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1. Introduction useful long-latency misses when there is at least one long-
latency miss pendingBy ‘useful misses’, we mean only
The growing memory wdlimakes speedupsincreasingly those which bring data that is read by the procesor before
difficult to achieve on applications that exhibit difficati- being evicted from the cache.
predict memory access patterns. The problem is that al- Incurrentarchitectures, once a single main memory miss
though modern processors provide mu|tip|e h|gh-bandw|dth is outstanding, structural stalls are usually imminent- De
execution units, applications that experience frequectiea laying or eliminating those stalls allows more misses to be
misses are only executed with high IPC in the periods be-initiated, increasing MLP if those misses bring useful data
tween misses. As main memory latencies increase frominto the cache. Clearly, maximizing the number of long la-
200 cycles tol000 cycles and beyond, microarchitects must tency misses outstanding during each stall (the MLP) is ben-
scramble for new ways to hide as much of this |a‘[ency as eficial because it minimizes the total number of stalls. In
possible. fact, in the limit of increasing memory latency, MLP comes
It is now widely understood that one solution lies to dominate performancél[8]. In such cases, performance
in maximizing the number of simultaneous outstanding ¢an be approximated with apoch mode[21] as shown in
cache misses, known as Memory-Level Parallelism (MLP). Figurell.
Prefetching, long instruction windows, and runahead exe-
cution have all been proposed as a means of enhanching
MLP. In this paper, we will discuss examples of these three
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techniques, noting the performance and design complex- = oo oo MEM
ity of each. We focus in particular on a prefetching/pre- b) _ Compute
execution scheme known agmahead executigrwvhich pre- ssssssssssssss Sttoooooooooes MEM

executes instructions following a cache miss—when the , _ ‘

processor would otherwise stall—in hopes of generating ~F9Ure 1. Overlap of computation and main memory ac-
useful prefetches. We compare performance and design ©€sses (a) and the epoch model of the same execution (b)
complexity of several runahead designs with those of alter-

native solutions. We argue that runahead is a simple, ele-

gant, and effective technique for increasing MLP. The epoch model describes the performance of small-
window superscalars; intervals of computation alternate
2. Background with intervals of memory access, and the overlap between

computation and memory access is vanishingly small. Un-
der the epoch model, the key to increasing performance is
to perform as many memory operations as possible in each
memoryinterval. According tol[4], a superscalar with win-
dow size64 and200 cycle memory latency realizes an MLP

of only 1.13 to 1.38 on database applications.

10ne of only three man-made structures visible from space Before discussing runahead execution, we survey other

techniques for enhancing MLP. First, we discuss large in-

Memory Level Parallelism, or MLP, is a metric that sim-
plifies understanding of memory’s limiting effect on perfor
mance. We use the definiton from Cheual. [21]: The
average MLP is equal to the average number of outstanding
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structions to pile up in the scheduler compared with the

) . Compute number of ROB entries consumed by subsequent instruc-
””””””” Compe tions. Karkhanis and Smith concluded that increasing the
b) e MEM size of the ROB and register file alone could yield large per-
formance improvements without resorting to exotic, large
Figure 2. If the window size exceeds the memory latency, schedulers.
L2 misses do not stall the processor Checkpoint Processing and Recovery (CPR) [1] by

Akkary et. alis one example of a large-ROB scheme. Actu-

ally, the CPR scheme eliminates the ROB entirely, replacing
struction windows, a natural enhancement to out-of-order it With a set of microarchitectural checkpoints taken at low
processors. Next, we survey work that uses prefetchingconfidence branches. The checkpoint-based microarchitec-
threads to reduce L2 miss frequency. We show how eachture eliminates the need for large physical register files. |
method overlaps more main memory misses and cite exam2n ROB-based scheme, registers are reclaimed only when

the other hand, CPR allows registers to be reclaimed as soon

2.1. Large Instruction Windows as there are no more readers. _ _

To justify CPR, the authors performed simulations of an
ddealized processor with2)48 entry ROB. On that proces-
sor, they found that 856 entry scheduler performed very
nearly as well as a ful2048 entry scheduler. They con-
cluded that a scalable alternative to the ROB was required,
but that a scheduler as smalli@8 entries would be accept-

In the context of superscalar processors, perhaps th
most obvious solution to the MLP problem is to simply
enlarge the instruction wind@v Window stalls due to L2
misses can be eliminated entirely with a large enough win-
dow. Even if not large enough to completely hide the stalls,
an enlarged window can still provide increased MLP and able.
greatly boost overall performance. Figlite 2 illustrat§sa(a
window that completely hides misses and (b) a window that 2.1.2. Large Schedulers

allows overlapping more misses despite being too small fO\While [] and [I8] suggest that the size of the schedul-

h'ds t?etfull Tallntrrr:emgry Iater?.(t:y.t I struct th ing window is not so critical, that conclusion appears to be
tn ortunately, ;er?lcrgarc Iec Ltl_ra S rluc ures _qitt—su highly benchmark-dependent. Inl [4], enlarging the sched-
port aggressive out-of-order executiosy( large register uler from64 to 128 entries on an aggressive processor with

2'.;2 relorder b:Jferlr',Zang scheduling Iogic),hha(ljve ?” provedn a2K entry ROB increased MLP by roughly)% on a col-
ifficult to scale [I¥]. Here we survey methods of expand- lection of enterprise benchmarks. [d [1], the performance

ing both the ROB and the scheduling window, along with difference between a56 and2048 entry scheduler on an

the performance impact of each. It should be noted thatidealised superscalar is indistinguishable for SPECint an

other structures such as MSHRs and load/store queues mu%PECweb. The same scheduler configuration5ih [19] dif-

also _scale to su_pport large instruction windows, but thosefer in performance by onlyt% for SPECint andr% for

details are not discussed here. SPECweb. However, in the latter paper, the larger sched-
uler delivers &22% speedup on SPECfp.

2.1.1. Expanding the ROB Since larger schedulers can indeed speedup some appli-

Karkhanis and Smitt[18] showed that decoupling the ROB cations, the CPR authors have recently proposed Continual

and scheduler can reduce the frequency of structural win-F1oW Pipelines (CFP)119], an extension to CPR that pro-
dow stalls. A “decoupled” ROB is one that has more en- vides a larger scheduler and generates speedups over the

tries than the schedulefe( the ROB and scheduler are Paseé CPR system for some benchmarks. CFP operates by

separate structures). Karkhanis and Smith performed-trace M°VIN9 Iqad-m|§s dependentllnstruc_tlons out of the sphed-
based simulation, assuming a memory latencyaso cy- uler and into aslice buffer As instructions are moved into
cles. They modeled a perfect L1 cache but inserted missedne Slice buffer, ready register values are read and cawied
at random (non-overlapping) locations in the dynamic in- the buffer along vv_|th the instruction. This _allows the pro-
struction stream. They reported that for an unlimited ROB C€SSOr t0 free the instruction’s physical registers. Wren d

and1000 cycle memory latency, each miss in SPECint 2000 ferredinstructions are reintroduced_into the_pipelirianek—
accumulates abow0 dependent instructions in the sched- end renamereallocates new physical registers for them.

uler before the missing load returns. In other words, a miss- SINCe instructions in the slice buffer do not consume reg-
ing load causes a relatively small number of dependent in-1Sters, only a modest-sized physical register file is resglir
Similar in spirit to CFP, Lebeckt al. proposed the Wait-

2The set of instructions fetched but not yet completed
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ing Instruction Buffer (WIB)[11], a queue in which miss-
dependent instructions are temporarily stored until trey b T oot
come ready. Like CFP, the WIB allows the scheduler to

remain small (eg.32 entries) by preventing it from filling

with miss dependent instructions. In the WIB design, load
misses distribute a ‘pretend ready’ tag to their dependent i
structions in the scheduler. Those instructions that hlive a

of their operands either ready or ‘pretend ready’ are woken .
up. When an instruction with at least one ‘pretend ready’ & loop may spawn another thread to fetch for the next itera-

argument is selected, it is issued to the WIB instead of g tion. Unfortunately, CoIIins_’ evaluation is incompletesjng
functional unit. Each instruction in the WIB is marked with Only @ subset of the SPECint and _SPECfP benchmarks, so a
the earliest dynamic load on which it depends so that it candiréct performance comparison with [22] is not possible.

be re-dispatched into the scheduler when the load returns. !t iS important to note that both Collins and Zilles gen-
With a WIB, deferred instructions still consume physical erated their prefetch threads manually, without formagzi

registers. Therefore, a very large physical register file is t€ir methods or building an actual compiler. Kim and Ye-
required. Fortunately, hierarchical register files caisgat ~ Ung [9] have recently proposed a source-to-source prefetch

that requirement, albeit with some additional complexity. ~ thread extractor and compiler that performs profiling to
identify delinquentloads as well as slicing and optimiaati

2.2 Prefetch Threads to generate the actual prefetch code. .
Prefetch threads on SMT are attractive because they

. : . make use of existing hardware, effectively providing a
Instead of proposing microarchitectural enhancements, . .
software-only solution that works quite well. All of the

some researchers have exploited existing SMT support toother roposals we discuss require new microarchitectural
address the MLP problem. The basic idea is to use oth- prop q

erwise idle hardware threads to execute prefetches for thefeatures. Consequently, prefetch threads are in a sersse les

main thread. Here we discuss two recent proposals. complex than the other schemes.

Zilles and Sohil[Z2] observe that the majority of misses .
are caused by a small number of static instructions. They3. Runahead Execution
begin by building backward slices to compute the addresses
of these ‘delinquent’ loads. The slices are then spawned as Runahead executiofl[2, [7,120] is an elegant scheme that
separate hardware threads at appropriate points in the maigenerates accurate data prefetches by speculativelytexecu
program’s execution. Generally, a spawn point is hoisted asing past a long latency cache miss, when the processor
high as possible. If the spawn point is early enough then thewould otherwise be stalled. This section discusses sev-
slice will complete execution and initiate a miss before the eral implementations of runahead in detail, but the basic
main program actually requires the data. Unfortunatedy, th idea for each is the same: Pre-execute miss-independent in-
slices tend to be so large that they do not execute any fastestructions to generate highly accurate prefetches. F@ure
than the main program. shows how runahead increases MLP. The processor would

To make the slices execute faster, Zilles and Sohi op-normally experience a window stall where the solid ‘com-
timize them in ways that might not always be correct. pute’ line ends. Runahead allows the processor to continue
By applying these aggressive optimizations, they are ablespeculatively (dotted line), generating an additionalfuise
to heighth-reduce the slices. Since they never allow prefetch before the window-blocking load returns.
these speculativeslices to affect architectural state, the Here we discuss runahead implementations for different
main thread remains correct. They report that speculativemicroarchitectures: in-order scalar processors, VLIWEP
prefetch slices are able to elimina38% of cache misses processors, and out-or-order superscalars.
from SPECint 2000.

Collins et al. [B] simulate prefetch threads on an SMT 3.1. In-Order Scalar
processor using the Itanium ISA. They confirm the observa-
tion of Zilles and Sohi[22] that a few delinquent static lead Dundaset al. [[7] proposed using the idle cycles caused
cause a majority of cache misses. Like ZilleS, Collins man- by a cache miss in an in-order scalar processor to pre-
ually identifies delinquent loads using memory access pro-execute future instructions. Their scheme is simple, yet ef
filing and constructs slices to compute those load addressesective: When the processor detects an L1 data cache miss,
Collins’ contribution is thechaining trigger through which it records the missing address and checkpoints the register
one speculative thread spawns another. For example, gile into a backup register file. It then executes the instruc-
thread that has just finished prefetching for one iteration o tions that follow the miss while waiting for memory.

Figure 3. Runahead enhances MLP by pre-executing fu-
ture misses when the processor would otherwise stall



Clearly, these pre-executed instructions can be depen{CRS). The CQ is used to send in-order, predecoded, de-
dent upon invalid data, so care must be taken. I8 bit ferred instructions from the advance pipeline to the backup
is associated with each register and L1 cache line to denoteipeline. The CRS is used to send the results of the pre-
whether the data stored there is invalid. Each type of in- executed instructions to the backup pipeline. The backup
struction has rules for propagating thigv value: pipeline is augmented with a merge stage where results ar-

) ) ) o ) riving from the CRS are bypassed to instructions and written

* An instruction marks its destination registev of to the architectural register file as appropriate. Othercstr

any of its source operands argv. tures required to maintain the correctness and efficiency

e Load instructions set their target registeI8V bit of the design are the Update Queue (UQ) and a modi-
when their address register or the target word in the fied ALAT. The UQ sends register writes from the backup

cache is markedV, or when they cause a cache pipeline back to the speculative register file in the advance
miss. ' pipeline. The modified ALAT allows the backup pipeline

to detect when a load is executed in the advance pipeline
e Stores do not write any data to cache or memory, but without observing a previous (deferred) conflicting store.

they set theINV bit of the target line even if the ad- The biggest drawback of the flea-flicker microarchitec-
dress register is natNV and a cache miss does not ture is the complexity of the approach. Whereas straight-
occur. forward runahead implementations for in-order scalar and

» ) out-of-order superscalar processors need modest hardware
» Conditional branches are executed normally if the fe4 fiicker requires several new hardware structures s wel

condition is nottNV. If the condition register igNV, as duplication of the processor pipeline (compare Figires 4
the processor must trust the branch predictor. andd).

Once the original missing load receives its data, runa-
head mode is switched off, the register file is restored from 3-3. Out of Order
its backup and th&Nv bits in the cache and registers are

reset. Although out-of-order processors tolerate cache misses
better than in-order processors, Muilul[20] showed that an
3.2. EPIC/VLIW idealized version of an out-or-order processor still sgend

most of its time waiting for data from main memory. Mutlu
EPIC architectures are also very sensitive to memory proposed using runahead execution in out-of-order proces-

stalls. Barne<[2] showed that 38% of Itanium execution cy- SO'S: effectively transforming a small, blocking instiaot
cles are spent in L1 D-cache misses for SPECint, with many‘Window into a non-blocking one.

of them being due to accesses satisfied in the L2 cache. In An out-of-order runahead processor enters runahead
an EPIC machine, a cache miss stall will prevent all the fol- Mode when a memory operation misses the L2 cache and
lowing instructions (not only the dependent ones) from is- becomes the head of the ROB. The processor switches back

suing until the load is resolved. Compare this situatiomwit © Normal mode when the data returns from memory. As
an out-of-order processor, wheresaycle L2 cache miss in the in-order scalar case, the address of the instruction

is easily hidden by other instructions in the instructionwi  that caused the miss is stored and the register file is check-
dow. pointed. Any in-flight or newly fetched instructions are

To combat L2 D-cache miss stalls in Itanium, Barnes {réated as runahead instructions, propagatigbits.
[2] proposed theflea-flicker microarchitecture, a design !N [20], the propagation of registamv values works
that composes two in-order sub-pipelines. The microar- identically to the or|g|_nal scalar in-order proposal [7]ouwt _
chitecture consists of an ‘advance pipeline’ and a ‘backup €V€r, memory operatlons are handled more carefully than in
pipeline’. The advance pipeline executes all instructions [7]- Stores set the&nv bit only when their data or address
speculatively. If the dependence check finds one instmctio ©P€rands arév, and the results of runahead stores are for-
not ready, the advance pipeline does not stall but marks theyvarded. to rqnahead loads. If the store is still within the
not-ready instruction and all its dependents as deferred in InStruction window when a dependent load issues, the store
structions (usingN'V bits), scheduling them to be executed PUffer is used to forward the value and thev bit. Oth-

in the backup pipeline. Instructions executing in the backu €rWise, the data antivv flag are read from a speciaina-
pipeline stall if any of their operands is not ready, just as N€ad cachglt]. The runahead cache is only accessed by

in a normal EPIC processor. Only the backup pipeline can runahead loads and stores and never spills to memory. Any
change the architectural state. load that misses in both the runahead and normal caches

Two key structures in the flea-flicker microarchitecture Will have its destination marked asiv. Figure[s shows the
are the Coupling Queue (CQ) and the Coupling Result StoreMicroarchitectural additions to an out-of-order proce$so



A-pipe B-pipe

E real RF 3

update queue

IPG | ROT —{ IB | EXP | DEC REG EXE DET WRB ——ﬂ EXE EXE DET | WRB H

MRG
MOD il
ALAT

li ! FP1 Pl
BN coupling queue | s IS0 B S WRB

Figure 4. The flea-flicker microarchitecture. Additions to the Itanium pipeline are in red.

support runahead execution. Components with a red stripepossible to build runahead processors that do not throw
have been made aware IV bits, and red components are away results that are correctly computed during runahead
not present in a normal superscalar. Subjectively, the-addi mode, and we would like to know whether this is worth-
tional hardware complexity appears reasonable. while for in-order and out-of-order processors. Secondly,
Two more recent proposals, Checkpointed Early Load runahead proposals have recently begun incorporating valu
Retirement [[I0] and CAVA[IB], build on[120] by adding prediction [37ID]. We would like to know how value pre-
value prediction. Correctly predicting the value of amigsi  diction improves performancée( by generating more ac-
load eliminates the need to rollback to a checkpoint when curate prefetches or by facilitating reuse) and whether it
the load returns. The mechanism [nJ[10] is similar to the is worth incorporating. Finally, runahead processors exe-
basic out-of-order scheme described above. Once a longcute more instructions than a traditional processor, so we
latency load arrives at the head of the ROB, the processordescribe techniques to improve the efficiency of runahead
entersclear mode The architectural registers are check- execution. This section considers these issues in turn.
pointed, the load igarly-retired and its value is predicted
so execution of dependent instructions can proceed. If an-4.1. Runahead vs. Large Windows
other load miss occurs while the processor is in clear mode,
the hardware decides whether to take another checkpoint Conceptually, runahead execution has much in common
depending on the value predictor confidence. When the datawith large instruction windows. Both schemes allow the
from an early-retired load returns, the processor comparegprocessor to continue executing miss independent instruc-
it with the prediction for that load. If the prediction wasin tions after a long-latency miss. The key difference is that
correct, the processor rolls back to that load’s checkgoint ~ runahead execution discards these results rather than inco
the latest preceeding checkpoint if the load was not check-porating them into the main execution. The advantage of
pointed) and continues normal execution. Otherwise, thererunahead is that it is comparatively simple to implement

is no need to roll back. and verify. A potential disadvantage is that results cdlyec
computed during runahead mode are wasted, with energy
4. Analysis and performance consequences. Therefore, the important

questions are: (1) What is the performance difference be-

. . . . tween a runahead processor and a ‘true’ large-window pro-
In this section, we address some current issues in the

? iti i in-
design of runahead processors. Firstly, there is a middleC oo ! and (2) Is the additional complexity of large win

. ) dow schemes acceptable in this context?
ground between a true large-window processer (arge . ) . .
. Firstly, there is some disagreement about the magnitude
scheduler and large ROB) and runahead processors. It is . .
of the performance difference between large-window and
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Figure 5. The out-of-order runahead microarchitecture. Additions to a P4-like processor are in solid red. Red stripes mark compo-
nents that have been made aware of INV bits.

runahead processors. The authors of CEP [19] comparedead mode, instructions that were gy usually have their
their processor against a runahead processor based on CP&ata available in the cache, so although their results can be
and found significant speedups on a range of benchmarksreused, the savings is on58 cycles per instruction on
18% for SPECfp,5% for SPECint, an®2% for a CAD average. Instead, it is the instructions that we¥& during
workload. Interestingly, they also found that runahead exe runahead mode that are now on the critical path, taking an
cution measurablgecreasegerformance on SPECint and average ofl4.58 cycles each.
server workloads when compared to the base CPR (effec- The results in[[19] and [20] are apparently in contra-
tively a large-ROB) system. diction. A potential explanation hinges on precisely when
On the other hand[_[15] performed a limit study on the reused results are available in the ideal reuse model. In the
impact of ‘ideal reuse’ in runahead systems and came to acase that a long latency load miss is followed by a chain
very different conclusion. In that study, the authors adaled of independent, short latency instructions as shown in Fig-
reuse buffeto their runahead simulator (the same simulator ure[®, CFP and ideal reuse may behave differently. Figure
as used in[20]). The buffer holds instructions executed dur [4 (b) shows how execution proceeds on CFP. The missing
ing runahead mode along with their results. Upon return to load is moved into the slice buffer and the chain of instruc-
normal execution, results of instuctions that executed cor tions 2..n executes. The load data eventually returns. At
rectly in runahead mode are incorporated free-of-cost into that point, instructiong..n have updated the microarchitec-
the machine state as they are encountered. The ideal reustiral state. FigurEl7 (a) shows execution on a runahead ar-
model thus provides an upper bound on the performancechitecture with reuse. Although the results for instrussio
achievable by a runahead processor with reuse. 2..n are correctly generated in runahead mode, they are not
Compared to the runahead proposallin [20], ideal reusemerged with the execution state until runahead mode termi-
gave speedups of onBps for both SPECfp and SPECint. nates. Since each instructidnn is dependent on its prede-
Although 8.5% of dynamic instructions (averaged over cessor, it takes — 1 cycles to merge the results for those
SPECint and SPECfp) were ideally reused, the performancanstructions into the execution.
impact was minimal because the reused instructions were Another interesting case for reuse is made in the flea-
not likely to be on the critical path. After exiting runa- flicker [2] microarchitecture. Here the important factor is
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Fig ure 7. Execution of code segment in Figure[@on a runa-
head processor with ideal reuse (a) and a large window pro-

cessor (b)

that the processor pipeline is in-order. If an instruction
uses a load that has not yet returned, the entire processor is
stalled. In other words, even L1 misses can hurt badly—this
is the motivation for two-pass pipelining. Although many of
the loads initiated in the advance pipeline will be in the L1
cache by the time they are processed in the backup pipeline,
some may have been evicted back to the L2. In that case,
reusing the result from the advance pipeline avoids an L1
miss and potential stall.

Returning to out-of-order processors, the most com-
pelling argument against large instruction windows or eeus
is complexity. The allure of runahead is that it is so simple
becausall of the data generated during runahead execution
is speculative and guaranteedrteverenter architectural
state.

Additionally, a runahead processor is able to exploit
MLP in cases where a large window processor can not
unless it speculates very aggressively. An example given
in [4] is the handling of synchronization instructiorise(
MEM barrier or read-modify-write). A straightforward su-
perscalar implementation will require the processor jingel
to drain before the serializing instruction can issue amrd th
frequency of these instructions is quite high for some bench
marks €g. 0.6% of dynamic instructions for SPECjbb). A
large-window processor must therefore implement aggres-
sive memory speculation features to avoid pipeline flushes
that effectively truncate the window. On the other hand, a
processor in runahead mode does not have to respect order-
ing of synchronization operations since all runahead com-
putation is speculative. As a result, runahead processors
can extract more MLP from lock-intensive code without re-
quiring complicated microarchitecture support for memory
speculation.

4.2. Value Prediction

CAVA and CLR attain speedups over the base runahead
system for two reasons: (1) Value prediction turns some
loads that would otherwise bENV into useful prefeteches
and (2) There is no need to roll back to the checkpoint on
exiting runahead mode if the value predictions were cor-
rect. The CAVA authors evaulate both sources of speedup
separately, whereas the CLR authors do not. We can gain
some insight from the CAVA numbers, but we should first
test agreement on the speedup delivered by basic runahead.
Table[® show the speedups measured by each author on
SPECint and SPECfp using basic runahead execution in
conjunction with an aggressive hardware prefetcher.

From the table, we see that the CAVA work finds sig-
nificantly different speedups for runahead, so we should be
careful not to compare their numbers directly to the other
works. CAVA finds that adding value prediction but never
eliminating rollback—a scheme callednahead with value



Mutlu [20] | Cezel3]| Kirman [10] energy than a processor without it. Mutu14] identified
SPECint 13% 7% 15% short and overlapping runahead executions as two impor-
SPECfp 35% 18% 30% tant causes of inefficiency in a runahead processor.
Exiting from runahead mode is expensive. The pipeline
Figure 8. speedups for basic runahead execution given by is flushed and the checkpointed register file must be re-
three authors in independent experiments. stored. Therefore, if the processor stays in runahead mode

for short periods of time, efficiency suffers. To avoid many

short runahead periods, Mutll]14] suggests keeping track
prediction—improves SPECint performance dy% and of the number of cycles each L2 miss spends waiting for
SPECTp byl 9% over the base superscalar. Eliminating roll- data from memory. If the processor is only allowed to enter
back in the event of a correct value prediction—ithitback runahead when this count crosses a threshold (rather than
avoidancescheme—gives a speedup bf% on SPECint  when the load reaches the head of the ROB), the number of
and 33% on SPECfp over a base superscalar. Rollback dynamic runahead instructions can be reducedd$y with
avoidance is therefore much more important for SPECfp very minimal IPC impact and substantial power savings.
than for SPECint. For SPECint, the main effect of value = Overlapping runahead periods are another source of in-

prediction is to turrINV loads into useful prefetches. efficiency. Two runahead periods overlap if some of the in-
structions executed during the first period are re-executed
4.3. Branch Predictability during the second. To avoid this inefficiency, Mutlu[14]

proposed beginning a new runahead interval only when it

The unpredictability of branches is a severe performanceWill not overlap a previous runahead interval. To achieve
limiter in both large-window and runahead techniques. Ac- this, the processor counts the numberof instructions
not to prefetch useful data. Actually, this is a point of con- iN @ register on return to normal mode. In normal mode, it
tention, and[[I8] claims that wrong-path accesses can ac-2/S0 records the number of instructionfetched since the
count for up to10% of runahead’s speedup on SPECint. In 1ast runahead period. When an L2 miss reaches the head
any case, it is best to maximize the number of correct-pathOf the ROB in normal mode, the processor enters runahead
prefetches. mode only ifi > n. This scheme also has minimal IPC

With a typical superscalar branch predictér,1[15] gives Impact but reduces the number of runahead instructions by

the average distance to a mispredici&iti branch as a%12 37%.

instructions for SPECint antl05 instructions for SPECTp.

The misprediction rate for SPECint is limiting because on 5. Conclusions
averagel 240 instructions can be executed peI00-cycle

runahead period. A large-window processor will encounter e have discussed three different techniques for enhanc-
the same problem; more thaf percent of the window will - jng MLP: prefetch threads, large instruction windows, and
be squashed when a missing load returns. The fraction ofrynahead execution. Of these, large instruction windows
useful work in the window drops steadily as memory la- and runahead execution provide the most speedup on the
tency increases further. widest range of applications. It is not yet clear whether
If a perfect branch predictor is assumed, runahead MLP the performance advantages of large window processors are
increases byt2% over a baseline runahead processor on ayorth the additional complexity or whether the comparable
collection of enterprise benchmarks (SPECweb, SPECjbb,pyt slightly lower speedups offered by runahead processors
and an unspecified database benchmark) assumifg® 5t |ower complexity will prove more attractive.
cycle memory latency [4]. The CFP paper found that as-  Eyen within the realm of runahead processors, there are
suming perfect branch prediction gave CFP an additionalimportant and contentious questions left unanswered. What
23% t0 32% speedup. Clearly, it is worthwhile to incorpo-  should be the role of value prediction? Are full-blown
rate better branch predictors in these designs even if theyyg|lback-avoidance schemes such as CLR and CAVA jus-
have very long latencies (perhaps tens or hundreds of cy+ijfied, or does runahead with value prediction provide the

cles) [4]. Branch predictor research is not dead yet! optimal performance-complexity tradeoff? It is too eady t
o _ answer these questions, but we have attempted to provide
4.4, |neff|C|enCy of Runahead Execution and compare some of the early results.

With runahead execution, some instructions will be exe-
cuted twice and others will be executed unnecessarily. As
result, a processor with runahead execution consume more
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