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1  Introduction

Achieving high performancerequiresprocessorarchitecturescapableof exposingandexploiting largeamountsof

instruction-level parallelism(ILP), while allowing a high clock rate.Over thelastfew decades,processorsback-ends

have become increasingly successful at exploiting ILP (especially by using out-of-order processing techniques) and

higherclock rateshave beenachievedby usingdecoupledand/orclustereddesigns.However, front-endscontinueto

be both in-order and monolithic. I propose to investigate high-performance front-ends suitable for future processors

thatemploy thesametechniquesthathave beensuccessfulin theback-end:out-of-orderprocessing,decoupledoper-

ation, and clustering.

I begin by discussingthechallengesin building ahigh-performancefront-endanddescribewhy existing solutions

are unsuitable for future processors (Section 1.1 and Section 1.2). Following that, I discuss the proposed solution:

out-of-order front-ends (Section1.3), and present an outline of the proposed research (Section1.4).

1.1  High-performance Front Ends

Thedifficulty in fetchinginstructionsatahighratearisesfrom thefactthatit is impossibleto mapthecontrolflow

of a complex program onto a sequential storage order. For this reason, most programs contain frequent branch

instructions, and a significant fraction of the branches result in transfers of control from one part of the program to

another. Therefore,fetchinga largeblockof instructionscontiguousin thedynamicinstructionstreaminvolvesfetch-

ing from different areas of memory, which is difficult in a single cycle.

In addition,simplefetchunitswork by fetchinga singleblock from theinstructioncache,andthenextractingthe

required instructions from it. Their maximum throughput is therefore limited by two factors: (1) distance between

takenbranches,and(2) numberof usefulinstructionsin acacheline. Takenbranchesandcacheline boundariesintro-

duce discontinuities in the instruction stream since instructions cannot easily be fetched across these boundaries in

thesamecycle.Typicalprogramscontainonetakenbrancheveryeightinstructionsonaverage[13, 14,44]. Thenum-

berof instructionsbetweencache-lineboundariesis similar: L1 instructioncachelinescontain16 instructionson the

Alpha21264[18]; therefore, a cache-line boundary will be encountered every eight instructions on average.

A front-end must not be limited by these discontinuities if it is to achieve high throughput. Various techniques

have beenproposedto transcendthis limit. Thesetechniquescanbeclassifiedinto two groups:restructuringinstruc-

tion storage to remove discontinuities, and restructuring the fetch mechanism to handle discontinuities.
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1.1.1  Removing Discontinuities

Onewayof handlingdiscontinuitiesis to simplyremovethem,i.e.,to ensurethatthedynamicinstructionstreamis

laid out sequentially in memory and covers as few cache lines as possible [2, 6, 14, 19, 26, 28, 29]. This rearrange-

mentof instructionscanbecarriedout in avarietyof ways,bothatcompiletimeandrun time,andpossibly, although

not necessarily, involving modification of the static program binary.

The most straightforward implementation of this approach is a modification to the code generation and linking

phases of the compiler. The compiler determines probable directions of all conditional branches (using heuristics,

profile information, or programmer hints), and then attempts to lay out code to minimize the occurrence of taken

branches.In addition,someunconditionalbranchesandfunctioncallscanbeavoidedby duplicatingcode,andunpre-

dictable conditional branches can be eliminated using predication. Information about cache sizes and associativities

canbeusedto partially realizethebenefitsof hardwaremechanismslikeatracecache[29]. Thesetechniquescanalso

beimplementedin anoffline binaryrewriting tool [20]. Thestaticoptimizationapproachis beneficialto someextent,

but not effective enough to solve the front-end throughput problem by itself [14,29,44].

The effectiveness of code reordering optimizations can be improved by carrying them out at run-time, with the

additionalinformationavailableon theactualprogrambehavior, andwith thepossibilityof tailoring theoptimization

to the phase behavior of the program. This can be achieved using both software and hardware techniques.

A tracecache[23, 25,34] is anexampleof a transparentmicro-architecturaltechniquefor optimizingcodelayout

dynamically at run time. A trace cache observes the dynamic execution of the program, and caches instructions in

theirdynamicexecutionorder. Accessingasingleentryin a tracecachereturnsasequenceof instructionsthatmaybe

discontiguous in the static program. Moreover, as the program behavior changes, the trace cache adapts by evicting

unused traces and constructing more relevant traces. However, this approach makes inefficient use of storage

resources available to it due to fragmentation and duplication [27, 30]. Efficient use of cache space is important for

futuredesignssincetrendsindicatethat(1) programworkingsetsarebecominglarger, and(2) technologyconstraints

aremakingit harderto build largeon-chipstructures.Techniqueshavebeenproposedto improve thecachespaceuti-

lization of thetracecache[3, 30]. However, althoughthesetechniquesreducereplicationto somedegree,fragmenta-

tion still remains a problem.

Code layout optimization can also be performed dynamical ly by sof tware, in a vi rtual machine, for

example[1, 10]. However, softwaretechniquesinevitably leadto higheroverheadwhichcandiminishtheadvantages

of the optimizations performed. In addition, just like a trace cache, such techniques do not work well for programs

with large code sizes.

1.1.2  Fetching Across Discontinuities

Theotheroptionis to designa fetchmechanismcapableof fetchinginstructionsacrossinstructionstreamdiscon-

tinuities in the same cycle. This typically requires a banked instruction cache so that multiple cache blocks can be

fetched concurrently. The collapsing buffer [9] is such a mechanism.

However, fetching across discontinuities tends not to perform very well since there are restrictions on the sets of

cacheblocksthatcanbefetchedconcurrently. Theserestrictionsarisebecause(1) circuit complexity limits thenum-
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ber of different cache blocks that can be fetched and combined in a single cycle, and (2) bank conflicts limit which

blocks may be fetched concurrently. The limit on the maximum number of blocks limits the maximum throughput,

andevenif fetchinga largenumberof blocksis madepossible,thelargerthenumberof blocks,themorethechance

of a conflict that will restrict the actual number of blocks fetched.

High-performancediscontinuity-removing techniqueslike thetracecachetypically outperformcollapsingbuffers,

especially when sufficient instruction storage is available[34].

1.2  Sequential Front-Ends

It is thissequentialnatureof fetchmechanismsthatleadsto therequirementof fetchinglong contiguous blocksof

instructions,andthereforemakesdiscontinuitiesin theinstructionstreamperformancelimiters.Sequentialfetchalso

has other consequences that make it undesirable. These are discussed below.

As processors get more aggressive, they need larger windows of dynamic instructions so that sufficient ILP is

exposed.It is not inconceivablethatprocessorswould requirewindowsof severalhundredinstructionsin a few years.

In somesituations,it maybedesirableto executea few critical instructionstowardstheendof theinstructionwindow

beforeany of theprior instructions(for example,if thelater instructionis a loador a branch).A sequentialfront-end

would require fetching and renaming all prior instructions—possibly hundreds of prior instructions—before those

critical instructions were available for execution.

Sequentialcomponentsarealsosusceptibleto stallssinceany operationthatcannotbecompletedquickly holdsup

all future operations. In the case of a front-end, instruction cache misses, TLB misses, and bank conflicts are exam-

ples of events that may unnecessarily delay future instructions. Techniques have been proposed to alleviate some of

these problems[7, 32,33,36,45], but it may be better to attack the root cause of the problem—sequential operation.

Sequentialfetchmayalsobeaninefficientwayof providing instructionsto anout-of-orderback-end.Considerthe

tracecache:it is capableof fetchingcontiguousblocksof over teninstructionsevery cycle.However, it turnsout that

anout-of-orderback-endexecutesinstructionsin consecutive tracesmore-or-lessconsecutively [21]. A fetchmecha-

nismcapableof interleaving fetchof instructionsfrom differenttracesmaybeableto achieveperformanceequivalent

to the trace cache despite a lower fetch rate, by choosing what to fetch more judiciously.

A limited out-of-orderfetchtechnique[39, 40] hasbeenproposedthatalleviatestheproblemof stallsdueto cache

misses. It is able to successfully overlap cache miss latencies with useful future work. However, it focusses specifi-

cally on the problem of cache misses, and thus does not resolve the other two problems mentioned above—perfor-

mance l imitations due to discontinuities, and flexibi l i ty. The techniques I propose to study are l ikely to be

significantly more powerful: the aim is to develop general out-of-order fetch and rename mechanisms without con-

centrating on any specific limitation of sequential front-ends. Such an approach is more likely to lead to front-end

designsthatsolve a wider rangeof problemsin a simpleraswell asmoreeffective fashion—ratherthandesignsthat

areagglomerationsof variousdifferenttechniques,andthusarelikely to bebothmorecomplex aswell aslessgener-

ally applicable.
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1.3  Out-of-Order Front-Ends

Thereis nothinginherentin theprocessof fetchinginstructionsthatrequiresit to bestrictly sequential—thesame

instructions are obtained regardless of the order in which they are fetched. Other parts of the front-end, namely con-

trol predictionandregisterrenaming,dohavetheconceptualmodelof serialprocessing.Of course,instructionexecu-

tion alsohassequentialsemantics—but wehavebeenableto relaxtheserialprocessingrequirementfor execution.So

it so is not unreasonable to expect that we may be able to relax it for the front-end as well.

Enablingthefront-endto processinstructionsout-of-order, i.e., in anorderdifferentfrom programorder, makesit

possible to leave behind the limitations of sequential front-ends. First, discontinuities no longer limit performance

since the front-end is explicitly designed to fetch instructions non-sequentially. Moreover, the challenges facing a

sequential front end that attempts to fetch across discontinuities—complexity and bank conflicts—become easier to

dealwith since(1) thefetchunit is no longerrequiredto ‘select’and‘collapse’instructionsfrom multiplecachelines

at once to produce a sequential instruction stream, and (2) bank conflicts can be reduced by changing the order in

which instructions are fetched.

An out-of-orderfront-endis alsomorelatency tolerant.Justasanout-of-orderback-endcanoverlaplong latency

operations with other independent instructions, an out-of-order front-end can, for instance, overlap an instruction

cachemisswith thefetchof otherinstructionsthatmaybein thecache,or overlapmultiple instructioncachemisses

with each other.

Finally, anout-of-orderfront-endenablesoptimizationof theorderin which instructionsarefetched.This canbe

used to achieve higher performance, for example by fetching critical instructions first; alternatively, it can allow

enhancement of some other parameter like resource utilization or energy consumption.

1.4  Outline

In my dissertation, I propose to describe and characterize two different out-of-order front-ends:

1. Parallel Fetch and Rename: A front-endcomposedof severaldecoupledsequentialfront-endsoperatingin par-

allel. Out-of-orderfetchis achievedby dividing theinstructionstreaminto fragmentsandfetchingmultiple frag-

ments in parallel. Both fetch and renameare parallelized.Researchissuesinclude fragment selection &

prediction,fetch interleaving heuristics,out-of-orderrenamingtechniques,anda detaileddesignspaceexplora-

tion.

2. Block-Based Out-of-Order Fetch: A front-endmodelledalongthe lines of an out-of-orderexecutionwindow.

Thefetchunit maintainsa ‘fetch window’ comprisingof a list of cacheblock addresses,anda schedulerselectsa

subsetevery cycle for fetching from the cache.This designallows greaterflexibility than parallel fetch and

rename,but maybemorecomplex. Theadditionalflexibility canbeusedto actively optimizetheorderin which

instructionsareprocessedfor improving variouscharacteristicsof theprocessor(performance,resourceconsump-

tion, etc.).

The rest of this document is organized as follows. Section 2 describes a parallel fetch mechanism, and Section 3

describes an associated parallel renaming mechanism. Section 4 presents a block-based out-of-order front-end.
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Section 5 discusses some possible heuristics for reordering fetch, assuming a block-based front-end. Finally,

Section6 concludes with a summary and a schedule.

2  Parallel Fetch

A straightforward way of achieving out-of-order fetch behavior is to parallelize fetch. The instruction stream is

dividedinto fragments,andmultiple fragmentsarefetchedin parallel,eachby a sequentialfetchunit. Eachfragment

is simplyanarbitrarycontiguousportionof thedynamicinstructionstream(fragmentsarediscussedin moredetailin

Section2.1.2).Eachindividual fragmentis fetchedin programorder, but fetchof differentfragmentsis decoupledso

that the order in which instructions are fetched can vary. Instructions are first fetched into a “staging area” and then

subsequentlyreassembledinto theoriginal sequentialstream.Theobjective of a parallelfetchunit is to achieve high

fetchthroughputby fetchingmultiple (possiblydiscontiguous)instructionblocksin parallel,ratherthanfetchinglong

contiguous instructions blocks.

This is similar to instructionfetchin Multiscalar[4, 37]: Multiscalardividesthesequentialinstructionstreaminto

tasksandassignseachtaskto a processingelement.All processingelementsfetch(andexecute)theassignedtaskin

parallel.However, out-of-orderfetchin Multiscalaris anartifactof a fully clusteredmicroarchitecture.Thetechnique

proposed here is completely general and makes no assumptions about the back-end.

Parallel fetch addresses the challenges outlined in the introduction as follows: (1) Discontinuities: Since through-

put is achievedby fetchingmultiple blocksin parallel,individual blockscanbesmall—andthereforediscontinuities

are no longer a limiting factor. (2) Stalls and Bank Conflicts: Fetch of different fragments is decoupled from each

other—thusadelayin thefetchof onefragmentdoesnotdelayfetchof otherfragments.In addition,many bankcon-

flicts can be eliminated by reordering fetch.

2.1  Design Overview

I use the term sequencer to denote a mechanism that sequences through instructions in program order. A sequen-

tial fetch unit contains a single sequencer. Figure1 illustrates a parallel fetch unit composed of multiple sequencers.

Thesequencerswrite thefetchedinstructionsinto anarrayof fragmentbuffersinsteadof directly forwardingthemto
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later stages in the pipeline. These buffers provide temporary storage until instructions can be merged into the in-order

instruction stream. A fragment predictor predicts control flow on the granularity of fragments, and sequencers fetch

multiple fragments into the corresponding fragment buffers in parallel. The instruction cache is banked so that it can

handle multiple (non-conflicting) requests simultaneously.

The net throughput of a this fetch unit is the aggregate throughput of all the sequencers, rather than being con-

strained by the throughput of a single sequencer. The maximum achievable throughput is still limited by the instruc-

tion cache bandwidth, but unlike a sequential fetch unit, the available bandwidth can be better utilized since fetch can

be reordered to accommodate instruction cache misses and bank conflicts.

2.1.1  Fragment Buffers

Fragment buffers are FIFO queues of instructions. In addition to instructions, they store other information relating

to the fragment like its starting address, the current PC, and branch prediction information. As instructions are fetched

into a fragment buffer, the PC is updated to reflect the next instruction to be fetched. When the entire fragment has

been fetched, a flag is set indicating that the buffer is complete. Instructions are read out of fragment buffers in oldest-

fragment-first order, i.e., program order. Since instructions exit the fetch unit in program order, no changes are

required to any other stage of the processor pipeline except support for training the fragment predictor and recovering

its state on mispredictions. Once all instructions have been read from a buffer by the next pipeline stage, the buffer is

marked invalid so that it can be reused by subsequent fragments.

Various heuristics can be used to decide which predicted fragments to fetch in any cycle: oldest first, round robin,

etc. Our first implementation of parallel fetch [21] used a combination of the two: the oldest fragment was always

given first priority, but the others were serviced in a round-robin fashion (the current implementation uses oldest-

first). Another design decision is the size of the FIFO queues: it may be smaller than the longest possible fragment, in

which case it can be managed as a circular buffer. My dissertation will evaluate these choices in detail.

Another potential optimization is to not discard instructions in fragment buffers after they have been read; instead,

the buffer is marked unused, and if the same fragment is encountered again before the buffer has been reallocated, the

instructions are reused instead of being fetched again from the instruction cache. This makes the fragment buffers

behave like a very small trace cache. A large trace cache can exploit most of the locality in the instruction stream but

typically has a relatively slow sequential fill mechanism. The fragment buffers, on the other hand, can exploit only a

fraction of the locality, but have a powerful parallel fill mechanism. Depending on design constraints, a fetch mecha-

nism could lie anywhere on this spectrum. Preliminary results indicate that reuse has a small impact on performance,

but a large impact on cache traffic; I plan on exploring the reuse/fetch trade-off in detail in the future. Fragment reuse

also depends upon buffer allocation strategies. An LRU allocation scheme is used currently, but other methods may

be more appropriate since the number of fragment buffers is much smaller than a typical cache.

2.1.2  Fragment selection

A program fragment is a portion of the dynamic instruction stream. The entire dynamic execution stream of the

program can be obtained by concatenating all fragments. This is similar to the idea of traces [34] or tasks [37], except
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that fragments are completely general whereas the other terms make assumptions about the nature of fragments or

about how they are processed.

Good fragment selection involves balancing several contradictory requirements. First, the fragments must be rea-

sonablylong.At thesametime, they shouldbeterminatedat theendof controlstructureslike loopsandfunctionsto

increase the prediction accuracy and decrease the number of overlapping fragments. A balance must be struck

between reasonable fragment length and the amount of overlap between different fragments.

The fragment selection criteria used in the current implementation are as follows: fragments are terminated at all

indirect branches (including calls and returns), at any unconditional branch after the eighth instruction, or at the six-

teenth instruction. Table 2 lists characteristics of the fragments obtained.

Theseheuristicswork well for botha parallelfetchunit aswell asa tracecache,andthereforethey canbeusedto

make an unbiased comparison between the two schemes. However, a parallel fetch unit can be more flexible in its

fragment selection than a trace cache: it can tolerate much larger variance in fragment sizes, and a larger overlap

betweenfragmentswithoutwastingcachespace.Fragmentscouldalsocontaininternalcontrolflow, similar to Multi-

scalartasks.Fragmentselectioncouldalsobeimprovedby takingthepredictabilityof branchesinto account[15, 24].

Usingunpredictablebranchesasfragmentboundarieswouldmake intra-fragmentcontrolflow predictable,enhancing

thepotentialfor fragmentreuse.On theotherhand,if fragmentswereallowedto have internalcontrolflow, it maybe

beneficial to encapsulate unpredictable “hammocks” within fragments so that the effect of mispredictions could be

limited to a single sequencer.

It is likely thatgoodfragmentselectionis critical to obtaininggoodperformancewith this mechanism,andthere-

fore I plan to explore fragment selection issues in detail as a part of my research.

2.1.3  Fragment prediction

Conceptually, a fragmentpredictoronly needsto predictfragmentboundaries.Intra-fragmentcontrolflow canbe

predictedby eachsequencerusinga local mechanism.Fragmentpredictionis a very similar problemto tracepredic-

tion, andpath-basedtracepredictors[16] basedon theMultiscalarDOLC [4] predictorcanbeusedasfragmentpre-

Table 1: Trace Characteristics of SPEC INT 2000 Benchmarks

Benchmark Input Number of
Static Fragments

Average
Fragment Size

Static Fragments responsible
for 95% dynamic instructions

bzip2 test 1129 12.72 74
crafty test 6846 12.14 939
eon train (cook) 4565 10.88 317
gap test 6491 10.76 770
gcc test 35994 11.24 7126
gzip test 1769 12.00 50
mcf train 1032 9.66 143
parser test 5578 10.16 563
perl train (diffmail) 9743 11.62 636
twolf train 4009 10.91 426
vortex test 6400 11.22 633
vpr train (place) 4093 11.98 298
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dictors as well. Path-based prediction has been shown to be effective in a variety of control prediction domains, viz.

task prediction [4], trace prediction [16], stream prediction [31], and therefore it can be expected to be effective at

fragment prediction as well. An additional advantage is that a path-based predictor predicts branch directions of all

branches in a fragment as well, and therefore local branch predictors are not required at each sequencer to predict

intra-fragment branches. However, if fragments are allowed to have internal control flow, then it may be useful to

consider separating inter-fragment and intra-fragment prediction.

The trace predictor proposed by Jacobson, Rotenberg, and Smith [16] is used in the studies presented here. Since

this predictor predicts addresses as well as branch directions for all branches in the trace, local branch predictors are

not used. For the benchmarks studied, the average branch prediction accuracy is 95%. In the future, I plan on experi-

menting with other prediction mechanisms if required by the fragment selection methods that I explore.

2.1.4  Scalability

One attraction of using a clustered fetch unit is that it may be easy to increase the net throughput of the fetch unit

by simply adding more sequencers to it. Scalability of the design proposed above is limited by the following issues:

1. Prediction Accuracy: More sequencers are useful only if the control predictor accurately predicts enough future

traces to keep all sequencers busy.

2. Prediction Bandwidth: The average throughput of this design can never exceed one fragment per cycle since the

fragment predictor predicts at most one fragment per cycle. This limitation could possibly be alleviated by mak-

ing the predictor return multiple predictions per lookup.

3. Reading Instructions out of Fragment Buffers: The current design assumes that instructions from at most one

fragment can be read out of the fragment buffers in one cycle. This limits the throughput to one fragment per

cycle. Relaxing this constraint may make the associated circuits more complex.

It may also be possible to sidestep these problems by using a fragment selection technique that results in much

longer fragments.

2.2  Preliminary Results

The parallel front-end proposed here was compared against two other front-ends: simple 16-wide sequential fetch,

and a trace cache. These two were chosen since the first is the most commonly used mechanism, and the second is

widely considered the state of the art in front-ends.

The conventional sequential 16-wide front-end is referred to as W16 hereafter. It fetches at most 16 instructions

sequentially starting at a given PC until it encounters a taken branch or a cache-line boundary. We assume that there is

no restriction on the number of branch predictions in a cycle, i.e., fetch can proceed past any number of not-taken

branches in a cycle. The cache can supply only one cache line every cycle, so fetch must stop at cache-line bound-

aries. Fetch stops at taken branches regardless of whether the target is in the same cache line. NOP instructions are

eliminated very early in the pipeline and do not count towards the number of instructions fetched, renamed, or com-

mitted. Branches are predicted using a trace predictor.
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TC represents a 2-way set associative trace cache with a maximum trace size of 16 instructions. On a cache hit, the

trace cache can supply an entire trace in a single cycle. On a miss, instructions are fetched using the W16 mechanism.

The processor contains an L1 instruction cache in addition to a trace cache, and space is divided equally between the

instruction cache and the trace cache (this combination of an instruction cache and a trace cache performs better than

allocating the entire L1 cache space to a trace cache). Two trace cache configurations are simulated: (1) TC denotes a

32 KB trace cache and a 32 KB instruction cache, and (2) TC2x denotes a 64 KB trace cache and a 64 KB instruction

cache. TC2x uses double the amount of L1 instruction storage as W16. As in the case of W16, NOP instructions are

not counted towards trace size.

Parallel fetch is denoted by the prefix PF: PF-2x8w consists of 2 sequencers, 8-wide each; and PF-4x4w consists

of 4 sequencers, 4-wide each. Each individual sequencer is identical to W16 except for its width. The aggregate width

of the front end is 16 for all configurations being compared. The parallel fetch unit contains 16 fragment buffers of 16

instructions each. The parallel front-end has 1KB of additional storage due to the fragment buffers (16×16×4 bytes).

The size of the instruction cache was not adjusted to account for this since that would have involved simulating a

63KB cache—which is neither meaningful for a real machine, nor practical for simulation. The additional storage

represents an increase of only 1.6% over a 64KB instruction cache.

The results presented here were obtained using an execution-driven simulator based on the SimpleScalar

toolkit [5]. The simulator developed by Craig Zilles [46] was used, with its front end completely rewritten for more

accurate modelling. Since improving the front-end is only useful if it is a bottleneck, a 16-wide out-of-order supersca-

lar processor with abundant functional units and large caches was simulated. Table 2 describes the base-case proces-

sor in detail.

All benchmarks were taken from the SPEC CPU 2000 benchmark suite and were compiled with ‘peak’ settings

using the Compaq Alpha compiler. Results are only reported for the twelve integer benchmarks. Floating point

benchmarks were omitted since they are either memory limited or have very simple control flow, with the result that

all front ends perform equivalently on them. Excluding them prevents dilution of differences between the schemes.

All programs were simulated for the first one billion instructions. Test inputs were used, except for the benchmarks

eon, mcf, perl, twolf, and vpr, since their test run was shorter than a billion instructions—train inputs were

used for these. Table 1 lists the benchmarks and the inputs used.

Table 2: Simulation Parameters

Width Fetch, decode and commit at most 16 instructions per cycle
Functional Units 16 Int adders, 4 Int multipliers, 4 FP adders, 1 FP multiplier, 4 load/store units.
Window 256 entry instruction window
L1 Caches
(Instr. & Data)

64 KB, 2-way set-associative, 1 cycle access time, 64 byte blocks
16 instructions per cache block

L2 Cache (Unified) 1 MB, 4-way set-associative, 10 cycle access time, 128 byte blocks
Memory 100 cycle access time
Trace Predictor DOLC [16], 64K entry primary table, 16K entry secondary table (D=9, O=4, L=7, C=9)
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2.2.1  Fetch Rate

The time taken by a parallel fetch unit to construct an individual fragment is typically more than the time that a

sequential fetch mechanism would take because (1) the individual sequencers are not as wide as the monolithic fetch

unit that they are replacing, and (2) access to the instruction cache is shared among multiple sequencers. However, the

aggregate fetch throughput is higher since fewer fetch opportunities are wasted due to instruction stream disconti-

nuties. This can be quantified by using the notion of fetch slots. Each cycle that a sequencer is active, there is a poten-

tial maximum number of instructions it can fetch; that is the total number of fetch slots. For sequential fetch

mechanisms, the number of fetch slots in a cycle is zero if fetch is stalled, or equal to the fetch width otherwise. For

the parallel fetch mechanism described above, the number of fetch slots in a cycle is the sum of the widths of the

sequencers that are active. The ratio of the total number of instructions fetched to the total number of fetch slots is the

efficiency with which the fetch mechanism is able to utilize the available fetch width.

Figure 2 shows the fetch slot utilization and fetch rate of three front-end mechanisms. As expected, W16 does not

perform well. It is able to utilize only 40% of the available slots, underscoring the importance of a high-performance

fetch mechanism when using an aggressive back-end. A trace cache increases the average utilization to about 60%—

a little lower than the ratio between average and maximum trace size (see Table 1). PF-2x8w achieves about 70% uti-
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lization on average—17% more than TC and TC2x. PF-4x4w further increases utilization, since narrower sequencers

lead to fewer wasted slots, achieving 80% utilization on average.

Figure 3 shows the average fetch rate for each scheme. The average fetch rate of PF is 7 instructions per cycle—

about 20% higher than the trace cache, and 49% higher than W16. Figure 4 shows the fetch rate of TC and PF-2x8w

for each benchmark. PF-2x8w has a higher fetch rate than TC in all cases, with the difference ranging from 20% to

80% depending on benchmark.

Using parallelism to achieve higher aggregate throughout also makes this mechanism tolerant to cache miss laten-

cies. Since the fetch of different fragments is overlapped, a cache miss can be hidden behind the fetch of instructions

from other fragments, or the latency of multiple cache misses can be overlapped. In addition, use of a conventional

instruction cache instead of a trace cache results in more effective utilization of cache space. Therefore, programs

with large working sets are likely to perform better. Figure 5 shows the change in average fetch rate for different

mechanisms as the size of the level-1 instruction storage is varied from 128 KB to 8 KB. The fetch rate of PF-2x8w

decreases by less than 5% as the cache size is reduced by a factor of sixteen, whereas the fetch rate of W16 and TC

decreases by 27% and 42% respectively.

2.2.2  Performance

Figure 6 shows the overall performance of parallel fetch and trace cache normalized to performance of W16. On

average, PF-2x8w and PF-4x4w perform 9.5% and 7.5% better than W16 respectively—higher than TC, and only a

little lower than TC2x despite half the cache space.

As noted earlier, TC2x is identical to TC, except that total L1 instruction storage is doubled from 64KB to 128KB.

The difference between the TC and TC2x bars is therefore the benefit due to a larger cache. This difference is large in

four cases—crafty, gcc, perl, and vortex—indicating a large instruction working set. PF performs better than

TC on these benchmarks, but on most other benchmarks TC outperforms PF despite the latter’s higher fetch rate.

This is due to serialization of the instruction stream at the rename stage.

To see why, consider the following two scenarios: (1) Immediately after fetch is redirected, the effective through-

put is limited to throughput of a single sequencer since all instructions in the first fragment after the fetch redirect
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must be renamed before any later instructions can be renamed, and (2) On a cache miss, instructions from future frag-

ments may be fetched into fragment buffers before the cache-missing instructions, but none of those instructions can

be renamed before the cache miss is serviced. In both these cases, useful instructions from future portions of the

instruction stream are available, but they cannot be renamed and executed since all prior instructions have not been

fetched. Thus, to achieve the potential benefits of a parallel fetch unit, it is necessary to be able to rename instructions

out-of-order as well. This is the subject of Section 3.

2.3  Status

A parallel fetch mechanism using simple fragment selection heuristics and a path-based predictor has been imple-

mented and preliminary performance and sensitivity studies have been carried out. This work was presented at the

International Conference on Parallel Processing, 2002 [21].

Fragment selection and prediction is the main issue that I plan on exploring in the future. In addition, the disserta-

tion will also contain a detailed study of the design space, especially relating to sizes of hardware structures and frag-

ment reuse.

3  Out-of-Order Renaming

We saw in the last section that multiple sequencers are able to achieve a consistently high fetch rate even in the

presence of cache misses. However, the high fetch rate is not directly translated into performance since a parallel

instruction fetch stage was feeding a sequential rename stage. Serialization at the rename stage can be avoided if the

rename stage can be built in a parallel fashion as well, as shown in Figure 7.

The difficulty in building a rename unit of this kind is, of course, dependencies between instructions. Unlike

instruction fetch, where the same instructions are obtained regardless of the order they were fetched in, renaming

depends on the order of instructions to ensure that logical register names get mapped to the correct physical registers.

This is illustrated in Figure 8. Instruction I2 from fragment 2 uses the mapping created for logical register R1 when

instruction I1 is renamed. A sequential renamer always renames I1 before I2, so this mapping is always available

when I2 is renamed; however, if the two fragments were renamed in parallel, I2 may be renamed before I1.

Figure 7. Parallel Renaming
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Therefore, a parallel renaming mechanism must either

delay renaming I2 until I1 has been renamed, or rename I2

speculatively and ensure that I1 maps its output to the pre-

dicted register [39]. Both these alternatives have been

explored in the past by speculative parallelization architec-

tures, since the same problem occurs in that domain as well.

In addition, a parallel renaming mechanism needs a way of

knowing when such a dependence exists without examining

the instructions themselves, since I2 may be renamed before

I1 is even fetched. The succeeding two sections discuss pos-

sible solutions to these problems.

3.1  Determining Dependencies Correctly

A straightforward method to ensure that sources of all instructions are mapped to the correct physical registers is

to delay renaming an instruction until its source instructions have been renamed. However, delaying instructions has

disadvantages: the instruction spends more time in the fragment buffer, preventing the buffer from being used to fetch

other future instructions, and thus reducing fetch throughput.

This delay can be avoided by using a technique proposed in Skipper [8]: the instruction waits until the its logical

source registers have been assigned physical registers, but this assignment is done speculatively, without waiting for

the actual source instructions to be fetched. The live-out registers of each fragment are predicted, and all live-outs are

assigned physical registers as early as possible. Fragments later in the instruction stream use the pre-assigned map-

pings to rename instructions, and thus renaming can take place regardless of whether the actual instructions corre-

sponding to previous fragments have been fetched.

One disadvantage of this technique is that the register assignments to fragment live-outs must happen serially, lim-

iting the average front-end throughput to one fragment per cycle. This serialization can be avoided by using implicit

conventions for mapping fragment live-outs to physical registers. This would restrict the flexibility of logical to phys-

ical register mapping, but may enable renaming fragments entirely in parallel. Similarly, if the register file is clus-

tered, a different parallel renaming technique may be appropriate. I may investigate these issues if the serialization in

the Skipper technique turns out to be an important limitation.

3.2  Live-out Prediction

The renaming mechanism described above requires that the live-outs of all fragments, i.e., the set of registers that

instructions in a fragment write to, be known. It is trivial to obtain this information by examining the instructions

themselves. However, we need a mechanism to determine this information before the instructions are available.

Note that in the absence of self-modifying code the set of instructions that comprise a fragment, and thus deter-

mine the live-outs of the fragment, never change. After a fragment has been observed once, its live-outs can be pre-

dicted very accurately by simply using a lookup table. Figure 9 shows the average live-out prediction accuracy for
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different table sizes and associativities. A 2-way, 4K entry predictor is assumed in the rest of this document, and

Figure 10 shows its prediction accuracy for all benchmarks.

Live-outs are stored as a pair of bitmaps: one bitmap corresponding to logical registers, with ones indicating which

registers are alive-outs; and one bitmap corresponding to instructions, with ones indicating which instructions pro-

duce live-out values. A 2-way 4K entry predictor occupies 42KB of storage with this encoding. The space require-

ment could be significantly reduced using a more complex encoding, since the actual number of live-outs per

fragment is only 4–6 registers in most cases.

3.3  Preliminary Results

Figure 11 shows the average number of instructions fetched and renamed each cycle with and without parallel

renaming. The bars marked PF correspond to sequential renaming (same as Figure 3), and the bars marked PR show

the corresponding parallel renaming configurations. The width and number of renamers is identical to the width and

number of sequencers. For sequential fetch mechanisms, the rename rate is similar to the fetch rate; a little lower,

since on branch mispredictions some fetched instructions are discarded before they reach the rename stage. However,
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the rename rate of PF is much lower than its fetch rate, indicating that serializing the instruction stream at the rename

stage severely impacts the front-end throughput.

PR increases the rename rate of PF by 13% on average. However, there is still a significant gap between the fetch

rate and the rename rate of PR that is larger than the corresponding gap for W16 and TC. This gap exists because the

number of instructions discarded due to mispredictions by a parallel fetch unit is higher than by sequential fetch

schemes. A parallel fetch unit buffers many more instructions in the fetch stage, and is required to predict control flow

much further into the future.

Figure 12 shows the performance of different front-ends over all benchmarks. The Y-axis indicates the percent

speedup over W16. The four bars in each cluster represent TC, TC2x, PR-2x8w, and PR-4x4w respectively. The

lower section of last two bars indicates the performance of the corresponding parallel fetch configuration, and the

upper section shows the benefit due to parallel renaming.

PR-2x8w performs within 2% of both TC and TC2x on most benchmarks. On the four benchmarks whose instruc-

tion working sets are large (crafty, gcc, perl, and vortex), PR-2x8w performs 10–20% better than TC. On

average, PR-2x8w performs equivalently to TC2x with just half the cache space and 5% better than TC with a similar

amount of space. PR-4x4w performs 3% better than TC on average but a little worse than TC2x. Out-of-order renam-

ing increases performance of the parallel fetch unit by 0–6% depending on the benchmark.

PR-4x4w performs 3% worse than PR-2x8w on average since it looks further into the future, and thus is more

likely to fetch down mispredicted paths. In addition, it takes longer to recover from mispredictions since it takes at

least four cycles for all four sequencers to become active, rather than two cycles in the case of PR-2x8w. Thus, better

control prediction would be necessary to realize the advantages of four sequencers over two. Finally, renaming

instructions in an order different from program order has overheads. The next section discusses this in more detail.

3.4  Out-of-Order Renaming with Sequential Front Ends

Nothing in the design of this renaming mechanism necessarily requires a parallel fetch unit, as long as a set of

fragment buffers exist at the interface between the fetch and rename stage. The details of how the fragment buffers are

filled do not affect parallel renaming. For example, even if the fetch mechanism was a trace cache which placed one
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trace every cycle into a free fragment buffer, the parallel renaming mechanism described could be used without any

changes. Parallel renaming is not a IPC enhancing technique for sequential fetch mechanisms—however, a parallel

renamer may enable higher clock speeds than a wide monolithic renaming unit.

Figure 13 shows the performance penalty of using a parallel renaming unit with a trace cache fetch mechanism.

The base case is a trace cache with a 16-wide monolithic renamer. Two parallel renamers are studied: (1) 2×8w—two

8-wide renamers operating in parallel, and (2) 4×4w—four 4-wide renamers operating in parallel. A 2×8w renaming

unit performs within 1% of a monolithic renaming unit on average. A 4×4w renamer suffers a higher penalty of about

3.5%. Some of this penalty comes from live-out mispredictions; however, assuming a perfect live-out predictor only

reduces the slowdown by 33%. A small fraction of the rest is due to the longer front-end pipeline. That still leaves a

substantial portion of the slowdown unexplained.

The rest of the loss in performance is caused by instructions being renamed before their sources. Simulations indi-

cate that 4–12% of dynamic instructions are renamed before the instructions producing the corresponding sources

when a 4×4w renamer is used. Regardless of whether an instruction is renamed before its sources, it must wait for all

source instructions to execute before it can be executed. Thus, renaming instructions too early diverts renaming

resources from other instructions that could possibly have executed if they had been renamed instead. Early renaming

also increases the pressure on the instruction window and register file.

This overhead could be reduced if the order of renaming instructions could be chosen more appropriately, possibly

using the knowledge of data dependencies. Later portions of this document discuss ways in which this might be

achieved.

3.5  Status

An out-of-order renaming mechanism has been implemented in conjunction with the parallel fetch mechanism

described in Section 2. A paper based on this work was presented at the 30th Annual International Symposium on

Computer Architecture, 2003 [22].
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In the future I plan on investigating the relationship between out-of-order renaming and fragment selection, and

exploring other techniques for ensuring correct preservation of dependencies if the current scheme turns out to have

important limitations. I also intend to develop a more compact encoding for information in the live-out predictor.

4  General Out-of-Order Fetch

Sections 2 and 3 describe mechanisms that can fetch and rename fragments in parallel, and thus achieve a limited

degree of out-of-order behavior in the front-end. However, each individual fragment must be fetched sequentially—

the ability to reorder fetch comes only from interleaving different fragments. Thus the out-of-order-ness is, in some

sense, undirected and uncontrolled. For instance, fetching and renaming instructions in an explicitly defined order in

order to, say, alleviate the out-of-order renaming overhead discussed in Section 3.4 is difficult, if not impossible. In

contrast, out-of-order back-ends are able to reorder operations on an instruction granularity, and sometimes sub-

instruction granularity. In this section I propose a mechanism that allows more general reordering of operations in the

front-end—it allows the fetch of individual cache blocks comprising the dynamic instruction stream to reordered

arbitrarily, limited only by the size of the fetch window.

Coming back to the out-of-order execution analogy: in-order fetch corresponds to a simple in-order processor,

fragment-based out-of-order fetch corresponds to a Multiscalar processor comprising in-order cores, and general out-

of-order fetch corresponds to a dynamically scheduled superscalar processor.

4.1  Limitations of Fragment-based Out-of-Order Fetch

Most limitations of parallel fetch arise because fetch reordering is limited to interleaved operation of several

sequential fetch engines. Some specific problems are listed below:

1. Dependenceon aggressivecontrol flow prediction: Since at most one block of instructions from a fragment can

be fetched in any cycle, increasing parallelism requires predicting tens of traces ahead, which translates to hun-

dreds of instructions. Predicting control flow that far into the future makes the technique vulnerable to mispredic-

tions.

2. Lost opportunity due to reordering restrictions: Suppose a block encounters a cache miss, later blocks corre-

sponding to the same fragment cannot be fetched instead; only blocks from other fragments can be fetched in its

place. If no future fragments have been predicted yet, or if future fragments are waiting for the cache as well, it is

impossible to overlap the cache miss with fetch of other blocks possibly present in the cache.

3. Inability to fetch instructions closeto eachother quickly: Since only fetch of instructions from different frag-

ments is concurrent, instructions from the immediate future are often fetched after instructions that are far away.

Although instructions that are far away are often more likely to be independent, in some cases it may be desirable

to first fetch the instructions in the immediate future at a high rate—for example, immediately after a control

misprediction.

4. Renamingoverhead:As described in Section 3.4, there are overheads associated with renaming instructions out-

of-order. This can possibly be addressed by being smarter about the order in which instructions are fetched instead

of fetching them in an arbitrary order, but fragment-based out-of-order fetch makes such fine control difficult.
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5. Duplicate fetch: Since fragment boundaries do not correspond to cache block boundaries, many cache blocks are

fetched twice: first for the end of one fragment, and then for the beginning of another. Also, if the same instruc-

tions are in two different fragments, the same cache block(s) are fetched twice since reuse only happens at the

granularity of fragments.

These limitations exist because the front-end operates at the granularity of fragments, but this does not match the

granularity at which instructions can be fetched from the cache/memory.

4.2  Block-based Out-of-Order Fetch

Ideally, we would like to be able to reorder fetch of individual instructions arbitrarily, just as an out-of-order super-

scalar processor can arbitrarily reorder execution. However, fetching at the granularity of individual instructions is

wasteful since an instruction cache can only access storage at the granularity of cache blocks. If only one instruction

is fetched, the excess will be discarded either by the fetch unit, or by the cache.

Thus, the smallest granularity at which it is useful to reorder fetch is at the granularity of cache blocks. Fetching

the dynamic instruction stream involves fetching a corresponding series of cache blocks; and we would like to be able

to arbitrarily reorder the fetch of those cache blocks. The front-end should be designed around the notion of interleav-

ing fetch of cache blocks, and similarly, the control prediction mechanism should predict a stream of cache blocks

and masks representing which instructions to select from the block, rather than depending on some artificial division

of the instruction stream into traces or fragments.

The front-end can then be structured in a way similar to an out-of-order execution window: the various cache

blocks to be fetched correspond to the instructions to be executed; cache ports correspond to execution units; and

every cycle, a scheduler chooses a set of cache blocks to be fetched that cycle, depending on structural hazards and

ordering heuristics.

4.3  Design

Figure 14 illustrates this design schematically. It is similar in spirit to the parallel fetch design proposed in

Section 2, with some important changes. The fragment buffers are replaced with an array of cache block buffers. Each

of these buffers stores a single cache block, and can thus be filled using a single access to the instruction cache. The

Figure 14. Front-End based on the
OOO Execution Metaphor: Blocks to
be fetched correspond to instructions
in an OOO scheduling window. They
are scheduled depending on the
various structural hazards. Since it is
impossible to fetch instructions from
the cache at a granularity finer than
blocks, this mechanism is maximally
general in the degree of out-of-order-
ness.
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fragment predictor is replaced with a next block predictor, which predicts a sequence of cache blocks and a mask

specifying which instructions in the cache block are a part of the dynamic instruction stream. There are no individual

sequencers: all addresses required are generated directly by the next block predictor. The scheduler selects the blocks

to be fetched, forwards the addresses to the appropriate cache banks, and ensures the data from the cache is routed

correctly.

The renaming unit can either be in-order, in which case it reads blocks from the cache block buffers in program

order; alternatively, it too can be out-of-order. As we saw in Section 3, an out-of-order renaming unit is likely to be

required to derive maximum benefit from an out-of-order fetch unit. Techniques similar to those described in

Section 3 can be used to build an out-of-order renaming unit.

4.3.1  Next Block Predictor

The path based prediction technique used earlier for the fragment predictor is likely to be effective in this situation

as well. There is previous work on predicting instructionstreamsby Ramirez et al. [31] that can be adapted to predict

cache blocks. They have demonstrated prediction accuracies similar to those seen for trace prediction.

Predictor bandwidth is an important requirement for the next block predictor, since all program sequencing

depends on the next block predictor. If the predictor can predict n blocks every cycle, and each block contains i

instructions on average, the throughput of the fetch unit will be limited to a maximum of n•i instructions. Typical val-

ues of i are likely to be small (~8 instructions), and therefore it is important for n to be more than one.

Various techniques have been proposed in the past for predicting multiple basic blocks every

cycle [35, 43, 44, 45]. They typically work by storing predictions/addresses corresponding to multiple basic blocks in

a single predictor entry, or by multiporting the predictor so that multiple entries can be read simultaneously. This

increases the space required for the predictor. Another possibility is to aggregate information about several contigu-

ous blocks in a single predictor entry and to translate that to individual block addresses on the fly, as has been pro-

posed by FTQ [32] and Stream Predictor [31]. I plan on investigating these and possibly other techniques to increase

prediction bandwidth of the block predictor.

4.3.2  Scheduler

The primary function of the scheduler is to pick non-conflicting cache blocks to be fetched in a cycle. It may sim-

ply always prefer earlier blocks to later ones, or it may use additional heuristics to decide which block to choose for

fetch. Section 5 will discuss possible heuristics in greater detail.

4.4  Instruction Cache Block Size

Structuring the front-end in this fashion changes the trade-offs regarding the optimal cache block size. Conven-

tional sequential front ends can only fetch one cache block per cycle (or some multiple thereof), so it is important that

blocks be large. However, larger blocks decrease the flexibility of the cache to choose what to keep, and so increase

the chance of conflict misses. Larger blocks also limit the granularity at which fetch can be reordered. Thus the opti-

mal cache block size for this mechanism may be smaller than for conventional fetch mechanisms.
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On theotherhand,thesmallerthecacheblock size,themorecacheblock predictionswould beneededpercycle,

the more cache ports would be required to sustain the same net throughput, and the more read/write ports would be

required in the cache block buffers. I plan to investigate these trade-offs in detail in my research.

5  Heuristics for Reordering Fetch

The technique described in the Section 4 allows complete flexibility in the order of fetching blocks from the

instruction cache, but the flexibility of reordering is used only when fetching sequentially is not possible. It may be

possibleto actively modify theorderin which instructionsarefetchedin orderto improve certainfacetsof processor

behavior. Thisbecomesespeciallyimportantasthesizesof instructionwindows increase:asmallinstructionwindow

can be filled completely with only a few instruction cache accesses so the exact order of cache accesses is not very

important, but the order in which a large window is filled may make a significant difference.

In addition, as we saw in Section 3.4, out-of-order renaming units operate less effectively than in-order renaming

unitsif theorderof renaminginstructionsis arbitrary. It is thereforedesirableto beableto controltheorderin which

instructions are fetched and renamed so that performance degradation of out-of-order renaming can be minimized.

The following sections discuss some potential heuristics for optimizing fetch order.

5.1  Fetching Critical Instructions First

Previous research has shown that certain instructions in the program are more “critical” than others since they lie

on the critical path of execution. Many techniques have been proposed to identify these instructions and give them

priority for execution [11, 12, 38, 41, 42]. These techniques usually try to execute these critical instructions earlier

and/orfaster. Out-of-orderfetchenablestheprocessorto fetchandexecutetheseinstructionsmuchearlierthanother-

wisepossible.Criticality predictionscanbeproducedby anindependentpredictor, or directly integratedwith thenext

blockpredictorsothateachentryin thecacheblockbuffer alsostoresafield representingurgency of theinstructions.

Theapplicabilityof out-of-orderfetchto thisproblemwouldalsodependonthedistributionof critical instructions

in theprogram.Sincefetchcanonly bereorderedon a cache-blockgranularity, no optimizationwould bepossibleif

eachcacheblock hada critical instruction.Usingappropriately-sizedcacheblockswould beimportantto ensurethat

sufficient reordering flexibility is possible.

Most studiesof criticality have sofar focussedon individual instructions.It would beinterestingto studywhether

the same phenomena is observed at a higher granularity.

5.2  Data-dependence–based Fetch

Alternatively, it is also possible to fetch instruction blocks in the order of their data dependencies. As we have

alreadyseen,live-outscanbepredictedfairly accurately;live-inscanbepredictedin a similar fashion,andthefront-

endcanthenselectblocksto fetchdependingondirectinformationof how independentthecomputationin aparticu-

lar block is. This can help mitigate the performance degradation due to out-of-order renaming discussed in

Section3.4.

Data dependencies are yet another property that has only been studied at the instruction granularity, and it is not

clear whether data-dependencies at the cache-block granularity would give sufficient reordering flexibility to the
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front-end. Unlike individual instructions, instruction blocks would almost always be dependent on the last few pre-

ceeding blocks. However, fetch order optimization may still be possible by taking into account the number and length

of the dependency chains between instructions.

5.3  Lower Resource Utilization

Just like dependency information can be used to select independent instruction blocks for fetch, it can also be used

to delay fetch of dependent blocks. This can be used to decrease the lifetime of instructions in the processor, possibly

reducing the pressure on various processor resources. This can be important in resource constrained environments, or

in SMT processors where the freed resources can be used to execute instructions from another thread. This may also

enable some power optimizations like turning off certain sections of the processor, etc. A scheme for delaying

instruction fetch, called Just-in-Time Instruction Delivery [17], has been shown to reduce energy consumption signif-

icantly in the context of a sequential fetch mechanism with minimal impact on performance. The benefits are likely to

be even greater with the increased flexibility available to an out-of-order front-end.

6  Summary and Schedule

My research focuses on out-of-order front-ends. Current front-ends operate sequentially, even though most pro-

grams contain complex control flow that cannot be mapped onto a sequential storage order. This mismatch makes it

difficult and expensive to achieve high front-end performance. A front-end explicitly designed around the idea of out-

of-order processing is able to achieve high front-end performance, and has additional benefits like higher latency tol-

erance and greater flexibility.

My dissertation will contain detailed descriptions and characterizations of two different out-of-order front ends:

(1) Parallel fetch and rename, and (2) Block-based out-of-order fetch. Both these designs have different strengths and

weaknesses, which I will explore in my research. The status of each of these is detailed below:

1. Parallel Fetch and Rename: This mechanism has been implemented in an execution-driven simulator and a pre-

liminary study has been completed. Since fragment selection is critical to this mechanism, I plan on exploring

fragment selection heuristics in detail. If required by the fragment selection heuristics I examine, I will study frag-

Table 3: Schedule

Topic Component Completion

Parallel Fetch and Rename Parallel Fetch – Basic Technique Complete (ICPP 2002)

Parallel Rename – Basic Technique Complete (ISCA 2003)

Fragment selection heuristics,
Fragment reuse

Summer 2003

Live-out predictor, Scalability Summer 2004

Block-Based Out-of-Order Fetch Basic Technique Fall 2003

Reordering Heuristics Spring 2004

Design space exploration Summer 2004

Dissertation Write, Interview Fall 2004
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mentpredictionstrategiesaswell. Parallel renamingis anothercomponentthatneedsfurtherstudy, in particular

its interactionswith fragmentselectionandits implicationsfor physical registerorganization.In addition,I will

study fragment reuse and live-out prediction.

2. Block-Based Out-of-Order Fetch: This mechanismis still a theconceptstage:I will implementit in theafore-

mentionedsimulator, andstudythe designissuesthat comeup. Researchchallengesincludenext-block predic-

tion, predictionbandwidth,and granularityselection.Finally, I will study the variousschedulingpolicies that

become possible once a general out-of-order fetch mechanism is available.

A schedule of the tasks appears in Table3. I plan on graduating before the end of 2004.
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