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Abstract

The ambiguous memory aliasing is proposed to be

speculatively resolved. A load instruction is specula-
twely executed with load address prediction, and its
dependent instructions are speculatively executed. A
store instruction is also speculatively resolved with store
address prediction, and its dependent instructions are
speculatively executed. From the experimental evalu-
ation, we have found that this data speculation com-
bining memory disambiguation with address prediction
improves the performance of coming-generation super-
scalar processors by up to 21.0%.
Keywords: instruction level parallelism, out-of-order
execution, dynamic speculation of data dependence,
data address prediction, dynamic memory disambigua-
tion

1. Introduction

In order to achieve high performance system,
uniprocessors of which a multi-processor system con-
sists should be considered. As a consequence of the
trend toward shrinking the transistor size and enlarg-
ing the die area, it will be possible to integrate as many
functional units as we expect. However, they are not
always utilized effectively and instruction level paral-
lelism (ILP) does not increase with the same rate of
the increasing number of functional units. It is gen-
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erally known that dependences including control and
data dependences are the obstacles disturbing the pro-
cessor performance. The former is closely concerned
with the instruction supply mechanism, and the latter
is tightly connected with the data supply mechanism.
Each mechanism is the basic element constructing pro-
cessors. In order to improve the instruction fetch ef-
ficiency, it 1s one of the promising candidates to fetch
multiple basic blocks in a single cycle. We have already
evaluated such a mechanism that caches dynamic in-
struction stream and provides grouped instructions[15].
In this paper, we will investigate the remaining mech-
anism: the data supply mechanism.

Data dependences are the obstacles limiting the ILP.
There are two types of the data dependences. One
is the dependences through registers, and the other
is those through memory. Among the dependences
through registers, the write after write (WAW) and
write after read (WAR) hazards can be eliminated us-
ing register renaming[8, 19], but the read after write
(RAW) hazard can not. For the dependences through
memory, however, there are not any techniques such
as register renaming. This is because any effective ad-
dresses for required data can not be determined until
the program is executed. Thus, any succeeding load
and store instructions have to wait for the time that a
preceding store instruction is resolved. This is the am-
biguous memory dependences disturbing the exploita-
tion of ILP. To sum up, there are two serious data
dependences between instructions. One is the RAW
hazard through registers, and the other is the ambigu-
ous memory dependence.

So far, there are few proposals to remove these de-
pendences. Moreover, most of them are too compli-
cated to be implemented. In this paper, we propose
a simple mechanism for data dependence speculation
using effective address prediction. A load instruction
1s speculatively executed with load address prediction,
and instructions which are dependent upon the load
instruction are also speculatively executed. A store in-



struction is speculatively resolved with store address
prediction, and instructions which are dependent upon
the store instruction are also speculatively executed.

The organization of the rest of this paper is as
follows. Section 2 surveys previously proposed re-
lated works. Section 3 explains a data speculation
scheme combining address prediction with memory dis-
ambiguation. In Section 4, the evaluation methodology
is presented and the effect of the data speculation 1s
evaluated in Section 5. Finally, our conclusions are
presented in Section 6.

2. Related Work

The problem of the ambiguous memory dependences
can be addressed by static dependence analysis and
by dynamic memory disambiguation. Static depen-
dence analysis is conducted during compilation. In
many cases, its analysis is limited due to the lack of
dynamic executing information. Dynamic memory dis-
ambiguation resolves the dependences during executing
programs[5, 13]. One of the problems included in the
dynamic memory disambiguation is the code explosion
due to correction codes for recovery actions.

The address resolution buffer (ARB)[4] can re-
solve the speculative memory references and ambiguous
memory dependences by assuming that all addresses of
succeeding memory instructions are different from that
of a preceding store instruction. Thus, it 1s possible to
execute memory instructions in an out-of-order fash-
ion. When the assumption is found to be not true, the
correcting sequence should be executed.

Moshovos et al.[11] proposed address conflict pre-
diction by making use of dynamic sequence histories.
If a pair of the memory references by a store and a
load instructions is predicted not to conflict, the load
instruction can be executed beyond the store instruc-
tion in an out-of-order fashion. Our proposal is similar
to them. However, their hardware structure is more
complicated than ours.

There are many proposals predicting effective ad-
dresses of load instructions [1, 14, 17, 20]. Some of
them[1, 14] do not speculatively execute instructions
following the load instructions. The others [17, 20] ex-
ecute speculatively the following instructions, but do
not take advantage of store address prediction.

Lipasti et al.[9, 10] proposed value prediction based
on value locality. They extended branch prediction
mechanism to predict the values. The scheme is based
on the last outcome. That is, an instruction uses the
same value which is used at the last time, when the
same instruction is emerged in the future. Therefore,
if the value changes frequently, the scheme does not

work effectively.

3. Data Speculation Scheme

In this section, we propose a data speculation
mechanism[16]. In order to predict effective addresses,
we utilize reference prediction table (RPT)[3]. First,
we explain the RPT. Next, we describe the data specu-
lation using address prediction. And lastly, we explain
how to speculatively resolve the ambiguous memory
aliasing.

3.1. Reference Prediction Table

o)
+ redicted
address

tag| prev_addr |stride| state

o

PC effective address

(a) Reference Prediction Table

correct

(b) State Transition

Figure 1. Reference Address Prediction

The RPT, which has a similar structure to instruc-
tion cache, is proposed by Chen et al. for hardware
prefetching[3]. We apply the RPT to predict the effec-
tive address because of its simplicity. The RPT keeps
track of previous memory references. An entry of the
RPT is indexed by the instruction address and holds
the previous effective address (pred_addr), the stride
value (stride), and the state information (state). Fig-
ure la shows the RPT structure. The stride is the dif-
ference between the last two data addresses generated
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Figure 2. Chen’s State Machine

by an instruction. The state information encodes the
past history and indicates whether the next prefetching
is initiated. The state information is decided according
to Figure 1b. Note that the state transition described
in Figure 1b is different from the original one proposed
in [3]. There are four states, which are predict, weakly
predict, no-predict, and weakly no-predict.

The predicted address is generated as follows. The
program counter (PC) indexes the RPT. The previ-
ous effective address and the stride value are supplied
from an entry of the RPT indexed by the PC, if the

tag field is matched. The predicted address is the sum
of pred_addr and stride. The state information is also
provided. If the state is predict or weakly predict, the
predicted address is valid. Otherwise, the prediction is
not initiated. Next, we explain the state transition of
the RPT. It is quite similar to the two bit saturated
counter (2bC) used by branch predictors. If a predic-
tion is correct, the counter is incremented. Otherwise,
it is decremented. When the most significant bit is
1, the state is (weakly) predict and thus the predicted
address is valid.

The reason why we choose the 2bC scheme is as fol-
lows. Figure 2 shows Chen’s state machine[3]. When
this machine is used, the prediction is performed only
in steady state. In order to compare Chen’s and 2bC
counter state machines, we executed SPEC95 bench-
mark suite using a functional simulator[2]. The RPT
is direct-mapped and the number of its entries is 1024.
We counted the number of load and store instructions,
and calculated the percentage of time that the RPT
could provide a predicted address and that of time that
the prediction was correct. Figures 3 and 4 summarize
the results for both state machines. For each group
of four bars, the first bar (see from left to right) indi-
cates the statistics of the RPT predicting only load ad-



dresses. Next bar presents those of the RPT predicting
only store addresses. The remaining bars show those
the RPT predicting both load and store addresses. The
third bar 1s for the load address prediction, and the
last bar is for the store address prediction. Each bar is
divided into three parts. The bottom part (black) indi-
cates the percentage of the instruction whose data ad-
dress is correctly predicted (RPT _correct). The mid-
dle part (white) indicates the percentage that is mis-
predicted (RPT_miss). And the top part (gray) indi-
cates the percentage that is not predicted by the RPT.
We define the prediction accuracy as the RPT _correct
over the RPT_hit(= RPT _correct + RPT _miss). Tt
can be seen that the difference between the prediction
accuracy of two machines is small. However, the dif-
ference between the RPT_hit is large and thus that
between the RPT _correct is also large. This implies
that the RPT using the 2bC state machine can more
aggressively speculate the data dependences through
memory references. From this investigation, we chose
the RPT using the 2bC state machine.

3.2. Data Speculation with Address Predic-
tion

First, we explain the speculative execution using
load address prediction. By speculatively executing
load instructions, the length of data dependence path
can be reduced. In order to predict the effective ad-
dress, the RPT is accessed during an instruction is is-
sued into the instruction window. This is different from
the previous proposals[1, 14] which predict the effective
address during the earlier stages. The difference 1s due
to the purposes of address predictions. Our goal is
not to execute a load instruction in the earlier pipeline
stages, but to prevent a unresolved load instruction
from disturbing the following dependent instructions.
For the purpose of the aggressive speculation, the ad-
dress prediction is performed for every load instruction
if the predicted address is validated by the RPT state
machine. The pipeline diagram is shown in Figure 5.

’ Fetch ‘Decode‘ Issue ‘ Exec ‘ Retire ‘

tual
predicted| aii(éirlis
address squash?

PC.d RPT compare

Figure 5. Pipeline with RPT

The RPT indexed by the PC is accessed during the

1The pipeline is a simple structure for easy understanding.
Actually, some instructions might be executed in multiple stages.

decode stage. The predicted address corresponds with
the load instruction and reserved until the Exec stage.
It is assumed that the instruction window could hold
not only operand values but also predicted values. A
load instruction is speculatively executed using the pre-
dicted address. When the actual address is generated
in the Exec stage, it must be compared with the pre-
dicted one. The comparison is performed between the
actual address and the predicted value held in the in-
struction window. If two addresses are equal with each
other, the prediction 1s succeeded and the load instruc-
tion needs not perform a memory access using the ac-
tual address. Otherwise, the misprediction occurs and
the recovery process has to be performed. The load in-
struction must be executed completely, i.e. a memory
access occurs, and the instructions dependent upon the
mispredicted load instruction are squashed as shown in
Figure 6a. In the figure, the instructions marked with *
have to be squashed. All instructions following the mis-
predicted load instruction are squashed. This scheme
is simple and easy to implement. Actually, 1t is pos-
sible for the squashing process to utilize the recovery
mechanism of branch misprediction.

@ st rll, r10(0)

Id rl < rio() add r5<-r3+r4

add r5<-r3+ rdx
add r2<-rl+r5« Id ré <- r1(0)

fadd f1<-fl + f2 = @ld  r7<-r50) =
st r2' rlO(O) * fadd fl<-fl+f2 =

add r2<-rl+r7+*
(@)

* squashed instruction (b)
@ address conflict

Figure 6. Misprediction Handling

3.3. Speculative Resolution of Ambiguous
Memory Aliasing

Next, we propose the data dependence speculation
by combining memory disambiguation with address
prediction. We assume that the address reorder buffer
implemented inside HP PA-8000[6] is used. The ef-
fective address of an unresolved store instruction is
predicted and the store instruction is speculatively re-
solved. Thus, load instructions which probably cause
the conflicts of memory references can be executed be-
fore the store address is generated. Note that any store
instructions are not speculatively executed.

Similar to load address prediction, a store address is
predicted during the decode stage. It is not the purpose
to execute the store instruction speculatively. Our goal
is to resolve the store instruction speculatively and to
prevent i1t from disturbing the following load instruc-
tions which are dependent upon the store instruction



Table 1. Baseline Processor Configuration

Fetch Width
Branch Predictor

8 nstructions

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

Insn. Cache

8 nstructions
8 nstructions

512 set, 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,

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

Data Cache

hit under miss, 6 cycle miss penalty
L2 Cache
RPT 1024 entry, direct-mapped

due to the ambiguous memory reference. If a load ad-
dress is different from the predicted store address, the
load instruction can be executed speculatively. The di-
agram 1s the same as that of load address prediction
shown in Figure 5.

When a speculative resolution fails, a recovery pro-
cess must be performed. The probable dependent in-
structions have to be squashed. Let us see Figure 6b.
The instructions marked with * are the squashed in-
structions, and those marked with @ refer to the same
memory location. The squashing scheme is different
from that for load address mispredictions. It squashes
all instructions following the load instruction whose ad-
dress conflicts with the actual store address. Store ad-
dress misprediction does not always cause the squash-
ing process. This can be implemented using the ad-
dress reorder buffer. Owing to this strategy, useless
squashing process is eliminated. Let us imagine the re-
covery process performed whenever the predicted store
address is not correct. When the store address pre-
diction fails; there are four situations according to the
status of address reference conflicts. The situations are
(i) the misprediction results in the address conflict and
actually there are not any conflicts, (ii) the mispredic-
tion results in the conflict and actually there is at least
one conflict, (iii) the misprediction results in no conflict
and actually there are not any conflicts, and (iv) the
misprediction results in no conflict and actually there
is at least one conflict. Only the case (iv) needs the
recovery process. In the cases of other situations, it
is not necessary to squash instructions following the
store instruction whose address 1s mispredicted. The
squashing is not only unnecessary but also harmful.
The address reorder buffer solves this problem:.

4. Evaluation Methodology

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

4.1. Processor Model

We evaluated the effect of the proposed mechanism
by using the SimpleScalar tool set[2]. The SimpleScalar
architecture is based on the MIPS architecture, and
the fully execution-driven and cycle-by-cycle simulator
is executed on a SPARCstation. The baseline model 1s
an out-of-order execute superscalar processor based on
the register update unit[18]. Following the discussion
explained in [7], we decided the configuration of the
baseline processor summarized in Table 1. The penalty
for the data dependence misprediction is assumed to be
3 cycles. We evaluated three models. The first is the
model performing load address prediction. The second
is the model performing store address prediction and
speculative memory disambiguation. And the last one
is the model performing load and store address predic-
tions and speculative memory disambiguation. In the
remainder of this paper, we call these models load,
store, and 1dst models, respectively.

4.2. Workload

The SPEC95 benchmark suite is used for this study.
We used the test input files provided by SPEC, and
the object files provided by University of Wisconsin
Madison[2]. Each program was executed to completion
or for the first 100 million instructions.
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Figure 7. Performance Improvement
Table 2. Address Prediction Accuracy (%) and L1 Cache Miss Rate (%)
address prediction cache miss rate

program | load store ldst base load store lsdt
load store nsn data | insn data | insn data | insn  data
go 88.25 | 95.37 | 87.93 97.36 | 0.50 1.05]-0.02 -0.14 | 0.00 0.00 | -0.02 -0.14
m88ksim | 89.20 | 96.31 | 88.33 95.41 0.00 0.11 | 0.00 0.00 | 0.00 0.00 | 0.00 0.01
gee 93.73 | 93.83 | 94.10 94.80 | 0.92 1.54 | -0.05 -0.08 | 0.00 0.00 | -0.04 -0.06
compress | 96.19 | 99.80 | 9647  99.86 | 0.03 10.88 | 0.00 0.00 | 0.00 0.00 | 0.00 0.01
i 86.62 | 89.95 | 85.60 92.49 | 0.00 0.01 | 0.00 0.01]0.00 0.00] 0.00 0.01
ijpeg 99.55 | 99.58 | 99.59 99.66 | 0.24 072 | 0.00 0.07 | 000 0.00/| 000 0.01
perl 95.65 | 83.69 | 9647 86.83 | 0.14  0.04 | -0.01 0.00 | 0.00 0.00 | -0.01  0.00
vortex 94.38 | 92.79 | 95.27  94.27 1.08 0.68 | -0.04 0.01 ] 0.00 0.00|-0.03 0.01
tomcatv 99.53 100.0 | 99.78 100.0 | 0.00 0.12 | 0.00 0.00 | 0.00 0.00 | 0.00 0.00
swim 100.0 100.0 | 100.0 100.0 | 0.00 0.13 | 0.00 0.00 | 0.00 0.00 | 0.00 0.00
su2cor 99.08 | 99.08 | 99.41 99.69 | 0.00 0.20 | 0.00 0.00 | 0.00 0.00 | 0.00 0.00
hydro2d 99.27 | 99.90 | 99.76 99.91 0.00 0.14 | 0.00 0.00 | 0.00 0.00 | 0.00 0.00
mgrid 97.53 | 97.18 | 97.72 97.13 | 0.00 392 000 0.05]|0.00 0.00| 000 005
applu 83.05 | 81.19 | 83.02 78.98 | 0.00 344 | 0.00 0.03 | 0.00 0.00 | 000 0.02
turb3d 97.75 | 96.22 | 97.83 96.61 0.00 1244 | 0.00 0.03 | 0.00 0.00| 000 0.01
apsi 96.50 | 94.86 | 97.01 96.34 | 0.04 339 0.00 -0.03|0.00 001] 0.00 -0.03
fpppp 98.74 | 98.93 | 98.48 96.57 | 10.89  0.03 | -0.02  0.00 | 0.00 0.00 | -0.02  0.00
waveb 98.99 | 99.93 | 98.96 99.93 | 0.00 0.64 | 0.00 0.18 | 0.00 0.00 | 0.00 0.00

5. Experimental Results

This section presents the experimental results.
First, we show the improvement of processor perfor-
mance. For measuring performance, we use the com-
mitted instruction per cycle (IPC). And next, we dis-
cuss some factors influencing the performance improve-
ment.

5.1. Performance Improvement

Figure 7 shows the improvement of processor perfor-
mance. The IPCs of the evaluated models are normal-

ized by that of the baseline model. For each group of
four bars, the first bar (see from left to right) indicates
the performance of the baseline model. Only commit-
ted instructions are considered for counting the TPC.
Remaining three bars indicate the performance of the
load, store, and 1dst models, respectively.

As can be seen in Figure 7, the data dependence
speculation with load address prediction hardly con-
tributes processor performance. For eleven of eighteen
programs, processor performance is degraded. The sole
exception is turb3d. The performance is significantly
improved by 15.7%. This encourages us, since it im-
plies there is a possibility to exploit ILP using data



Table 3. Branch Prediction Accuracy (%)

program base load store ldst
addr dir jr addr dir jr addr  dir jr addr  dir jr

go 78.80 80.50 97.31 | -0.27 0.04 -4.74 | 0.01 0.00 0.00|-025 0.04 -4.34
m88ksim | 95.78 96.51 90.08 | -1.13  0.00 -14.66 | 0.00 0.00 0.00|-1.11 0.00 -14.36
gee 87.34 91.13 79.80 | -0.34 -0.02 -4.02 |-0.01 -0.01 0.00|-0.28 -0.01 -3.29
compress | 96.61 97.02 9647 | -0.12 -0.02 -1.43 | 0.01 0.01 0.00]-0.22 0.00 -3.15
li 93.61 95.60 86.31 | -1.55 0.4 -14.59 | 0.00 -0.01 0.00 | -1.31 0.57 -13.10
ijpeg 98.40 98.80 99.74 | -0.02 0.00 -0.11 | 0.00 0.00 0.00 |-0.02 0.00 -0.11
perl 91.64 96.92 64.86 | -0.89 -0.13 -557 | 0.06 0.06 0.00|-028 -0.02 -1.99
vortex 92.48 94.72 9748 | -0.78 -0.01 -6.25|-0.01 -0.01 0.00 | -0.61 -0.03 -4.72
tomcatv | 96.80 98.16 91.03 | 0.04 0.10 -0.57 | 0.00 0.00 0.00| 0.08 0.18 0.00
swim 98.36  98.36  99.97 | 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 0.00 0.00
su2cor 96.69 99.07 80.76 | -0.20 -0.20 -0.01 | 0.00 000 0.00| 020 020 -0.01
hydro2d | 95.93 9791 87.02 | 0.21 0.21 0.01 | 0.00 0.00 0.00| 007 0.08 0.02
mgrid 98.07 98.17 64.42|-0.01 0.00 -1.81 | 0.00 0.00 0.00|-0.01 0.00 -2.22
applu 97.76  97.80 96.60 | -0.01 0.00 -2.12 | 0.00 0.00 0.00 | 0.00 0.00 -1.52
turb3d 98.19 98.21 99.83 | -0.09 -0.08 -0.12 | 0.00 0.00 0.00|-0.06 -0.04 -0.09
apsi 96.04 97.22 96.46 | -0.15  0.03  -2.55 | 0.02 0.02 0.00|-0.11 0.03 -1.87
fpppp 93.17 93.31 8043 |-0.19 0.00 -245 | 000 0.00 0.00|-0.19 0.02 -1.45
waveb 98.42 98.43 99.99 | 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 0.00 0.00

dependence speculation. On the other hand, the spec-
ulative resolution of ambiguous memory aliasing using
store address prediction does not contribute much to
processor performance. The improvement of ILP is less
than 3%. However, it always improves processor per-
formance, except tomcatv. Thus, we have confirmed
the speculative resolution is useful for exploiting ILP.
The performance improvement when the speculative
resolution is combined with load and store address pre-
dictions is up to 21.0%.

5.2. Discussion

In this section we investigate some factors damag-
ing the performance: address prediction accuracy, in-
struction and data cache misses, and branch prediction
accuracy.

5.2.1 Address Prediction Accuracy

The left side of Table 2 shows the address prediction
accuracy. The first column shows the name of each
benchmark program. Next two columns indicate the
address prediction accuracy for the load and store
models, respectively. The next two columns show the
load and store address prediction accuracy for the 1dst
model, respectively.

For the three programs (m88ksim, 1i, and applu)
whose performance 1s significantly degraded in the
load and ldst models, the load address prediction ac-
curacy 18 relatively low. This implies that the poor
prediction accuracy is one of the harm characteristics
for the performance improvement using the data de-
pendence speculation. The misprediction is very se-
vere because it can not be detected until the actual
address i1s calculated and thus misprediction penalty is
very high. Moreover, the performance is not always in-
creased for the programs of which prediction accuracy
is high. Therefore, only prediction accuracy does not
dominate the performance improvement.

5.2.2 Instruction and Data Cache Misses

The miss rates of primary caches are presented in the
right side of Table 2. First two columns indicate the
instruction and data cache miss rates for the baseline
model. The next three groups of two columns indicate
the absolute changes of the miss rates from that for the
baseline model for the load, store, and 1dst models,
respectively. The changes of the miss rates are small
and it seems that there are no relation between the
performance degradation and the changes of miss rates.



Table 4. Prediction Accuracy (%)

branch prediction accuracy address prediction

program load ldst load ldst

addr  dir jr addr  dir jr load  store
go -0.20  0.02  -340 | -0.19 0.02 -3.28 | 73.81 | 73.95 97.36
m88ksim | -0.82 -0.02 -10.43 | -0.80 -0.01 -10.18 | 88.14 | 88.16 95.41
gee -0.11  -0.03  -1.02 | -0.09 -0.02  -0.87 | 92.10 | 92.53 94.80
compress | -0.12 -0.02 -1.39 | -0.22 0.00 -3.15 | 91.00 | 91.59 99.86
li -041 073 -824 |-028 074 -7.13 | 79.19 | 79.39 9249
ijpeg -0.01  0.00 -0.05 | 0.00 0.00 -0.05 | 99.65 | 99.69 99.66
perl -0.12 -0.03  -0.69 | -0.15 -0.06  -0.69 | 97.21 | 96.97 86.83
vortex -0.14  0.00 -1.16 | -0.13  0.00  -1.00 | 93.80 | 94.66 94,27
tomcatv | -0.01 0.06 -0.56 | 0.06 0.06 0.00 | 98.38 | 99.20 100.0
swim 0.00  0.00 0.00 | 0.00 0.00 0.00 | 98.41 | 98.71 100.0
su2cor 0.00  0.00 0.00 | 0.20 0.20 0.00 | 97.65 | 98.41 99.69
hydro2d 0.08 0.08 0.00 | 0.08 0.08 0.00 | 97.82 | 99.27 99.91
mgrid 0.00 0.00 -0.43 | 0.00 0.00 -0.41 | 96.69 | 96.60 97.13
applu 0.00 0.00 -0.77 | 0.00 0.00 -0.77 | 79.07 | 79.31 78.98
turb3d -0.08 -0.08 -0.03 | -0.05 -0.04 -0.03 | 96.76 | 96.91 96.61
apsi -0.08 0.00 -1.14 | -0.06 0.00 -0.88 | 95.72 | 96.37 96.34
fpppp -0.08 0.01 -0.88 | -0.07 0.02 -0.88 | 94.32 | 94.39 96.57
waveb 0.00  0.00 0.00 | 0.00 0.00 0.00 | 95.97 | 95.97 99.93

5.2.3 Branch Prediction Accuracy

Table 3 shows the branch prediction accuracy. The
four groups of three columns indicate the results for the
baseline, load, store, and 1ldst models, respectively.
For each group, each column presents the accuracy of
target address prediction, that of branch direction pre-
diction, and that of the indirect jump address predic-
tion, respectively. For the load, store, and 1dst mod-
els, the absolute change from the baseline model 1s pre-
sented. In general target address prediction accuracy
is degraded in the cases of the load and 1dst models.
The main reason is the diminution of the prediction ac-
curacy for indirect jump addresses. It becomes worse
by up to 16.9% (from 86.31% to 71.72% for 1i). One
of the reasons why the branch direction prediction ac-
curacy becomes worse is that it is harmful to update
registers by useless speculative load instructions. It
is said that even slight decrease of branch prediction
accuracy affects severely processor performance. The
examples are m88ksim and 1i, whose accuracy of tar-
get address decreases over 1%, as can be seen in Table
3. There are two solutions. One 1s to reduce jump in-
structions using sophisticated compilers[12]. The other
is to make the speculative scheme more conservative.
All load instructions are not speculatively executed,
but only instructions whose operands are not ready are

speculatively executed. We have evaluated the latter
strategy. The left side of Table 4 shows the branch pre-
diction accuracy using the conservative strategy. Each
column shows the absolute change from the baseline
results. The significant improvement is found, espe-
cially for the indirect jump address prediction. The
right side of the table indicates the address prediction
accuracy, and shows the address prediction accuracy
is decreased for several programs. Figure 8 shows the
performance improvement using the conservative strat-
egy. The IPC of the evaluated models are normalized
by that of the baseline model shown in Figure 7. Next,
we compare the conservative scheme with the aggres-
sive scheme. Using the aggressive scheme, the perfor-
mance of integer programs is degraded by 6.1% and
4.4% on average for the Load and 1dst models, respec-
tively. For floating-point programs, 1t is improved by
0.7% and 1.8% on average for the load and 1dst mod-
els, respectively. On the other hand, the conservative
scheme degrades the performance of integer programs
by 3.2% and 2.5% on average for the load and ldst
models, respectively. For floating-point programs, the
performance is improved by 1.4%and 2.4% on average
for the load and 1dst models, respectively. In general,
the conservative scheme is effective for the programs
whose performance degradation is large.
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Figure 8. Performance Improvement

6. Concluding Remarks

tions are speculatively disambiguated and the proba-
ble dependent load instructions are speculatively ex-
ecuted. In order to predict the effective address, we
utilize the RPT proposed for the hardware prefetch-
ing. From the experimental results, the data depen-
dence speculation using the RPT has little contribu-
tion to processor performance. The sole exception is
turb3d. The performance is significantly improved by

15.7%.

On

the other hand, the speculative memory

disambiguation using store address prediction does not
much but always contributes to processor performance.
When load and store predictions are combined with
each other, that is when memory disambiguation and
address prediction are combined with each other, the
improvement of processor performance is up to 21.0%
using the aggressive scheme.

One of the future studies dealing with the data de-
pendence speculation is to reduce the miss-speculation
penalty. We are now investigating the selective squash-
ing scheme.
dependent upon speculatively executed instructions
and must not be squashed are reused, the effectiveness
of the data dependence speculation may be increased.
Since data dependences are kept in instruction win-
dow, it may be easy to select instructions depending

upon a mispredicted load instruction.

If the instructions which are not data-

The instruc-

tion reissue is also being evaluated. The independent
instructions upon the mispredicted instruction should
not be fetched again from memory but issued again in-
side the instruction window. This scheme eliminates
the penalty of refetching, and thus the performance
degradation caused by misprediction can be reduced.
The other is to increase the effect of speculative res-
olution of ambiguous memory aliasing. We are now

evaluating an another memory dependence prediction
scheme which predicts load values using store instruc-

We have proposed the speculative execution for data tion addresses.
dependences. By combining memory disambiguation
and address prediction, the unresolved store instruc- Acknowledgement
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