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Future Execution: A Prefetching Mechanism
that Uses Multiple Cores to Speed up
Single Threads

ILYA GANUSOV and MARTIN BURTSCHER
Cornell University

This paper describes future execution (FE), a simple hardware-only technique to accelerate indi-
vidual program threads running on multicore microprocessors. Our approach uses available idle
cores to prefetch important data for the threads executing on the active cores. FE is based on
the observation that many cache misses are caused by loads that execute repeatedly and whose
address-generating program slices do not change (much) between consecutive executions. To exploit
this property, FE dynamically creates a prefetching thread for each active core by simply sending

a copy of all committed, register-writing instructions to an otherwise idle core. The key innovation

is that on the way to the second core, a value predictor replaces each predictable instruction in the
prefetching thread with a  load immediate instruction, where the immediate is the predicted result
that the instruction is likely to produce during its nth next dynamic execution. Executing this mod-
iPed instruction stream (i.e., the prefetching thread) on another core allows to compute the future
results of the instructions that are not directly predictable, issue prefetches into the shared memory
hierarchy, and thus reduce the primary threads® memory access time. We demonstrate the viability
and effectiveness of future execution by performing cycle-accurate simulations of a two-way CMP
running the single-threaded SPECcpu2000 benchmark suite. Our mechanism improves program
performance by 12%, on average, over a baseline that already includes an optimized hardware
stream prefetcher. We further show that FE is complementary to runahead execution and that the
combination of these two techniques raises the average speedup to 20% above the performance of
the baseline processor with the aggressive stream prefetcher.

Categories and Subject Descriptors: C.1.2 [ Processor Architectures ]: Multiple Data Stream Ar-
chitectures (Multiprocessors)

General Terms: Design, Performance

Additional Key Words and Phrases: Future execution, prefetching, memory wall, chip multi-
processors

1. INTRODUCTION

The cores of modern high-end microprocessors deliver only a fraction of their
theoretical peak performance. One of the main reasons for this inefpciency is the
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long latency of memory accesses. Often, load instructions that miss in the on-
chip caches reach the head of the reorder buffer before the data is received, thus
stalling the processor. As a consequence, the number of instructions executed
per unit time is much lower than what the CPU is capable of handling.

Prefetching techniques have been instrumental in addressing this problem.
Prefetchers attempt to guess what data the program will need in the future
and fetch them in advance of the actual program references. Correct prefetches
can thus reduce the negative effects of long memory latencies. While existing
prediction-based prefetching methods have proved effective for regular appli-
cations, prefetching techniques developed for irregular codes typically require
complicated hardware that limits the practicality of such schemes.

This paper proposes a hew approach to hide the latency of cache misses in
both regular and irregular applications using relatively modest hardware sup-
port. We call our approach future execution (FE). The design of the FE mech-
anism was inspired by the observation that most cache misses are caused by
repeatedly executed loads with a relatively small number of dynamic instruc-
tions between consecutive executions of these loads. Moreover, the sequence of
executed instructions leading up to the loads tends to remain similar. Hence,
for each executed load, there is a high probability that the same load will be
reexecuted soon. Therefore, whenever a load instruction is executed, we issue
a copy of that load in another core of the same CMP with the address for the
nth next instance to perform a prefetch into the shared memory hierarchy.

Value predictors can be used to determine the likely address each load is
going to reference in the nth next “iteration.” However, many important load
addresses are not directly predictable. Fortunately, even if a missing load’s
address exhibits no regularity and is thus unpredictable, it is often possible
to correctly predict the input values to its data-flow graph (backward slice)
and thus to compute a prediction for the address in question. Since the same
sequence of instructions tends to be executed before each critical load, the data-
flow graph stays largely the same. Exploiting this property, future execution
predicts all predictable values in the program and then speculatively computes
all values that are reachable from the predictable ones in the program’s data-
flow graph, which greatly increases the number of instructions for which an
accurate prediction is available.

Our mechanism uses a second core in a CMP to perform the future execution.
We propose to use an idle core instead of a specialized execution engine, because
it simplifies the design and allows the idle execution resources of the second
core to be put to good use. Whenever additional threads need to be run on the
CMP, the prefetching activity is canceled so that the second core can be utilized
by another thread for nonspeculative computation.

The FE mechanism works as follows. The original unmodified program exe-
cutes on the first core. As each instruction commits, it updates the value predic-
tor with its current result. A prediction is then made to obtain the likely value
the instruction is going to produce during its nth next execution. If the confi-
dence of the prediction is high, the instruction is replaced with a load-immediate
instruction, where the immediate is the predicted result. Instructions with a
low prediction confidence remain unmodified. After that, the processed stream
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of instructions is sent to the second core, where it is injected into the dispatch
stage of the pipeline. Instructions are injected in the commit order of the first
core to preserve the program semantics. Since we assume that the same se-
guence of instructions will reexecute in the future, the second core essentially
executes n “iterations” ahead of the nonspeculative program running in the first
core. The execution of each instruction in the second core proceeds normally,
utilizing the future values. Loads are issued into the memory hierarchy using
speculative addresses and instructions commit upon reaching the head of the
ROB, ignoring all exceptions.

All major high-performance microprocessor manufacturers have announced
or are already selling chips with at least two cores. Future generations of these
processors will undoubtedly include more cores. While multiple cores are ben-
eficial in multiprogrammed environments, the performance of individual com-
putation threads does not improve and may even suffer a penalty because of
increased contention for shared-memory hierarchy resources. In many cases,
a programmer might have to manually parallelize applications in order to get
a benefit from multiple cores, which increases the software complexity and
cost. In light of this trend, architectural techniques that smooth the transi-
tion from single to multicore computing are becoming very important [Rattner
2005]. We believe that future execution provides a way for multicore proces-
sors to provide immediate benefits and presents a relatively simple yet effec-
tive architectural enhancement to exploit additional cores to speed up indi-
vidual threads without the need for any programmer intervention or compiler
support.

Future execution presents a novel way of generating prefetch addresses for
loads, producing irregular sequences of addresses that are not directly pre-
dictable. Unlike previous proposals on prefetching via preexecution [Moshovos
et al. 2001; Roth and Sohi 2001; Roth et al. 1998], FE does not require explicit
program data-flow analysis to extract prefetching threads, either in software
or hardware. In addition, future execution can prefetch dynamically distant
misses and cover very long load latencies. Furthermore, it allows to adaptively
change the prefetching distance n through a simple adjustment in the predic-
tor. Finally, FE requires no live-in register variables from the target thread. As
a consequence, it has a low thread startup cost (no hardware context needs to
be copied) and can instantly stop or resume the execution of the prefetching
thread depending on the availability of an idle core.

The next section discusses the implementation of the FE microarchitecture.
We start by presenting a quantitative analysis of the observations that inspired
our design. We then focus on the hardware support necessary to implement
FE. We made an effort to minimize the complexity and to move most of the
added hardware out of the core. Next, we show that our simple implementation
delivers an average speedup of 25% on SPECcpu2000 programs relative to a
conventional superscalar core. Compared to a baseline with an aggressive hard-
ware stream prefetcher, FE still provides an average speedup of 12%. Finally,
we demonstrate that future execution is complementary to prefetching based
on runahead execution and that both approaches exhibit significant synergy
when used together.
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Fig. 2. Distribution of cache-miss addresses that can be correctly predicted directly by a future
value predictor ( fvpred) and using future execution ( fexeg.

program execution. The lower portion of each bar represents the fraction of
misses that is directly predictable by a stride-two-delta (ST2D) value predictor
[Sazeides and Smith 1997]. The upper bar shows how many miss addresses
that are not predictable by the ST2D predictor can be correctly obtained by
predicting the inputs of the instructions in the data-Bow graph of the missing
loads with the ST2D predictor and computing the resulting address. The height
of the stacked bar indicates the total fraction of misses that can potentially be
correctly predicted. To measure the potential prediction coverage of future ex-
ecution, we reconstruct the data-Bow graph of each problem load whenever a
cache miss occurs, compare it to the data-Bow graph of the same static load
during its previous execution, extract the part of the data-Row graph that is
the same, and then check if the values provided by the future value predic-
tor during the previous execution would have allowed to correctly compute the
load address referenced by the load instruction in the current iteration. We
limit the size of the data-Row graph that we analyze to 64 instructions. This
potential study ignores the effects of unpredictable loop-carried dependencies
passed through memory, i.e., all load instructions with predictable addresses
are assumed to fetch correct data one iteration ahead.

Figure 2 illustrates that while value prediction alone is quite effective for
some applications, future execution can signibcantly improve the fraction of
load miss addresses that can be correctly predicted and prefetched. One-half
of the SPECcpu2000 programs experience a signibcant (over 10%) increase in
prediction coverage when future execution is employed in addition to value
prediction.

Figure 3a shows a code example that exhibits the program properties dis-
cussed above. An array of pointers A is traversed, each pointer is dereferenced,
and the resulting data are passed to the function Ofo0.0 Assume that the data
referenced by the elements of array A are not cache-resident. Further assume
that there is little or no regularity in the values of the pointers stored in A. Un-
der these assumptions each execution of the statement data=*ptr will cause a
cache miss. As shown in Figure 3b, in machine code this statement translates
into a single-load instruction load r4, O(r4) (highlighted in bold).
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Fig. 3. Code example.

A conventional predictor will not be able to predict the address of the prob-
lem instruction since there is no regularity in the address stream for this
instruction. However, the address references of instruction load r4, 0(r3) are
regular because each instance of this instruction loads the next consecutive el-
ement of array A. Therefore, it is possible to use a value predictor to predict the
memory addresses for this instruction, speculatively execute this instruction,
and then use the speculatively loaded value to prefetch the data for the prob-
lem load instruction. Since the control flow leading to the computation of the
addresses of the problem load remains the same throughout each loop iteration
(Figure 3c), a value predictor can provide predictions for the next iterations
of the loop and the addresses of the problem load will be computed correctly.
Therefore, sending the two load instructions to the second core in commit order
and future predicting the first instruction makes it possible to compute the ad-
dresses of the second load that will be referenced by the main program during
the next iterations.

3. IMPLEMENTATION OF FUTURE EXECUTION

Our implementation of future execution is based on a conventional chip mul-
tiprocessor. A high-level block diagram of a two-way CMP supporting FE is
shown in Figure 4. Both microprocessors in the CMP have a superscalar exe-
cution engine with private L1 caches. The L2 cache is shared between the two
cores. Conventional program execution is performed on the “left” core while
future execution is performed on the “right” core. To support FE, we introduce
a unidirectional communication link between the cores with a value predictor
attached to it. Both the communication link and the predictor are not on the
critical path and should not affect the performance of either core in a negative
way. The following subsections describe the necessary hardware support and
the operation of FE in greater detail.
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Fig. 4. The FE architecture.

3.1 Overview of Operation

Each register-writing instruction committed in the regular core is sent to the
second core via the communication link. The data that need to be transferred
to the second core include the decoded instruction, result value, and a partial
PC to index the value predictor table. Stores, branches, jumps, calls, returns,
privileged instructions, system calls, and arithmetic floating-point instructions
are not transmitted. If the communication link’s buffer is full, further commit-
ted instructions are dropped and not transmitted to the second core. Each sent
instruction passes through the value predictor, updates the predictor with its
current output, and requests a prediction of the value it is likely to produce in
the nth next dynamic instance. Each prediction is accompanied by a confidence
estimation [Lipasti et al. 1996].

If the confidence of the prediction is high, the corresponding instruction is
replaced by a load-immediate instruction, where the immediate is the predicted
result. If the predicted instruction is a memory load, an additional nonbinding
prefetch instruction for that load’s address is generated right before the load-
immediate instruction. This allows the future core to prefetch this data without
stalling the pipeline if the memory access misses in the cache. All instructions
with a low prediction confidence remain unmodified.

After that, the processed stream of committed instructions is sent to the
second core, where it is injected into the dispatch stage of the pipeline. Since
instructions are transmitted in decoded format, they can bypass the fetch and
decode stages. Instruction dispatch proceeds as normal—each instruction is re-
named and allocated a reservation station and a ROB entry if these resources
are available. Whenever the input values for the instruction are ready, it ex-
ecutes, propagates the produced result to the dependent instructions, and up-
dates the register file. If the instruction at the head of the ROB is a long latency
load, it is forced to retire after a timeout period that equals the latency of an
L2 cache hit. This approach significantly improves the performance of the FE
mechanism as it avoids stalling the pipeline. Timed-out instructions set the
invalid bit in the corresponding result register. The execution of instructions
that depend on the invalidated result is suppressed.
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Fig. 5. Execution speedup.

the baseline with prefetching based on future execution (fexec), the baseline
with an aggressive hardware stream prefetcher between the shared L2 cache
and main memory (stream) [Palacharla and Kessler 1994], and the baseline
with stream prefetching as well as future execution (stream + fexec). Figure 5
presents speedups for individual programs, as well as the geometric mean over
the integer and the floating-point programs (integer programs are shown in the
left panel, floating-point programs in the right panel). Note that the scale of
the y axis for the SPECint and the SPECfp benchmarks is different. The per-
centages on top of the bars are the speedups of future execution combined with
stream prefetching (stream + fexec) over stream prefetching alone (stream).

The results show that the hardware stream prefetcher used in our study is
very effective, attaining significant speedups for the majority of the programs,
with peaks of 306% for swim and 159% for lucas. The average speedup over the
SPECIint programs is 13%, while the SPECfp applications experience an aver-
age speedup of 48%. Note that we tuned the parameters of the stream prefetcher
to maximize the prefetching timeliness and to minimize cache pollution on our
benchmark suite.

When the model with only future execution is compared to the model with
only stream prefetching, future execution outperforms stream prefetching on
five programs, while stream prefetching is better on nine. The remaining twelve
programs achieve about the same performance with both models. As the follow-
ing section will show, in many cases the stream prefetcher can prefetch fewer
load misses than future execution, but it provides more timely prefetching and,
hence, larger performance improvements. The timeliness of the prefetches is-
sued by future execution can be improved by adjusting the prediction distance of
the future value predictor, but we use the same prediction distance throughout
this paper (except for Section 5.4) to make the results comparable. Neverthe-
less, the fexec model provides significant speedup (over 5%) for 12 programs,
with an average speedup of 13% for the integer and 40% for the floating-point
programs, and a maximum of 227% on swim.

The model with the best performance is the one that combines the stream
prefetcher and future execution. On average, this model has a 50% higher IPC
than the model with no prefetching. Moreover, this model has a 10% higher
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Fig. 6. Prefetch coverage.

IPC than the baseline with stream prefetching. Out of the 26 programs used
in our study, 12 signibcantly benebt (over 5% improvement) from future ex-
ecution when it is added to the baseline that already includes a hardware
stream prefetcher. If we look at the behavior of the integer and Roating-point
programs separately, adding future execution to the baseline with a stream
prefetcher increases the performance of SPECint and SPECfp by 5 and 21%,
respectively. This indicates that future execution and stream prefetching inter-
act favorably and complement each other by prefetching different classes of load
misses.

Overall, the results in this section demonstrate that future execution is quite
effective on a wide range of programs and works well alone and in combination
with a stream prefetcher.

5.2 Analysis of Prefetching Activity

In this section, we provide insight into the performance of prefetching based
on future execution by taking a closer look at the prefetching activity. We begin
by presenting the prefetch coverages obtained by different prefetching tech-
niques. We debne the prefetch coverage as the ratio of the total number of
useful prefetches (i.e., the prefetches that reduce the latency of a cache miss-
ing memory operation) to the total number of misses originally incurred by the
application.

Figure 6 shows the prefetch coverages for different prefetch schemes, il-
lustrating signibcant coverage, especially for SPECfp. On roughly one-half of
the programs, the coverage achieved by future execution is higher than that
achieved by the stream prefetcher. The value predictor that assists the future
execution makes predictions based on the local history of values produced by
a particular static instruction, while the stream prefetcher observes the global
history of values. Therefore, the two techniques exploit different kinds of pat-
terns, akin to local and global branch predictors.

When stream prefetching is combined with future execution, the two
techniques demonstrate signibcant synergy. In eleven programs (  bzip2, gcc,
perlbmk , ammp, applu, apsi, equake, facerec, fma3d, lucas, and mesa) the cov-
erage is at least 10% higher than when either technique is used alone. Overall,
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Fig. 8. Percentage of useless prefetches issued by different prefetching mechanisms relative to
the total number of prefetches issued.

number of prefetches issued. We categorize a prefetch request as useless if
the prefetched data is evicted from the cache before being used by the main
thread. Figure 8 shows the percentage of useless prefetches associated with
the two prefetching schemes. The results illustrate that a large majority of the
prefetches issued are useful in both the SPECint and the SPECfp programs
with over 70% of useful prefetches for both techniques. There are a few inter-
esting cases where stream prefetching causes much fewer useless prefetches
than future execution. They occur in the programs eon, gap, twolf, facerec, and
sixtrack. We find that useless prefetches occur in loops where many loads de-
pend on the values of a loop-carried dependency passed through memory that
is not preserved by future execution. This results in computing the wrong ad-
dresses for load instructions and the fetching of useless data. We suspect that
in sixtrack many prefetches are issued too far in advance and get evicted from
the cache before being used. However, even though the accuracy of the stream
prefetcher is higher in those cases, the coverage for many of the programs is
quite small, meaning that the higher accuracy does not noticeably improve the
performance.

Finally, we investigate the prefetch timeliness of the different schemes. The
prefetch timeliness indicates how much of the memory latency is hidden by the
prefetches. The results are presented in Figure 9. For each program, the upper
bar corresponds to the fexec model, the middle bar to the stream model, and the
lowest bar represents the stream + fexec model. Each bar is broken down into
five segments corresponding to the fraction of the miss latency hidden by the
prefetches: less than 100 cycles (darkest segment), between 100 and 200 cycles,
between 200 and 300 cycles, between 300 and 400 cycles, and over 400 cycles
(lightest segment). Therefore, the lightest segment represents the fraction of
prefetches that hide the minimum full-memory latency.

Both future execution and stream prefetching are quite effective at hiding
the memory access latency. In case of future execution, 65% of the prefetches in
SPECint and 55% of the prefetches in SPECfp are completely timely, fully elim-
inating the associated memory latency. For both the integer and the floating-
point programs, only 25% of the prefetches hide less than 100 cycles of la-
tency (one-quarter of the memory latency). The timeliness of future execution
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Fig. 9. Timeliness of the prefetches.

prefetches can be improved by adjusting the prediction distance of the future
value predictor. For example, increasing the prediction distance from 4 to 8 in-
creases the number of completely timely prefetches for most of the programs,
with a low prefetch timeliness by at least 15%, resulting in significant increase
in performance (see Section 5.4).

Overall, this section demonstrates that prefetching based on future execution
is quite accurate, significantly improves the prefetching coverage over stream
prefetching, and provides timely prefetches, which may be further improved by
dynamically varying the prediction distance.

5.3 Comparison with Runahead Execution

The previous subsections showed that prefetching based on future execution
is quite effective and provides significant speedups over the baseline with an
aggressive stream prefetcher. In this section, we compare our mechanism to
several variations of runahead execution, a recently proposed execution-based
prefetching technique.

The concept of runahead execution was first proposed for in-order processors
[Dundas and Mudge 1997] and then extended to perform prefetching for out-of-
order architectures [Mutlu et al. 2003]. The runahead architecture “nullifies”
and retires all memory operations that miss in the L2 cache and remain unre-
solved at the time they reach the ROB head. It starts by taking a checkpoint of
the architectural state and retiring the missing load before the processor enters
runahead mode. Once in runahead mode, instructions execute normally except
for two major differences. First, the instructions that depend on the result of the
load that was “nullified” do not execute but are nullified as well. They commit
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Fig. 11. Sensitivity of future execution to the main memory latency.

w
o

90

5 cycles m—
10 cycles == 80
15 cycles mmmmm 70
20 cycles =
25 cycles mmmm | = 60

30 cycles % 50
(3
5 40
c

530
& 20
10

0 L

N
(&)

N
o

IPC increase (%)
>

-
o

o

i
:
jANEEEEN

0 N Q 3 g t o]
(,, © YT F L @ T X E O C
N > € O Q a9 95 5 xXx = X 5 C -a ® X O o @ O = O = 0 ©
o £ 5 388 R 2 EQCE s E25°cs592885¢8s¢%¢
N 8 © o O g 2 5 2 T o 5 © 3> 0o ES=2EERK P ZE
Q o g = 9 £ g &= = S o
5} S = @ 2
o

Fig. 12. Sensitivity of future execution to the intercore communication delay.

5.4 Sensitivity Analysis

In this subsection we evaluate the effectiveness of future execution when sev-
eral hardware parameters are varied. First, we investigate the effect of the
memory latency on FE's performance. Second, we compare the performance of
FE configurations with different intercore communication latencies and band-
width capabilities. Finally, we analyze the performance benefits provided by
FE with different prefetch distances. All results in this subsection show the
speedup provided by FE relative to the stream baseline.

Figure 11 shows the speedup provided by FE on processors with five dif-
ferent memory latencies, ranging from 100 to 500 cycles. Overall, the perfor-
mance benefit for both integer and floating-point programs steadily increases
with increasing memory latency. The SPECint speedup ranges from 1.6% for a
relatively short 100-cycle memory latency to almost 5.5 for a 500-cycle latency.
The average speedup for the SPECfp programs increases from 6.7 to 24.4%.

Figure 12 demonstrates how the communication latency between the cores
affects the performance improvements provided by FE. As we increase the com-
munication latency from 5 to 30 cycles, most of the applications show no sig-
nificant changes in the amount of speedup obtained by future execution. The
speedup changes by more than 5% only for four programs (vpr, applu, facerec,
and fma3d). We observe that longer communication latencies seem to hurt the
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Fig. 13. Sensitivity of future execution to the intercore communication bandwidth.

performance benebt in fma3d. Future execution in vpr and facerec generally
becomes more effective with the increasing communication delay, while  applu
demonstrates no correlation between the speedup and the communication la-
tency. The geometric mean speedups for the SPECint and SPECfp applications
change by less than 0.5%. FE is not very sensitive to the communication de-
lay because of two main reasons. First, prefetching four iterations ahead hides
the full memory latency for many of the applications and delaying a prefetch
request by an additional 5925 cycles still results in a timely prefetch. Second,
even if the delayed prefetch does not hide the full memory latency, the com-
munication delay constitutes only a small fraction of the total memory latency.
Increasing the latency of a prefetched memory request by a few percent does
not have a signibcant performance impact.

Figure 13 shows the sensitivity of future execution to the communication
bandwidth between the cores. We vary the communication bandwidth from
four to one instructions/cycle. The results show that decreasing the bandwidth
from four to three instructions/cycle has almost no impact on the effective-
ness of FE. If we cut the communication bandwidth in half to two instruc-
tions/cycle, only three programs experience a signibcant (over 5%) performance
degradation ( vortex, applu, and equake), while the geometric mean speedups
stay practically unchanged. However, further reduction of the bandwidth to one
instruction/cycle often makes the bandwidth insufpcient for the effective oper-
ation of FE. In particular, six programs experience a signibcant performance
degradation. Compared to the case where the communication bandwidth cor-
responds to the processor commit width (four instructions/cycle), the geometric
mean speedup for integer programs decreases from 5 to 3.8%, while the IPC
speedup for the Boating-point applications drops from 21 to 12%. In most cases,
this degradation is caused by a large number of instructions that are dropped
because of the lack of space in the communication buffer. As a result, some
prefetch addresses are never computed, while others are computed incorrectly
and pollute the cache or the stream prefetcherOs miss history (e.g., swim).

Next, we analyze the impact of the prefetch distance on the performance of
future execution. We vary the prediction distance of the value predictor from one
to ten iterations ahead and show the corresponding speedups in Figure 14. The
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