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Abstract

This paper introduces a new microarchitecture,

which we call COSMOS, for realizing large scale su-

perscalar processors with high clock frequencies. In

order to achieve the goal, several design techniques

on instruction supply mechanism, instruction win-

dow, register �les, and operand bypass logic are pro-

posed. Based on simulation results of an 8-way dy-

namically scheduled superscalar processor, we estimate

that the contribution of COSMOS microarchitecture

on instruction level parallelism is only 1.3% degrada-

tion from the conventional superscalar processor with

an equivalent scale. Due to its low complexity, a COS-

MOS superscalar processor works at higher clock fre-

quencies than the conventional one. Therefore, COS-

MOS microarchitecture is one of the promising candi-

dates for future superscalar processors.

Keywords: superscalar processors, instruction supply

mechanism, instruction window design, variable la-

tency pipeline, clustered architecture

1 Introduction
Future microprocessors will rely on higher clock

frequencies, wider instruction issue width, deeper
pipeline stages, and larger instruction windows in or-
der to improve performance. As the width and size
increase, the scaling of the clock frequencies becomes
di�cult to attain. Obstacles for the scaling are reg-
ister renaming logic, large register �les, and operand
bypass logic as well as instruction window wakeup and
select logic [11,14]. There are many proposals to alle-
viate these constraints on the renaming logic [1], the
registers [7, 24], and the instruction window [4, 14].
This paper proposes a new microarchitecture, which
realizes large scale superscalar processors with high
frequencies emerging in the near future. We introduce
an implementation example, which we call KIT COS-
MOS processor [20], and describe its unique features.
This paper focuses on its characteristics based on the
superscalar paradigm, while it is a simultaneous mul-

tithreading processor [20,25].
The features of the KIT COSMOS processor, which

improve clock frequencies are summarized as follows.

� Clustered architecture [20]

� High bandwidth instruction cache [21]

� Decoupled instruction window [19]

� Simpli�ed instruction issue logic [22]

� Variable latency pipeline [23]

It is important to consider impact of hardware com-
plexity on processor cycle time for large scale super-
scalar processors. In order to solve the problem, it is
widely investigated to split the large processor into a
number of small processing elements as the �rst fea-
ture. As instruction issue width is increase, require-
ment of instruction fetch bandwidth also increases.
The conventional multiple-port cache combined with
the instruction alignment circuit becomes the bottle-
neck deciding processor cycle time. The second fea-
ture of COSMOS attacks this problem. The next
two deal with large scope instruction scheduling. The
large instruction window is required for e�cient in-
struction scheduling, while it is the most critical in
the future [14]. The hierarchical and simpli�ed de-
sign helps minimize performance degradation without
increasing cycle time. The result bypass logic is an
another critical problem, which is considered by the
last one.

The organization of the rest of this paper is as fol-
lows. Next section introduces the KIT COSMOS pro-
cessor. Section 3 explains the high bandwidth instruc-
tion supply mechanism. The large instruction window
and the operand bypass logic are dealt with in Sections
4 and 5 respectively. We present some evaluation re-
sults for these techniques based on timing simulations
using SimpleScalar tool set [2]. The current processor
model evaluated is an 8-way dynamically scheduled
superscalar processor. For measuring performance, we
use in this paper the committed instructions per cycle



(IPC) as a metric. Only useful instructions are con-
sidered for counting the IPC. We do not count nop
instructions. Section 6 surveys related works. Finally,
our conclusions are presented in Section 7.

2 KIT COSMOS Processor

Figure 1 shows the block diagram of a COSMOS
processor, which consists of one instruction supply
mechanism and two instruction execution mechanisms
(clusters). The number of the clusters is not neces-
sary two. The instruction supply mechanism will be
explained in Section 3. The instruction bu�er and
the scheduling window will be described in Section 4.
The detail of a functional unit will be found in Sec-
tion 5. These components contribute to high clock
frequencies. On the other hand, this section focuses
on the clustered architecture, which is combined with
the value predictor.
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Figure 1: A dual-clustered COSMOS processor

The delay of both the large register �le and the
long bypass busses is severe and is degrades processor
clock frequencies [14]. The clustered architecture at-
tacks this problem by distributing the register �les and
the functional units across multiple clusters. Each reg-
ister �le becomes small and the bypass busses can be
short. Therefore, the clustered processor can operate
at higher frequencies than the superscalar processor
with an equivalent scale.

In COSMOS processor microarchitecture, a register
�le is divided into multiple local register �les and dis-
tributed across the clusters. There are not any copies
of each register �le nor any global register �les. When
an instruction is decoded, the steering logic decides in
which cluster it is to be issued. If any source operand
of the instruction is not held in the local register �le,
it is required to move the operand from the remote
cluster. This incurs penalties at least one cycle. The
proposed microarchitecture solves this problem by ex-
ploiting value prediction [9,13]. The instruction which
requires any source operand located in the remote

cluster uses its predicted value and executes specula-
tively. If the prediction is correct, the processor does
not su�er the cycle penalty from moving the operand
between clusters. Only when the prediction is incor-
rect, it su�ers the penalty. One of the advantage of
this value prediction strategy is that instructions held
in the value prediction table are limited. Thus, the
prediction table is e�ciently utilized and its capacity
can be reduced without performance loss.

In the remaining of this paper, we assume a single-
clustered COSMOS processor as a representative for
large scale superscalar processors.

3 Instruction Supply Mechanism
We propose a simpler trace cache [15, 16], named

non-consecutive basic block bu�er (NCB) [21]. The
followings describe the NCB fetch mechanism and ex-
plains the di�erence between two mechanisms.

The NCB is an extension of branch target bu�er
(BTB), and caches source basic blocks as well as tar-
get basic blocks, i.e. the NCB stores multiple non-
consecutive basic blocks. Figure 2 indicates the NCB
fetch mechanism. The instruction cache and the NCB
are indexed by the program counter. The branch pre-
dictor is used for selecting an instruction sequence
from the ones supplied by the instruction cache and
the NCB. If the branch outcome is predicted taken,
the instruction sequence (a trace) from the NCB is se-
lected. Otherwise, the one from the instruction cache
is selected. In the case that the trace is not cached in
the NCB, instructions are provided from the instruc-
tion cache.

Branch
Predictor

Execution
Engine

select

NCB

Instruction
Cache

Fill
Unit

update

predicted
outcomes

Figure 2: NCB fetch mechanism

Trace constructing process executed in the �ll unit
is as follows. Step 1: The �ll unit temporary bu�ers
instructions from the instruction cache in a line bu�er.
Step 2: If there is a branch instruction (both condi-
tional and unconditional) in the instructions and the
branch outcome is predicted taken, the instruction se-



quence reaching the branch instruction is stored in the
line bu�er. Step 3: After next instructions from the
instruction cache is fetched, the former instructions
stored in the line bu�er and the latter instructions are
combined into a trace. The trace constructing process
is �nished when

1. the line bu�er becomes full, or

2. the trace contains two branches predicted taken
(including indirect jump).

And then, the constructed trace is stored in the NCB.

This process resembles the one performed by the
collapsing bu�er [6]. In the case of the collapsing
bu�er, Steps 1-3 have to be processed in one cycle.
On the other hand, in the case of the proposed scheme,
these steps can be pipelined because this process goes
out from the instruction supplying process. Therefore,
the complicated �ll unit structure does not have any
impact on the processor cycle time.

The di�erences between the trace cache and the
NCB are summarized as follows.

1. The NCB stores only those traces containing
taken branches, eliminating unnecessary replica-
tion of trace and basic block.

2. In the case of the NCB, a basic block can be split
across two traces just like the trace packing [15].
And hence, starting addresses of traces do not
always match with basic block boundary.

3. A single indirect jump, return or trap instruction
does not terminate trace construction, reducing
unused instruction slots.

4. The trace construction is based on predicted
branch outcomes rather than actual ones. This
decouples the NCB from the execution engine,
reducing hardware complexity. In addition, this
enables each trace to be constructed early.

According to these characteristics, the NCB fetch
mechanism becomes simpler than the trace cache.

Figure 3 compares processor performance. We sim-
ulate three models: the baseline model (64K I-cache),
the baseline model whose instruction cache is doubled
in capacity (128K I-cache), and the evaluated model
(64K I-cache + 32K NCB). Results of the last two
models are normalized by the �rst one. It can be eas-
ily found that the large cache model (denoted as 128)
can not contribute to processor performance. On the
other hand, it is observed that the IPC of the NCB
model (denoted as N) is increased by 9.4% on aver-
age and a maximum of 13.7%. This con�rms that the
NCB can more e�ciently supply instructions than the
conventional instruction cache.
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Figure 3: Performance contribution of NCB

4 Simple Instruction Window

This section considers how to realize large instruc-
tion window. First, we decouple the instruction win-
dow into relatively small instruction scheduling win-
dows and a large instruction bu�er which is a backup
for the �rst one. Second, a simpli�ed instruction
wakeup logic utilized in the small scheduling window
is proposed. This removes associative lookup and thus
the scalability is improved.

4.1 Decoupled instruction window

COSMOS processor architecture relies on data
speculation technique as described in Section 2. The
data speculation is a new technique removing serial-
ization on a program execution caused by data depen-
dences based on data value prediction [9, 13]. When
a predicted value is correct, it becomes possible to
execute the predicted instruction and its dependent
instructions simultaneously, thereby more instruction
level parallelism (ILP) is extracted. Otherwise, it is
necessary to revert processor state to a safe point
where the speculation is initiated. Instruction reis-
sue is such a technique recovering the processor state
when a misspeculation occurs. It invalidates instruc-
tions dependent upon the misspeculated instruction
selectively and then reissues them in the instruction
window. It is possible to realize the instruction reis-
sue with a simple hardware structure [18]. However,
the instruction reissue technique has a problem. In
order to realize the instruction reissue, each instruc-
tion remains in the instruction window until it is not
speculative. In other words, it can not release its en-
try in the instruction window until it is committed.
Thus, e�ective capacity of the instruction window is
reduced, diminishing the freedom of the instruction
scheduling [5]. In order to maintain the freedom, it is
necessary to increase the instruction window size.

In order to realize a large instruction window,
we propose to decouple the recovery mechanism for
data speculation from dynamic instruction scheduling
structure [19]. As shown in Figure 1, the decoupled



window consists of relatively small instruction win-
dows for the scheduling and a large instruction bu�er
for the instruction reissue. The small scheduling win-
dows are distributed across clusters. On the other
hand, the large bu�er is centralized. After an in-
struction is fetched and decoded, it enters both the
scheduling window and the instruction bu�er. When
the instruction is dispatched to a functional unit, it
leaves the scheduling window and release its entry but
remains in the instruction bu�er. When it is com-
mitted, it leaves the instruction bu�er and releases its
entry. In the case that either the window or the bu�er
is full, instruction issuing stalls.

The small instruction window works for dynamic
instruction scheduling. Thus, most of the times
each instruction is dispatched from a small window.
Since instructions are aggressively deallocated from
the scheduling window when they are dispatched, the
problem reducing its e�ective capacity is solved. In
addition, its relatively small size does not have serious
impact on processor cycle time. However, it is impos-
sible to reissue misspeculated instructions inside the
scheduling window. The large instruction bu�er works
as the backup for the small window and performs the
instruction reissue. Each instruction remains in the
bu�er until it is committed. When a misspeculation
occurs, reissued instructions are obtained from the in-
struction bu�er. In order to aggressively speculate in-
structions, the instruction bu�er should be very large.
Since it is di�cult to access such a large bu�er in one
cycle, the wakeup and selection logic of the bu�er is
pipelined to maintain high clock frequencies. It is ex-
pected that the pipelining does not degrade processor
performance, since the instruction bu�er is active only
when misspeculations are detected.

It is straightforwardly decided which structure dis-
patches an instruction to a functional unit. When
an instruction is misspeculated, its dependent instruc-
tions which have already dispatched and thus which
should be reissued are obtained from the instruction
bu�er only. They have already left the scheduling win-
dow. The dependent instructions which have not been
dispatched remain in both the scheduling window and
the bu�er. However, the instructions are obtained
only from the scheduling window, because they are
not candidates for reissue.

Figure 4 presents the performance contribution of
the decoupled instruction window. We evaluate three
models. The �rst (denoted as B) is a conventional pro-
cessor model which has a 512-entry instruction win-
dow. The second (denoted as P) is the one whose
instruction window is pipelined by 2 cycles. And the

last (denoted as D) is the decoupled instruction win-
dow model. The instruction bu�er and the schedul-
ing window has 512 and 256 entries respectively. The
bu�er is pipelined by 2 cycles but the scheduling win-
dow is not pipelined. The 256-entry instruction win-
dow is still too large to achieve high clock frequencies.
This is resolved in the next subsection. Each model
utilizes 4096-entry stride value predictor [9], and its
performance is normalized by the baseline model with-
out the value predictor. In this evaluation we use
128K conventional instruction cache. It is observed
that the pipelining of the instruction window is se-
riously degrades processor performance. However, it
can be found that the performance degradation due to
the pipelining is compensated by its decoupling. For
all cases, processor performance is improved over the
baseline model, 3.7% improvement on average. Com-
pared with the conventional model with the value pre-
dictor, performance of the decoupled model is lower.
However, it is expected that the clock frequencies of
the decoupling model is faster than that of the con-
ventional one. Therefore, the processor performance
of the decoupling model will be comparable to that of
the conventional one.
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Figure 4: Performance contribution of decoupled
instruction window

4.2 EDF 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 reorder bu�er. The other combines the renaming
registers with architected registers in a single register
�le. We focus on the latter case, especially based on
MIPS R10000 [26].

In order to improve the scalability of the instruc-
tion window by reducing the delay of the instruction
wakeup logic, we propose the explicit data forwarding
(EDF) instruction window [22]. The main purpose
of the EDF instruction window is using RAM which



has more scalability than CAM. The EDF instruction
window consists of the RAM instruction window and
a table named data
ow management table (DMT). In
order to replacing CAM by RAM, the dependences
between instructions are de�nitely explained by any
means. The DMT keeps the dependences. Figure 5
depicts the DMT with attached to the register map-
ping hardware. It is indexed by physical register num-
ber and each entry holds IDs indicating speci�ed in-
struction window slots. In Figure 5, the number of
IDs which are registered in each entry is one. How-
ever, it can be increased by analyzing the tradeo� be-
tween performance and its hardware cost. The de-
pendences between instructions are registered when
every instruction is issued, and the DMT is referred
when instructions complete. The registration process
is as follows. As shown in Figure 5, the DMT is in-
dexed by the physical operand register numbers and
the ID associated with the instruction which requires
the operands are registered. 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 A and B), that tell which operand for
the instruction it is, are also held in the DMT.
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operation op Bop A dest rdold D

map table free list
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instruction queue

instruction

id

id

dataflow
management

table
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Figure 5: Data
ow management table

The reference process and its following instruction
wakeup process are explained in Figure 6. When an
instruction completes, the DMT is indexed by the re-
sult tag of the instruction, that is physical destina-
tion register number. From the table, instruction ID
which requires the execution result is obtained. Using
the ID, the ready bit of an entry associated with the
instruction 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
window is implemented using RAM.

It is important to mention how to handle branch
mispredictions. When a branch is mispredicted, de-
pendences held in the DMT are incorrect. Therefore,

op A op Bready A ready B

op A op Bready A ready B

op A op Bready A ready B

result tags

wakeup

id B

id A

Dataflow
management
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Figure 6: EDF instruction window

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 [26].

Next, we consider the delay of the instruction win-
dows. In the case of the conventional instruction win-
dow, it is realized using CAM in order to the process
of the wakeup logic. Since each entry of the window
requires 2�IW comparators, where IW is the instruc-
tion issue width, the CAM instruction window size is
in the order of O(IW � WS), where WS is the in-
struction window size. From the detailed analysis by
Palacharla et al. [14], the delay of the CAM window is
in the order of O(IW 2

�WS
2). On the other hand, the

delay of the proposed instruction window is estimated
as follows. The sizes of the DMT implemented using
RAM and the RAM instruction window are both in
the order of O(WS). Based on the analysis on the reg-
ister renaming logic by Palacharla et al. [14], the delay
of them are both in the order of O(IW 2). Therefore,
the EDF instruction window is more scalable than the
conventional instruction window.

Figure 7 compares processor performance. Perfor-
mance for the proposed RAM instruction window is
normalized by that of the conventional CAM instruc-
tion window. Every instruction window has 256 en-
tries. For each group of three bars in the �gure, the
left, middle, and right bars indicate the results in the
cases where the number of the ID �eld in the DMT is
1, 2, and 3, respectively.

It is found that the DMT with three ID slots is re-
quired for the EDF instruction window to achieve pro-
cessor performance comparable to that of the conven-
tional CAM instruction window, except for the case of
124.m88ksim. On average, it attains 95.4% of that of
the conventional case. It is interesting that in the case
of 130.li, the processor performance of the RAM in-
struction window exceeds that of the CAM window.
This is due to the indeterminate characteristics of out-
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Figure 7: Performance contribution of EDF
instruction window

of-order execution. For example, if the instruction is-
sue stall reduces useless instructions which are exe-
cuted on branch misprediction path, the performance
is improved. When ID decreases to two, 92.7% of
the conventional performance is achieved. If it still
decreases to one, only 78.9% of the performance is
achieved. Therefore, it is a good tradeo� point that
the DMT has two ID slots.

5 Variable Latency Pipeline

The execution stage consists of execution latency
and result drive time for the operand bypassing [11]. It
is almost impossible to move the bypass logic from the
execution stage to the issue stage, since the issue stage
is already critical [26]. The delay of the bypass logic
imposes the execution stage to be divided into several
stages, increasing the execution latencies. Pipelining
is one of the techniques realizing the high speed cir-
cuits and can improve the throughput of a function.
However, it also increases the latency of the function
and thus processor performance sometimes can not be
improved by the technique. Therefore, careful con-
siderations are required for applying the pipelining to
the bypass logic. On the other hand, asynchronous
and pseudo-asynchronous circuits are the other tech-
niques realizing high speed circuits. However, they
have the following problems. The asynchronous and
pseudo-asynchronous circuits need a completion de-
tector of each operation. The detector becomes the
critical path of the circuits and increases processor cy-
cle time. Furthermore, the throughput can be dimin-
ished for speci�c operands. From these considerations,
techniques to reduce execution latencies including by-
passing are required.

In order to mitigate the constraints on the by-
pass logic, we exploits variable latency pipeline (VLP)
structure [23]. Figure 8 shows the concept of the
VLP [12]. A function can be implemented by several
kinds of circuits whose design policy are di�erent with
each other. In Figure 8, two circuits are used for im-

plementing the function. Circuit A is designed so that
most of the longest path of each operation is shorter
than a processor cycle time. Circuit B is designed
so that the critical path of the circuit is shorter than
the cycle time, and is pipelined. Combining these two
kinds of circuits reduces the e�ective latency to exe-
cute the function and also maintains the throughput
of the function even for the operations which are exe-
cuted in two cycles.
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Figure 8: Variable latency pipeline structure

In order to select one from two results, a comple-
tion detector for circuit A is required. The detector
can be pipelined since the pipelined circuit B works as
the backup of the circuit A. Thus, the detector does
not increase the critical path. From the above con-
siderations, it can be seen that high frequencies and
short latency function is implemented. It is true that
the total transistor count increases in order to imple-
ment two circuits. However, it is possible to reduce
the count if the circuits A and B share circuitry.

Figure 9 depicts the impact of the VLP on pro-
cessor performance. We evaluate integer ALUs which
utilize VLP. The latency of the ALU utilizing the VLP
is 2 cycle when a carry propagation over 16 bits oc-
curs. Otherwise it is 1 cycle. Candidate functions
for the VLP include not only addition and subtract
instructions but also load, store, and branch instruc-
tions. Multipliers and dividers do not utilize the VLP
technique. For each group of four bars, the left bar is
for the processor consisting of two latency pipelined
ALUs and the right bar is for that consisting of the
variable latency pipelined ALUs. Every simulation re-
sult is normalized by the processor model whose ALUs
have 1 cycle latency. We can �nd that, utilizing the
VLP, processor performance for most of the programs
is comparable to performance of the baseline proces-
sor. It achieves 96.4% of the baseline.
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Figure 9: Performance contribution of VLP

6 Related Work
There are several studies on the clustered architec-

ture [3, 8, 14], in which the register �les, the instruc-
tion queue, and functional units are distributed across
multiple clusters. Its motivation is to increase the
clock frequencies by reducing the size and complex-
ity of each cluster. The motivation of COSMOS clus-
tered microarchitecture is the same, while there are
some di�erences from the previous proposals. First,
there are not any global register �le nor copies of lo-
cal register �les in COSMOS microarchitecture. Sec-
ond, COSMOS exploits the value prediction technique
for the instruction assignment mechanism, which de-
cides in which cluster an instruction is issued. Third,
due to the introduction of the value prediction, the
instruction window in a COSMOS processor has the
hierarchical characteristics. And last, each cluster in
COSMOS is a relatively large scale superscalar proces-
sor. In this paper, we have evaluated 256-entry local
instruction queue.

Trace processor architecture [17] is an another re-
lated study. The NCB resembles the trace cache
[15,16], while some di�erences have been explained in
Section 3. The main di�erence from Trace processor
is that Trace processor exploits both instruction and
trace (thread) level parallelism, while a COSMOS pro-
cessor explained in this paper only relies on ILP. And
thus, the purpose of the value prediction in Trace pro-
cessor is initiating thread level speculation, while that
in COSMOS is supporting instruction assignment. In
addition, Trace processor also has global registers and
its instruction window is not hierarchical.

The EDF instruction window is strongly in
uenced
by Dual
ow architecture [10]. It owes the basic idea
of explicitly explaining data communication for Du-
al
ow, which hybridizes control- and data-driven ar-
chitectures. 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 Dual
ow performs out-of-

order execution. One of the disadvantages of Dual
ow
is explosion of program code. It is reported [10] that
the code size is increased by more than 100% and ap-
proximately 50% of dynamic instructions are useless.
It also requires considerable changes in the instruc-
tion set architecture. On the other hand, the EDF
instruction window maintains binary compatibility by
translating implicit result forwarding into explicit ones
dynamically.

7 Conclusion

This paper introduced COSMOS microarchitec-
ture for realizing large scale superscalar processors
with high clock frequencies. The key features are
the partitioned execution engine (clustered architec-
ture), the high bandwidth instruction supply mech-
anism (non-consecutive basic block bu�er), the hier-
archical (decoupled instruction window) and simpli-
�ed (EDF instruction window) instruction scheduling
mechanism, and the mitigated bypass logic (variable
latency pipeline). The contributions on ILP of the
components are 9.4% and 3.7% improvements of the
NCB and the decoupled instruction window and 4.6%
and 3.6% degradations of the EDF instruction win-
dow and the VLP. The total ILP is improved by 4.3%.
Since a processor based on COSMOS microarchitec-
ture can operate at higher frequencies than the su-
perscalar processor with an equivalent scale, the to-
tal processor performance can further improved. This
con�rms that COSMOS is one of the promising can-
didates for future superscalar processors.

One of the primary future studies dealing with
COSMOS microarchitecture is evaluating the cluster
assignment mechanism based on the value prediction.
This can a�ects the total processor performance. Cur-
rently, we expect that this is not a severe issue for
COSMOS due to the following consideration. The
degradation of ILP which is occurred by cluster parti-
tioning is at most 6% [14]. The degradation in COS-
MOS can not be worse, since we can remove the pro-
posed cluster assignment strategy. Therefore, the to-
tal ILP including the clustering e�ect is only 1.3%
degradation. This is easily compensated by COS-
MOS's high clock frequencies.
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