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Abstract tions.
Past research has shown that it is possible to use history to
Modern superscalar processors often suffer long stalls due to loasuccessfully predict data values [3, 8, 17, 24]. Load value pre-
misses in on-chip L2 caches. To address this problem, we prodiction [17] has been proposed to mitigate the effect of mem-
pose hiding L2 misses with Checkpoint-Assisted VAlue predictionory latency and bandwidth. However, load value prediction
(CAVA). On an L2 cache miss, a predicted value is returned to the prohas been used in the context of traditional superscalar proces-
cessor. When the missing load finally reaches the head of the ROBors. This means that a very long latency load (such as one that
the processor checkpoints its state, retires the load, and speculativefyisses in the L2) will eventually wait at the head of the ROB,
continues executing using the predicted value. When the value ieven if its value has been predicted using techniques such as
memory arrives at the L2 cache, it is compared to the predicted valu¢he one in [17].
If the prediction was correct, speculation has succeeded and executionWe address this problem by using a checkpoint to be able
continues; otherwise, execution is rolled back and restarted from thto speculatively retire the long latency load and unclog the
checkpoint. CAVA uses fast checkpointing, speculative buffering, andROB. This way, when a long latency load reaches the head of
a modest-sized value prediction structure that has over 50% accuradne ROB, the following happens: the processor state is check-
Compared to an aggressive superscalar processor, CAVA speeds ppinted, a predicted value is produced and provided to the
execution by up to 1.45 for SPECint applications and 1.58 for SPECfgnissing load, the missing load is retired and execution pro-
applications, with a geometric mean of 1.14 for SPECint and 1.34 foceeds speculatively. When the processor is executing specula-
SPECTfp applications. We also evaluate an implementation of Runatively, the state produced has to be buffered. If the prediction
head execution — a previously-proposed scheme that does not peg later determined to be correct, execution continues normally.
form value prediction and discards all work done between checkpoinDtherwise, execution is rolled back to the checkpoint. We call
and data reception from memory. Runahead execution speeds up exfis idea Checkpoint-Assisted VAlue Prediction (CAVA).
cution by a geometric mean of 1.07 for SPECint and 1.18 for SPECfp Fortunately, there is prior work on both processor check-
applications, compared to the same baseline. We also evaluate Rurpeinting and speculative buffering mechanisms. Hardware-
head with value prediction. based checkpoint and fast rollback has been used in the context
of branch speculation, recycling resources early [20], aggres-
sively increasing the number of in-flight instructions [1, 6, 26],
1 Introduction or prefetching data and training the branch predictors on an
L2 miss [22]. Speculative state is buffered in the proces-
Load misses in on-chip L2 caches are a major cause of presor [1, 6, 22, 26] or in the cache [9, 20, 27].
cessor stall in modern superscalars. A missing load can take We describe several key design issues in CAVA systems, in-
hundreds of cycles to be serviced from memory. Meanwhilecluding multiprocessor aspects. Then, we present a microar-
the processor keeps executing and retiring instructions. Howehitectural implementation that is built aroundRaady Buffer
ever, the missing load instruction eventually reaches the heg@RDYB)in the processor’s load functional unit and @wt-
of the Reorder Buffer (ROB), dependences clog the ROB, andtanding Prediction Buffer (OPBj the L2 MSHR. Our de-
the processor stalls. sign includes a confidence estimator to minimize wasted work
Performance can be improved if processors find better waysn rollbacks due to mispeculations; if the confidence on a pre-
to overlap L2 misses with useful computation and even withdicted value is low, the processor can stop the current specula-
other L2 misses. Currently implemented techniques to adtive section and start a new one. In our evaluation, we perform
dress this problem include aggressive out-of-order executioan extensive characterization of the architectural behavior of
to support more instructions in flight, hardware prefetchingCAVA, as well as a sensitivity analysis of different architec-
(e.g., [2, 5, 11, 12]), and software prefetching (e.g., [4, 18])tural parameters.
Unfortunately, with out-of-order execution, significant further CAVA is related to Runahead execution [22] and the
improvements can only come with high implementation costsconcurrently-develope€LEAR scheme [13]. Specifically,
Moreover, while prefetching typically works well for scientific Runahead also uses checkpointing to allow processors retire
applications, it often has a hard time with irregular applica-missing loads and continue execution. However, Runahead and



CAVA differ in three major ways. First, in Runahead there iscent work has used it to support speculative execution of long
no prediction: the destination register of the missing load isode sections (which overflow the ROB) in other environ-
marked with an invalid tag, which is propagated by dependentnents. Examples of such work include early resource re-
instructions. Second, in Runahead, when the data arrives frogycling [20], data prefetching and branch prediction training
memory, execution ialwaysrolled back; in CAVA, if the pre-  through runahead execution [22], aggressive support for a large
diction is correct, execution is not rolled back. Finally, while number of in-flight instructions [1, 6, 26], or in Thread-Level
Runahead buffers (potentially incomplete) speculative state i§peculation (TLS) [10, 14, 25, 27]. We will use such support
a processor structure called Runahead cache, CAVA buffers thie CAVA.
whole speculative state in L1. We evaluate Runahead without In these checkpointed architectures, where the processor can
and with value prediction. run speculatively for a long time, the speculative memory state

Compared to CLEAR, our implementation of CAVA uses generated by the processor has to be buffered. Such state can
a simpler design. Specifically, the value prediction enginebe buffered in the store queue (e.g. [1, 6, 26]). Alternatively,
is located off the critical path, close to the L2 cache (andit can be stored in a dedicated speculative buffer (e.g., [22]) or
is trained only with L2 misses), whereas in CLEAR, predic-in the L1 as long as the lines with speculative data are marked
tion and validation mechanisms are located inside the procege.g., [20]). Without loss of generality, in CAVA, we use the L1
sor core. Moreover, to simplify the design, CAVA explicitly cache. In this approach, when the speculative section commits,
chooses to support only one outstanding checkpoint at a timsuch marks are reset and the lines are allowed to remain in
and terminates the current speculative section when a lowthe cache; if the section is squashed, the lines with the mark
confidence prediction is found; CLEAR supports multiple con-are invalidated. While a line has the mark set, it cannot be
current checkpoints. Finally, we discuss how to support CAVAdisplaced from the cache.
in multiprocessorsan area not considered by CLEAR.

Our simulations show that, relative to an aggressive conven- L. . . .
tional superscalar baseline, CAVA speeds up execution by uB Hldlng L2 Misses with Checkpomt-

to 1.45 for SPECint applications and 1.58 for SPECfp appli- i i~
cations, with a geometric mean of 1.14 for SPECint and 1.34 Assisted Value Prediction

for SPECfp. Compared to the same baseline, Runahead ofye nropose Checkpoint-Assisted Value Prediction (CAVA) to

tains geometric mean speedups of 1.07 and 1.18 in SPECifjjge |ong-latency L2 misses and minimize processor stalls due

and SPECfp apphcaﬂons, respectively. ) to load misses in on-chip L2 caches. Figure 1 illustrates the
This paper is organized as follows: Section 2 present%oncept. Figure 1(a) shows the timeline of an L2 miss in a

background information; Section 3 describes design issues i, entional processor. Figures 1(b) and 1(c) show the actions

CAVA; Section 4 presents our microarchitectural implementay,nqer CAVA. When an L2 load miss is detected. a prediction

tion; Section 5 presents our evaluation methodology; Section 8¢ the requested data’s value is passed on to the CPU. When
evaluates our implementation and variations; and Section 7 digpo missing load reaches the head of the ROB, the CPU check-
cusses related work. points, uses the predicted value, and continues execution by

speculatively retiring the load. Since the processor may ex-

2 Background ecute for a long time before the data is received from mem-
ory, the processor can retire program state to both registers and
2.1 Miss Status Holding Registers (MSHRs) L1 cache. When the data is finally received from memory, its

value is compared to the prediction. If the prediction was cor-

Miss Status Holding Registers (MSHRs) [15] hold information rect (Chart (b)), the checkpoint is discarded and no action is
about requests that miss in the cache. Typically, an MSHR itaken. If the prediction was incorrect (Chart (c)), the register
allocated when a miss occurs and is deallocated when the dastate is restored from the checkpoint and the cache state gen-
is finally obtained. Multiple concurrent misses on the same lineerated since the checkpoint is discarded. This rolls back the
share the same MSHR — each of them uses a different subeprocessor to the state at the checkpoint. Execution resumes
try in the MSHR. However, only the first request is propagatecdrom there.
down the memory hierarchy. We need four components to support CAVA. A first module

There are many possible organizations for MSHRs. In thigredicts the return value for each L2 load miss and passes it to
paper, we use the Explicitly-Addressed MSHR organization othe processor. It also keeps the predicted value for later com-
Farkas and Jouppi [7]. In such an organization, each subemarison to the correct data coming from memory. We call this
try in the MSHR contains the explicit address of the word re-module Value Predictor and Comparator (VP&C). Second, we
guested. This allows multiple outstanding misses to the sameeed support for fast register checkpointing. Third, we need an
word address, each one allocating a new subentry. L1 cache that marks lines with speculative data, and prevents
their displacement until the prediction is proven correct. Fi-
nally, when a prediction is incorrect, we need a rollback mech-
anism that restores the checkpoint and invalidates the specula-
Low-overhead, hardware-based register checkpointing itive cache lines.
widely used in processors to support branch speculation. Re- In this paper, we support the four components in hardware.

2.2 Checkpointing and Buffering for Undo



L2 Time 3.1.2 When to Use the Predicted Value

Execution # Stall Execution

A processor can use the predicted value as soon as it is avail-
able (Immediate use), or it can buffer it and consume it only
when the missing load is at the head of the ROB and memory
@ has not yet responded (Delayed use). Alternatively, it can use it
only when both the load is at the ROB’s head and the processor
is stalled because the ROB is full.

Mem Latency

L2 Prediction & L2  Prediction &

Miss Ch(:ckpoint Camperon? Miss Checkpoint  Comperison? While the third choice is unattractive because it is likely to
_\me Continue —\hm Eﬁgcbf;;;? hurt performance, the_re are trade-offs between Immediate and
Delayed use. Immediate use may enable faster execution and
Mem Latency Mem Latency does not require buffering the predicted value in the processor.
(b) © Moreover, as soon as a misprediction is detected, the VP&C

module can trigger a rollback immediately, as the processor
has surely consumed the incorrect prediction. A Delayed use
has the opposite characteristics. In particular, every mispre-
diction requires a check to see if the processor has actually
ctonsumed the incorrect value. However, it has the advantage
that the VP&C module may be able to confirm or reject many
predictions before they are actually used. This can reduce the
number of potentially unnecessary checkpoints and, especially,
the number of rollbacks. Consequently, CAVA uses the De-
Key design issues in a CAVA processor include where to placg’?yed scheme. We gsnmate its benefits compared to the Imme-
the value predictor, when to use the predicted value, when tg'ate scheme (Section 6.3.1).

checkpoint, the number of outstanding checkpoints, when to

finish speculation, and how to correctly support it in multipro-
cessor systems. 3.1.3 When to Checkpoint

Figure 1: Example of execution with conventional (a) and
CAVA (b and c) support.

We place the VP&C module close to the L2 cache controller
where it can easily observe L2 misses.

3.1 Design Issues

There are two choices of when to checkpoint: at the missing
3.1.1 Where to Place the Value Predictor load or at the first instruction that uses the predicted value.

Strictly speaking, the checkpoint can be delayed until the first
In CAVA, we predict the value of data for loads that miss in use. However, doing so complicates the design. For example,
the L2 cache. Two possible locations for the value predictomas the predicted value reaches the processor, the first use may
are: the processor core or by the L2 cache controller. Thée unknown, or may be an instruction in a mispredicted branch
first location is attractive because all memory requests are vispath. Consequently, CAVA checkpoints at the load retirement.
ble, regardless of their hit/miss outcome, and information suchVe expect little performance difference because the distance
as program counter or branch history is readily available. Orbetween load and use (typically only a few instructions, as
the other hand, the value predictor occupies precious real staghown in Section 6.3.2) is much smaller than the latency of
in the core, and may make it harder to design the process@n L2 miss (typically equivalent to hundreds of instructions).
for high frequency. If the value predictor is placed by the L2
cache controller, not all memory requests and processor infor-
mation are visible to it (see Section 6.3.3). However, it is a3 1.4 Number of Outstanding Checkpoints
simpler overall design, as it removes the necessary storage and
logic from time-critical core structures. For this reason, CAVA The issue of how many outstanding checkpoints to support at
places the value predictor by the L2 cache controller. a time is one of performance versus complexity. Since several

Even though we have placed the value predictor at the L2,.2 misses may overlap in time, one approach is to start a new

we expose all L1 load misses to the L2 cache to see if they missheckpoint at each missing load. This would enable the pro-
and need a prediction. This includes secondary misses in threessor to roll back only up to the first misprediction. However,
L1, which are requests to L1 lines for which there is already anultiple checkpoints increases hardware complexity, since the
pending miss. For this reason, CAVA slightly modifies the L1 processors need to keep several register checkpoints at a time
MSHR organization to send information about all secondaryand also record separately in the L1 cache the state generated
misses to the L2. This ensures that the value predictor caafter each checkpoint. Consequently, to simplify the hardware,
return predictions for all L2 load misses. Note, however, thalCAVA supports only one checkpoint at a time. If several misses
the L2 only returns the line with the correct data to L1 onceoverlap, CAVA takes a checkpoint only at the first one, and as-
(Section 4.1.1). Overall, for the predictor CAVA uses, we findsociates all misses with the one checkpoint. If any predicted
that the accuracy is higher when we train it with only L2 missesvalue happens to be incorrect, CAVA rolls back to the check-
rather than with all processor accesses (Section 6.3.3). point.



3.1.5 When to Finish Speculation With naive value prediction, it proceeds to accégs] and
. . . reads an un-initialized value. Later, the producer thread initial-
Speculation ends with a commit when the last outstandiega[1] and sets to point to it. At this point, the cache miss

ing memory response for a group of overlapping, correctlyy, e consumer completes and finds that the prediction that

predicted misses arrives at the processor. Assuming an ay,,qe P pointing toA[1]) was correct. Unfortunately, the
erage prediction accuraay, the probability of rolling back

. . o ) consumer does not realize that it read un-initialized data!

a checkpomt gfte_r consuming predictions 'S],J’“O”back = To eliminate this problem, CAVA uses a scheme that follows

1 —a". Sincea is significantly smaller than 1 (a little over 0.5), e gyidelines in [19]. Specifically, the hardware needs to de-
Prouvaci inCreases very fast with. Consequently, CAVAUSES ormine if, between the use of a prediction on the contents of
a confidence estimator to detect when a possible bad pred'Ct'OJBdressA, and its confirmation, any other processor updated
is produced. When the processor is about to consume a oW it another processor did, the hardware can conservatively
confidence prediction, CAVA stops predicting values and treatgquash and roll back the speculative section. This behavior
misses conventionally, so that the current speculative sectiog supported in CAVA with a buffer in the processor core that
can eventually commit and decrease the chance of wasting, s the addresses of cache lines for which at least one predic-
work. A new speculative section may then be started. In pracg,n has heen consumed by the processor. This buffer snoops
tice, we observe that good predictions tend to cluster in tiM@he 11 bus for invalidations coming from the memory bus. If

(Section 6.2). an invalidation is received for a line whose address is held in
There are three other cases where CAVA also stops valuge puffer, the processor rolls back. The buffer is cleared at

prediction and starts treating misses conventionally to speeéi\,ery rollback or checkpoint commit.

up eventual commit. One is when the number of outstanding T final issue is transferring speculative data from a thread
predictions reaches the limit that can be buffered in the hardg, another one. If this were allowed, the receiver must become
ware structure that records predicted requests. A second caggecylative, and be ready to roll back if and when the supplier
is when the amount of speculative state stored in the L1 cach®ead rolls back. To reduce complexity, our CAVA implemen-

reaches a certain threshold — if the state were about to ovefation does not allow the coherence protocol to provide specu-
flow, the program would need to stall in order to prevent pollut-|ative data to another cache.

ing the lower level of the memory hierarchy with speculative

datd. Finally, the third case is when the number of cycles in

which the program has been running speculatively reaches 4 Implementation

certain threshold’,;,;, — not stopping prediction would make

the code subject to losing a considerable amount of work.  Based on the previous discussion, we outline CAVAs imple-
mentation. We first describe the microarchitectural structures

3.1.6 Multiprocessor Issues and then the key operations.

Supporting CAVA in a multiprocessor environment with are-4.1  Microarchitectural Structures
laxed consistency model requires three special considerations:

termination of speculation on fences, consistency of value pre4-1.1  Basic Buffers

dictions, and transferring speculative data across threads. Weay is built around two buffers: th©utstanding Prediction

consider them in turn. Buffer (OPB) which extends the MSHRs of the L2 cache con-

The first consideration is simple: when a thread reaches foller, and theReady Buffer (RDYByvhich buffers the predic-
fence, it has to stall until all its previous memory operationsjons inside the processor’s load functional unit.

have completed. This includes outstanding loads for which & |, conventional processors, the L2 cache controller allocates
prediction has been used. Consequently, executing a fence efy, MSHR entry for every L2 miss, to keep a record of its pend-
fectively implies terminating the current speculative section.mg status. In CAVA, the structure (now called OPB) also ob-
Codes with very frequent synchronization are less likely t0gins a predicted data value for the load from a value predictor,
benefit from CAVA. _ sends the prediction to the processor, and stores it locally. Note
The second issue was pointed out by Maetiral. [19]: un-  that predictions are made at the granularity requested by the
less care is taken, an inconsistency may arise if, between trﬁ'rocessor (e.g., word, byte, éc)When the requested cache
use of a value prediction and its confirmation, a second threaghe arrives from memory, the OPB compares the line’s data
updates the corresponding location. To see the problem, Weyainst all the predictions made for words of the line. The
slightly change the example suggested by Maetial. Con-  opB deallocates the corresponding entry and forwards the line
sider a two-element array[] and a pointeP. For each element  pstream to the L1, including in the messagmafirmationor

of the array, a producer thread 1) initializes it and 2) §ets  rejectiontag for each of the predictions made. These tags and
point to it. Consider the time when the producer thread hagjata will eventually reach the processor.

just initiali;edA[O] and seP to point to |t A consumer thread  Figure 2-(c) shows the OPB structure. As a reference, Fig-
readsP, misses in the cache, and predicts thatit poins[id. e 2-(b) shows the MSHR in the L1 cache, whose structure

1In our experiments, we have observed that stall due to overflow almost 2For simplicity, we use the term word to refer to any fine-granularity data
never happens because speculative execution tends to be short. size.




is unmodified. For both the L1's MSHR and the L2's OPB, 4.1.3 Additional Processor Support

we use an Explicitly-Addressed organization [7] (Section 2.1).

The control logic of the L1’s MSHR is changed slightly, so In addition to the RDYB and the hardware-based register
that secondary misses in L1 are propagated to the L2 (Se&hGCpriﬂting of Section 22, a CAVA processor needs three
tion 3.1.1). small modifications. The first one is a Status Register (Fig-

A conventional MSHR in L2 only keeps line address infor- U'e 3), vyhich indicates if the processor is curremly running
mation. The OPB extends it with additional information for SPeculatively Chk-Lowor Chk-Highmode, depending on the
several predicted words in that line. For each such word, th@rediction confidence) or noNon-Chkmode). The Status
OPB contains the word offset, the destination register, and thBedister is used to decide whether a checkpoint is needed when
predicted value sent to the processor. a retiring load consumes a predicted value.

On the processor side, the purpose of the RDYB is to tem- The second modification involves passing some bits of the
porarily buffer the value predictions forwarded by the OPB un-PC and branch history from the processor to the value predictor
til they are confirmed or rejected. A new RDYB entry is allo- in the L2 controller. The value predictor we choose (Section 5)
cated when a prediction is received; the entry is deallocateffauires these bits.
when the processor finally receives the value from memory The third modification is th@redicted Line Address Buffer
with a confirmation or rejection tag. (PLAB) It holds the addresses of cache lines for which at least

Figure 2-(a) shows the RDYB structure. The first fisiP@  ©One prediction has been consumed by the processor during the
Subentry |D contains an ID sent by the OPB together with thecurrent CheCprinted run. As indicated in Section 316, this
data value prediction at the time the RDYB entry is allocated buffer ensures prediction consistency under multiprocessing.

It identifies the location in the OPB that holds the prediction.
When the OPB sends the final data to the processor with a co
firmation or rejection tag, it includes the OPB Subentry ID.

This is used to index the RDYB — the physical register num-a jndicated in Section 2.2, the L1 cache is modified to also
ber cannot be used because the register may have been recyclggrer memory state generated by the processor as it runs spec-
and reused (by the time the prediction confirmation/rejection,|atively following a checkpoint. If the speculative section suc-

comes back from memory, the load may have already retired}eegs, such state is merged with the architectural state of the
The second field (destination register) is checked by m'ss'”(?rogram; otherwise, it is discarded.

loads ”th pefore they .retire, in order to obtain the Pf?d“?‘e More specifically, when the processor speculatively updates
dat_a (third field), Wh!Ch is then _cople_d to the load’s dest|nat|ona location, the corresponding cache line in L1 is updated and
register. At that_ point the reg_lste_r is guaranteed not to hav?narked with aSpeculative (Shit in the tag (Figure 3). If the
been recycled, since the load is St'l_l !n the ROB line was dirty before the update, the line is written back to
The RDYB also stores three additional bits: Consumed (C)memory before accepting the update and setting the S bit. In

LowConfidence (LC), and Stale (S). The Consumed bit is Sef, case, the speculatively updated cache line cannot be dis-
when the entry is consumed. The LowConfidence bit is Seblaced from L1.

whe_n the value pred|ct|o_n.rece|ved f“’”.‘ the OPB is 9f low When all value predictions are confirmed and the processor
confidence. The Stale bit is set for entries that are still allo

ted when th i< rolled back. Th i< th ttransitions to Non-Chk mode, the cache commits all the spec-
cated when the processor 1s rofied back.  The reason Is that g, e jines by gang-clearing the S bits. The lines can now be
RDYB en_try |s.only dea_lloc_ated on recepuon_of avalue predlc'displaced to L2 and main memory on demand. Instead, if a pre-
tion cobnﬂfrmanon or re:e_ctlon mgssagel,q while a r°||ba\(/:\|/(hcandiction fails and the processor needs to roll back to the previous
occur belore Some entries receive such a message. yvhen gﬁeckpoint, all the lines with a set S bit get their Valid and S
eqtry .W'th a Stale b.lt.set. finally receives the confirmation hits gang-cleared. These gang operations have been described
rejection message, itis silently deallocated. elsewhere [10, 20]. They are typically done with a hardware
signal and can take several cycles, as they occur infrequently.
4.1.2 Value Predictor It is possible that, as the processor executes speculatively,

the L1 runs out of space for speculative lines. In this case, the

Tlhe le contrqller(;:on.t?]mi a g?allée Pr((jadlct'londmodlule Fr;]atlesLl signals the processor, which stalls until either it rolls back
closely associated with the and trained only wit due to a misprediction or it terminates speculative execution

cach_e misses. When an L2 miss occurs, the valug pred'Ct_%rue to confirmation of all outstanding predictions. In our sim-
predicts the value of the requested word. The value is stored Mations. this stall only occurs very rarely

one of the OPB Subentries (Figure 2-(c)) and returned to the

processor, together with a high or low confidence code. The

processor allocates a RDYB entry to store the prediction and 2 Detailed Operation
associated information.

CAVA uses a hierarchical value predictor, which contains alo understand the operation of CAVA, we overview a few as-
global and a local value predictor, along with a selector (Secpects: communication between processor and caches, enter-
tion 5). The value predictor also estimates its confidence ifng and committing a speculative section, and handling branch
each prediction. mispredictions and load replays.

I2(.1.4 Additional Cache Hierarchy Support
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Figure 3:O0verall microarchitectural support in CAVA.

4.2.1 Communication between Processor and Caches ister, and OPB Subentry ID.

Every time the processor receives one of these messages, it
Figure 4 shows the messages exchanged between procesfods the corresponding RDYB entry. If the Consumed bit is
and caches. When a load misses in L1 (message 1), the relear, the incoming data is sent to the destination register. If
guest is forwarded to L2 (message 2), including the fine-graithe Consumed bit is set and the message contains a rejection
address and the destination register number. If the load is fortag, the hardware sets the Stale bit of all the valid RDYB en-
word or byte of a line already in the L2's OPB, the OPB sim-tries, and the processor initiates a rollback. If either the Con-
ply uses a free OPB Subentry in the existing entry. Otherwisesumed bit is set and the message contains a confirmation flag,
a new OPB entry is allocated and the line is requested fronor the Stale bit is set (the load was canceled in a rollback), no
memory (message 3). In either case, a prediction is returned #&ction is taken. In all cases, the corresponding RDYB entry is
the processor, together with the register number, OPB Subewleallocated.
try ID, and level of confidence (high or low) in the prediction  Note that, after a rollback, the OPB continues to send mes-
(message 4). At the processor, the prediction is stored in sages with rejection or confirmation tags that reach the proces-
newly-allocated RDYB entry and, if appropriate, the LowCon-sor. As a message matches its RDYB entry, it finds the Stale
fidence bit is set. When the missing load finally reaches thdit set and, therefore, the RDYB entry is simply deallocated.
head of the ROB, if the destination register has not yet received

the data from memory, the processor checkpoints (unless iti$ 2 2 Entering and Committing a Speculative Section
already speculating), consumes the value in the RDYB entry

and sets the Consumed bit. The load then retires. As indicated in Section 4.2.1, a processor may enter a spec-

1 - ) - 3 ulative section when a load waiting for memory reaches the

(addr, reg) (addr, reg) (addr) head of the ROB and finds a valid RDYB entry for its desti-

7 6 5 nation register. At this point, three cases are possible. First, if

CPU | et | Mt fackr, deta L2 [ (dndag | MM | the processor is in Non-Chk mode, it performs the checkpoint,
(f‘ga perfeg,' consumes the prediction, and enters a speculative section. The

opsid, ~—  OFBid execution mode becomes Chk-Low or Chk-High depending on

OK/NOK) OKINOK) the LowConfidence bit in the RDYB entry.
4 Secondly, if the processor is in Chk-High mode and the

(pred. val, reg, OPB d, confidence) LowConfidence bit in the RDYB entry is set, the processor

Figure 4:Messaging between processor and caches in CAVA.  Walits until all the pending predictions are confirmed and the
current speculative section commits. Then, it performs a new
checkpoint, consumes the prediction, and starts a new specula-

When the requested line arrives from memory (message 5)ive section in Chk-Low mode.

the OPB forwards the line to L1 (message 6). For each pre- Finally, in all other cases, the processor simply consumes
diction made on the line’s words, the message includes: a corthe prediction and remains in the speculative mode it used to
firmation/rejection tag (OK/NOK in Figure 4), the destination be.

register, and the OPB Subentry ID. As the L1 sends each of On the other hand, a speculative section commits only when
the requested words to the processor separately (messagestlig last non-Stale RDYB entry is deallocated. At that point,

it also includes the confirmation/rejection tag, destination rega hardware signal triggers the changes discussed above on the



L1 cache and Status Register. This condition can happen natu- Our value predictor is composed of a single-entry global
rally. Alternatively, the processor can gently enable it to occulast value predictor, and a last-value predictor indexed by the
sooner by stopping the prediction of values for new misses anBC hashed with some branch history bits. A 2-bit saturating
treating them conventionally. The processor may choose to doounter selector predicts, based on the PC, which prediction to

this for the reasons discussed in Section 3.1.5. take. In addition, we have a confidence estimator to estimate
the confidence degree of the prediction. It is a 2-bit saturating
4.2.3 Branch Mispredictions and Load Replays counter indexed by the PC. The last-value predictor, the se-

) lector, and the confidence estimator use 2048-entry tables. As
In conventional processors, there are cases when the proc&giown in Section 6.3.3, we choose this configuration because

sor issues loads to the cache hierarchy that will not commity gives high accuracy for a reasonable area.
Examples are loads that follow the wrong path of a branch, or gyerall, CAVA requires modest additional storage: approxi-
loads that need to be replayed to satisfy the memory consignately 7Kbits for the RDYB, 4Kbits for the confidence estima-
tency model or other conditions. _ tor, 24Kbits for the OPB, and 68 Kbits for the value predictor,
Under CAVA, it is possible that some of these loads missor 5 total of 103Kbits. All structures except the RDYB are
in L2 and the OPB provides predictions, therefore aIIocatingmaced outside the processor core.
RDYB entries. However, correctness is not compromised. EV- Eqr the evaluation, we use most of the SPECint and some
ery time that the conventional hardware squashes one of thegepchp applications. These codes are compiled into MIPS bi-
loads, CAVA indexes the RDYB with the corresponding des-py5rjes usingjcc 3.4 with-O3. The only SPECint application
tination register and sets the corresponding Stale bit. Latefnissing iseon which we do not suppport because it is written
when the values requested by these loads eventually arrig§ c++. Some SPECfp applications are not used because they
from memory, they will find the Stale bit set in their RDYB gre written in Fortran 90 (which our compiler cannot handle)
entries. At that point, the entries will be silently deallocated. o se system calls unsupported by our simulator. We run the
codes with theef input set. After skipping the initialization
5 Experimental Setup (severa! billion _instructions), we graduate at least 600 million
correct instructions.

We evaluate CAVA using execution-driven simulations with a
detailed model of a state-of-the art processor and memory suk6 Evaluation
system. Due to limited space in this paper, we only evaluate a
yniprocessorsystem; we leave the evaluation of multiprocgsscg_l Overall Performance
issues for future work. The processor modeled is a four-issue
dynamic superscalar with two levels of on-chip caches. OtheFigure 5 shows the speedups of the different architectures de-
parameters are shown in Table 1. scribed in Section 5 oveBase If we compareCAVAto Base
We compare six different architectures: a plain superscalawve see that CAVA delivers an average speedup of 1.14 for
(Basg, CAVA with a realistic value predictorGAVA), CAVA SPECint applications and 1.34 for SPECfp. In addition, no
with a 100% accurate value predict@AVA Perf VB, Runa-  application is slowed down by CAVA.
head modified by storing the speculative state in the L1 cache ComparingCAVA and CAVA Perf VR we see that the per-
rather than in the Runahead cache [Rufahead/§; Runa-  formance of CAVA can be significantly improved with better
head/C that uses predicted values for missing loads rather thamlue prediction. However, even with perfect value prediction
marking their destination register as invalidupnahead/C w/ (CAVA Perf VB, the performance is still far off from the case
VP), and Base with a perfect L2 cache that always Herf{  of a perfect L2 cacheRerf Men). The reason is th&erf Mem
Mem. does not suffer from off-chip memory latency and its MSHR
In our model of Runahead, we store the speculative state istructures are much less likely to fill up and stall the processor.
L1 rather in the original Runahead cache [22]. We do so to On the other hand, for applications with low L2 miss rates
make the comparison to CAVA more appropriate. Note that webzip2 crafty, gccandgzip), no architecture makes much of a
also use different architectural parameters: a 4-issue procedifference.
sor and a 1 MB L2, rather than the 3-issue processor and 512 If we now compareCAVA and Runahead/Cwe see that
KB L2 used in [22]. Moreover, we use different applications. CAVA is faster: its average speedups of 1.14 and 1.34 on
However, our results foRunahead/Care in line with those SPECint and SPECfp applications, respectively, are higher
in [22]: the mean speedup for the six (unspecified) SPECinthanRunahead/G 1.07 and 1.18. The gains come from two
applications reported in [22] is 1.12, while the mean speedugffects, which we can quantify by analyziiunahead/C w/
of Runahead/C for our six top-performing SPECint applica-VP.
tionsis 1.11. Specifically, the difference betwe®unahead/@ndRuna-
All architectures includingBase use anaggressive 16- head/C w/ VBs the support for value prediction for missing
stream stride prefetcherThis prefetcher is similar to the one loads. As aresult, iRunahead/C w/ VPspeculative execution
in [23], with support for 16 streams and non-unit stride. Theleads to execution more similar to correct execution. This im-
prefetcher brings data into a buffer that sits between the L2 anpgroves data prefetching and branch training. We call this effect
main memory. execution effectit is most prominent in SPECint applications.



[ Processor [ Cache D-L1 L2 I

Hardware Prefetcher:
Frequency: 5.0 GHz Fetch/issue/comm width: 6/4/4 Size: 16KB imMB 16-stream stride prefetcher
Branch penalty: 13 cyc (min) l-window/ROB size: 60/152 RT: 2cyc 10 cyc hit delay: 8 cycles
RAS: 32 entries Int/FP registers: 104/80 Assoc: 4-way 8-way buffer size: 16 KB
BTB: 2K entries, 2-way assoc. LdSt/Int/FP units: 2/3/2 Line size: 64B 64B Memory: DDR-2
Branch predictor (spec. update): Ld/St queue entries: 54/46 Ports: 2 1 FSB frequency: 533MHz
bimodal size: 16K entries Checkpoint ovhd(hidden): 5 cycles L1 and L2 MSHR: 128 entries each FSB width: 128bit
gshare-11 size: 16K entries Rollback ovhd: 11 cycles CAVA specific: DRAM bandwidth: 8.528GB/s
OPB: 128 entries RT: 98ns
Val. pred. table size: 2048 entries (approx. 490 processor cyc)
Max. chkpt. durationT.px): 1280 cyg

Table 1:Architecture modeled. In the table, RAS, FSB and RT, stand for Return Address Stack, Front-Side Bus, and minimum
Round-Trip time from the processor, respectively. Cycle counts refer to processor cycles.
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Figure 5: Speedups of the different architectures described in Section SBag All architectures use a 128-entry MSHR in
the L1 cache.

The difference betweeRunahead/C w/ VBNdCAVAis that  spectively. Note that the prefetcher is also prese @AVA
the former rolls back even on a correct value prediction. This Column 5 showsCAVAs IPC. Compared t@ase(Column
wastes some useful work. We call this effeommit effectit  2), CAVAtypically has a higher IPC. In applications with very

is most prominent in SPECfp applications. low L2 miss rate such alzip2, crafty, gcc, gzignd vortex
We observe some cases where the bars have unusual beh&olumn 3), the two IPCs are very similar.
ior. For exampleCAVAis slower thanRunahead/Gn twolf Columns 6 and 7 show the maj6AVAoverheads. Specif-

and slower thaRunahead/C w/ Vih gap. These effects occur jcally, Column 6 shows the fraction of instructions wasted in
because the speculative sections are typically long€AWA  rollbacks. Such a fraction is on average 18% and 26% for
Runahead/@ndRunahead/C w/ ViPoll back immediately af-  SPECint and SPECTp, respectively. Since these instructions
ter the first long latency load is serviced. On the other handare executed in the shadow of a miss, discarding them does not
CAVArolls back only after the first value misprediction is de- affect performance much. Furthermore, they may train branch
tected, which may happen much later, resulting in more wastegredictors and prefetch data. Column 7 shows the total roll-
work. In addition, the cache may get more polluted. back overhead in percentage of program cycles. This number
A second unusual behavior is when the use of value predids only 0.6% and 1.5% of the program cycles for SPECint and
tion hurts performance. This occurstinolf, equake mgrid, = SPECfp, respectively. This number can be computed by mul-
andwupwise whereRunahead/C w/ Vi slower tharRuna-  tiplying the 11 cycles of rollback overhead (Table 1) times the
head/C For these runs, we observe worse branch predictiomumber of rollbacks. During this time, the processor stalls.
accuracies and L1 miss ratesRunahead/C w/ VPThe pre-  There is also the overhead of checkpointing (5 cycles per in-
dicted values unexpectedly train the branch prediction worssetance as shown in Table 1). However, such overhead is not

and pollute the cache more. visible to the application.
The value predictor used f@AVAhas reasonable accuracy
6.2 Characterization of CAVA (Column 8). On average, its accuracy is 48% for SPECint and

52% for SPECfp. Similarly, the confidence estimation mecha-
Table 2 characterizes the execution un@&VA As a refer- nism performs well (Column 9). Its average accuracy is 85%
ence, Columns 2 to 4 show some characteristics of executioand 90% for SPECint and SPECTp, respectively.
underBase the IPC, L2 miss rate, and the percentage of L2 The last four columns of Table 2 (Columns 10-13) char-
misses that find the requested data in the prefetch buffer, rexcterize the average behavior of a speculative section. Such



Base CAVA
App. L2 miss | Prefetch Instrs Rollback | Val. pred. | Conf. est. Checkpointed Run
IPC rate coverage | IPC | wasted | overhead | accuracy | accuracy | Separation| Duration | Number [ Failures
(%) (%) (%) (% cycles) (%) (%) (instrs) ‘ (instrs) ‘ preds ‘ (%)
bzip2 2.24 0.0 47.0 2.24 0.0 0.0 58.4 96.0 48702 167 1.7 94
crafty 2.19 0.0 0.1 2.24 2.0 0.0 61.6 81.9 27877 1054 2.3 48
gap 0.91 1.4 65.7 1.31 23.0 2.2 50.1 85.4 645 215 6.4 87
gcc 1.72 0.0 56.9 1.73 0.0 0.0 48.4 76.7 26939 178 1.2 56
gzip 1.56 0.1 97.3 1.57 1.0 0.0 3.9 97.1 25559 270 52.7 97
mcf 0.11 14.8 28.7 0.15 78.0 1.6 59.8 80.5 211 182 9.2 67
parser 1.12 0.4 51.5 1.34 16.0 0.6 51.2 81.0 1557 326 3.3 61
perlomk | 2.15 0.2 26.1 2.44 3.0 0.4 74.1 90.1 4583 162 3.0 73
twolf 0.55 0.9 0.7 0.75 45.0 1.3 39.1 73.1 646 395 4.3 64
vortex 2.42 0.1 36.6 2.46 8.0 0.2 61.8 85.0 6730 633 13.1 72
vpr 1.28 0.2 1.0 1.43 24.0 0.5 21.3 88.4 2295 708 3.9 71
applu 2.09 0.2 29.7 2.58 3.0 0.0 59.0 99.4 16985 1043 45.6 55
art 0.43 30.4 94.6 0.66 38.0 1.4 54.7 92.6 412 308 30.6 56
equake | 0.64 3.5 80.5 0.86 55.0 3.9 47.1 76.6 250 191 13.1 53
mesa 2.44 0.2 78.7 2.51 3.0 0.1 315 81l.1 11147 445 3.1 69
mgrid 1.37 1.2 93.4 1.89 27.0 2.2 75.1 99.2 695 464 15.1 62
wupwise | 1.30 1.2 77.2 2.05 28.0 1.3 46.1 88.7 1580 778 33.2 76
[ ntAvg [ 148 ] 16 | 374 | 161 ] 182 | 06 | 482 | 850 | 13249 | 390 [ 92 [ 72 ]|
[ FPAvg | 138 61 | 757 | 176 257 | 15 | 523 | 896 | b5ir/8 | 538 | 234 | 62 ||

Table 2:CharacterizingCAVAexecution.

a section, which we call &heckpointed Runstarts when a reaches the head of the ROB (Delayed useépVA employs
checkpoint is created and finishes when a commit or a rollbackelayed use. The rationale is that a prediction may be rejected
occurs. Column 10 shows that the separation between consduefore its value is actually used, effectively avoiding a rollback.
utive checkpointed runs (from checkpoint creation to the next To assess the impact of supporting the Delayed uS&WA
checkpoint creation) is on average slightly over 13K instruc-we measure the percentage of predictions that have not been
tions for SPECint and 5K for SPECfp. SPECfp applicationsconsumed by the time the value is confirmed or rejected. This
have more frequent checkpoints than SPECint applications bés shown in Column 2 of Table 3. On average, over 5% of the
cause they have higher L2 miss rates. predictions for SPECint and 11% of the predictions for SPECfp
Column 11 shows that the average checkpointed run lasts fovere not consumed before they were confirmed or rejected.
390 instructions for SPECint and 538 for SPECfp. MoreoverNote that, in Inmediate use, it takes only one of these predic-
according to Column 12, a run contains on average 9.2 predid¢ions to be incorrect to cause a processor rollback. Since the
tions for SPECint and 23.4 for SPECfp. In addition, Columnhardware to implement Delayed use is sim@é&VAemploys
13 shows that the fraction of runs that terminate with a rollbackDelayed use.
is on average 72% for SPECint and 62% for SPECfp. It is in-

. . . Pred. not | Ld-to- Imp. of confid timati lati
teres_tmg to note that, although SPECfp appllc_at|0ns have more  app,. Cgﬁsu;‘;d dist‘;#f: @ﬁkgt °°”;§3§§;1”“a ',2‘;;1.‘;3 e
predictions per checkpointed run than SPECint codes, check- (%) (instrs) d(_urattiO)n chkpts chkpts

. . . INStrs,
pointed runs fail less often. In both SPECfp and SPECint b2z =5 = 006 — 559
however, it is clear that correct predictions are clustered iN——crafty 0.7 3.9 0.89 1.25 1.00
time: given the many predictions needed per run and the ave-__93P 3.7 3.0 0.77 3.62 1.01
.. . .. gcc 2.6 4.5 0.83 1.49 1.00
age value prediction accuracy (around 50%), if each predictiorr—gzip 71 95 0.97 2.03 1.00
had the same probability of failure, practically all checkpointed/| _mcf 15 19 0.51 10.07 1.05
. parser 24 35 0.72 2.87 1.02
runs would fail. perlbmk 3.0 15 0.54 12.63 0.85
Finally, Figure 6 gives the intuition as to wiGAVAdelivers twolf 6.0 25 0.44 4.87 112
b f h The fi h hi f vortex 22.2 5.9 0.84 1.64 1.01
etter performance t aBlase; e figure shows histograms o vpr 5 T8 076 547 598
outstanding L2 misses during program executionnfmf and applu 12 8.0 0.76 2553 .00
art, both underBaseand CAVA Comparing the histograms, art 123 18 0.53 9.79 1.01
. equake 7.8 5.4 0.61 3.30 1.00
we observe that, und€LAVA the case of a high number of mesa 551 30 072 303 107
simultaneous outstanding L2 cache misses occurs more oftejh. marid 13.0 8.8 0.80 3.05 0.98
This shows tha€AVAenables more memory level parallelism. Lebese 100 33 069 224 L3
y P "[[ ntAyg [ 57 [ 36 | 075 [ 410 | 100 |
[FPAg | 111 | 52 | 069 | 816 | 1.02 ||

6.3 Sensitivity Analysis Table 3:CAVAsensitivity analyses. The impact of the Confidence

6.3.1 Immediate vs Delayed Value Consumption Estimator (CE) is shown as the ratio between measurements with
CE and measurements without CE.

As described in Section 3.1.2, there is a choice between con-
suming a value prediction as soon as the prediction arrives at
the processor (Immediate use) or waiting until the missing load
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Figure 6:Distribution of outstanding L2 misses f@aseand CAVA for the memory-bound applicationscfandart.
6.3.2 Checkpoint at Load vs at Use Therefore, there is no need to place it close to the processor;

i ) ) it can be placed in the L2 cache, where it can be more easily
Section 3.1.3 discusses whether to create a checkpoint ata.ommodated.

missing load (as itCAVA) or at the first use of the correspond-

ing predicted value. We have measured the average distance

between a missing load and its first use Base The results  §.3.4 Confidence Estimation

presented in Column 3 of Table 3 show that the distance is

small: there are no more than a few intervening instructiond he last three columns of Table 3 (Columns 4-6) show the im-
between load and use — typically 4-6. Consequently, we conpact of our Confidence Estimator (CE) for value prediction.
clude that checkpointing at a missing load is good enough. The impact is shown as the ratio between measurements with
CE and measurements without CE. Column 4 shows the ratio
of the number of instructions per checkpointed run. The effect
of the CE is to reduce the size of the checkpointed runs to 75%

We examine the prediction accuracy of several value predictSPECInt) and 69% (SPECfp) of their original size. The rea-

tors. The predictors analyzed are: zero predicBrafways SON _is that the c_on_fidence estimator stops speculation on low

predict the value zero); single-entry global last-value predictofonfidence predictions.

(GLV); last value predictor indexed by a hash of the R@){ Columns 5 and 6 show the ratio of the number of success-

last value predictor indexed by a hash of the PC and the brandhl and failed checkpointed runs, respectively. We see that,

history BHLV); stride predictor $); and finite context method Wwith CE, the number of successful checkpointed runs is much

predictor FCM) [8]. We also analyze combinations of any two higher: 4 times for SPECint and 8 times for SPECfp. We also

of them, where the prediction is selected by a 2-bit saturating€e€ that the number of failed checkpointed runs stays approxi-

counter selector indexed by a hash of the PC. mately the same. The reason for this effect is that the CE breaks
Figure 7 shows the prediction accuracy across all the app“l.ong ChECprinted runs that used to fail into shorter ones that

cations for each predictor. There are two bars for each predid&UCCGGd and shorter ones that still fail. Therefore, we conclude

tor: the first one is the accuracy when trained exclusively withthat the employment of CE is useful.

L2 misses; the second one is the accuracy when trained with

all memory accesses. In both cases, predictions are only gen- .

erated on L2 misses. The labels on top of the bars show th&3-5> Number of MSHR and OPB Entries

total size of the corresponding predictor in bits. All predictors

have 2048 entries, except fdamandGLV, and the selectors.

6.3.3 L2 Value Prediction Accuracy

We now vary the number of entries in the L1 MSHR. Figure 8

shows the execution time of the applications for L1 MSHRs
10— where the number of entries ranges from 16 to 8K. In all ex-
periments, the number of entries in the L2 MSHRE#&sg and

in the OPB (inCAVA are the same as the number of entries in

the L1 MSHR. For each size, we show four bars, correspond-
ing to Baseand CAVA and for SPECint and SPECfp. Under
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application set iBasefor a 128-entry L1 MSHR.
Figure 7: Value prediction accuracy and size for various We observe that the bars f@AVAlevel off at many more
predictors. The accuracy across applications is computed by MSHR entries than foBase The reason is thaCAVA can
weighing the accuracy in each application by the number of exploit a higher memory-level parallelism and, therefore, can
predictions in the application. The bar with an asterisk corre- use more MSHR entries. WithiBAVA the saturation occurs
sponds to the predictor used in this paper. at 128 entries for SPECint and at 512 entries for SPECfp.
The reason is that SPECfp applications have a higher poten-
The predictor that exhibits the best size/accuracy tradeoff ia| memory-level parallelism. Overall, o@AVAdesign with

GLV+BHLV. This is the predictor that we use in this paper. It 128 entries in the L1 MSHR and OPB (Table 1) has as many
has a size of about 8KB and an accuracy close to 50%. Its agmtries as needed for SPECint, but not for SPECfp.

curacy is higher when it is trained exclusively with L2 misses.

10



gy B cessor can roll back to a checkpoint.
g 1e Qowrr Lebeck et al [16] propose a design for the instruction win-
ﬂ z dow where instructions dependent on a long latency operation
g1 are moved from the conventional issue queue to another struc-
go ture while the long latency operations is executed. Once the
7 os long latency operation completes, those instructions are moved
* N " “ = * " back into the conventional issue queue and are executed. In the
Figure 8:Impact of the number of L1 MSHR entries. In all meantime, instructions not dependent on the long latency op-
experiments, the number of entries in the L2 MSHRR&E9 eration can be executed.
andin the OPB (ifCAVA are the same as the number of entries CFP [26] removes long latency loads and their dependent in-
in the L1 MSHR. All bars are normalized Basefor a 128- structions (slice) from the execution window and places them
entry L1 MSHR. in an off-critical path structure until the missing load is ser-
7 Related Work viced. In the meantime, independent instructions execute, hid-

ing the load latency. When the load is serviced, the slice is

) . reintroduced in the execution window and is finally executed.
Runahead execution [22] checkpoints the processor and prejke CAVA, CFP uses checkpointing and is subject to failed

maturely retires a long-latency load before it completes, s@peculation. However, the cause is different: on slice construc-
that the processor can continue execution (speculatively). Thgsn, some instructions are speculatively predicted by CFP to
goal of Runahead is to train branch predictors and to prefetche dependent on other instructions already in the slice. A major
data into caches. Runahead and CAVA have three major difgifference between CAVA and CFP is that CFP hides the load
ferences. First, in Runahead there is no prediction: the destjztency with the execution dhdependeninstructions, while
nation register of the missing load is marked with an invalidcava hides it with bothdependentrisking mispredictions)
tag, which is propagated by dependent instructions. Such ingndindependeninstructions. There is some evidence that, at
structions do not warm up branch predictor or caches. Seconghast some times, there may not be enough independent instruc-
in Runahead, when the data arrives from memory, execution ifons to hide the latency of loads [21].
always_rolled back; in CAVA_, if the p_rediction is correct, exe- 7oy and Conte [28] use value prediction on missing loads
cution is not rolled back. Finally, while Runahead buffers (po-t, continue executing (speculatively). Speculative instructions
tentially incomplete) speculative state in a processor structurgsmain in the issue queue, since no checkpointing is made.
called_ Runahead cache, CAVA buffers the whole speculatiVgyhen the actual data is received from memory, the specula-
state in L1. tive instructions are always discarded and re-executed. As in
CLEAR [13] wasdeveloped concurrentlyith CAVA. Com-  Runahead, speculative execution is employed for prefetching.
pared to CLEAR, CAVA presents a more simplified design. For  Several related schemes use register checkpointing and roll-
example, the value prediction and validation engine in CAVApack to support the speculative execution of long code sections.
is located off the critical path, in the L2 MSHR structure (and For examp|e, Cherry [20] Checkpoints and then Specu]a’[ive|y
is trained only with L2 misses), whereas in CLEAR, predic-recycles resources early. TLS [10, 14, 25, 27] checkpoints and
tion and validation mechanisms are located inside the procegpawns a thread to run speculatively.
sor core. Moreover, to simplify the design, CAVA explic-  Finally, several authors have studied the prediction of regis-

itly chooses to support only one outstanding checkpoint at ger values [3, 8, 17, 24]. In our paper, we have reused some of
time, and forces the termination of a high-confidence specueir algorithms.

lative section when a low-confidence prediction needs to be

made; CLEAR supports multiple outstanding checkpoints. We

found that supporting multiple checkpoints increases the per8  Conclusion

formance insufficiently compared to the complexity it requires.

Finally, we described _how to support CAVA in multiproces- This paper presented a design and implementation of

sors, an area not considered by CLEAR. Checkpoint-Assisted VAlue Prediction (CAVA), a new tech-
In addition to these issues, our paper compares CAVA taique that hides L2 cache misses by predicting their data val-

Runahead with value prediction — an important design poinues, checkpointing the state, and continuing execution. When

left out by CLEAR. Moreover, our paper has a very detailedthe response with the value comes back from memory, the pre-

evaluation, including the effect of the number of MSHR regis-diction is verified. If the prediction is correct, execution con-

ters — a fundamental structure to support memory-level paraltinues normally; if it is not, the hardware rolls back execution

lelism. to the checkpoint. In either case, CAVA can increase perfor-
There are several other techniques to hide the latency ahance. Specifically, if the prediction is correct, the proces-

long-latency operations. For example, CPR [1] and Out-ofsor has performed useful work. If the prediction is incorrect,

order Commit processors [6] remove the ROB and suppor€AVA has potentially prefetched good data into the caches and

many instructions in flight, which allows them to hide long- trained the branch predictor like Runahead.

latency operations. They take frequent checkpoints so that on CAVA delivers significant speedups for a variety of codes.

exceptions, branch mispredictions, or similar events, the proSpecifically, compared to a baseline aggressive superscalar

11



processor, CAVA speeds up execution by up to 1.45 fof14] KRISHNAN, V., AND TORRELLAS, J. A Chip-Multiprocessor
SPECint applications and 1.58 for SPECfp applications, with

a geometric mean of 1.14 for SPECint and 1.34 for SPECfp

applications. These results outperform Runahead, which dog$5]

not use value prediction, and rolls back execution after every

speculative section.

[16]
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