Strata's interpretation, fragment generation and also because

Strata inserts extra trampoline jumps. As we seein Fig. 6.1, Strata's overheadvaries

between0.1%for list to over 14%for bst. This is becauseof the overheadof instruction



Chapter 6. Methodology and Resul ts 62

decoding and fragment generation. In fact, the averageStrata overhead for the Spec

CPU 2000benchmark suite is about 35%[3].

TOPP overhead

This includes the overheadof performancemonitoring and PEBS interrupts, and also

that of generating connectedtraces and prefetch slices. This is normally quite low,

sinceperformancemonitoring is quite lightweight, and CT and slice generationhappen

only a few times over the entire execution of a program. As seenin Fig. 6.1, TOPP

overheadis usually negligible, although it is as high as 5.7% for array. The slowdown

can be attributed to performancemonitoring overhead,which can be quite signi�cant,

the longer it takes to identify a DL. In fact, array spends about 14% of its time with

performancemonitoring activated, which is very high when compared to list , which

spendslessthan 1% of its total executiontime monitoring performance.

Hyp erthreading overhead

Threadsthat run on two logical contexts of the samehyperthreadedCPU can slow down

signi�cantly as a consequenceof resourcesharing betweenthe two logical CPUs. In In-

tel's designof hyperthreading, someCPU resourcesare statically partitioned as soon as

the secondlogical thread context becomesactive [2]. For this reason,a logical thread ex-

ecuting even only no-opscannegatively impact the �rst logical thread. Along with static

resourcepartitioning, instruction mix also determinesslowdown due to hyperthreading.

For example, if the two logical threads are running identical code, there is a greater

potential for slowdown asfunctional units are limited in number. On the other hand, hy-

perthreading shineswhen the two threads are running code that usedi�erent functional

units (e.g., integer vs. 
oating point operations). For this reason,instruction mix is an

important factor in determining hyperthreading overhead.

Although it is not possibleto directly measurethe overheadof the assistthread (due
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Figure 6.2: Hyperthreading Overheads

to the fact that the assist thread is simultaneously speeding up the main thread by

prefetching), we obtain an estimate of hyperthreading overheadby simulating an assist

thread. We have a small program whoseonly function is to loop, and in each iteration

of the loop, perform someinteger math and accessa single memory location, a mix of

instructions which is quite similar to a simple assistthread. We measurethe slowdown

causedby running both the assistthread simulator and the our benchmarks on the same

physical CPU but on di�erent logical processors.We usetwo versionsof this program

to simulate extremecaseshyperthreading overhead. The \NoPause"versionsimulates a

constantly executingassist thread with no pauses.The \P ause" version contains pause

instructions embeddedin the main loop that e�ectively reducethe load of the program

on its logical CPU. This versionsimulates a scenariowherethe assistthread is pausing

roughly half the time and executing for the other half. We do not realistically expect

hyperthreading overheadsto be either greater than the \NoPause" caseor lesserthan

the \P ause" case. Figure 6.2 shows the hyperthreading overheadsfor each benchmark

measuredin this manner. Theseoverheadsare as comparedwith native versionsof the

benchmarks.

For the microbenchmarks array , list and BST , we use an alternative method of
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Figure 6.3: Speedupachieved due to TOPP

measuringcombined overheads- we generatethe prefetch sliceasusual, however, in the

prefetch slice,we replacethe instruction that correspondsto the delinquent load (i.e., the

instruction that actually doesthe prefetching) with a nop. Thus, we have a very accurate

way of measuingthe overheadof generatingand executingthe prefetch slicewhile isolat-

ing its bene�cial e�ects. However, this is only possiblefor the microbenchmarks as they

do not have multiple delinquent loads. As seenin Figure 6.2,hyperthreadingoverheadas

measuredwith the dummy prefetch method is slightly greater than that measuredusing

the \P ause" method above for all the microbenchmarks.

As seenabove, TOPP hasto contend with hyperthreadingoverheadsrangingbetween

5% and 25%.

6.5.2 Performance Impro vement

We present the performanceimpact of TOPP in Fig. 6.3. As seenin the �gure, TOPP

results in a speedupover native code in two of four cases,and a speedupover Strata in

three out of four cases.

If we consider the overhead due to Strata and hyperthreading, either of which we

have no control over, total overheadrangesbetween7% for array to over 27%for bst (as
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a) mcf b) list

Figure 6.4: In
uence of Slack on Speedupdue to TOPP

calculated from the dummy prefetch method in Fig. 6.2). Thus, as can be seenin the

results,TOPP gainsback most of this overhead,for all benchmarks. In the next section,

we look at the in
uence of TOPP parameterson performance.

6.5.3 TOPP Parameters

As discussedin earlier sections,a number of variable parametersmay in
uence TOPP's

performance.In this section,weattempt to determinewhich parametersin
uence perfor-

mance,and we determine the level of in
uence of each variable parameter. We consider

the following parameters:

Slack

As seenin section5.2, slack refers to the number of iterations that the assist thread is

allowed to run aheadof the main thread. As canbe seenfrom Figure 6.4, too much slack

can be detrimental to performance.This could be becausethe assistthread runs so far

aheadof the main thread that it evicts cache lines that have not yet beenaccessedby the

main thread. The e�ect is more apparent on a benchmark with long loops, such as list,

rather than mcf, which has many short CT invocations, meaningthat the assistthread

doesnot have the opportunit y to get too far aheadbeforean o�trace condition occurs.
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a) mcf b) list

Figure 6.5: E�ect of pauseduration on performance

We choosea slack of 50 iterations basedon the results in Fig. 6.4.

Pause Duration

From Section5.2,pauseduration refersto the amount of time an assistthread waits if it is

too far ahead.We implement the pauseusingmultiple instancesof the IA-32 instruction

of the samename. We vary the duration by varying the number of pauseinstructions the

assistthread waits for. From Figure 6.5, we seethe e�ect of pauseduration is di�erent

for di�erent benchmarks. We choosea pauseduration of 1000cycles(i.e., we insert 1000

pauseinstructions at the appropriate placein the slice). We choosethis number because

it givesus the best performancenumbers for both list and mcf.

Secondary DL Threshold

A secondaryDL is one that has not been identi�ed as delinquent, but has a signi�-

cant kernel-level count - denoting that it too causescache misses(Section 4.6.1). The

SecondaryDL Threshold refers to the number of samplesat which a DL is considered

secondary. It is expressedasa fraction of the primary DL threshold. Upon varying seoc-

ndary DL threshold, we notice a decreasein performancefor lower thresholds(Fig. 6.6).

This is because,at low thresholds,many DLs are declaredassecondary, causingbloat in
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Figure 6.6: E�ect of SecondaryDL Threshold on Speedupon mcf

the prefetch slice, which is then not able to always run aheadof the main thread. This

shows that adding too many DLs to the prefetch slicecan be counterproductive.

6.5.4 Cache Performance

Figure 6.7(a) presents load/store instructions asa percentage of all instructions executed

by a benchmark. This tells us which benchmarks have memory accessas a signi�cant

component of their execution,and which benchmarks are more CPU-intensive.

Figure 6.7(b) presents the cache miss rate for each benchmark, as measuredwith-

out TOPP. This gives us a better idea as to why somebenchmarks, such as list show

signi�cant speedupswith TOPP whereasothers, such as array, do not.

TOPP greatly improvescacheperformancefor each of our chosenbenchmarks. Cache

missesare reducedby a minimum of 36% (mcf) to over 99% (list). Figure 6.8 presents

cache miss reduction achieved by TOPP for each of our benchmarks.

Thus, we seethat TOPP has the greatest impact on programs like list which have

signi�cant time spent in memory accessand high cache miss rates. TOPP is usually
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a) Load-StoreRatio b) Cache Miss Rate

Figure 6.7: Cache Performanceof Native Benchmarks

able to signi�cantly mitigate cache missrateson such programs,thus achieving speedup.

On programs such as array , which do not have such high cache miss rates, TOPP

still drastically reducescache misses,however the reduction in cache missesdoes not

necessarilytranslate to a signi�cant speedup.

6.6 Comparison with Hardw are Prefetc her

The Intel Pentium IV Xeon CPUs of our test systemare equipped with a built-in au-

tomatic hardware prefetcher. This is a stride prefetcher, and is expected to excel in

memory-intensive programs with predictable memory accesspatterns. In �g. 6.9, we

comparethe performanceof the hardware prefetcher with that of TOPP.

As seenin the �gure, the hardware prefetcher achieves signi�cant speedupson the

benchmarks array, list and mcf, which have regular memory accesspatterns. Although

list and mcf have list accesses,sincethe lists arenot randomized,the hardwareprefetcher

is able to computestrides and prefetch for them. On the other hand, for the tree bench-

mark bst, the hardware prefetcher hasno bene�cial e�ect as the accesspatterns of a tree

do not form regular strides. TOPP is able to speedup this benchmark, sinceit relieson

precomputation to calculatedata addresses.

Running the hardwareprefetcher alongwith TOPP producesmixed results. Although
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Figure 6.8: Reduction in cache missesdue to TOPP

speedupsin mostbenchmarksarebetter than with TOPP alone,hyperthreadingoverhead

doescausesomeslowdown for TOPP, whencomparedwith the hardwareprefetcher alone.

This is alsoseenin �g. 6.9.

6.7 Future Optimizations

Although TOPP in its present form cannot completely overcomethe overheadsof un-

derlying tools and hyperthreading, someoptions are open. First, an SDT with a lower

overhead,such as dynamorio, could be used,or an approach that did not needa whole

SDT could be attempted. Second,sharedcache chip multipro cessorshave appearedon

the market, especially for laptops. The hyperthreading overheadwould be non-existent

for these, while the cache prefetching bene�ts would still be available. TOPP would

probably be ideal for such processors.Third, explicit hardware support for assistthread

synchronization would go a long way towards mitigating TOPP's inherent overheads.
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Figure 6.9: Speedupdue to hardware prefetcher

6.8 Summary

In this section,we have introduced the benchmarks and performancemetrics that were

used to evaluate TOPP. We then presented TOPP's impact on the chosenbenchmark

with respect to two signi�cant performancemetrics - wall clock time and cache misses.

We found that TOPP has signi�cant unavoidable overheadsdue to Strata and hyper-

threading. Upon analysisof the performanceof TOPP-enabled benchmarks, we found

that in someTOPP achieves speedupsof upto 26% over and above its overheads,and

that it slows down somebenchmarksby a maximum of 7.5%. Wehave alsodemonstrated

that TOPP drastically improves cache performanceof all benchmarks, reducing cache

missesby amounts between35%and 99%. We have presented an analysisof benchmark

characteristics and how they in
uence TOPP's abilit y to speed them up. Finally, we

have discussedpossibleimprovements to TOPP.
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Conclusion

In this thesis, we have presented TOPP, a novel trace-basedsystemfor optimization of

programsvia prefetching. We have shown the motivation behind TOPP, and discussed

what makesit unique comparedto existing research. We have shown how we have made

TOPP to be a completelyruntime system. We have discussedthe components of TOPP,

and how they interact - we also demonstratehow we useexisting SDTs such as Strata

to simplify TOPPs tasks. We demonstratethe utilit y of TOPP on a set of benchmarks,

achieving speedupsof upto 26%, and reducing cache missesby at least 35%. We now

present somefuture directions for TOPP.

7.1 Future Work

There are two main directions future work on TOPP could take. The �rst is optimiza-

tion - i.e. improving the performanceof TOPP. At this time, the two greatestoverheads

on TOPP are causedby Strata and hyperthreading. Using a lightweight SDT with less

overheadwould alleviate this somewhat. Another option is to avoid using an SDT for

the bulk of program execution. In such an approach, we might only activate necessary

functionality such asfragment building on an asneededbasis,rather than from the begin-

ning of program execution,aswe do now. To further study the e�ects of hyperthreading
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overhead,we might try to run TOPP on other SMT CPUs, such as the UltraSparc IV.

In addition, TOPP is expected to do well on sharedcache CMPs, desktop versionsof

which are scheduledfor commercialdistribution very soon.

The seconddirection for TOPP is extending its capabilities to handle more varied

code. For example,extendingTOPP to prefetch for recursive loopswould open up many

more programs for optimization. Adding the capability to detect memory aliasing at

runtime would alsoallow TOPP to work better and with more real-world applications.
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