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Abstract

In this paper, we introduce an instruction reissue mechanism
in order to enhance dynamic data dependence speculation
using data address prediction. Since instructions which are
not data-dependent upon speculatively executed instructions
are not squashed, the effect of data dependence speculation is
enhanced. We extend register update unit to reissue misspec-
ulated instructions. The overhead caused by the extension is
small, and thus it does not have any impact on processor cy-
cle titme. From the experimental evaluation, we have found
that the instruction reissue with dynamic data dependence
speculation improves processor performance even for the ap-
plication programs whose performance ts degraded when in-
struction squashing is used.

Keywords: instruction level parallelism, out-of-order execu-
tion, dynamic speculation of data dependence, address pre-
diction, instruction reissue

1 Introduction

Dependences are the obstacles disturbing the processor per-
formance. They include control, name, and data depen-
dences. The control dependence attracts many researchers
and is attacked by the techniques such as branch prediction
and speculative execution. The name dependence is caused
by the resource shortage and can be eliminated using reg-
ister renaming. However, the data dependence can not be
removed by such techniques, as it is called true dependence.
Hence, the data dependence is the serious obstacle limiting
instruction level parallelism (ILP).

Recently, several dynamic data dependence speculation
schemes have been proposed[7, 8, 16, 17, 19, 22]. They pre-
dict data addresses of load and store instructions, and spec-
ulate these instructions and their dependent instructions.
If a speculation is mispredicted, a processor has to recover
its state. A straightforward implementation of the recovery
mechanism is instruction squashing which is currently used
to correct processor state when a control dependence is mis-
speculated. The instruction squashing is not adequate for
the data dependence speculation, because it throws away
execution results of instructions which are independent of

the misspeculated instructions and because these instruc-
tions should be fetched again from instruction memory. This
wastes the useful computations. Moreover, the overhead in-
cluding the instruction squashing and refetching is very seri-
ous since penalty caused by data dependence misprediction
is quite larger than that caused by control dependence mis-
prediction. We have evaluated data dependence speculation
using the instruction squashing, and found that processor
performance is degraded for several programs[17]. There-
fore, the penalty caused by a misprediction of data depen-
dence speculation should be reduced, and the instruction
reissue 1s expected to be one of the promising solutions for
the problem. In this paper, we present a practical implemen-
tation of the instruction reissue. We extend register update
unit (RUU)[20] to perform the instruction reissue[18]. The
modification is very slight and thus hardware overhead is
small.

The organization of the rest of this paper is as follows.
Section 2 surveys previously proposed related works. Sec-
tion 3 explains a data dependence speculation scheme using
data address prediction. Section 4 describes an instruction
reissue mechanism extending the RUU. In Section 5, the
evaluation methodology is presented and simulation results
are shown in Section 6. Finally, our conclusions are pre-
sented in Section 7.

2 Related Work

There are many proposals predicting data addresses of load
instructions [1, 4, 6, 15, 19, 22]. The goal of these studies is
not to execute the load instructions speculatively but to ex-
ecute load instruction at earlier pipeline stage. Thus, most
of them[l, 4, 6, 15] do not speculatively execute instruc-
tions following the load instructions. The others [19, 22]
execute speculatively the following instructions, but do not
take advantage of store address prediction. Recent stud-
ies propose the data address prediction of store instructions
[7, 8, 16, 17]. Gonzalez et al.[7, 8] have evaluated the spec-
ulative execution of both load and store instructions using
the data address prediction. The store operations are spec-
ulated with the help of the address resolution buffer[5]. In
[16, 17], the predicted data addresses are used for resolv-
ing ambiguous memory dependences speculatively. If the
(predicted) data address of a preceding store instruction is
different from that of a succeeding load instruction, the load
instruction can be executed beyond the store instruction in
out-of-order fashion. The data address prediction method
utilized in this paper is based on [16, 17].

Moshovos et al.[13] proposed address conflict prediction



by making use of dynamic sequence histories. If a pair of the
memory references by a store and a load instructions is pre-
dicted not to conflict, the load instruction can be executed
beyond the store instruction in an out-of-order fashion. Our
proposal is similar to them. However, their hardware struc-
ture is more complicated than ours.

Instruction reissue is one of the promising solutions for
the problems caused by mispredicted data dependence spec-
ulation. Lipasti et al.[11, 12] introduced the instruction
reissue scheme. The instructions dependent on a predicted
instruction are forced to retain in the reservation station.
When the predicted instruction produces an actual value,
the predicted value must be compared with the actual one.
If they match, the prediction is correct and the dependent
instruction release the reservation station. If the prediction
fails, the dependent instructions are invalidated and reis-
sued. However, they only have proposed the concept of the
instruction reissue. They have not presented any practical
implementation of the scheme. If the scheme were imple-
mented, the processor cycle time would increase since it
would be very difficult to find all dependent instructions
in parallel. The dependent instructions would have to be
searched serially. This causes either the increase of the cy-
cle time or that of the miss penalty, each of which degrades
the processor performance. Gonzalez et al.[7] also have pro-
posed the instruction reissue scheme, which is very similar
to [11, 12]. When a prediction is verified, all dependent
instructions are committed if the prediction is correct. Oth-
erwise, they are reissued. Gonzalez et al. also have not
presented any practical mechanism but only described the
concept. Tyson et al.[21] have evaluated the usefulness of
the instruction reissue. They have proposed a streamlin-
ing load value scheme and found that the instruction reis-
sue proposed by Lipasti et al.[11, 12] can improve processor
performance even for the applications whose performance is
degraded when the instruction squashing is used. However,
the practical implementation of instruction reissue has not
been discussed. Rotenberg et al.[14] have investigated an
instruction reissue scheme in Trace Processor architecture
and found it is useful for dataflow speculation. However,
they do not evaluated it in superscalar processors which are
currently in mainstream.

In this paper, we present a practical implementation of
the instruction reissue. The mechanism introduces only
small hardware overhead and does not suffer from the in-
crease of the processor cycle time.

3 Data Dependence Speculation Mechanism

In this section, we describe a data dependence speculation
mechanism[16, 17]. In order to predict effective addresses,
we utilize the reference prediction table (RPT)[3]. First,
we explain the RPT. Next, we describe the data specula-
tion using address prediction. And last, we explain how to
speculatively resolve the ambiguous memory aliasing.

3.1 Reference Prediction Table

The RPT, which has a similar structure with the instruction
cache, is proposed by Chen et al. for hardware prefetching[3].
We apply the RPT to predict the effective address because
of its simplicity. Figure la shows the RPT structure. The
RPT keeps track of previous memory references. An en-
try 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). The stride

is the difference between last two data addresses generated
by an instruction. The state information encodes the past
history and indicates whether next prefetching is initiated.
An example of the state information is decided according to
Figure 1b. Note that the state transition described in Fig-
ure 1b is different from the original one proposed in [3]. It
is quite similar to the two bit saturated counter (2bC) used
by branch predictors. The reason why we choose the 2bC
scheme is that the RPT using the 2bC state machine can
more aggressively speculate the data dependences than that
using the original state machine[17]. There are four states,
which are predict, weakly predict, no-predict, and weakly no-
predict.

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 predicted address is generated as follows. The pro-
gram counter (PC) indexes the RPT. The previous 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 tran-
sition of the RPT. If a prediction 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.

3.2 Data Speculation with Address Prediction

Next, we explain the speculative execution using load ad-
dress prediction. By speculatively executing load instruc-
tions, the length of data dependence path can be reduced.
In order to predict the effective address, the RPT is accessed



when an instruction is issued into the instruction window.
For the purpose of the aggressive speculation, address pre-
diction is performed for every load instruction if the pre-
dicted address is validated by the RPT state machine. The
pipeline diagram is shown in Figure 2'.

’ Fetch ‘Decode‘ Issue ‘ Exec ‘ Retire ‘

predicted

?
address correct”

compare

PC.d+ RPT

Figure 2: Pipeline with RPT

The RPT indexed by the PC is accessed during the de-
code stage. The predicted address corresponds with the load
instruction and reserved until the execution stage. It is as-
sumed that instruction window could hold not only operand
values but also predicted values. The structure of the in-
struction window will be described in Section 4.

A load instruction is speculatively executed using the
predicted address. When the actual address is generated in
the execution stage, it must be compared with the predicted
one. The comparison is performed between the actual ad-
dress and the predicted one held in the instruction window.
In the case that two addresses match, the prediction suc-
ceeds. If the actual address is different from the predicted
one, the misprediction occurs and the recovery action has
to be performed. The instructions dependent upon the mis-
predicted load instruction are squashed as shown in Figure
3. In the figure, the instructions marked with * have to be
squashed. There are two strategies to squash dependent in-
structions. One 1s squashing all instructions following the
mispredicted load instruction (Figure 3a), and the other is
invalidating selectively the instructions which are dependent
upon the mispredicted load instruction and reissuing them
(Figure 3b). We call the former scheme instruction squash-
ing, and the latter one instruction reissue. Even though
the instruction squashing has the penalty to redundantly
execute independent instructions, it is simpler and easier
to implement than the instruction reissue. Actually, it is
possible for the instruction squashing to utilize the recovery
mechanism of the branch misprediction. The practical im-
plementation of the instruction reissue will be explained in
Section 4.

Id rl <-r10(0) Id rl <-r10(0)

add r5<-r3+rd* add r5<-r3+r4

add r2<-rl+r5* add r2<-rl+rbx

fadd fl<-fl+f2x* fadd fl<-fl+1f2

st r2, r10(0) = st r2, r10(0) =
@ (0)

* squashed instruction

Figure 3: Mispredicted Load Instruction

1 The pipeline has a simple structure for easy understanding. Ac-
tually, some instructions might be executed in multiple stages.

3.3 Speculation of Ambiguous Memory Aliasing

Lastly, we explain the data dependence speculation by com-
bining the memory disambiguation with address prediction.
The effective address of an unresolved store instruction is
predicted and the ambiguous memory dependences are spec-
ulatively resolved. Thus, load instructions which probably
cause the conflict of memory reference 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 in-
struction speculatively. Our goal is to resolve the ambiguous
memory dependences speculatively and to execute the fol-
lowing load instructions dependent upon the store instruc-
tion. If a load address is different from the predicted store
address, the load instruction can be executed speculatively.
The diagram is as same as that of load address prediction
shown in Figure 2.

@ st ril, r10(0) @ st ri1, r10(0)
add r5<-r3+r4x add r5<-r3+r4
Id ré <-r1(0) = Id r6 <- r1(0)

@Id r7<-r50) ~ @Id r7 <-r5(0) =«

fadd fl<-fl+f2 = fadd f1<-f1+1f2 «
add r2<-rl+r7= add r2<-rl+r7«

@) (b)

@ st ril, r10(0)
add r5<-r3+r4
Id r6 <- r1(0)

@Id r7 <-r5(0) =
fadd fl<-fl+f2
add r2<-rl+r7=*

©

@ address conflict
* squashed instruction

Figure 4: Mispredicted Store Instruction

When a speculative resolution fails, the recovery action
must be performed. The probable dependent instructions
have to be squashed. Let us see Figure 4. The instruc-
tions marked with @ refer to same memory location, and
those marked with # are the squashed instructions. The
schemes are (1) the scheme squashing all instructions follow-
ing the mispredicted store instruction (Figure 4a), (ii) the
scheme squashing all instructions following the load instruc-
tion whose data address conflicts with mispredicted store
address (Figure 4b), and (iii) the scheme invalidating selec-
tively the instructions which is truly dependent upon the
store instruction (Figure 4c). Even though the first one
has the penalty to redundantly execute independent instruc-
tions, it is simplest and easiest to implement among them.
Actually, it is possible to utilize the recovery mechanism of
the branch misprediction. The second squashing scheme is
as follows. It squashes all instructions following the load
instruction whose address conflicts with the actual store
address. The store address misprediction does not always
cause the squashing action. Owing to this strategy, useless
squashing action is eliminated. Let us compare the scheme
with the first one. When a store address prediction fails,
there are four situations according that the address refer-
ence conflicts are caused or not. The situations are (i) the
misprediction results in the address conflict and actually
there are not any conflicts, (ii) the misprediction 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
case (iv) needs the recovery action. In the cases of other sit-
uations, it is not necessary to squash instructions following
the store instruction whose address is mispredicted. The
squashing is not only unnecessary but also harmful. The
proposed scheme solves this problem. The second scheme
can be implemented by utilizing address reorder buffer of
HP PA-8000[9]. The address reorder buffer detects if a pair
of a store and a load instructions refer the same memory
location. And if so, all instructions following the load in-
struction which speculates beyond the store instruction are
squashed. The third scheme is implemented by modifying
the address reorder buffer. The address reorder buffer only
detects a load instruction which fails a speculation. After
detecting the load instruction, the instruction reissue ex-
plained in Section3.2 is performed. The load instruction
and its dependent instructions are selectively invalidated
and reissued.

4 Instruction Reissue Mechanism

In this section, we describe the instruction window extend-
ing the RUU in order to perform instruction reissue[18].

4.1 Extended Register Update Unit

When an address prediction is performed, the predicted ad-
dress and the load value read from data memory using the
predicted address should be kept in the instruction window.
When an actual address is produced, it should be compared
with the predicted one. If they match, the prediction is
correct. Otherwise, the prediction fails and the processor
state must be corrected. All instructions dependent upon
the mispredicted instruction should be reissued. In order to
support the instruction reissue, we propose to extend the
RUU. The RUU is very suitable for the instruction reissue,
since it forces each instruction to retain until the instruction
has been committed. The extended RUU for instruction
reissue is depicted in Figure 5. An entry of the instruction
window consists of two source operand fields, a destination
field, a dispatched bit, a functional unit field, an executed
bit, a data address field, a predicted bit, a reissued bit, and
a program counter field. If a source operand is not ready,
the ready bit is reset to indicate that the source operand is
not available? and a tag for the operand is obtained. When
the operand is ready, the content of the source register is
held in the source operand field and the ready bit is set.
The destination register number with renaming tag is held
in the destination field, and an execution result is held in the
destination field when the execution completes. The desti-
nation field is also used to keep the load value read from
data memory using the predicted address. The dispatched
bit indicates if the instruction is dispatched into a functional
unit which is specified by the functional unit field. The exe-
cuted bit is set when the execution finishes. If the executed
bits is set, the following instructions which are dependent
upon the instruction can obtain a source operand. The data
address field holds a data address when the instruction is a
load/store instruction. Note that the overhead caused by the
data address field can be reduced if the instruction window

’In [20], the ready bit is set if a source operand is not ready.
However, in this paper, we set the ready bit when the source operand
is obtained in order to make explanations clear.

is divided into two structures, one of which holds load/store
instructions, and the other of which holds the remaining in-
structions. The data address field is necessary only for the
former one, i.e. load/store queue. The predicted bit indi-
cates if the corresponding instruction speculates data depen-
dence. When a address prediction is initiated, the predicted
bit is set. The data value obtained from data memory using
the predicted address is held in the content slot of the desti-
nation field. The reissued bit indicates if the corresponding
instruction was reissued. The reissued bit is also set when an
address prediction is incorrect. Lastly, the program counter
field is used for correction of mispredictions and for precise
interrupts.

Source Opeand 1

‘Ready‘Tag‘ Content H Ready‘Tag‘ Content H Register‘ Content H

Source Operand 2 Destination

Dispatched Functional Unit Executed Data Address Predicted Reissued Program Counter

‘ Yes/No H UnitNumberH Yes/No H Content H Yes/No H Yes/No H Content H

Figure 5: Extended RUU Entry

When an instruction produces an execution result, its
destination tag is broadcasted as same with the original
RUU. Simultaneously, the signal indicating if a reissued bit
is set, 1s also broadcasted. Here, we call this signal the
misprediction signal. When the prediction is not correct
the misprediction signal is asserted. The correctness of the
prediction is decided by comparing the predicted and ac-
tual addresses. In the case that the misprediction signal is
not asserted, the following instructions obtains their source
operands if their source and the broadcasted destination
tags match. The instructions whose source operands are
obtained are ready to be dispatched. In the case that the
misprediction signal is asserted, the following instructions
should be invalidated and reissued if their source and the
broadcasted destination tags match and if the corresponding
dispatched bit is set. These instructions have been already
dispatched using a wrong operand value. The correspond-
ing dispatched and executed bits should be reset, and the
reissued bit is set. The mispredicted instruction has pro-
duced the actual value, and thus the reissued instructions
have obtained the correct source operands and are ready
to be dispatched. When a reissued instruction finishes, the
mispredicted signal is asserted. Namely, the mispredicted
signal indicates if the mispredicted or reissued instructions
have finished their execution. The following process is as
same as above. The instructions dependent on the reissued
instruction should also be reissued. In this manner, all in-
structions dependent upon a mispredicted instruction are
searched and reissued gradually.

This scheme introduce only one signal into the dynamic
instruction scheduling mechanism. The signal decides the
action resulted from an associative search which examines
if the source and destination tags match. The signal is as-
serted when an address is mispredicted or when a reissued in-
struction finishes. If the signal is not asserted, the dynamic
instruction scheduling mechanism conduct usual process as
same to the original RUU. Otherwise, it detects instructions
which should be reissued. This mechanism is very simple,
and hence it only requires slight hardware overhead and it
does not increase the processor cycle time. It is logically
possible to search and detect all instructions dependent on
a mispredicted instruction concurrently. However, it is very
difficult to implement such a mechanism without causing
the increase of the processor cycle time, which degrades the



processor performance.

It is true that an instruction might be dispatched before
it is detected to be reissued even if a misprediction is de-
tected and hence that the effectiveness of functional units
usage might be reduced. However, we expect that instruc-
tions which are ready to be dispatched into a load and store
unit using predicted addresses are not always dispatched be-
fore the actual addresses are calculated. Therefore, we do
not worry about the performance degradation caused by the
redundant dispatching.

4.2 Dynamic Scheduling Example

An example is useful to understand the process of the in-
struction reissue. Figure 6 shows an instruction sequence.
For easy understanding, followings are assumed. First, each
operation of fi; — fe refers only one source operand. Second,
instruction I3 is a load instruction and its execution latency
is two cycles, which consists of one cycle for address gen-
eration and an another cycle for memory access. And last,
the execution latency of the remaining operations is one.
The instruction sequence has to be executed serially due to
data dependences, and hence it takes eight cycles to execute
the sequence after decoding instruction I1 when any data
dependences are not speculated.

I1: r11 — f1(r10)
I12: 712 — fo(rll)
I3: 713 — fa(rl2)
I4: rl14 — f4(r13)
I5: rl15 — f5(r14)
16: 116 — fs(rl5)

Figure 6: Instruction Sequence Example

Figure 7 illustrates an example of instruction reissue.
The processor is assumed as follows. First, its issue width is
three and it has the unlimited number of functional units.
Second, the commit process is omitted. Third, instruction
I3 predicts a data address and its dependent instructions
speculate data dependences. Forth, it is also assumed that
the destination register number with the renaming tag is
same to the architectural register number. And last, r10 is
assumed to be ready. Now let us explain the example. First,
instructions I1 — I3 are issued to the RUU. I1 is dispatched
to a functional unit since r10 is ready, and it sets the ready
(r) and dispatched (d) bits. I3 predicts the data address
and sets the predicted (p) bit. The predicted address is held
in the data address field. At next cycle, instructions I4 — 16
are issued. Il has finished its execution and 711 becomes
ready, thereby I2 is dispatched. The thick arc indicates
that the destination and source tags match. I3 obtains r13
from the data memory which is kept in the corresponding
destination field, and I4 is dispatched using r13. Il and
I3 set their corresponding executed (e) bits. At third cy-
cle, I2 and I4 have finished and r12 and r14 become ready,
thereby I3 and I5 are dispatched. At next cycle, there are
two situations. One is when the predicted address of 13 is
correct, and the other is when I3 fails in the prediction. If
the prediction is correct, I3 completes and resets the pre-
dicted bit. IS5 has finished and 16 is dispatched. And finally,
the execution of the sequence finishes in five cycles. Com-
paring with the execution without data dependence specu-
lation, the execution cycle is reduced by three cycles. On
the other hand, if the prediction fails, the execution is as
follows. The predicted and reissued (i) bits corresponding
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Figure 7: Instruction Reissue with RUU

to I3 are reset and set, respectively. IS5 has finished and 16
is dispatched. At next cycle, I3 completes and the actual
r13 becomes ready. I3 broadcasts the misprediction signal,
since 1ts associated reissued bit is set. It is detected that
T4 has been dispatched using a wrong operand, because its
source register tag matches with the broadcasted destina-
tion tag and because its dispatched bit is set. Therefore, T4
should be reissued and its reissued bit is set. At sixth cycle,
I4 has finished and I5 is reissued due to the same reason
why I4 was reissued. Next, I5 has finished and I6 is reis-
sued. And lastly at next cycle, I6 finishes. The number of



Table 1: Baseline Processor Configuration

Fetch Width
Branch Predictor

8 instructions

Insn. Windows
Issue Width
Commit Width

Functional Units

8 instructions
8 instructions

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

Latency(total /issue) | iALU 1/1, iMUL 3/1,iDIV 35/35, Ld/St 2/1, fADD 2/1, fMUL 3/1, fDIV/SQRT 6/6

Register Files
Insn. Cache

Data Cache

L2 Cache

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

the execution cycle when the misprediction occurs is eight,
which is as same as that in the case when the original RUU
is used. Fortunately in this example, misprediction does not
occur any miss penalties. In actual computing, there should
be cases when reissued instructions can not be dispatched
immediately after detected to be reissued, and hence the
processor may suffer some miss penalties.

From the explanation above, it can be seen that imple-
menting the instruction reissue scheme is possible with slight
overhead and that the mechanism works effectively.

5 Evaluation Methodology

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

5.1 Processor Model

We evaluated the effect of the instruction reissue mechanism
by using SimpleScalar tool set[2]. The SimpleScalar archi-
tecture is based on MIPS architecture, and a fully execution-
driven and cycle-by-cycle simulator is executed on a SPARC-
station. In order to consider the effect of speculations, an
execution-driven simulation is more desirable than a trace-
based simulation, since trace-based simulators can not sim-
ulate misspeculated instructions. The baseline model is an
out-of-order execution superscalar processor based on the
RUU[20]. Following the discussion explained in [10], we de-
cide the configuration of the baseline processor summarized
in Table 1. The RPT is assumed to be direct-mapped and
to have 1024 entries. If the instruction squashing scheme is
used, the penalty for squashing the instructions 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 per-
forming load and store address predictions and speculative
memory disambiguation. In the remainder of this paper,
we call these models load, store, and 1dst models, respec-
tively.

5.2 Workload

The SPEC95 benchmark suite is used for this study. The
test input files which are provided by SPEC are used. We
used the object files provided by University of Wisconsin
Madison[2]. Each program was executed to completion or
for the first 100 million instructions. For measuring perfor-
mance, we use the committed instruction per cycle (IPC).

6 Experimental Results

This section presents the experimental results. First, we
present address prediction accuracy. Next, we show the ef-
fect of the instruction squashing. Last, we present perfor-
mance improvement when the instruction reissue is utilized.

6.1 Address Prediction Accuracy

Table 2 shows the address prediction accuracy. We define
the prediction accuracy as the cases when the prediction suc-
ceeds over the cases when the speculation is initiated. 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 remaining
columns show the load and store address prediction accuracy
for the 1dst model, respectively. The prediction accuracy
is significantly high, even for the simple prediction mecha-
nism of the RPT. In general, the prediction for the floating
point programs are more accurate than that for the integer
programs.

Table 2: (%)Address Prediction Accuracy

program load store Idst
load store
099.go 88.25 95.37 | 87.93 97.36
124.m88ksim | 89.20 96.31 | 88.33 95.41
126.gcc 93.73 93.83 | 94.10 94.80
129.compress | 96.19 99.80 | 96.47 99.86
130.11 86.62 89.95 | 85.60 92.49
132.4jpeg 99.55 99.58 | 99.59 99.66
134.perl 95.65 83.69 | 96.47 86.83
147.vortex 94.38 92.79 | 95.27 94.27
101.tomcatv 99.53 99.99 | 99.78 99.99
102.swim 99.99 99.99 | 99.99  99.99
103 .su2cor 99.08 99.08 | 99.41 99.69
104.hydro2d 99.27 99.90 | 99.76  99.91
107.mgrid 97.53 97.18 | 97.72  97.13
110.applu 83.05 81.19 | 83.02 78.98
125.turb3d 97.75 96.22 | 97.83 96.61
141.apsi 96.50 94.86 | 97.01 96.34
145 fpppp 98.74 | 98.93 | 98.48 96.57
146 .waveb 98.99 99.93 | 98.96 99.93

6.2 Performance Impact of Instruction Squashing

Figure 8 shows the processor performance when the instruc-
tion squashing is used[17]. The ITPCs of the evaluated models
are normalized by that of the baseline model. For each group
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Figure 9: Instruction Reissue

of four bars, the first bar (see from left to right) indicates
the performance of the baseline model. Only committed in-
structions are considered for counting the IPC. Remaining
three bars indicate the performance of the load, store, and
1dst models, respectively. Table 3 in Appendix shows the
detailed data.

As can be seen in Figure 8, the data dependence spec-
ulation with load address prediction hardly contributes to
processor performance. For eleven of eighteen programs,
processor performance is degraded. On the other hand, the
speculative resolution of ambiguous memory aliasing using
store address prediction slightly contribute to processor per-
formance. While the improvement of ILP is less than 3%,
it always improves processor performance except tomcatv.
And lastly, the simulation results of the 1dst model has a
similarity with those of the load model.

6.3 Performance Impact of Instruction Reissue

Figure 9 shows the processor performance when the instruc-
tion reissue is used. Layout and subject matter of Figure 9
are the same as for Figure 8. Table 3 in Appendix shows
the detailed data.

Different from Figure 8, most programs increase proces-
sor performance in load model case, except for ijpeg. This
means that speculatively executing load instructions using
address prediction becomes effective with the help of the
instruction reissue. Processor performance is increased by
up to 21.0%. The significant improvement from the eval-
uation using the instruction squashing is seen in m88ksim,
1i, and applu. In these programs, processor performance
is severely decreased using the instruction squashing as can
be seen from Figure 8. However, if the instruction reissue
is utilized, it is improved by up to 7.2%. In store model
case, the improvement from the evaluation using the instruc-
tion squashing can not be seen. This is because the cases
that the instruction squashing (reissue) occurs due to mis-
speculated resolution of ambiguous address aliasing are rare.
It is generally known that the ambiguous address aliasing

rarely happen to true address conflict. In 1dst model case,
processor performance increases for all programs, and its
improvement rate is up to 26.5%. This also confirms that
the instruction reissue enhances data dependence specula-
tion. For several programs, the improvement rate is smaller
than that of 1oad model. This is because the RPT entries
assigned to load instruction is reduced due to their assign-
ments to store instructions. The speculative resolution of
ambiguous memory aliasing using store address predictions
has little contribution to processor performance, and thus
the reduction of the RPT entries assigned to load instruc-
tion decreases the performance improvement.

In summary, it is confirmed that the instruction reissue
is effective to enhance the data dependence speculation.

7 Concluding Remarks

In this paper, we have described a practical implementation
of the instruction reissue contributing to data dependence
speculation. We have evaluated data dependence specula-
tion using address prediction, and found that the instruction
squashing scheme diminishes the effect of data dependence
speculation but the instruction reissue does not. Utilizing
the instruction reissue, processor performance is improved
for almost all the cases, and its improvement rate is up to
26.5%. The results confirms the usefulness of the proposed
instruction reissue mechanism.

Currently we are evaluating a load value predictor[18] at-
tached with the data address predictor. Combining the ad-
dress and value predictors increases the number of predicted
instructions, thereby data speculation is further enhanced.
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Appendix

Table 3 presents performance improvement rate. We define
the performance improvement rate as the increased IPC over
the TPC of the baseline model. The first column shows the
name of each benchmark program. Next three columns in-
dicate the improvement rate of the squashing model, and
the remaining three columns indicate that of the reissued
model. For each group of three columns, the columns from
left to right show the improvement rate of the load, store,
and ldst models, respectively.

Table 3: (%)Performance Improvement

program squash reissue

load store ldst | load store Idst
099.go -2.59 0.01 -2.34 1.54 0.01 1.50
124.m88ksim | -17.5 0.10 -16.8 2.07 0.10 1.79
126.gcc -2.68 0.30 -1.85 1.61 0.29 2.03
129.compress | -1.33  0.07 -0.84 | 2.15 0.07 2.37
130.1h -13.3 0.17 -11.8 5.39 0.17 5.36
132.4jpeg -5.70 0.15 0.88 | -4.48 0.15 2.19
134.perl -4.67 0.80 -1.58 0.82 0.80 1.28
147 .vortex -1.63 0.05 -0.63 2.82 0.05 2.43
101.tomcatv 1.66 -0.01 1.56 2.50 -0.01 1.50
102.swim 1.32 0.00 1.32 1.32 0.00 1.32
103.su2cor 2.78 0.01 4.37 3.96 0.01 4.09
104.hydro2d 1.43 0.04 1.47 2.41 0.04 1.40
107.mgrid -0.60 0.46 0.92 8.41 0.46 9.61
110.applu -15.6 0.43 -154 7.16 0.43 7.25
125.turb3d 15.7 2.79 21.0 21.0 2.79  26.5
141.apsi -0.25 1.14 2.95 7.01 1.13  9.14
145 fpppp 0.02  0.00 0.01] 0.08 0.00 0.06
146.waveb 0.22 0.00 0.22 1.20 0.00 1.16




