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Abstract

Modern microprocessors schedule instructions dy-
namically in order to exploit instruction level paral-
lelism. It is necessary to increase instruction win-
dow size for improving instruction scheduling capabil-
ity. However, it is di�cult to increase the size without
any serious impact on processor performance, since
the instruction window is one of the dominant de-
ciding processor cycle time. The reason why the in-
struction window is critical is that it is realized us-
ing content addressable memory (CAM). In general,
RAMs are faster in access time and lower in power
dissipation than CAMs. Therefore, it is desirable to
replace the CAM instruction window by the RAM in-
struction window. This paper proposes such an in-
struction window, named explicit data forwarding in-
struction window. Simulation results show that the
proposed instruction window achieves comparable per-
formance with the conventional instruction window,
while it could bene�t from a shorter cycle time.

1 Introduction
Future microprocessors will rely on higher clock

speed, wider instruction issue width, deeper pipeline
stages, and larger instruction windows in order to im-
prove performance. As the width and the size increase,
the scaling of the clock speed becomes di�cult to at-
tain. One of the obstacles for the scaling is instruction
window wakeup and select logic [5, 6]. In this paper,
we propose a new instruction wakeup logic through a
di�erent approach that is based on explicit data for-
warding.

There are two approaches for allowing instructions
to execute out-of-order. One is Tomasulo's algorithm
and the other is Thornton's register scoreboarding.
Modern superscalar processors use Tomasulo's algo-
rithm due to its strong scheduling capability by re-
moving anti- and output-dependences. Even though
register renaming technique is combined with Thorn-

ton's scoreboarding, Tomasulo's algorithm has the an-
other advantage of result forwarding. However, this
result forwarding increases hardware complexity sig-
ni�cantly. This process requires associative lookup
logic, which will be critical as the instruction window
size increases. Since the associative lookup logic is a
major obstacle for the high clock frequency, removing
the result forwarding is a simple solution. However,
this might lead serious performance degradation. Di-
rect Tag Search (DTS) algorithm, which was proposed
by Weiss et al. [13], is such a technique that makes
it possible to implement the instruction window us-
ing a RAM instead of a content addressable memory
(CAM). In the DTS algorithm, there is a tag search
table indexed by result tags to perform the result for-
warding. They evaluate the DTS algorithm only on a
scalar processor. For modern superscalar processors,
branch prediction is an essential technique. They do
not mention speculative execution and thus the han-
dling for mispredicted branches does not considered.
Therefore, in this paper we extend the DTS algorithm
for speculative superscalar processors and evaluate its
e�ectiveness.

The organization of the rest of this paper is as
follows. Next section explains our proposed instruc-
tion window which does not require the associative
lookup logic. In Section 3 evaluation methodology
is described and simulation results are presented in
Section 4. Section 5 surveys related works. Finally,
Section 6 proposes future work and gives conclusions.

2 EDF Instruction Window
This section proposes a simpli�ed wakeup logic,

which is an extension of the DTS algorithm. We call
it explicit data forwarding instruction window (EDF
instruction window) [10].

2.1 Terminology

Several de�nitions are given here to simplify fu-
ture references in this section. Modern microproces-



sors fetch multiple instructions per cycle. Following
instruction fetch, the instructions are decoded and is-
sued into instruction window. We use the term is-
sue to indicate the process of placing the instructions
into the instruction window. The instruction window
consists of instruction queue and a bu�er maintaining
program order such as reorder bu�er, and is operated
as a FIFO bu�er. The instructions remain in the in-
struction queue until their operands have been ready.
Once their dependences have been resolved, instruc-
tion dispatch logic schedules the instructions and then
dispatches them into functional units. The instruc-
tion queue entries containing the dispatched instruc-
tions are deallocated so that new instructions may be
issued. We use the term dispatch to move the in-
structions from the instruction queue to the functional
units, where they are executed. After completion of
execution, the instructions still wait in the instruction
window until their preceding instructions have been
retired from the instruction window. When the in-
structions reach the head of the instruction window,
they are retired from it. The instructions may be com-
pleted out-of-order but are retired in-order. We use
the term instruction queue as the structure holding the
instructions waiting for dispatch. On the other hand,
the term instruction window is used as the structure
holding the issued and completed instructions as well
as the waiting ones.

2.2 Conventional instruction window

In order to eliminate anti- and output-dependences,
modern dynamically scheduled processors perform
register renaming. There are two common ways to
implement the register renaming. One is using a sepa-
rated renaming registers which are usually constructed
by the reorder bu�er. The other combines the renam-
ing registers with architected registers in a single reg-
ister �le. We focus on the latter case, especially based
on MIPS R10000 [14].

Figure 1 depicts R10000's instruction window in-
cluding its register mapping hardware. The register
mapping hardware mainly consists of three structures
| map table, active list, and free list. By means of
the map table, each logical register is mapped into a
physical register. The destination register is mapped
to a free physical register which is supplied by the free
list, while operand registers are translated into the last
mapping assigned to them. The old destination regis-
ter is kept in the active list. When an instruction is
retired, the old destination register which is allocated
by the previous instruction with the same logical des-
tination register is freed and is placed in the free list.
The translated operand registers are held in the in-
struction queue as tags which are used for Tomasulo's

algorithm. Busy bit table contains a bit indicating
whether each physical register contains a valid value.
It is used for initializing ready bits in the instruction
queue for ready operands.
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Figure 1: Instruction window

Figure 2 shows the conventional instruction queue
with focusing on the wakeup logic. Every entry of
the queue has a pair of the tag �eld and the ready
bit for each operand register. Every time an instruc-
tion is completed, a result tag associated with the in-
struction is broadcasted to all instructions waiting in
the instruction queue. Every instruction in the queue
compares the result tag with its operand tags, and the
ready bit for the operand is set if they match. When
all operands are ready, the instruction wakes up.
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Figure 2: Wakeup logic

2.3 EDF instruction window

In order to improve the scalability of the instruction
queue by reducing the delay of the instruction wakeup
logic, we propose the EDF instruction window. The
main purpose of the EDF instruction window is using
a RAM which has more scalability than a CAM.

The EDF instruction window consists of a RAM
instruction queue and a table named dataow man-
agement table (DMT). In order to replace a CAM by
a RAM, the dependences between instructions are def-
initely explained by any means. The DMT is a small
register �le and keeps the dependences which are dy-
namically constructed. Figure 3 shows an entry of
the DMT. It has a number of ID slots, each of which
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Figure 3: DMT entry

consists of an identi�cation �eld (denoted as id), a
left/right identi�cation �eld (denoted as L/R), and an
empty bit (denoted as E). In Figure 3, the number of
ID slots (ID) is two. While we assume that ID is two
in the remaining of this section, we will vary ID in
Section 3. Figure 4 depicts the DMT with attached to
the instruction window. It is indexed by physical reg-
ister numbers and each entry holds ID slots indicating
speci�ed instruction queue slots. Hence, a dependence
from a source instruction I1 to a sink instruction I2

is expressed as the reference from the instruction I1

associated with a DMT entry to the instruction I2

registered in an ID slot of the DMT entry. The un-
resolved dependences between instructions are regis-
tered in the DMT when every instruction is issued,
and the DMT is referred when instructions are com-
pleted. That is, dependences through ready operands
are not registered in the DMT. The busy bit table
(not depicted in Figure 4) is used for this check. The
registration process is as follows. As shown in Figure
4, the DMT is indexed by the physical operand regis-
ter number and the ID associated with the instruction
which requests the operands is registered in id �elds.
Since the instruction in the �gure has two operands,
the ID corresponding to the instruction is registered
in 2 entries. The identi�ers (denoted as L and R in
Figure 4), that tell which operand for the instruction
it is, are also held in the DMT.
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Figure 4: Dataow management table

The empty bit in the DMT entry is set when a des-
tination register is mapped to a new physical register
which is associated with the entry, and is reset when
an ID is registered in the DMT slot. The reference
process and its following instruction wakeup process
are explained in Figure 5. When an instruction is
completed, the DMT is indexed by the result tag of
the instruction, which is a physical destination reg-
ister number. An instruction ID which requests the

execution result is obtained from the DMT. Using the
ID, the ready bit of an entry associated with the in-
struction is set. If all ready bits in the entry are set,
the instruction is ready for execution (wakeup). As
can be seen, there are no associative lookup in the
instruction wakeup logic. And thus, the instruction
queue is implemented using a RAM.

op L op RreadyL readyR

op L op RreadyL readyR

op L op RreadyL readyR

wakeup

result tags

Dataflow
management
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Figure 5: EDF instruction window

It is important to mention how to handle branch
mispredictions. When a branch is mispredicted, de-
pendences held in the DMT are incorrect. Therefore,
it is necessary to revert the table to a safe point where
the speculation is initiated. This is easily handled.
Every time a branch is predicted, a checkpoint of the
DMT is made, just like the map table [14].

The access time of the DMT might have serious
impact on cycle time and thus should be as small as
possible. Interested readers can �nd some implemen-
tation tricks to improve the access time in [11].

2.3.1 Issue policies

In order to handle the case where there is no room
for a speci�c entry in the DMT, we consider two poli-
cies for instruction issue. One is blocking issue policy
and the other is non-blocking one. The blocking is-
sue policy stalls the decode and issue of instructions
following one whose unresolved dependences can not
be registered in the DMT. The instruction causing
the decoder interlocking waits until its operands are
ready and then obtains them from the register �le.
The blocking issue policy might have severe impact
on processor performance. One of the possible severe
drawbacks is that it is di�cult to utilize large instruc-
tion window e�ciently.

The non-blocking issue policy continues the decode
and issue of instructions until the instruction window
is full. For instructions whose unresolved dependences
are not registered in the DMT, their operands are not
delivered directly by preceding instructions. In order
for the instructions to wake up appropriately, implicit
wakeup scheme is used. A key point is that depen-
dences of every instruction in the instruction window



head have been resolved1. Therefore, any instruc-
tion which reaches the instruction window head can
be dispatched unconditionally if an appropriate func-
tional unit is free. While the implicit wakeup scheme
removes the undesirable decoder interlocking, it has
a possible severe drawback. Every instruction whose
dependences are not registered in the DMT remains
in the instruction queue until it is in the instruction
window head even when the dependences have been
resolved. This delay of wakeup is serious for mispre-
dicted branch instructions. Many useless instructions
might be issued and dispatched, degrading processor
performance. The other inuence of the delay is in-
creasing pressure on the e�ective instruction window
capacity. If the instruction window is full, the de-
code and issue of instructions are stalled, resulting in
performance degradation. We will evaluate these in-
uences in the following section.

2.3.2 Combination with scoreboarding

To alleviate the possible disadvantage of the block-
ing issue policy, we combines the EDF instruction win-
dow with the scoreboarding technique. Instructions
which can not construct data dependence information
in the DMT are also issued into the RAM instruc-
tion window. Since there are no preceding instruction
which sets the ready bits for such instructions, they
should actively check the operand availability by mon-
itoring the register �le. This instruction scheduling
resembles Thornton's register scoreboarding. Hence,
instructions kept in the EDF instruction window are
classi�ed to two categories. One consists of the in-
structions which passively wait for the preceding in-
structions to set their ready bits. The other consists
of the instructions which actively check the operand
availability on the register �le. These instructions are
mixed in the EDF instruction window. While this in-
creases hardware complexity, it still does not require
the associative lookup logic. We call this window ad-
vanced EDF instruction window.

3 Evaluation Methodology

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

3.1 Experimental model

An execution-driven simulator is used for this
study. We implemented this simulator using the
SimpleScalar tool set (ver.3.0a) [1]. The Sim-
pleScalar/PISA instruction set architecture (ISA) is
based on the MIPS ISA.

1Please remember that instructions are not removed from
the instruction window until they are retired.

The simulator models a realistic 8-way out-of-order
execution superscalar processor. While register re-
naming is performed on register update unit (RUU)
[12] in the SimpleScalar processor, it can easily mod-
els the R10000's register mapping hardware. The re-
naming registers, the active list and the instruction
queue share a single structure, which is the RUU. The
number of the RUU entries is varied between 64 and
512. Each functional unit can execute any operations.
The latency for execution is 1 cycle except in the case
of multiplication (4 cycles) and division (12 cycles).
A 4-port, non-blocking, 128KB, 32B block, 2-way set-
associative L1 data cache is used for data supply. It
has a load latency of 1 cycle after the data address
is calculated and a miss latency of 6 cycles. It has a
backup of an 8MB, 64B block, direct-mapped L2 cache
which has a miss latency of 18 cycles for the �rst word
plus 2 cycles for each additional word. No memory
operation can execute that follows a store whose data
address is unknown. A 128KB, 32B block, 2-way set-
associative L1 instruction cache is used for instruction
supply and also has the backup of the L2 cache which
is shared with the L1 data cache. For control predic-
tion, a 1K-entry 4-way set associative branch target
bu�er, a 4K-entry gshare-type branch predictor, and
an 8-entry return address stack are used. The branch
predictor is updated at instruction commit stage.

3.2 Benchmark programs

The SPECint95 benchmark suite is used for this
study. We focus on the performance of only integer
programs because it tend to be di�cult to obtain high
levels of parallelism from these types of programs than
from oating-point programs. The input �les are mod-
i�ed in order that evaluation time is practical. Table
1 lists the benchmarks and the input sets. We use
the object �les provided by University of Wisconsin
Madison [1], except for 132.ijpeg which is compiled
by GNU GCC (version 2.6.3) with the optimization
option, -O3. Each program is executed to completion.

Table 1: Benchmark programs

program input set #inst.s
099.go 9 9 133M
124.m88ksim dcrand.big 120M
126.gcc genrecg.i 117M
129.compress 14000 e 2231 48M
130.li queens 7 202M
132.ijpeg specmun.ppm 54M
134.perl primes.in 10M
147.vortex persons.250 101M

4 Simulation Results
This section presents simulation results. First, the

EDF window using the blocking issue policy is eval-



Table 3: % Stalls of instruction issue

program 64 entries 128 entries 256 entries 512 entries
1 2 3 1 2 3 1 2 3 1 2 3

099.go 40.46 10.68 3.09 40.47 11.05 3.52 40.47 11.09 3.58 40.47 11.10 3.58
124.m88ksim 54.04 35.51 6.46 54.04 35.58 5.99 54.04 35.59 5.99 54.04 35.58 5.99
126.gcc 40.34 18.39 10.24 40.35 18.57 10.57 40.35 18.59 10.61 40.36 18.60 10.62
129.compress 59.82 29.63 14.61 59.94 29.87 14.76 59.94 29.89 14.77 59.94 29.89 14.77
130.li 57.09 38.09 11.14 57.09 38.11 11.17 57.09 38.09 11.17 57.09 38.09 11.16
132.ijpeg 43.41 28.30 19.49 48.34 31.15 23.04 48.65 31.38 23.45 48.66 31.37 23.46
134.perl 54.60 31.56 22.65 54.62 31.58 23.05 54.62 31.58 23.09 54.62 31.58 23.04
147.vortex 52.21 22.56 18.92 52.25 23.59 20.27 52.26 23.57 20.35 52.26 23.53 20.37

Table 2: Baseline performance (IPC)

window size
program 64 128 256 512

099.go 1.41 1.41 1.41 1.41
124.m88ksim 3.28 3.37 3.51 3.51
126.gcc 1.77 1.77 1.77 1.77
129.compress 2.87 2.87 2.87 2.87
130.li 2.22 2.22 2.22 2.22
132.ijpeg 3.11 3.24 3.26 3.26
134.perl 2.57 2.60 2.60 2.60
147.vortex 3.19 3.08 3.09 3.08

uated. After that, the inuences of the non-blocking
issue policy are shown. And last, we evaluate how
instruction supply e�ciency a�ects EDF window per-
formance.

4.1 Baseline performance

Table 2 summarizes the baseline processor perfor-
mance using the conventional CAM instruction win-
dow. For measuring performance, we use the commit-
ted instructions per cycle (IPC) as a metric. Only use-
ful instructions are considered for counting the IPC.
We do not count nop instructions. We evaluate use-
fulness of the EDF window by comparing it with the
baseline performance.

Next, the EDF window using the blocking issue pol-
icy is evaluated. Table 3 explains how often the in-
struction issue stalls due to the lack of the ID slots in
the DMT. The �rst column in the table shows program
name. The remaining four groups of three columns
indicate the percent stall cycles for 64-, 128-, 256-,
and 512-entry instruction windows, respectively. For
each group, three columns present the results for the
cases where ID is 1, 2, and 3, respectively. We can
easily �nd the followings. First, there are no signif-
icant di�erences in the percent stall cycles when the
instruction window size changes. Second, in the case
that ID is 1, the instruction issue is frequently stalled,
approximately 50% of whole execution cycles. As ID
increases from 1 to 2 and 3, the stall cycle is reduced to
about 30% and 20% respectively. This means one �fth

of the instruction issue slots is wasted even though ID
is 3. In other words, the issue width decreases from 8
to 6 instructions e�ectively. This might have serious
negative impact on processor performance. Next we
evaluate the impact.

Figure 6 compares processor performance. Perfor-
mance for the proposed RAM instruction window is
normalized by that of the conventional CAM instruc-
tion window. For each group of four bars in the �g-
ure, the �rst three (see from left to right) are for the
EDF instruction window (denoted as 1, 2,and 3), and
the last is for the conventional CAM instruction win-
dow (denoted as C). For the proposed RAM instruction
window cases, the left, middle, and right bars indicate
the results in the cases where ID is 1, 2, and 3, respec-
tively. While it is not observed that the interlocking of
the decode and issue a�ects seriously on processor per-
formance, the four cases are classi�ed into two groups,
A and B. Group A consists of the case of the 64-entry
instruction window, and group B consists of the re-
maining cases. For group A, it is found that the DMT
with three ID slots is required for the EDF instruction
window to achieve processor performance comparable
to that of the conventional CAM instruction window,
except for the case of 134.perl. On average, it at-
tains 94.9% of that of the conventional case. It is
interesting that in the case of 130.li, the processor
performance of the RAM instruction window exceeds
that of the CAM window. This is due to the indeter-
minate characteristics of out-of-order execution. For
example, if the instruction issue stall reduces useless
instructions which are executed on branch mispredic-
tion path, the performance is improved. When ID

decreases to two, 91.3% of the conventional perfor-
mance is achieved. If it still decreases to one, only
77.8% of the performance is achieved. Therefore, it is
a good tradeo� point that the DMT has two ID slots.
For group B, it is also found that the DMT with three
ID slots is enough for the EDF instruction window to
achieve processor performance comparable to that of
the conventional CAM instruction window, except for
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Figure 6: Processor performance comparison (blocking)

the case of 124.m88ksim. On average, approximately
93% of the conventional case is achieved, when ID is
two. Thus, it is also con�rmed that the DMT with
two ID slots is a good tradeo� point.

4.2 Inuence of issue policies

Figure 7 compares the EDF instruction window us-
ing the non-blocking issue policy and the conventional
CAM instruction window on processor performance.
While the blocking issue policy is free from its possible
drawback, the non-blocking issue policy is faced with
its possible drawback. Except for 099.go, processor
performance using the EDF instruction window can
not reach that using the conventional CAM instruc-
tion window. Even when the DMT has three ID slots,
only 75.9%, 74.5%, 73.3%, and 73.2% of processor per-
formance in the CAM window case is achieved for 64-,
128-, 256-, 512-entry EDF instruction windows, re-
spectively. This performance gap may not be easily
compensated by high clock frequency. Moreover, the
performance degradation is severer in large instruc-
tion window than small one. This does not match
the motivation of enlarging instruction window size.
Hence, the non-blocking issue policy is not desirable
for the EDF instruction window. The reason of the
performance degradation is mainly increase of useless
instructions squashed by branch mispredictions. This
is caused by the delay of instruction wakeup. Ta-
ble 4 presents how long each instruction remains in
the instruction window on average. The �rst column
in the table shows program name. The remaining

four groups of four columns are for 64-, 128-, 256-,
and 512-entry instruction windows, respectively. For
each group, �rst three columns present the results
for the cases where ID is 1, 2, and 3, respectively.
And the last is for the conventional CAM window.
As easily observed, the delay increases considerably.
Figure 8 shows percent increase of misspeculated in-
structions. For 512-entry EDF instruction window,
they are increased by as much as 661% in the case of
124.m88ksim. This increases pressure on functional
units, resulting in performance loss. In the remaining
of this paper, we will not investigate the non-blocking
issue policy.

4.3 Inuence of instruction supply

Now, we should consider how instruction supply ef-
�ciency a�ects performance. As we have seen in Ta-
ble 2, processor performance is hardly change as the
instruction window size increases. This might mean
that any large instruction windows are useless for ad-
ditional processor performance. In other words, the
EDF instruction window would not be required if large
instruction windows did not contribute to processor
performance. One of the reasons for the poor pro-
cessor performance is branch misprediction penalties.
Recently trace cache [7{9] is proposed for high band-
width instruction supply. If trace cache are attached
to the future microprocessor, its instruction supply ef-
�ciency is improved. From these considerations, next
we evaluate the EDF instruction window under the
condition that instruction supply is ideal: i.e. both in-
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Table 4: Instruction window occupant latency (cycles)

program 64 entries 128 entries 256 entries 512 entries
1 2 3 C 1 2 3 C 1 2 3 C 1 2 3 C

099.go 12.8 8.5 7.5 6.6 14.9 9.3 7.9 6.7 16.4 9.8 8.1 6.8 17.3 10.1 8.1 6.8
124.m88ksim 25.8 21.4 15.2 9.2 34.6 17.0 12.3 12.6 43.3 21.4 15.8 16.6 49.8 27.2 23.9 22.1
126.gcc 17.1 12.3 10.2 6.3 20.9 14.9 12.0 6.5 24.0 17.1 13.7 6.7 27.8 19.4 15.6 6.9
129.compress 24.5 14.0 10.8 7.3 29.9 17.1 12.9 7.8 34.5 20.1 16.3 8.4 39.5 25.8 22.9 9.7
130.li 25.1 18.2 11.0 6.1 33.7 22.8 13.8 6.1 38.1 25.7 15.5 6.1 41.4 28.4 17.2 6.1
132.ijpeg 24.0 18.9 16.5 10.4 38.1 28.6 23.2 13.5 53.4 41.7 32.7 17.8 83.6 66.2 49.1 24.5
134.perl 24.3 18.5 14.5 6.8 31.3 21.6 17.4 7.2 34.9 27.2 20.1 7.3 39.8 30.3 21.2 7.3
147.vortex 34.9 27.6 24.2 8.6 56.5 37.8 34.6 10.0 68.0 56.0 50.8 11.1 89.0 78.4 68.6 12.7

struction cache and branch predictor are perfect. Ta-
ble 5 shows performance of the processor model using
the conventional CAM instruction window when the
instruction supply is ideal. Di�erent from Table 2,
processor performance is improved as the instruction
window size increases.

Figure 9 shows processor performance when the in-
struction supply is perfect. It is observed that pro-
cessor performance can not be maintained even if the
DMT has three ID slots. This characteristics becomes
more serious as the instruction window size increases.
The proposed window attains 89.5% of the conven-
tional one when the window size is 64 entries. When
the size increase to 512 entries, only 80.7% of the per-
formance is achieved. From these observations, the
EDF instruction window is not su�cient for the future
microprocessors with sophisticated instruction supply

Table 5: Baseline performance (ideal supply)

window size
program 64 128 256 512

099.go 4.32 4.94 5.21 5.33
124.m88ksim 4.17 4.60 4.81 4.82
126.gcc 4.54 5.02 5.19 5.26
129.compress 4.80 5.15 5.18 5.18
130.li 4.74 4.96 4.99 4.99
132.ijpeg 4.30 4.93 5.08 5.12
134.perl 4.68 5.20 5.39 5.44
147.vortex 4.65 4.97 5.07 5.11

mechanisms.

This insu�ciency is solved by combining the EDF
window with Thornton's register scoreboarding as ex-
plained in Section 2.3.2. Figure 10 shows processor
performance for the advanced EDF instruction win-
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Figure 8: %Increase of misspeculated instructions (non-blocking)

dow. As can be seen, removing instruction issue stall
due to the lack of the ID slots improves the perfor-
mance signi�cantly. Note that the instruction supply
is ideal. Di�erent from the cases of the base EDF
instruction window, the disparity between the RAM
and CAM instruction windows becomes small as the
window size increases. When the window size is 512
entries the advanced EDF instruction window with the
DMT which has only one ID slot achieves 97.2% of the
conventional CAM window, while the former attains
90.8% of the latter when the size is 64 entries. Thus,
only one ID slot is su�cient for the advanced EDF
instruction window. This is desirable for the large in-
struction window, since the hardware of the advanced
window is more complex than the base one, while they
both do not require the associative lookup logic.

In summary, the EDF window with the DMT which
has only one ID slot can achieve comparable perfor-
mance to the conventional CAM window, while it
could bene�t from a shorter cycle time. Therefore,
it is one of the promising candidates for large instruc-
tion window for the future microprocessors.

5 Related Work
The basic idea behind our proposal is to make result

forwarding explicit. Dualow Architecture [4] is such
an architecture. It hybridizes control- and data-driven
architectures. Instruction sequence is control-driven,
while result forwarding between instructions is data-
driven. Destinations of a result is explicitly explained

in each instruction, removing associative lookup in in-
struction wakeup logic while Dualow performs out-
of-order execution. The EDF instruction window is
strongly inuenced by Dualow. We owe the basic
idea of explicitly explaining data communication for
Dualow. One of the disadvantages of Dualow is
explosion of program code. It is reported that the
code size is increased by more than 100% and approx-
imately 50% of dynamic instructions are useless [4].
An another architecture where data communication is
explicitly explained in instructions is Transport Trig-
gered Architecture (TTA) [3]. It is programmed by
specifying the data transportations directly. A TTA
processor consists of several functional units and a reg-
ister unit, which is considered as a functional unit.
The functional units are connected by an intercon-
nection network. Each transportation between func-
tional units triggers an operation. In other words,
all transportations between internal registers in func-
tional units are explicitly explained in instructions.
Both Dualow and TTA require considerable changes
in the ISA. On the other hand, the EDF instruction
window maintains binary compatibility by translating
implicit result forwarding into explicit one dynami-
cally.

The EDF instruction window is most similar to the
DTS algorithm proposed by Weiss et al. [13]. In the
DTS algorithm, there is a tag search table indexed
by result tags to perform the result forwarding. The
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Figure 9: Processor performance comparison (ideal instruction supply)

tag search table has only one reservation address for
each tag, and thus it is the case of the DMT with
one ID slot. They evaluate the DTS algorithm on
a scalar processor while we evaluate the EDF win-
dow on a wide superscalar processor. In addition, for
modern superscalar processors, branch prediction is
an essential technique. They do not mention specula-
tive execution and thus the handling for mispredicted
branches does not considered. Furthermore, we pro-
pose the non-blocking issue policy for the EDF win-
dow while it does not have signi�cant contribution on
processor performance.

Canal et al. [2] investigate �rst-use and distance
schemes. The �rst-use scheme consists of Ready
queue, where instructions that have available operands
completely are issued, and First-use table, where the
oldest instruction that reads each physical register.
When every instruction �nishes, the First-use table is
referred and its corresponding instructions are issued
to the Ready queue. This scheme eliminates the asso-
ciative lookup, however performance degradation from
the conventional instruction window is signi�cant. In
order to maintain the performance, they propose to
attach a content addressable queue, named I-bu�er.
Therefore, the associative lookup is revived. In ad-
dition, pointer chasing is used in the First-use table
thus there is the impact of serialized lookups of the
Fist-use table entries on processor cycle time. The
distance scheme consists of Register Available table,
which holds available time for each register value, Wait

queue, where instructions whose execution latencies
are unknown, and Issue queue, where VLIW-style in-
struction is constructed using instructions from the de-
coder and the Wait queue. Instructions are dispatched
to functional units from the Issue queue, where the
associative lookup is removed. However, The Wait
queue is a content addressable queue, and hence the
distance scheme still relies on the associative lookup.
On the other hand, the EDF instruction window elim-
inates the associative lookup completely. In addition,
they only evaluate 64-entry instruction window and do
not mention how e�ective their proposal is for larger
windows.

6 Conclusion

Future microprocessors will rely on higher clock
speed, wider instruction issue width, deeper pipeline
stages, and larger instruction windows in order to im-
prove performance. As the width and the size in-
crease, the scaling of the clock speed becomes di�cult
to attain. One of the obstacles is the instruction win-
dow wakeup logic. In this paper, we have proposed
a simple wakeup logic for large instruction window,
named the explicit data forwarding instruction win-
dow. It exploits the characteristics that each execu-
tion result is forwarded to the limited number of de-
pendent instructions. Relationships between instruc-
tions are explicitly described and thus the associative
lookup for checking the relationships is removed. Sim-
ulation results show that the proposed RAM window
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Figure 10: Processor performance comparison (advanced)

achieves comparable performance to the conventional
CAM window.

One of the future studies regarding the EDF in-
struction window is removing the DMT by construct-
ing dataow information in the trace cache. This
simpli�es the decode and issue of instructions, result-
ing faster clock frequency. For increasing the number
of destinations of result forwarding, inserting dummy
move instructions can be used. This reduces the in-
terlocking of the decode and issue and thus utilization
of large instruction window will be improved. We are
also interested in the aspect of power dissipation of the
instruction window. RAMs are lower in power dissi-
pation than CAMs. Thus, it is interesting to evaluate
the power of the two instruction window models.
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