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Abstract

Recently there are many studies of data value predic-
tion for increasing instruction level parallelism, and it
15 found that data speculation affects branch prediction
accuracy. Even when data dependences are speculated
successfully, processor performance would be degraded
of branch prediction accuracy were decreased. On the
other hand, branch prediction studies are nearly ma-
tured. While it becomes very difficult to increase the ac-
curacy, there is still a vast gap between actual and ideal
processor performance. From these considerations, we
wmvestigate to combine control and data speculation. In
this paper, we evaluate the correlation between control
speculation and data speculation and then propose to
predict branch outcomes using data value prediction.
Keywords: instruction level parallelism, speculative ex-
ecutton, branch prediction, value prediction, speculative
verification

1 Introduction

Research in instruction level parallelism (ILP) archi-
tecture over the past decade has achieved considerable
success to improve uniprocessor performance. How-
ever, the performance limit which is reported in the
publication [1] has not been achieved. Obstacles dis-
turbing the processor performance are dependences be-
tween instructions. They include control, name, and
data dependences. Control dependences are depen-
dences caused by branch instructions. Whenever the
processor decodes a branch instruction, the instruction
fetching stalls until the outcome of the branch instruc-
tion is produced. In order to eliminate the control de-
pendences, branch prediction and (control) speculative
execution are used. The outcome of a branch instruc-
tion is predicted at the fetch or decode stages and fol-
lowing instructions on the target path are speculatively
executed. Name dependences are dependences caused

by resource shortage of storage location. If results of
two instructions are to be written in the same stor-
age location, a write after write (WAW) hazard occurs
and the latter instruction must stall. The name depen-
dences can be eliminated by giving a different name to
each storage location. For example, the dependences
on registers can be removed by register renaming. Data
dependences are dependences caused by a serialization
on the program execution. When an instruction (a
consumer) needs outcomes produced by other previous
instructions (producers) as source operands, a read af-
ter write (RAW) hazard occurs and the consumer in-
struction must stall. The data dependences have to be
strictly reserved in order to keep program semantics
and are called true dependences.

Currently, we are investigating how to combine con-
trol speculation with data speculation. The motiva-
tions of this study are as follows. First, recently data
speculation is extensively studied. We have found that
branch prediction accuracy is affected by data specula-
tion [2]. Even when data dependences can be effectively
speculated, processor performance would be degraded
if branch prediction accuracy were decreased. Second,
studies of branch prediction are nearly matured. While
recently studied branch predictors have high prediction
accuracy, there is a vast gap between actual and ideal
processor performance. Furthermore, it is becoming
very difficult to improve the branch prediction accu-
racy. For example, in order to explore highly accurate
branch predictors, the ones synthesized by genetic pro-
gramming are proposed [3]. If the branch prediction
accuracy can not be significantly improved in the fu-
ture, reducing branch misprediction penalty is one of
the factors improving effectiveness of control specula-
tive execution. For example, data speculation is use-
ful for reducing the branch misprediction penalty since
branch outcomes are computed earlier [4]. From these
considerations, we are beginning to develop a paradigm
which exploits both control and data speculation.

The organization of the rest of this paper is as fol-



lows. In Section 2, previously proposed related works
are surveyed. In Section 3 experimental model is de-
scribed and preliminary simulation results are shown in
Section 4. In Section 5 we describe our proposed mi-
croarchitecture. Finally, our conclusions are presented
in Section 6.

2 Related Work

Branch prediction is a technique to eliminate the
control dependences caused by branch instructions.
The outcome of a branch instruction is predicted at
the fetch or decode stages and following instructions
on the target path are speculatively executed. The
branch history table [5] is one of the simplest hardware-
based branch predictors. It is indexed by the instruc-
tion address of a branch instruction. Each entry holds
a history of a branch outcome which is usually en-
coded using 2-bit saturation counter. More sophisti-
cated branch predictors are two-level adaptive branch
predictors [6]. A two-level adaptive branch predictor
consists of two tables. The branch history table of
the two-level predictor is not directly referred by the
branch instruction address. The branch instruction ad-
dress is combined with branch history information and
indexes the branch history table. The branch history
information is held in a shift register called branch his-
tory register (BHR). When the latest branch outcome
is stored in the BHR, the oldest outcome 1s removed.
The branch history table is indexed by the branch in-
struction address and the BHR. Namely, the branch
history table is indexed by a function of the pattern of
branch outcomes. Hence, the branch history table 1s
called pattern history table (PHT). The PHT consists
of several two-bit saturated counters. These counters
decide the predictions. It 1s found that the two-level
adaptive branch predictors have high prediction accu-
racy and that the accuracy is approximately 97% [6].
One of the problems of the two-level adaptive branch
predictor 1s aliasing in the tables. While recently stud-
ied branch predictors have high prediction accuracy,
there is a vast gap between actual and ideal processor
performance. Furthermore, it is becoming very diffi-
cult to improve the branch prediction accuracy signif-
icantly. Under these situations, predictors based on
the data compression algorithms [7] and the genetic
programming [3] are proposed. These proposals show
that the branch prediction studies are almost mature.

There are many studies predicting register values
[8-16]. These predictors are classified into two types
in terms of the predicted instruction class. One is that
predicting execution results of all types of instructions
which write values into registers [8-11]. The other is

that predicting only load values [12-16]. Last value
predictor proposed by Lipasti [9, 13] introduces the
value prediction concept, and is based on value locality.
An instruction uses the same value which is executed at
the last time, when the same instruction emerges in the
future. Stride predictor proposed by Gabbay et al. [8]
keeps not only the last outcome of an instruction but
also a stride which is the difference between last two
outcomes of the instruction. The predicted value is
the sum of the last outcome and the stride. In order
to improve prediction accuracy, several hybrid predic-
tors [10,11] are proposed. The hybrid predictor is a
combination of several value predictors with a selector
choosing the probably most accurate one. An another
approach to improve value prediction accuracy is uti-
lization of program execution profiles [8]. Using the
profiles, instructions are classified according to the pre-
dictability, and compiler provides the classified infor-
mation to processors. The prediction accuracy of load
values can be improved by utilizing store instruction
information. The schemes proposed by Moshovos et
al. [14], Sato [15], and Tyson et al. [16] are very similar
with each other, and thus we call them renaming-based
value predictors in this paper. The renaming-based
predictors speculatively streamline a stored value to a
load instruction. The load value predictor used in this
paper 1s based on one of the renaming-based predic-
tors [15].

Recently, data speculation is combined with con-
trol speculation in order to execute multiple threads
speculatively [17-20]. This paradigm of thread level
parallelism is one of the promising candidates utiliz-
ing both control and data speculation. Instead, we
are interested in combining control and data specula-
tion in the paradigm of instruction level parallelism. In
other words, the goal of this study i1s improving branch
prediction accuracy and reducing branch misprediction
penalty using data speculation.

3 Experimental Model

In this section, we describe the evaluation method-
ology by explaining a processor model and benchmark
programs.

3.1 Processor model

The baseline model is an out-of-order execution
superscalar processor based on register update unit
(RUU) [21]. Following the discussion explained in [22],
we decide the configuration of the baseline processor
summarized in Table 1 as the representative of a prac-
tical processor in the coming generation. This decision



Table 1. Processor configuration

Fetch Width
Branch Predictor

8 nstructions

Insn. Windows
Issue Width
Commit Width
Functional Units
Latency(total/issue)
Register Files

Insn. Cache

Data Cache

8 nstructions
8 nstructions

L2 Cache

512 entry 2way set-associative BTB, gshare scheme, 12-bit BHR, 4096 entry PHT,
speculatively updated in ID stage, 8 entry return address stack, 3 cycle miss penalty
64 entry instruction queue, 8 entry load/store queue

5iALU’s, 1 iMUL/DIV, 4 Ld/St, 2 fALU’s, 2 fMULs, 2 DIV /SQRT’s

IALU 1/1, iMUL 3/1, iDIV 35/35, Ld/St 2/1, fADD 2/1, fMUL 3/1, fDIV/SQRT 6/6
32 32-bit fixed point registers, 32 32-bit floating point registers

64K 4way set-associative, 32 byte blocks, 4-port, 6 cycle miss penalty

64K 4way set-associative, 32 byte blocks, 4-port, write-back, non-blocking load,

hit under miss, 6 cycle miss penalty

unified, 256K 4way set-associative, 64 byte blocks, 32 cycle miss penalty

1s made because our interest focuses on realistic pro-
cessors. In order to evaluate the effect of speculations,
an execution-driven simulation is more desirable than
a trace-based simulation, since trace-based simulators
can not simulate misspeculated instructions. We eval-
uate the effect by using SimpleScalar tool set [23]. The
SimpleScalar architecture is based on MIPS architec-
ture, and a fully execution-driven and cycle-by-cycle
simulator is executed on a SPARCstation.

3.2 Data address prediction model

In order to predict data addresses, we utilize ref-
erence prediction table (RPT) [24]. The RPT, which
has a similar structure with the instruction cache, 1s
proposed by Chen et al. for hardware prefetching and
keeps track of previous memory references. An entry of
the RPT is indexed by an instruction address and holds
a previous data address, a stride value, and a state in-
formation. The stride is the difference between last two
data addresses generated by an instruction. The state
information encodes the past history and indicates if
next prediction is valid. The predicted address is the
sum of the previous address and the stride. If the state
information decides that the predicted address is valid,
the load instruction speculates data dependences using
the predicted address. The detailed explanations are
presented in [2].

For the load address predictor, it is assumed that
the RPT is direct-mapped and has 4096 entries.

3.3 Value prediction model

Our renaming-based load value predictor consists of
three tables which are data-indexed store table (DIST),
store-indexed value table (SIVT), and load-indexed

store table (LIST). The DIST is indexed by a date ad-
dress and keeps histories of memory references gener-
ated by store instructions. When it is referred by a load
instruction, 1t links the load and a store instructions
which refer the same memory location. The LIST is
indexed by an instruction address and keeps the links.
When the load instruction is fetched, the LIST is re-
ferred and supplies a tag which represents the link. The
SIVT is indexed by the tag and keeps data values each
of which is written by the store instruction specified by
the tag. Thus, the load instruction can obtain the data
value before calculating the data address. The detailed
explanations are presented in [15].

For the load value predictor, it 1s assumed that the
SIVT, LIST, and DIST are direct-mapped and have
4096 entries respectively.

3.4 Workload

The SPEC95 CINT benchmark suite 1s used for this
study. The test input files which are provided by
SPEC are used. Table 2 lists the benchmarks and the
input sets. We use the object files provided by Uni-
versity of Wisconsin Madison [23]. Each program is
executed to completion or for the first 100 million in-
structions. We count only committed instructions.

4 Preliminary Evaluation

We present preliminary evaluations to take a first
step forward exploring the paradigm.

First, we present how data speculation affects
branch prediction accuracy. Table 3 shows branch
misprediction rate when load instructions are spec-
ulated using load address prediction [2]. The first



Table 3. (%)Branch misprediction rate/load address prediction

program base squash reissue
addr  dir jr addr  dir jr addr  dir jr

099.go 21.2 195 269 | 215 197 743 | 212 195 268
124.m88ksim | 4.22 349 992 | 535 349 246 | 4.19 346 9.92
126.gcc 17.7 126 20.7 | 13.0 8.89 242 | 12.7 887 20.2
129.compress | 3.39 298 3.53 | 351 3.00 496 | 341 3.00 3.54
130.11 6.39 440 13.7| 794 386 283 | 622 426 135
132.4jpeg 1.60 120 026 162 120 037 ] 1.60 1.20 0.26
134.perl 836 3.08 351 925 321 409 | 830 3.02 35.1
147 .vortex 7.52 528 252| 830 529 877 | 754 530 252

Table 2. Benchmark program and input file

program input file
099.go null.in
124.m88ksim | ctl.in
126.gce ceep.d
129.compress | test.in
130.11 test.lsp
132.4jpeg specmun.ppm
134.perl primes.in
147 .vortex vortex.in

column shows program name selected from SPEC95
benchmark suite. The remaining three groups of three
columns indicate the results for the baseline, squash,
and reissue models, respectively. The baseline model
does not utilize data speculation. The squash and reis-
sue models speculate load instructions, while recov-
ery mechanisms for misspeculation are different. The
squash model flushes all instructions following a mis-
predicted load instruction and fetches them again from
instruction memory. The reissue model invalidates
only instructions dependent upon a misspeculated load
instruction and reissues them in instruction window.
For each group, each column presents the accuracy of
target address prediction (addr), that of branch direc-
tion prediction (dir), and that of the indirect jump ad-
dress prediction (jr), respectively.

For the squash model branch prediction accuracy is
degraded in general, especially for the indirect jump
address prediction. One of the reasons why the branch
prediction accuracy becomes worse is that it is harmful
to update registers by useless speculative load instruc-
tions. For the reissue model, branch prediction accu-
racy increases in half of the evaluated programs. This

is because branch instructions are resolved earlier. On
the other hand, the number of programs whose predic-
tion accuracy is decreased is only two. The reason why
branch prediction accuracy does not decrease is the
quick recovery from mispredictions of data dependence
speculation. If the period between a misprediction and
its recovery is long, many useless branch instructions
are executed and thus the branch predictor is updated
using wrong information. Instruction reissue shortens
the period, and therefore the branch prediction accu-
racy is not decreased.

Table 4 shows branch misprediction rate when load
instructions are speculated using load value predic-
tion [15]. Layout and subject matter of Table 4 are
the same as for Table 3. The same tendency with the
former results is easily observed. The branch predic-
tion accuracy for the squash model is significantly di-
minished and that for the reissued model is almost the
However, in
this evaluation, improvement of the branch prediction
accuracy 1s hardly observed.

same with that for the baseline model.

From these evaluations, it is found that one of the
key factors improving the branch prediction accuracy
i1s to resolve branch instructions as early as possible.
This is possible by predicting source operands of branch
instructions using data value prediction. Next, we
present what happens when branch instructions are
speculated using source value prediction.

Table b shows simulation results when ideal source
value predictor is used. That is, source operands for
branch instructions are always correctly predicted. The
left side is for the baseline model, and the right side
is for the evaluated model. For each side, the first
three columns present branch misprediction rate. The
forth column indicates average cycle time for resolving
branch instructions, and the last column shows com-
mitted instructions per cycle (IPC). Tt is easily ob-
served that the difference of prediction accuracy is very



Table 4. (%)Branch misprediction rate /load value prediction
program base squash reissue
addr  dir jr addr  dir jr addr  dir jr
099.go 21.2 195 269 | 255 192 71.7| 21.2 195 2.65
124.m88ksim | 4.22 349 992 | 498 349 198 | 423 349 9.92
126.gcc 177 126 20.7 | 190 125 348 | 177 12.6 20.7
129.compress | 3.39 298 353 | 3.81 3.01 9.10| 340 3.00 3.53
130.1 6.39 440 13.7 | 105 357 479 | 586 3.84 13.9
132.ijpeg 1.60 120 026 162 120 042 | 1.60 1.20 0.26
134.perl 836 3.08 351 | 11.4 320 57.1| 837 3.09 35.1
147 .vortex 752 528 252 | 820 523 869 | 756 532 252
Table 5. Speculation of branch instructions
program base speculative
addr  dir jr cycle | TPC | addr  dir jr cycle | IPC
099.go 21.2 195 269 | 876 | 1.2 | 21.2 195 277 | 3.79 | 1.99
124.m88ksim | 4.22 349 992 | 593 | 285 | 421 348 994 | 342 | 3.14
126.gcc 17.7 126 20.7 | 7.29 | 1.49 | 17.7 127 20.7| 4.16 | 1.71
129.compress | 3.39 298 3.53 | 6.68 | 2.62 | 3.37 296 3.53 | 4.73 | 2.68
130.1 6.39 440 13.7 | 6.62 | 224 | 632 411 153 | 4.18 | 2.54
132.ijpeg 1.60 1.20 0.26 | 532 |3.05 | 1.60 1.20 0.26 | 3.83 | 3.09
134.perl 836 3.08 351 | 633|209 | 828 3.00 352 | 4.03 | 240
147 .vortex 752 528 252 672191 | 749 526 252 | 450 | 1.98

small. This is disappointing and because the branch
predictor used is updates speculatively at the decode
stage using prediction. And thus, fast resolution of
branch instructions does not contribute to branch pre-
diction accuracy. Therefore, it is necessary to consider
alternative branch predictors in order to utilize the fast
resolution for improving the prediction accuracy. We
are now investigating a mechanism which predicts a
branch outcome using its predicted operands. It is
an interesting characteristic that this branch predic-
tor may correctly predict the outcome even if the pre-
dicted operands are incorrect, since what is essential to
decide the outcome is not the individual operand val-
ues but the difference between them. Thus, this branch
predictor will be more accurate than the source value
predictor.

Referring back to Table 5, it is found that the branch
resolution cycle is significantly reduced in the evalu-
ated model. This means that branch misprediction
penalty is also reduced. This is confirmed since the
IPC is increased, especially for the programs whose
branch misprediction rates are high. From these ob-

servations, we are also investigating to speculatively

verify branch prediction by executing branch instruc-
tions actually using predicted source operands in or-
der to reduce branch misprediction penalties. This is
meta-speculation. When a prediction is incorrect, the
misprediction penalty can be reduced by the correct
speculative verification. A problem is that incorrect
verification penalty might be huge. Thus, we have a
plan to evaluate the incorrect verification penalty.

5 Branch Prediction using Value Pre-
diction

In this section, we explain how to predict branch
outcomes using data speculation technique. We also
propose to verify branch predictions using data specu-
lation technique.

5.1 Value-prediction-based branch predic-
tor

Figure 1 depicts a processor utilizing a branch pre-
dictor we propose. We call the branch predictor a
value-prediction-based branch predictor. A data value
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Figure 1. Processor diagram

predictor is indispensable for the processor to predict
branch outcomes. The value-prediction-based branch
predictor is placed below instruction window. It stands
in a line with functional units. That is, the value-
prediction-based branch predictor executes branch in-
structions actually.
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Y
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Figure 2. Branch predictor

Figure 2 shows the value-prediction-based branch
predictor. It mainly consists of two components. One
is a branch execution unit and the other is a branch
outcome table. The branch execution unit is equiva-
lent with ordinary branch unit. The branch outcome
table 1s indexed by instruction addresses and keeps
branch outcomes produced by the branch execution
unit. When a branch instruction is fetched, the branch

outcome table is referred in parallel and provides its
predicted outcome.

In order to use the outcome as a prediction, the
branch execution unit in the value-prediction-based
branch predictor generates it using future operand val-
ues. The future values are predicted by the data value
predictor. The value predictor must predict two con-
secutive values generated by an instruction. Figure 3
presents a value predictor based on the stride predic-
tor. The current value is predicted as the sum of the
previous value and the stride. The future value is pre-
dicted as the sum of the current value and the stride.
This extension for providing two consecutive values is
applicable to other value predictors. For example, the
two-level predictor can predicts the future value if the
predicted current value is used to index its table.

predicted
@-» value #2
(future)
PC : predicted

value #1

(current)
tag | pred_value | stride state

| L

—>

executed value

Figure 3. Value predictor

The branch execution unit in the value-prediction-
based branch predictor executes a branch instruction
using the future values predicted by the value pre-
dictor, when it executes the same branch instruction
normally. The future branch outcome is held in the
branch outcome table and will be provided when the
same branch instruction emerges in the future.

From the above explanation, it can be seen that
it becomes possible to predict branch outcomes using
data value predictors.

5.2 Speculative verification

Figure 4 shows a processor which can detect mis-
predicted branches speculatively. Compared with Fig-
ure 1, it has a present branch predictor and the
value-predictor-based branch predictor is replaced by



a branch prediction verifier. The branch prediction
verifier performs the same function with the value-
predictor-based branch predictor. Thus, it holds future
branch outcomes. When a branch instruction emerges
and its outcome is predicted by the present branch pre-
dictor, the verifier decides if the prediction is correct
using the outcome in the branch outcome table. Since
this verification is done before the branch instruction
tests the condition actually, it is speculative. There-
fore, the processor suffers miss-penalty when the spec-
ulative verification is incorrect.
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Figure 4. Speculative verification

6 Conclusions and Future Work

In this paper, in order to enhance control specu-
lation using data speculation, we have proposed two
schemes. One is predicting branch outcomes using data
value prediction, and the other is speculative verifica-
tion of branch prediction. We believe that it is a key
factor for exploiting more instruction level parallelism
to combine control and data speculation and that our
proposals are first step to the goal.

Future studies dealing with the combination include
implementing the proposed mechanisms and evaluating
their usefulness. We also have a plan to investigate a
hybrid predictor which consists of present branch pre-
dictors and the value-prediction-based branch predic-
tor. And lastly, we must compare the efficiency of data
speculation on thread-level and instruction-level paral-
lelism architectures.
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