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Integration of multiple processorcoreson a single die, relatively constart die
sizes,increasingmemory latencies,and emergingnew applications create new chal-
lengesand opportunities for processorarchitects. How to build a multi-core pro-
cessorthat provides high single-thread performancewhile enabling high through-
put through multi-programming? Convertional approades for high single-thread
performanceuse a large instruction window for memory latency tolerance, which
requireslarge and complex cores. Howewer, to be able to integrate more coreson
the samedie for high throughput, coresmust be simpler and smaller.

We presen an architecture that obtains high performancefor single-threaded
applications in a multi-core ervironmert, while using simpler coresto meet the
high throughput requiremen. Our scheme,called Symbiotic Subordinate Threading
(SST), achievesthe bene ts of a large instruction window by utilizing otherwiseidle
coresto run dynamically constructedsubordinate threads (a.k.a. helger threadg for
the individual threads running on the active cores.

In our proposedexecutionparadigm, the subordinate thread fetchesand pre-



processenstruction streamsand retires processednstructions into a bu er for the

main thread to consume.The subordinate thread executesa smaller version of the

program executedby the main thread. As a result, it runs far aheadto warm up

the data cachesand x branch miss-predictionsfor the main thread. In-ight in-

structions are presen in the subordinate thread, the bu er, and the main thread,

forming a very large e ectiv e instruction window for single-threadout-of-order ex-

ecution. Moreover, using a simple technique of identifying the subordinate thread

non-speculative results, the main thread canintegrate the subordinate thread's non-

speculative resultsdirectly into its state without having to executetheir correspnd-

ing instructions. In this way, the main thread is sped up becauseit also executes
a smaller version of the program, and the total number of instructions executed
is minimized, thereby achieving an e cient utilization of the hardware resources.
The proposed SST architecture does not require large register les, issuequeues,
load/store queues,or reorderbu ers. In addition, it incurs only minor hardware ad-

ditions/changes. Experimertal results shav remarkable latency-hiding capabilities
of the proposedSST architecture, outperforming existing architectures that share
similar high-level microardhitecture.

We performedtwo extensionsof our SST stheme,and cameup with two ad-
ditional microardhitectures. In the rst extension,we deweloped a simple way to
allow the subordinate thread be aware of its own speculation. A speculative-avare
subordinate thread is capableof idertifying instructions that are morelikely to pro-
duceinvalid values,and so may skip their execution. In the secondextension, we

allow a subordinate thread to have its own subordinate thread. The main thread



and multiple subordinate threads are arrangedin a hierarchy basedon the degree
of their speculation, with the most speculative subordinate thread at the bottom
of the hierarchy and the least speculative thread (the main thread) at the top of
the hierarchy. This new microarchitecture, named Hierarchical Symbiotic Subordi-
nate Threading, combinesthe bene t of the speedof highly speculative subordinate

threads with the accuracyof not-to o-speculative subordinate threads.
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Chapter 1
Intro duction

1.1 Motivation

Recen trends in microarditecture reveal a move towards multi-core archi-
tecturesthat cane ciently leveragethe billion transistor chips promisedby future
technologies. All major high-performancemicroprocessorvendorshave announced
or are already selling chips with two to nine cores. Future generationsof thesepro-
cessorswill undoubtedly include more coreson a single chip multipro cessor(CMP)
[1,2]. In 2001,IBM introducedthe dual-corePOWER-4 [47] processorand in 2004
it introduced the POWER-5 processor,in which ead core supports 2-way simul-
taneousmultithreading (SMT) [48]. In 2005IBM introducedthe Cell Broadband
Engine Architecture known as Cell processor[72], which combined eight synergis-
tic processorelemens with a dual-issuePOWER processorelemen. In 2004 Sun
announcedthe Niagara processor49], which included eight cores,ead of which is
a four-way SMT. AMD, Fuijitsu, and Intel have also releasedtheir dual-core chip
multipro cessorg50, 51, 52].

Multiprogrammed ernvironments as well as parallel applications benet the
most out of multiple cores.Howewer, the performanceof individual serial programs
doesnot improve and may evensu er a penalty becauseof increasedcortention for

sharedresourcesud ascadesin a multi-core ervironmert. Moreover, the costand



complexity of software increasesf applications are manually parallelizedto obtain
a benet from multiple cores.Finally, many generalpurposeapplications, that are
easyto parallelize, exhibit limited scalability. Therefore,they may not be able to
take advantage of additional coresbeyond a certain point.

Improving the performanceof singlethreadsin a multi-core ervironment has
provento bedicult for seweralreasons.First, multi-core architecturesfavor simpler
and smaller coresto addressthe application needsfor parallelization and the power
budget, which limits the opportunity to exploit the available ILP with wide-issue
cores. Also, adiieving high single-threadperformancein the presenceof relatively
increasingmemory latencieshas traditionally required large and complex coresto
sustain a large number of instructions in ight while waiting for memory On the
other hand, special-purposehardware acceleratorsthat are located outside the core
canimprove a thread's performanceby eliminating cortrol and memory bottlenedks
(e.g. advancedbranch predictors and data prefetdhers), but they often result in
signi cant chip areaadditions and additional complexity. In light of thesetrends,
architectural techniquesthat allow the use of additional coresto speedup single
threads are becomingan attractiv e alternative [31].

Subordinate threading is one sud technique that utilizes multi-core architec-
tures for single-thread performancebecauseof its ability to overcomethe hurdles
imposedby unpredictable branches and long-latency memory accesses.The basic
ideais to spavn sulmrdinate threads (also called helper threads, which are shorter
versionsof the main thread that executein parallel with the main thread. Because
they are shorter, they advancefasterthan the main thread, and perform many useful

2



actions on behalf of the main thread, thereby speedingup the main thread com-
putation. Useful actions performed by the subordinate thread include instruction
and data pre-fetching to reduce cade misses[3, 4, 6, 7, 32, 8, 9, 10, 11, 17, and
precomputing the outcome of hard-to-predict branches [27, 28, 29]. Moreover, it
has been shonvn that the main thread can also bene t signi cantly from directly
consumingsubordinate thread results that are guararteedto be correct [4, 35].
This dissertation descrikesand evaluates a new hardware-basedarchitectural

framework, named Symbiotic Subordinate Threading (SST), that allows otherwise
idle coresin a CMP to function ashelper enginesfor the individual threadsrunning
on the active cores. Our model exploits various sourcesof subordinate threading
bene ts: cade pre-fetching, branch pre-computation, and result reuse. The sub-
ordinate thread runs ahead of the main thread, performing cahe pre-fetches and
resolving branch miss-predictionsaheadof the main thread demand and forward-
ing all of its results to the main thread. The main thread consumesthe subordi-
nate thread resultsthat are guararteedto be correctly executedby the subordinate
thread without executingtheir correspnding instructions. Speedingup the main
thread in this mannerhasse\eral advantages. First, the overall speedof the proces-
sor increasespecauset is dependert on how fast the main thread moves forward.
Seconda faster main thread detectsthe subordinate thread's miss-sgeculationsear-
lier, therehy cutting down the amourt of time spert by the subordinate thread on
wrong-path or wrong-datainstructions. Third, both threadsare makinge cient use
of the resourceshy executinga relatively lessoverlapping portions of the program
in parallel. Finally, becauseof the provision for early detection of violations, the

3



subordinate thread is now free to do more aggressie speculations. This symbiotic
relationship betweenthe two threads speedsup both of them, resulting in signi cant

improvemers in performance.

1.2 Contributions

This dissertation makes v e major cortributions, outlined below:

1. Symbiotic Subordinate Threading (SST): A keycortribution of this dis-
sertation is the dewelopmer of a minimal dual-coreSST model on a CMP platform
that acdhieves signi cant performancebenets. The model usessimple hardware
structures to facilitate forwarding of results from the subordinate thread to the
main thread as well as determining if those results can be consumedby the main
thread without executingtheir correspnding instructions. At the heart of our SST
model is the formation of the subordinate thread dynamically. We provide a simple
and e cient way of distilling the subordinate thread dynamically with minimum
hardware requiremerts. Recovering the subordinate thread from the wrong path
is another major concernand is addressedwith minimum overhead. Our stheme
is purely at the hardware level so it does not require any compiler intervertion.

(Chapters 3,4 and 5).

2. Understanding SST: Insight is provided regarding the sourcesof synmbiotic
subordinate threading performance. This focusesexploration of the architecture

and leadsto the following key results: (a) Signi cant performanceimprovemer is



achieved with symbiotic subordinate threading, up to 27% improvemen in speed.
(b) A signicant improvemen in L2 cathe missesis adiieved in the subordinate
thread. Also, a signi cant improvemert in L1 dcade missess achieved in the main
thread. (c) The number of branch miss-predictionsincurred by the main thread are
reducedwith SST.(d) Increasedcooperation of the main thread and the subordinate
thread is evident. First, the number of instructions executedby the main thread is
reduced, up to 40%. Second,the subordinate thread wrong-path work is reduced

signi cantly (Chapter 4).

4. Comparison between SST and other schemes: We perform comparisons
between SST schemeand other already existing schemesthat sharethe samehigh
level implemertation asSST. Thosesdhemesare the slipstreamprocessorand dual-
core executionmodel (DCE) [18, 36]. Both the slipstream processorand the DCE
stheme are pure hardware medanismsfor speedingup single thread performance
just like SST. They provide the samemeansas SST for forwarding results of the
subordinate thread to the main thread but do not provide the meansto identify the
correct results of the subordinate thread as SST does. Hence,the main thread in
slipstreamand in DCE consumeghe subordinate thread resultsasvalue and cortrol
predictions and so must validate them by executing all instructions. Howewer, in
SSTthe main thread consumesghe correctresults of the subordinate thread without
executingtheir correspnding instructions. We shav that SST, outperforms those
techniqueswith a relatively simpler hardware additions. The averageperformance

improvemen of SST is 27% and 14% over the Slipstream processorand the DCE



stheme,respectively (Chapter 4).

3. An optimized implemen tation of SST: We provide anotherimplemena-
tion of SST in which the subordinate thread is aware of its own speculation. By
letting the subordinate thread know which registersand memorylocationsare spec-
ulative, it can avoid executinginstructions that usesdata-speculative input values.
In that sensethe subordinate thread distills itself and only executesinstructions
that will yield correct results. This is especially useful in reducing the number of
times the subordinate thread miss-sgeculatesand goeson the wrong path. It also
providesthe bene t of reducingthe total number of instructions executedby both

the main thread and the subordinate thread (Chapter 5).

5. Hierarc hical Symbiotic Subordinate Threading (HSST): This is an-
other key cortribution of this dissertation, extending the SST sdheme to include
more than one subordinate thread. Our HSST execution paradigm allows a subor-
dinate thread to have its own subordinate thread. Collectively, the main thread and
the subordinate threads form a hierardy, with the main thread at the top of the
hierarchy. As we traversethe hierarchy downwards the subordinate thread speed
and speculation increasebecauseit executesfewer instructions, and so, its ability
to explore more instructions than its instruction window allows, increases.Results
generatedby a thread are consumedby its parert thread just like in SST with a
single subordinate thread. We exploredHSST with two subordinate threads, three

subordinate threads and four subordinate threads. Our results yield that as we



add more subordinate threads, the penalties assaiated with squashingand recov-
ering the subordinate threads increasesud that they o set the bene ts when we
go beyond two subordinate threads. With two subordinate threads we achieved an
average performanceimprovemen of 15% over an SST sdhemethat usesa single

subordinate thread (best of the two) (Chapter 6).

1.3 Roadmap

Badkground material is coveredin Chapter 2. In Chapter 3, we descrite how
the main thread is pruned in order to be faster. This introductory Chapter provide
insight into the implemertation details of symbiotic subordinate threading ( rst
and secondcortributions respectively). The sourcesof performanceimprovemern
achieved with symbiotic subordinate threading are discussedin Chapter 4 as well
as comparing its performanceagainst already existing shemes(secondand third
cortributions). An optimized implemertation of synmbiotic subordinate threading
is presered in Chapter 5 (fourth cortribution) in which the subordinate thread
is speculative aware. Hierarchical synbiotic subordinate threading is discussedin
Chapter 6 (fth cortribution). Chapter 7 describesthe related work. We propose

the future work in Chapter 8. Chapter 9 concludesthe dissertation.



Chapter 2

Background

This chapter providesthe necessarpadkground to better understandthis dis-
sertation. First we discusssingle-dip multi-core processorswhich is the current
trend for maintaining microprocessorperformancegrowth by providing signi cant
bene ts for both parallel and throughput oriented computing. We then discuss
multithreading as a way to boost processorthroughput by dividing the program
workload into multiple threadsthat run simultaneously on the multiple coresavail-
able on the chip, thereby making e cient use of processorresourcesand boosting
performancethrough exploiting thread level parallelism (TLP). Finally, we discuss
subordinate threading and their bene ts towards improving single-thread perfor-
mance. Subordinate threading techniques utilize otherwiseidle coreson a single-
chip to run subordinate threads that perform someuseful actions on behalf of the

main thread.

2.1 Single-ChipMulti-core Processors

Execution modelsthat can support multiple threads on a single-dip sud as
simultaneous multithreading (SMT), chip multipro cessing(CMP), and chip multi-
threading (CMT) [30, 1, 2], have received much attention from the researb comnu-

nity in the computerarchitecture eld. On the multiple processingelemerts (cores)



available in a modern processor,one canrun multiple programsin parallel, or mul-
tiple threads from the sameprogram in parallel to overlap useful computations, or
subordinate threadsto assistthe executionof the main computation thread. In this
section we discussthe technological constraints that lead to single-&ip multi-core
processorsmainly, the superscalar'sdiminishing returns and the demandfor a de-
certralized microarditecture, in addition to the low power budget constraint, and
the demand for low inter-processorcommnunication latency. We then discussthe

existing single-tip multi-core processorarchitectures.

2.1.1 Motivation for Building Single-ChipMultipro cessors

Earlier in 1996,0lukotun et. al [1] shaved that a better useof silicon areais
a multipro cessorconstructed from simpler processorsand that building a complex
wide issuesuperscalarCPU is not the best useof silicon resources.We list someof

the motivating reasonsfor building a single-hip multi-core processor.

Diminishing Performance of the Wide-Issue Superscalar Mo del: The su-
perscalar processoryields diminishing returns in performanceas the issue width
increasesdue to the increasedcomplexity of the issuequeueand limitations in in-
struction level parallelism. The net e ect of all the comparisonlogic and encaling
asseiated with a wide instruction issuequeueis that it takes a large amourt of
die areato implemert. Moving to the circuit level, a wide instruction issuequeue
requireslongerwiresthat spanthe length of the structure, resulting in longerdelays.

Farkas et. al. found that an eigh-issue madine only performs 20% better than a



four-issuemadine whenthe e ect of cycle-timeis included in the performanceesti-
mates[53. This leadsto the needfor a microarditecture constructedfrom simpler

processordo maintain the performancegrowth of microprocessors.

Application Demand: From the applications perspective, the microarchitecture
that works bestdependson the amourt and characteristicsof parallelism presen in
the applications. Applications fall into two categories. The rst category consists
of applicationswith low to moderate amourts of parallelism (under 40 instructions
per cycle), most of which are integer applications. The secondcategory consists
of applications with large amourts of parallelism, greater than 40 instructions per
cycle. The oating point applications fall into the secondcategory and most of
the parallelism is in the form of loop-lewel parallelism. Thesetwo categoriesre-
quire di erent execution models. Integer applications work best on a moderately
superscalarprocessomwith very high clock ratesbecausehere s little parallelismto
exploit. On the other hand, a decettralized multipro cessormaradigm best suitesthe
oating point programsbecausét exploits the vast amourt of parallelismpresen in
those programs. Multi-core microarditectures will work well on integer programs
becauseead individual processoris a simple superscalarprocessorwith very high
clock rates. Also, multi-core microarchitectures can exploit the parallelism of the
oating point applications by running multiple threads in parallel from the same

program on the available cores.
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Low Power Budget Requiremen t: Finally, power considerationsalsofavor sim-
pler processorsbut with low frequency For workloadswith adequatethread level
parallelism (TLP), doubling the number of coresand halving the frequencydeliv-
ersroughly equivalert performance,while reducing power consumptionby a factor
of four [2]. Howewer, for applications with limited TLP, speculative parallelism or
subordinate threading have to be exploited for obtaining good single-thread per-
formance under a low-power budget; otherwise single-thread performancewill be

negatively a ected dueto low frequency

Low Comm unication Latencies Requiremen t: In multiprogramming andcon-
vertional parallel processingernvironmens, comnunication betweenthreadsis through
sharedmemory and has latenciestypically in the hundreds of CPU cycles[1]. Be-
causeof the high inter-thread comrmunication latencies,threadsare constructedsud
that they rarely have to commnunicate, and this implies that ne-grain parallelism
cannotbe exploited. The addition of low-latency inter-processorcommunication be-
tweenprocessorson the samechip allows the multi-core processorto better exploit

the available parallelism in applications.

2.1.2 Single-Chip Multi-core Architecture Models

The most commonusefor CMP and CMT is to executemultiple threadsin
parallel to increasethroughput. The widespreaduseof visualization and multimedia
applicationstend to increasethe number of active processe®r independern threads

onadesktopor asenerin aparticular point oftime. Oneway to increasethroughput
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is to executethreads simultaneously from multiple applications. Another way is to
executemultiple threads in parallel that come from a single application, sud as
transaction processing. Multi-core processorscan also be usedto acceleratethe
execution of a single thread of cortrol. We next discussthe trade-o s between
CMP and CMT in what they can o er regarding throughput and single-thread

performance.

CMP: Ead core on a CMP processorruns only a single-thread. To increase
throughput, coresare made simpler and smaller to accommalate more threads.
Hence,layout e ciency increasesresultingin more functional units within the same
silicon area plus faster clock rates. The problem with CMP is that the hardware
partitioning of on-chip processorsrestricts performance. The hardware partition

results in smaller resourcessincethe level-1 cades, TLBs, branch predictors, and
functional units are divided amongthe multiple processorsHence,single-threaded
programscannot useresourcegrom the other processoicoresand the smallerlevel-1

resourcegoer core causeincreasedmissrates [54].

CMT: CMT processorgrovide support for many simultaneoushardware threads
of execution in various ways, including SMT and CMP. Recall that, in an SMT
processor,the physical processorcore appearsto the operating systemasif it is a
symmetric multipro cessorcortaining se\eral logical processors.Hence,the physical
processoicoreexecutednstructions from morethan oneinstruction stream (thread).

This increaseghroughput through thread-lewel parallelism and tolerates processor

12



and memorylatenciesto increaseprocessote ciency. The problemwith SMT is that
complexity and circuit delays grow faster with issuewidth. In addition, multiple
threads on a single core sharethe samelevel-1 cade, TLB, and branch predictor
units, which causescortention. The resulting increasein cathe missesand branch
miss-prediction rates limits performance. Merging CMP and SMT conbines the
advantages of both the individual techniques. CMT hasthe CMP advantages of
more functional units and a faster clock than a wide-issueprocessor. Also, the
addition of SMT increaseghe e ciency of the underlying CMT, becauseéhereis no
hardware partitioning of processoresourceswhich allows a number of instructions
from multiple threadsto accesghe functional units, henceincreasingthe functional

unit utilization.

Trade-os:  More smallercoresmakesthe throughput of CMPs higherthan that of
SMTs; howewer, a wide-issueSMT delivers higher single-threadperformance.Given
the signi cant areacostassaiated with high-performancecores,for a xed areaand
power budget, the CMT designchoiceis betweensmall number of high performance
(high frequency aggressie out-of-order, large issuewidth) coresor multiple simple
(low frequency inorder, limited issuewidth) cores. For workloads with su cien't

TLP, the simpler core solution may deliver superior chip-wide performanceat the
fraction of the power. Howewer, the simpler core solution will not work well for ap-
plications with limited TLP, unlessother meansfor parallelization are used. In this

dissertation, we realizethe low areaand low power budget, sowe beliewe that future

CMTs will use simpler cores. Hence,we focusin this dissertation on subordinate
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threading to speedup the performanceof a singlethread that lacks su cient TLP.

2.2 Multithreading

Multithreading booststhe processorthroughput and improvessingle-program
performance,through exploiting thread-lewel parallelism that residesin programs.
It hasbeenstudied extensiwely in both academiaand industry [63,42,64]. To make
useof the available transistor budget, processomanufacturers sud as IBM, Intel,
and AMD started integrating more coresand/or threads on a single chip to sup-
port multithreading. Many studiesin academiahave beencarried out to examine
the potential of using multithreading processorsud asSMT and CMP. We expect
that multithreading will cortinue to bene t single-programperformanceas well as
processorthroughput, aslong asthe transistor court on a chip cortinuesto grow.
Below, we discusssomeof the multithreading execution paradigms mainly multi-
programming and parallel processing. We also, discusshow eat of them exploits

the available thread-lewel parallelism in programs.

2.2.1 Multiprogramming

Multiprogramming utilizes multipro cessorsystemsand increasesthe overall
processorthroughput by running multiple independent programs simultaneously
Also, in a multiprogramming ervironment, comrmunication or syndronization be-
tween threads is not frequen, thereby, thread-lewel parallelism can be easily ex-

tracted from programs. The parallelism exploited by multiprogramming is from
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di erent programs. Howewer, becausemultipro cessorsystemssene a large num-
ber of threads that often sharecritical hardware resourcesthose critical hardware
resourcesare often saturated with so marny threads. This results in diminishing
throughput as more threads are fed into the system. Moreover, sometimes, we are
interestedin speedingup a single program and not only adieving high throughput.
Howewer, multiprogramming often sacri ces single-programperformancein order to

achieve higher throughput.

2.2.2 Parallel Processing

In parallel processingthe programis divided into subprograms,which all run
in parallel on a multipro cessorsystem. In this way, single-programperformanceis
boosted. One way to improve the performanceof a single program is We discuss
two di erent parallel processingparadigms. The rst oneis corvertional parallel
processingand the other is thread-level data speculation technique.

In corventional multipro cessorsystems,when a program is partitioned into
multiple subprograms,ead subprogramusually runs almostindependerly, thereby
exploiting thread-lewel parallelismin a singleprogram. In sud a system,the threads
are completelynon-speculative and overlap usefulcomputations, which improvesthe
processotthroughput. The partitioning is doneby a compileror a programmersud
that the threads are independen. The programmeror compiler, also takes care of
handling the syndironization amongthe di erent threads.

In thread-lewel speculation, the program is partitioned into multiple threads
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speculatively. Thread-lewel speculation exploits thread-lewel parallelism by running
the multiple threadsin parallel. When, partitioning the threads, it is assumedhat
there are no memory dependencedetweenthreads. Each thread commitsits results
sequetially in the original program order, and this ensurescorrect program execu-
tion. Dependenceviolations are detectedby a special hardware, which recoversthe
threads from any memory dependenceviolations. This hardware, also holds inter-
mediate results until a thread commits. True dependenciesbetweenstore and load
operationsprevert the threadsfrom running and exploiting thread-lewel parallelism.
In thread-lewel speculation a nder-grain thread syndronization is neededand is
supported by the hardware, asin a chip multipro cessor.

In thread-lewel speculation, complicateddependencestructures often limit suc-
cessfulexploitation of thread-lewel parallelism. This leadsto subordinate threading,
as a meansof boosting single-thread performancewhen thread-lewel parallelism is
scarceand partitioning a program into speculative threadsis di cult due to com-

plicated dependencestructures presert in the program.

2.3 Subordinate Threading

With integrating more processorcoreson a single-dip multipro cessor,com-
munication delays have beenreducedconsiderably In subordinate threading, oneor
more subordinate (helper) threadsrun in parallel with the main thread to help its
execution. We identify two unique characteristics of subordinate threading. First,

subordinate threads help speedup the execution of the main computation thread.
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Howe\er, they do not a ect the processothroughput. Subordinate threadshelp the
main thread executionby running far aheadof the main thread, sud that they do
work onits behalf. Secondthe executionof subordinate threadsare decoupledfrom
that of the main thread and their code doesnot have to be extracted from the origi-
nal program code. Subordinate threadsopen up a lot of opportunities for exploiting
otherwiseidle coreson a chip-multipro cessorfor single-programperformanceas we
will show in this dissertation. Below, we presemn someof the previously proposed
usesof subordinate threading to assistthe executionof a single program. We then

descrike someof the tradeo s of constructing e ectiv e subordinate threads.

2.3.1 Usesof Subordinate Threading

Tolerating Long-Latencies on Behalf of the Main Thread: Subordinate
threads improve the performanceof the main computation thread by hiding the
latenciesof critical instructions sud as load instructions that missin the cade or
miss-predictedbranch instructions. Subordinate threadshelp the main computation
thread by executinga slice of the main computation thread. Becausethey execute
fewer instructions than the main thread, they are ableto run aheadof it and trigger
long-latency everts much earlier. They also overlap those latencies with useful
computations. Someexamplesnclude data pre-fetcing [7, 32,33,34,8, 3,4, 10,12],
instruction pre-fetching [6, 14], branch outcome pre-computation [27], and virtual

function call target prediction [5]. Somesubordinate threads only trigger cade-

missesbut they newer completely serviceit, instead they run aheadto nd other
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independen cade-missesand trigger them [59, 19, 11]. For the subordinate threads
to be e ective they have to accomplishtheir task in a timely fashion. If they are
too slow, the main thread will not bene t and if they are too fast, they may throw

pagesout of the cade that are neededby the main thread.

Executing the Exception Handler Code in Parallel with the Main Thread:

Subordinate threads can alsobe usedto run the exceptionhandler code of faulting
instructions. This relievesthe main thread from executingthis code, and soit can
cortinue to executein parallel other instructions that are independert from the one
that causedthe exception[65]. If the code being executeddoesnot cortain many
exceptions, or if there is not enoughindependen instructions from the faulting
instruction to overlap with the exceptionhandler code, then performancemay not

improve much.

Used as an Accurate Value and Branc h Predictor to the Main Thread:

Subordinate threadsthat aredistilled sud that they executehard-to-predict branch
instructions and their badward slices,or critical load instructions that missin the
cade and their backward slices, produce near accurate results. Those results can
sene as near perfect predictions in the main thread, thereby allowing the main
thread to do progressn the ewvert of a cadhe missand reducingthe number of branch
miss-predictionsin the main thread [36, 18, 45. Howeer, becausethe subordinate
thread may executeinstructions speculatively, it may introduce incorrect branch

predictionsthat otherwisewould not occur if the main thread followedthe prediction
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obtained from the branch predictor.

Incorp orating Fault Tolerance: Subordinate threads can also be usedto im-
prove fault tolerance. They are a redundart copy of the main computation thread
that runs on another core, thereby helping in detection and recovery from faults
that occur during the program execution[66, 67]. This type of subordinate thread
executeghe samecode asthe main thread, and soit is totally redundart, and there-
foreit doesnot cortribute to the processomperformance.Howewer, in the slipstream
processorthe subordinate thread, called A-stream in slipstreamterms, is usedfor

both performanceimprovemen aswell asfault tolerance[15].

Implemen ting Hardw are Structures and Algorithms in Software: Using
subordinate threading, one can implemert complicated hardware structures or al-
gorithms in software, sud as a cade pre-fetcher algorithm [46], and run them as
helper threadson sparecores. In this way, the hardware complexity of the processor
for supporting those new complicatedstructuresis vastly reduced. Hence,reducing
the testing and validation cost of the processorhardware. In this case,the sub-
ordinate thread code is not derived from the original program, rather it is general

purposeand senesany of the individual threadsrunning on the active cores.

2.3.2 Subordinate Thread Construction Tedniques

Oneof the important issuedn subordinate threading is generatingsubordinate

threads that perform their required task e ectively. In this dissertation we focus
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on thosesubordinate threadsthat enhancesingle-threadperformance.That means,
constructing subordinate threads must take into considerationthat the subordinate
thread hasto produce accurateresults at the right time. There are se\eral ways
for constructing subordinate threads. One way, is constructing subordinate threads
manually by the programmer[3]. The disadvantage of manual construction, is that
it is labor intensive and is error-prone. Hence,automating the construction is more
fruitful.

Kim [73 classi esthe various approatesof constructing e ectiv e subordinate
threadsautomatically basedon how and whenin the program’slifetime subordinate
threads are constructed. There are four possibleapproatesto extracting subordi-
nate threads. First, in compiler-tasal extraction the compiler analyzesthe program
code and generatessubordinate threads at the source-leel [32]. The secondap-
proad is linker-basal extraction, which generatessubordinate threads using binary
analysis[8, 29. The third approad is dynamic optimizer-basel extraction. In this
approad, binary-level code is analyzedand extracted similar to linker-basedextrac-
tion. Howewer, the extraction of binary-level code occursat runtime using dynamic
optimization techniques. Finally, the fourth approad is hardware-tasal extraction
[7, 10, 18). In this approad, subordinate threads are extracted at runtime from in-
struction traces. This requires,runtime analysisof retired instructions using special
hardware structures.

Ead of the four approatciesmakesuseof di erent analysistechniquesin dif-
ferert phasesof a program's lifetime, to generate e ective subordinate threads.
Therefore,eat approad exhibits very di erent characteristics. Below, we descrile
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someof the tradeo s betweenthe main two approatesto extracting subordinate
threads, compiler-basedextraction and hardware-basedextraction; a more detailed
treatmert is available in [73]. We alsodiscussthe operating systemintervertion with

compiler-basedsubordinate threads versushardware-basedsubordinate threads.

Run-time Versus Compile-time Information: In hardware-basedextraction,
the runtime information is usedto accurately identify long-latency ewerts (cace
missesand hard-to-predict branches)in a program. Howewer, the sizeof the hard-
ware structure responsiblefor detecting dependencesamonginstructions to help in
extracting independent subordinate thread code is not su ciently large, resulting
in a limited scope of analysis. The runtime information, howewer, cannot be uti-
lized in compiler-basedapproates. They needto collecto -line pro les insteadfor
identifying long-latency events. Compiler-basedapproades operate in the earlier
phasesof the program lifetime, and sothey utilize the high-lewvel information of the

program.

Dep endence on the Mac hine Platform:  When the subordinate thread is gen-
erated at runtime (hardware-basedextraction), it becomesdependert on the hard-
ware platform, i.e., the madine implemertation. This is because hardware-based
extraction requires a special hardware structure for analyzing retired instruction
traces. Therefore, this special hardware structure must be redesignedor every new
processordesign. On the other hand, compiler-basedapproadhesgeneratea source

code that can be compiledfor any processordesign. Therefore, compiler-basedex-
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traction is completelyindependen of the platform, thereby generatingcode that is

portable.

Eect on Transparency to the User: Runtime extraction is transparert to
the user, hence,hardware-basedapproadhesare completelytransparen to the user.
In hardware-basedapproadies,all the necessaryhardware for runtime analysisand
generationof subordinate threadsis implemerted within the processor.On the other
hand, the compiler-basedapproad is lesstransparert for seeral reasons. First,
it requiresadditional compilation stepssud as code analysisand o -line pro ling.

Second,t requiresthe program sourcecode, which is sometimesunavailable. Third,

it requireschangesto the instruction set architecture (ISA).

E ect on Hardw are Complexit y: In compiler-basedextraction, the subordi-
nate threads are generatedusing software, thereby reducingthe hardware complex-
ity. Compiler-basedapproatesrequire somehardware support though for support-
ing multithreading. On the other hand, hardware-basedapproadhesgeneratesubor-
dinate threads using hardware, henceincreasingthe hardware complexity. Adding
new hardware, hasthe disadwantage of increasingthe the testing and validation cost
of the hardware. Howewer, this dependson how much special hardware is required

for hardware-basedextraction.

Operating System Indep endence: The operating systemis the onethat sched-
ulesthe compiler-basedsubordinate threadsto begin executingon the hardware. It

may take a thread up to 50 thousand cyclesto begin executingon hardware since
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the time it got scheduledby the operating systemdue to cortext switching. Recall
that, subordinate threads must accomplishtheir task at a time suitable to the main
thread. If they aretoo slow, they will not be ableto hide the latency assaiated with
memory or branch miss-predictions.If they are too fast, they may throw out of the
cadeblocks that are neededby the main thread. Becausesubordinate threads must
be timely, the operating systemmust sthedulethem at the sametime asthe main
thread. On the other hand, pure hardware-basedsubordinate threads are launched
independent from the operating system. They are triggered on spareidle coresby
the hardware, and begin execution with no delay oncethey are triggered. That
makes hardware-basedsubordinate threads more exible and more evert-driv en, so
they are launched only when needed.

From the above discussion,we can concludethat eat approad (compiler-
basedand hardware-based)exhibits its own advantagesand disadwantages. In this
dissertation, howewer, we focus on the hardware-basedgeneration of subordinate
threads due to the following reasons.First of all, while compiler-basedapproates
have been ewaluated previously in marny researb proposals, hardware-basedcon-
struction of subordinate threadsis relatively newand hasnot beenfully investigated.
Also, we beliewe that it is possibleto support hardware-basedextraction of subor-
dinate threads with moderate additions/changesto the hardware of existing mul-
tithreading processorsas we will show in this dissertation. Third, while compiler-
basedextraction utilizes high-level program information of the earlier phasesof the
program lifetime, by supporting hardware-basedextraction we are alsoutilizing the

runtime information to construct subordinate threads for improving single-thread
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performance.Fourth, with somany coresintegrated on a single chip, there is more
opportunity to use otherwise idle coresto improve the performanceof the active
cores. Finally, it is much faster to switch the mode of a core to act as a subor-
dinate enginefor another active core than to make the operating systemlaunch a
subordinate thread.

Wediscussn the following chaptersour proposedsubordinate threading model,
named, Symbiotic Subordinate Threading, which is a hardware-basedapproad of

subordinate threading.
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Chapter 3
Symbiotic Subordinate Threading (SST) | The Concepts

and Implemen tation Details

In this chapter we descrite our proposed SST stheme. The basic SST is a
dual-core subordinate threading schemein which one coreis the main thread and
the other core acts as the helper engine(subordinate thread) for the main thread.
The high level view of SSTis shavn in Figure 3.1. Each thread, main or subordinate,
runs on a separatecore on a chip multipro cessingplatform (CMP) [1]. Each core
hasits own data cade (dcade), instruction cade (icache), functional units (FUs),
issuequeue, reorder bu er (ROB), branch predictor, and register le (RF). Both
threads sharea uni ed L2 cade, which is updated only by the main thread. The
subordinate thread forwards all of its outcomesto the main thread via a rst-in-
rst-out (FIFO) queue. The medanismsfor distilling the subordinate thread and
the main thread as well as the meansfor commnunicating the subordinate thread
outcomesto the main thread will be descriked shortly, followed by the detailed

designof SST.

3.1 A Simple Methodology for Distilling The Subordinate Thread

In order for the subordinate thread to run aheadof the main thread, it must

speculate more often and skip instructions. There have been seeral techniques
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Figure 3.1: SST top level design.

for distilling the subordinate thread, and they can be divided into dynamic (at run
time) and static (by the compiler). In our implemertation of the subordinate thread
we distill it dynamically using the hardware, to utilize the runtime information
about the program and the data. Also, our hardware medanism doesnot require
cading recurring code regionsof the subordinate thread as corvertional hardware
medanismsrequire.

The subordinate thread we use skips highly predictable branches and their
badkward slices. This allows it to conceftrate on the hard-to-predict branch in-
structions. It alsoiderti es critical memory instructions and retires them early
from the pipeline similar to runaheadexecution[19], sothat they do not block the

pipeline. The criticality of a memory instruction is determined by the number of

cyclesit spendsat the head of the ROB, waiting for main memory,
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Figure 3.2: Identifying the badckward slice of a branch instruction.

Identifying highly predictable branc hes: We usea simple methodology for
identifying highly predictable (non-critical) branch instructions and distill them out
of the subordinate thread along with their badkward slices. We usea brandch pre-
dictor to identify highly predictable branches. Branch instructions that are critical
usually have low prediction con dencein the branch predictor, and the highly pre-
dictable onesusually have high prediction con dencein the branch predictor. When
the subordinate thread skips a highly predictable branch instruction, it follows the
predicted outcomeand direction of the highly predictable branch at the fetch stage
and marks all pipeline instructions in front of the highly predictable brandh in-
struction if they belongto its backward slice. Figure 3.2 shows a branch and its

badkward slice. The algorithm for identifying the badkward slice of a branch in-
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struction beginsby identifying the producer instructions of ead input operand of
the brand instruction (those producerinstructions are shavn with a squareat their
output operandin Figure 3.2). Next, by recursion,the algorithm is applied on the
producerinstructions to identify the instructions that producetheir input operands

(shown with a circle at their output operandin Figure 3.2), and soon.

Identifying long latency memory instructions:  Our subordinate thread also
doesnot wait for long latency memory instructions to complete. When a memory
instruction readesthe headof the ROB, a courter is resetand is incremened every
cycle the memory instruction spendsat the head of the ROB. When that courter
reaesa speci ¢ maximum value, the subordinate thread concludegthat this mem-
ory instruction is critical (long latency). It marks all subsequeninstructions in the
pipeline that are dependen on its outcome. It then suppliesa speculative value
(most likely an invalid value) for the output operand of the memory instruction and

retires it.

Handling Instructions Mark ed to Be Skipp ed: The badkward slicesof highly
predictable branches,aswell aslong latency memory instructions and their depen-
dency chains free all the resourcesthey hold. Hencethey do not nish executing
and passinto the pipeline as no-ops. Oncethey reat the head of the ROB, their
ROB enry is reclaimed and their decaled information is written onto the FIFO
gueue. Becausethey passinto the pipeline as no-ops,they leave the pipeline much

earlier, and so, more instructions can be brought into the pipeline, resulting in a
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wider instruction window for the subordinate thread.

Note that the subordinate thread passesewery instruction onto the FIFO
gueue, ewven if it did not executeit. In caseof skipped branches, it also passes
the predicted branch outcomethat it followed. This is essetial information that is
passedto the main thread to help it monitor the subordinate thread path, as will

be discussedater.

3.2 A Simpleand E cien t Way of Pruning The Main Thread

In this sectionwe intro ducean algorithm that helpsthe main thread consume
the resultsthat werecorrectly producedby the subordinate thread without having to
executetheir correspnding instructions. This involves recording the subordinate
thread speculative state (registers or memory addresseghat contain speculative
valuesin the subordinate thread), to aid in identifying outcomesof the subordinate
thread that were computed using speculative input valuesfrom thosethat did not
involve any speculative input values. We will shav that our techniquefor pruning the
main thread is independern from the subordinate thread type. A working example

is presetied at the end of this sectionfor clari cation.

3.2.1 Basicldea

In order for the subordinate thread to run ahead of the main thread, it
skipsinstructions. The output registersof those skipped instructions cortain data-

speculative values. Someof the instructions the subordinate thread executesare
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dependert on the onesit skipped. The outcomesof those dependen instructions
are speculative in nature (which could be correct or incorrect). We categorizethe
instructions executedby the subordinate thread into two classes:those producing
data-speculative outcomesand those producing non-data-sgculative outcomes.
Data-sp eculativ e outcomesare those that are obtained when the subordinate
thread usesat leastoneinput registerthat is data-speculative. An input registeris
data-speculative in the subordinate thread if it is producedby an instruction that
was skipped by the subordinate thread, or if it was producedby a data-speculative
instruction in the subordinate thread. Data-speculative outcomescould be incorrect
and sothe main thread doesnot consumethem.

Non-data-sp eculativ e outcomesarethosethat are obtainedwhenthe subordinate
thread usesnon-data-speculative input registers. In other words, the valuesof their
input registersmatch those of the main thread, and the outcomeswill match those
produced by the main thread. Therefore,they are correct outcomesand the main

thread can consumethem without executingtheir correspnding instructions.

3.2.2 Skipping Non-Memory Instructions

We proposean algorithm for keepingtrack of the architected registersof the
subordinate thread that cortain data-speculative valuesand thosethat cortain non-
data-speculative values. We introduce a bitmap called the Register Speculation
Bitmap (RSB) with asmarny bits asthe number of architected registers. This bitmap

speci es whetheread architected registerin the subordinate thread cortains a data-
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speculative value or not. It is kept and updated by the main thread during dispatch
and writeback. A "1'in abit position indicatesthat the correspnding registerhasa
data-speculative value. Initially , all registersin the subordinate thread cortain non-
data-speculative values,and soall the bits of the RSB are initialized to zerces(non-
data-speculative). Also, every time the subordinate thread re-starts, after a cortrol
or data miss-prediction,it is given a fresh copy of the register le that cortains no

data-speculative values,and so all the bits of the RSB are reset(cleared).

Scenarios for Up dating the RSB: There are three scenariosor updating the
bits of the RSB by the main thread. First, when the subordinate thread skips
an instruction, the bit correspnding to its output registeris marked by the main
thread at dispatdh stage as data-speculative in the RSB. When the subordinate
thread executesan instruction, if any of its input registershas beenmarked in the
RSB, then alsothe output registeris marked by the main thread at dispatch stageas
data-speculative in the RSB. Finally, if noneof the input registersof the instruction
have been marked in the RSB and the subordinate thread has not skipped the
instruction, then the bit correspnding to the output register of the instruction
is resetto "0' (non-data-speculative) by the main thread at dispatch stage. Only
in this nal case,the main thread can consumethe result of the instruction from
the subordinate thread without re-executingit. In the other two cases,the main
thread must executethe instruction, and validate its outcomeagainstthe result it
obtained from the subordinate thread. If they match, the main thread unmarksthe

bit correspnding to the output register of the instruction in the RSB, otherwise
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Updating RSB

0 rl r2 r3 r4 15

o @ - LTI o
data-speculative +r3 — ‘ N ‘ N ‘ ‘ r4 marked

non-data-speculative 4 = r5+13 — ‘ N ‘ ‘ ‘ ‘ ‘ r4 unmarked
‘ 0 rl 12 1314 15

Figure 3.3: RSB update scenarios.

it remainsmarked. This validation and unmarking of the RSB bits is done by the
main thread at writeback.

Figure 3.3 shawvs a code snippet in which the rst instruction is skipped by
the subordinate thread. Its output register (rl) is marked in the RSB as data-
speculative. Later on, another instruction that usesrl as input operand is also
data-speculative, and so its output register (r4) is marked as data-speculative in
the RSB. The last instruction shown in the code snippet is not data-speculative
becauseboth its input operands(registersr3 and r5) are not marked in the RSB
and thereforethey are non-data-speculative. Therefore,the output operand (r4) is

not data-speculative and sois unmarked in the RSB.

3.2.3 Skipping Memory AccessegOnly LOAD Instructions)

We proposea similar medanism to the one mertioned in the previous sub-
sectionfor keepingtrack of the subordinate thread memoryaddressesvhosememory

valuesare data-speculative and thosewhosememoryvaluesare non-data-sgeculative.
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Address Translation to an MSB Bit

X MSB

Mem. Addr. HASH e

Figure 3.4: MSB addressing.

We introduce another bitmap, the Memory Speculation Bitmap (MSB), similar to
the RSB. A perfect MSB would cortain as many bits as the number of unique
memory addresses.That would be a huge bitmap howewer, and so we compromise
that with a much smaller bitmap that is indexed by hashingthe memory address
as showvn in Figure 3.4. It is kept and updated by the main thread in the dis-
patch stage. Initially , the subordinate thread beginswith a memory state that is
non-data-speculative, and so all the bits of the MSB are initialized to zerces(non-
data-speculative). All of the bits of the MSB are also reset (cleared) every time
the subordinate thread re-starts (from cortrol or data miss-prediction), becauseits
dcade s all invalidated upon re-starting.

A bit in the MSB is marked by the main thread as data-speculative if the
memory addressof a store instruction mapsto that bit. We considerall store in-
structions to be data-speculative in the subordinate thread, becausehe subordinate
thread is not allowed to update the memory hierarchy exceptits L1 dcade, and so
all writes it doesto its L1 dcade are lost when blocks are thrown out of it. As

a result, a load that follows a store in the subordinate thread may read from the
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same store addressbefore the main thread makes the update and therefore may
read a stale value. Hence,any load in the subordinate thread with the samead-
dressas a previousstore is consideredto be reading a data-speculative value. The
main thread must therefore executeall store instructions. It alsomust executeload
instructions whosememory addressesnap to a marked bit in the MSB. Howe\er,
it may consumeresults produced by the subordinate thread for load instructions
whoseMSB bits correspnding to their hashedmemory addressesare not marked
as data-speculative.

The main thread doesnot unmark bits in the MSB (exceptwhena subordinate
thread recovers from a data or cortrol miss-prediction,in which caseall the bits of
the MSB are unmarked), becausemore than one addressmay map to the same
bit in the MSB; soif one of them is speculative, the correspnding bit is marked.
Future referencego the samebit by di erent addressesvill resultin the main thread
executing those instructions, as it cannot determine which of these addressesad

marked the bit.

3.2.4 An Example

Considerthe loop examplefrom bendmark perl shovn in Figure 3.5a. The
subordinate thread and the main thread are spavnedat the sametime and they both
beginexecutionfrom instruction 1. The subordinate thread skipshighly predictable
branchesand their badkward slices.

After a few iterations of the loop, the jump instruction (instruction 7) settles
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a. Example from Perl Benchmark: b. Pruning the Main Thread: r6 marked as data-speculative
oob: 15 = ) Register Speculation Bitmap (RSB) Main Thread Subordinate Thread
L.loop: 15 =15 +imm0 TTTT T - D 1.loop: skip 1loop: 15 = 15 + imm0
2. 14 =r4 +imml ; 2. skip 2. 14 =14 +imml
_ 0rl 1213141516 ...
3. r2=memr4 + offset0] prreror r 3. r2=memiskip] 3. r2=mem[r4 + offset0]
4. 16=r6+imm2 Memory Speculation Bitmap (MSB) 4. 16=16+imm2 4. skip
5 e (T | 5 s=6ro 5 skp
6. 5 + offsetl] = r2 -
7 meT[f :03% 0] r 0123456 ..m 6. mem[skip] = r2 6. mem[r5+ offsetl] = r2
- Jtoloopifr3!=r Index 7. jtoloopifr3!=r0 7. skip
: Memory : :
- %“H h : )
20. 13=r5+r0 address 20. 13=15+10 20. 3=r5+r0

Figure 3.5: (a) Loop examplefrom bendimark perl; (b) Example of reducing the

number of executedinstructions by the main thread.

its prediction to be taken and is determinedto be highly predictable by the branch
predictor. At this point the subordinate thread beginsto skip the jump instruction
along with its backward slice (instructions 4 and 5). This makesthe subordinate
thread run faster than the main thread. Registersr3 and r6 are marked in the
RSB by the main thread as data-speculative, becausetheir producer instructions
were skipped by the subordinate thread. Howeer, after the loop code, registerr3 is
updated by instruction 20 which usesnon-data-speculative input registers(r5 and
r0). As a result, its outcome is non-data-speculative and register r3 is unmarked
in the RSB. Only during the loop iterations, r3 is marked in the RSB as data-
speculative.

Registersr3 and r6 do not sere asinput registersto any subsequeninstruc-
tions executedby the subordinate thread. Therefore,the subordinate thread's out-
comesof instructions 1 and 2 are non-data-speculative, and the main thread may

consumethem without executingtheir correspnding instructions. This is shown in
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Figure 3.5b; note that the main thread skipsinstruction 1 and 2.

Note that the main thread does not skip store instructions becauseit has
to maintain a correct L2 cate. The subordinate thread's dcache may become
corrupted, becausethe subordinate thread may skip store instructions, and dirty
blocks in its dcade canbe displacedby old blocks from lower levels of memory that
werenot yet updated by the main thread. To ensurea correct L2 cade, all memory
stores are executedby the main thread; howewer, the main thread can skip the
addressgenerationpart. So,the memory addresscalculation part of instructions 3
and 6 is skipped by the main thread. When the main thread dispatchesinstruction
3 to the dynamic scheduler, it marksregisterr2 asdata-speculative in the RSB. The
main thread later unmarksit in the RSB if the value it read from memory matches
the value it obtained from the subordinate thread. In this example,it is shovn as
unmarked. The memory accesgart of instruction 3 can be skipped aswell by the
main thread if the MSB bit at the hashedindex of its addressis not marked (it
is not skipped in this example). Instruction 6 is a store instruction so it will be
executedby the main thread and will mark the correspnding bit in the MSB.

A miss-sgeculation in the subordinate thread will occur in the last iteration
of the loop of Figure 3.5. The subordinate thread will follow the same branch
direction (taken). The main thread will follow the samedirection asthe subordinate
thread and will executethe brandh instruction, which will result in a branch miss-
prediction. Beforethe main thread fully resohesthat brandh, it might have fetched
and decaded from the wrong path. Any marking or unmarking in the RSB or MSB

does not matter, as both bitmaps will be clearedwhen the subordinate thread is
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re-started.

Pruning the Main Thread is not Aected by the Subordinate Thread

Type: Wepresertied asimplemethodologywith very little hardware addedto help
in pruning the main thread. Weliketo point out herethat this is independen of the
type of subordinate thread running. The subordinate thread maybe very speculative
or moderately speculative. It can be formed dynamically or formed statically. If
the subordinate thread doesnot useany form of speculation then the bitmaps are
not needed,as all outcomesof the subordinate thread will be non-data-sgeculative;

otherwisethey are needed.

3.3 Communicating Subordinate Thread Resultsand Decaded Infor-

mation to the Main Thread

In SST the subordinate thread forwards its resultsto the main thread as part
of the increasedcooperation betweenthe main thread and the subordinate thread.
Also, in SST the subordinate thread fetchesall instructions and then decalesthem.
We let the subordinate thread forward the decaded information of all instructions
it fetchesto the main thread, ewen if it did not executethem. This saves the
main thread from having to fetch and decale again what was already fetched and
decaled by the subordinate thread. We useda rst-in- rst-out  (FIF O) queueasthe
communication meansbetweenthe subordinate thread and the main thread. The

subordinate thread writes ead instruction onto the FIFO queuewhen it commits
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Figure 3.6: FIFO queue.

it. The main thread readsthe enries of the FIFO queueduring dispatc stage.

Operation of the FIF O Queue: As shavn in Figure 3.6, the FIFO queuecon-
nects the main thread and the subordinate thread. When the subordinate thread
commits an instruction, it writes its results (if it executedit) and its decaled infor-
mation on oneend of the FIF O queue,the tail. The main thread readsthe ertries of
the FIFO queuefrom the other end, the head, and placesthe ertries onto a receiwe
buer. Ead ertry in the FIFO queuecortains a tag that indicates whether the
subordinate thread executedthe instruction or not. Also, eat erntry in the FIFO
gueuecontains elds to store the decaded information (opcode, input and output

operands)of the instruction aswell astheir values.

Main Thread Benets from the FIF O Queue: The FIFO queuerepresets

the medium in which all of the subordinate thread's work is stored for the main
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thread consumption. Becauseof the simplicity of the FIFO queue,the instructions
are placed by the subordinate thread in order and the main thread readsthem in
order, requiring no extra work for chedking the order of the instructions, hencethe
main thread may not loosesyndronization with the subordinate thread. Also, the
main thread canread at its own pace(which is usually slowver than the subordinate
thread) from the FIFO queue. The main thread also usesthe FIFO queueinstead
of its icadhe, for readingfrom it the decaledinformation of every instruction placed
by the subordinate thread, and this sares a lot of fetch and decale cyclesin the
main thread. As shawvn in Figure 3.6, there is a multiplexer with a selectsignalthat
selectsbetweenthe decaled instructions coming from the decale unit of the main
thread versusthe decaled instructions comingfrom the receiwe bu er. If the receiwe
bu er is empty, then the selectline is setto 0, and the decaled instructions coming
from the decale unit passthrough the multiplexer; otherwisethe onescomingfrom
the FIFO queuepassthrough the multiplexer. In the casewhenthere is no running
subordinate thread, then the receiwe bu er will be always empty and the decaled
information will always be comingfrom the decale unit. The main thread may also
bene t from the subordinate thread resultsthat are non-data-speculative becauset
canreadthem from the FIF O queue,and consumethem without having to execute
their correspnding instructions. Finally, it requiresno sophisticated comparisons
for the main thread to integrate the subordinate thread resultsfrom the FIF O queue

into its state (register le and memory).
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Subordinate Thread Benets from FIF O Queue: The subordinate thread
alsobene ts from placingits resultsand decaled information onto the FIFO queue.
In this way the main thread can monitor its cortrol path, and can detect when
it goeson a wrong path. Also, the FIFO queueincreasesthe e ectiv e size of the
subordinate thread instruction window, by allowing it to placeall its outcomeson
the FIFO queueoncethey are committed. This freesthe subordinate thread ROB

ertries faster, allowing more in- igh t instructions to be fetched into its ROB.

Drawbacks of Using a FIF O Queue: The FIFO queueis extra hardware that
is placed outside the cores. Hence, it adds more complexity and comnunication
latency betweenthe threads. It takesseeral cyclesfor the subordinate thread to
placeits outcomeson the FIFO queue,and it takesadditional cyclesfor the main

thread to read those outcomes.

Alternativ esto Using A FIF O Queue: There arealternativesto usinga FIFO
gueuefor comnunication betweenthe main thread and the subordinate thread. One
sud alternative is using shared memory. In this sdheme, the subordinate thread
writes its resultsto sharedmemory and the main thread readsfrom sharedmemory
This requiresthe programmerto program the communication betweenthe main
thread and the subordinate thread via sharedmemory, which doesnot apply to our
model becausdhe SST subordinate thread is spavnedand formed dynamically. An-
other alternative is to usemessage-@ssingvia the on-cip interconnectionnetwork.

It requiressendingand receivingmessagebetweenthe cores,which is not practical
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becausen the caseof SST, there will be a cortinuous ow of messagegoing from
the subordinate thread to the main thread and that may overload the interconnect.
Also, if one messagearrivesbeforeanother, that may causelossof syndironization
betweenthe main thread and the subordinate thread. For thosereasonswe nd the
useof a FIFO queueto be more attractiv e, especially that it is a dedicatedhardware

bu er just to sere the main thread and the subordinate thread.

3.4 Putting it All Together: The SST Microarchitecture

We next presen a hardware implemertation of the SST schemethat we have
proposed. It usestwo corespresen in a chip-multipro cessing(CMP) platform [1].
In addition to multiple sequencersa CMP processorhas multiple pipelines for
processingmultiple threadsin parallel. Figure 3.7 shovs a 2-coreCMP enhancedo
support our SST sdheme. Each thread runs on a separatecore cortaining a register
le, an issuequeue,a branch predictor, an ROB, an L1 dcade, and an icache. A
secondevel cathe (L2 cade) is sharedamongboth threads,and canbe updated only
by the main thread. We addedextra hardware for pruning both the main thread and
the subordinate thread. The extra hardware included is the Register Speculation
Bitmap (RSB) for the purposeof identifying non-data-speculative register valuesof
the subordinate thread. Also, the Memory Speculation Bitmap (MSB) is included
to help identify memory addresseghat cortain non-data-sgeculative valuesin the
subordinate thread. The FIF O queueis included for commnunicating the subordinate

thread results and decaled instructions to the main thread.
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Fast Register File Copy
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Figure 3.8: Fast recovery of the subordinate thread state.

3.4.1 BasicOperation

The subordinate thread starts with a full copy of the program, and is then
distilled. It is spavned when the main thread is spavned and cortinuesto run
as long as the main thread runs. In our implemertation of SST, the subordinate
thread is the leaderand the main thread follows. It is possiblethat the main thread
may go ahead of the subordinate thread, sud as when the subordinate thread
recovers from miss-sgculation. However, in our implemertation of SST, we do not
let the main thread advancewith executinginstructions if the FIFO queueis empty.
This ensuresthat it newer goesaheadof the subordinate thread, and hence,does
not loosesyndronization with the subordinate thread. The main thread restarts
the subordinate thread when it goes on a wrong path and when a systemcall is
encourtered. In the caseof a systemcall, the subordinate thread is restarted in

kernelmode and cortinuesto executeasa helper thread to the main thread. It does
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not executethe 1/0 instructions; theseare executedby the main thread. The RSB
and MSB areread and updated by the main thread in the dispatch stage. The RSB
can also be updated by the main thread in the writebadk stage. The subordinate
thread writes its outcomesinto the FIFO queuein the commit stageand the main

thread readsthem in the decale (dispatch) stage.

Instructions Executed by the Main Thread: In our SST stheme,we try to
eliminate the redundancy between the main thread and the subordinate thread.
We adiieve that by letting the main thread skip instructions that were correctly
executedby the subordinate thread. The main thread hasto executethough, all
instructions identi ed as data-speculative in the subordinate thread as well as the
onesskipped by the subordinate thread. The main thread must executeall store

instructions, aswell.

3.4.2 Memory System

The main thread and the subordinate thread sharean L2 cade. The main
thread hasto maintain a correct memory system,and soit is allowed to read and
write the L2 cade. A subordinate thread's dcade can be corrupt becauseit is
speculative, and soit is not allowed to write to the sharedL2 cade. Therefore,all
memory writes to the L2 cate are doneby the main thread evenif the subordinate

thread performedthem correctly on its dcade.
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3.4.3 Recorery of the Subordinate Thread from Miss-speculation

Becausethe subordinate thread is speculative, it often goeson a wrong path,
as well as corrupts its state (register le and L1 dcade). The work done by the
subordinate thread on wrong paths is useless. Also, if its state is mostly corrupt
while it is onthe correctpath, thenit will be doinguselessvork aswell, asmost of its
input operandswill have speculative (invalid) values. When the subordinate thread
miss-speculates,it is better to re-start it with a freshcleancopy of the main thread
correct state. This requires squashingthe subordinate thread, and copying the
program courter and correctregistervaluesfrom the main thread. The subordinate
thread also invalidates all of its L1 dcade lines upon recovery. The main thread

also clearsthe MSB and RSB bitmaps upon recovery of the subordinate thread.

Full versus Partial Recovery: While the subordinate thread is copying the
main thread register le, the main thread cannot advance forward. We minimize
the delays due to register le copy, by letting the subordinate thread copy the
main thread register le only if most of its registersare corrupted (full recovery).
Otherwise the subordinate thread doesnot have to copy the main thread register
le (partial recovery). In partial recovery, the subordinate thread only recovers its
correct path and invalidates the ertries in its dcade. Partial recovery allows both
the main thread and the subordinate thread to start executingmuch faster than in
full recovery. Partial recovery can be applied whenthe subordinate thread wernt on

a wrong path and only slightly corrupted its register le while on the correct path.
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Fast Register File Copy: Onesimpleway to reducedelays dueto registercopy-
ing is to include an extra register le (in addition to the register les kept by eah
thread). This is showvn in Figure 3.8. The main thread is responsible for updating
its own register le aswell asthe extra register le. When a subordinate thread is
about to start (immediately after its spavning or after a miss-sgeculation recovery),
it switchesto the extra register le, which hasthe correct state. The extra register
le now becomesthe working register le of the subordinate thread. The register
le usedpreviously by the subordinate thread becomeshe extra register le that
will be updated by the main thread in the future. The useof the extra register le
is similar to the use of shadowregisters presetted in [25 for doing compiler-based

speculation (boosting).

Penalty for Re-starting the Subordinate Thread: Whenre-starting the sub-
ordinate thread, it takesa while for the rst instruction result to be producedand
bu ered by the subordinate thread for the main thread consumption. That time is
equalto at leastthe depth of the pipeline. During that time, the main thread must
wait until the subordinate thread beginsto produceresultsand write them onto the

FIFO queue.
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Chapter 4

Exp erimen tal Results of SST

In this chapter we presen experimenrtal results highlighting the performance
gainsobtained due to increasedcooperation betweenthe main thread and the sub-
ordinate thread in our SST scheme. In order to show the bene ts of our scheme,
we compareits performancewith an already existing subordinate threading sdheme,
the slipstream processorf18], which doesnot let the main thread skip instructions.
We also compareits performanceagainst a secondsubordinate threading scheme,
the Dual-Core Execution stheme (DCE) [36], which employs a similar subordinate
thread to the onewe usein SST, and doesnot let the main thread skip instructions.
Our SST stheme achieves higher performancethan the slipstream processor,with
a much simpler hardware. It alsoadievesmuch higher performancethan the DCE
sthemewith moderate additions of hardware, mainly the MSB and the RSB.

We deweloped our own cycle-accuratesubordinate threading simulator from
the SimpleScalartoolset [26]. Our simulator faithfully modelsan SST systemrun-
ning on a multi-core CMP, with a main thread and a subordinate thread, and their
interconnections, as per the block diagram of Figure 3.7 in the previous chapter.
The microarcditectural parameterswe usedare givenin Table 4.1. The L1 dcade
of a subordinate thread is invalidated on its recovery from the wrong paths. We

useda single branch predictor for all cores,and the predictor is updated only by
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the main thread.

Single Core Parameters

L1 ICache

sz/assa/repl/Iin/lat=16KB/1w ay/LR U/6 4B/1cycle

L1 DCache

sz/lassa/repl/In/lat=64KB/4w ay/LR U/6 4B/1cycle

L2 Cache (data+instrs.)

sz/assa/repl/in/lat=1024KB/8w ay/LR U/1 28B/6 cycles

Main Memory Latency

50 cycles

Fetch/issue/retire

Bandwidth = 4/4/4

ROB/LASIQ/F etchQ

size= 32/16/8 ertries

Branch Predictor

type = bimodal, size= 32K ertries

Branch Penalty

3 cycles

SST-Speci ¢ Parameters

MSB

64 bits

FIFO Queue

latency/bandwidth/size = 2 cycles/4 instrs./32 instrs.

Branch Threshold

Low speculation = 60, High speculation = 1

Sub. Thread Recorery

7+ cycles

Slipstream-Speci ¢ Parameters

Sub. Thread Distill Unit

512 ertries

Table 4.1: Microarchitectural Simulation ParametersFor Smaller Cores

We usedthe SPEC.INT2000 bendmarksfor this study. We usedthe SimPoint
toolset [38, 39, 4( to idertify represetativ e simulation points. Each bendimark is
simulated for 500 million instructions after fast-forwarding the number of instruc-

tions determinedby SimPoint, which is around 1 billion for most bendymarks.
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4.1 PerformanceEvaluation of SST Against Slipstream Processor

In this experimert, we evaluated 4 di erent con gurations of our SST sdheme
to shov the bene ts of symbiosis| increasedcooperation betweenthe main thread
andthe subordinatethread | by allowing the main thread to consumethe non-data-
speculative results of the subordinate thread without executingtheir correspnding
instructions.

In the rst con guration of SST, the subordinate thread is not highly specu-
lative and the main thread consumegesults of the subordinate thread that do not
involve any memory access(i.e., it doesnot consumeany results of load instruc-
tions). The subordinate thread in the secondcon guration of SST is not highly
speculative aswell, but the main thread may consumeall of the subordinate thread
results including the onescorrespnding to load instructions. In the third and
fourth con gurations of SST, the subordinate thread is highly speculative. The
main thread in the third con guration consumesall results that are correctly pro-
duced by the subordinate thread exceptthose of the load instructions, and in the
fourth con guration, it consumeshe results of the load instructions aswell. The
brandh and memory thresholdsshavn in Table 4.1 indicate the level of speculation
of the subordinate thread. For a not-too-speculative subordinate thread, a branch
instruction is consideredhighly predictable and can be removed from the pipelineif
its con dence courter reated 60, and for a highly speculative subordinate thread
the brandh instruction can be removed from the pipeline if its con dence courter

readed 1.
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4.1.1 AveragelPC Improvemen of SST

We rst ewaluated the IPC performancegains of SST against the slipstream
processor[15, 18]. In slipstream processors,the A-stream (subordinate thread)
runs a shorter program basedon the removal of ine ectual instructions (highly pre-
dictable branchesand their badkward slices)while the R-stream (main thread) uses
the A-stream results as predictions to make faster progress. Hencethe R-stream
(main thread) executesewery instruction in order to validate its outcome against
the outcomeobtained from the A-stream (subordinate thread). In this experimert
we distill the subordinate thread of SSTjust like in slipstreamfor a fair comparison.
So, we use a table that storessaturating courters for highly predictable branches
and their backward slicesjust asin slipstream. This table is updated by the main
thread. For ewery fetched instruction, the subordinate thread cheds its correspnd-
ing saturating courter to decidewhether to skip or executethat instruction. The
size of this table is 1024 ertries. We will later show that if the SST subordinate
thread is distilled in the manner we discussedn Section 3.1, then we can adcieve
much higher performancethan the A-stream in slipstream (which usesthe huge
table).

Figure 4.1 presetts the results obtained for the four con gurations of SST
againstthat of a slipstreamprocessor.Each bar represets the averagelPC perfor-
manceimprovemen obtained from skipping instructions in the main thread for the
four con gurations of SST, versusthe correspnding baseslipstream sdheme (the

main thread doesnot skip instructions)?.

1The baseslipstream processorcon gurations we usedhave an averagespeedupof 7% and 14%
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Lo speculation ST, MT consumes non-mem. results
Lo speculation ST, MT consumes all results
Hi speculation ST, MT consumes non-mem. results
Hi speculation ST, MT consumes all results
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Figure 4.1: % IPC improvemen achieved with synbiotic subordinate threading

ST: Subordinate Thread
MT: Main Thread
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(SST) over the slipstream processor(main thread doesnot skip instructions). (a)
SST with low speculation subordinate thread, and main thread doesnot skip load
instructions; (b) SST with low speculation subordinate thread, and main thread
skipsload instructions; (c) SSTwith high speculation subordinate thread, and main
thread doesnot skip load instructions; (d) SST with high speculation subordinate

thread, and main thread skips load instructions

It is clearfrom Figure 4.1that our SST performswell for all the bendimarks.
The average performanceimprovemen is 10%, 11%, 21%, and 27% for the four
shemes. All bendimarks exceptga, vortex, and perl perform very well, esgecially
with a highly speculative subordinate thread (bar 3 and bar 4). The lackluster

performancefor these 3 bendimarks is due to the subordinate thread incurring a

over a single-threaded (superscalar) processorfor a con guration with moderate skipping in the
subordinate thread (low speculation) and a con guration of aggressie skipping in the subordinate

thread (high speculation), respectively.
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large number of instruction cade misses.

In the bars of the averageperformance,there is a jump in performancefrom
the rst 2 barsto the last 2 bars. This indicatesthat with a subordinate thread that
has fewer restrictions to advance,our SST scheme performs even better. We also
noticed from the averageperformancebars that when memory accesseare skipped
by the main thread the performanceimproves, especially when the subordinate
thread aggressiely skips instructions. When the subordinate thread does not do
aggressie skipping, the performancedoesnot improve much even when the main
thread skips memory accessesThe performancenumbers presetied in Figure 4.1

are further analyzedin the following subsectionsusing additional statistics.

4.1.2 Instruction Distribution in The Main Thread

The rst logical result to be drawn from the previous subsectionis that the
main thread runs faster, hencecortributing to the overall performanceimprovemen.
It is running fasterbecausat is skipping instruc