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Abstract

There is still much performance to be gained by out-of-order
processors with wider issue widths. However, traditional
methods of increasing issue width do not scale; that is, they
drastically increase design complexity and power require-
ments. This paper introduces the braid, a compile-time iden-
tified entity that enables the execution core to scale to wider
widths by exploiting the small fanout and short lifetime of
values produced by the program. Braid processing requires
identification by the compiler, minor extensions to the ISA,
and support by the microarchitecture. The result from pro-
cessing braids is performance within 9% of a very aggressive
conventional out-of-order microarchitecture with almost the
complexity of an in-order implementation.

1. Introduction
1.1. Rationale

Figure 1 plots the potential performance that is available at
wider issue widths in an aggressive conventional out-of-order
design, assuming a perfect branch predictor and perfect in-
struction and data caches. It is not unrealistic to assume fu-
ture designs will have more accurate branch predictors and
also larger caches. Thus, this figure measures the available
untapped performance. The bars show the speedup over a
conventional 4-wide out-of-order design. Changing the issue
width from 4 to 8 achieves an average speedup of 44%, and
changing the issue width from 4 to 16 achieves an average
speedup of 83%. Some applications such as crafty, vpr, and
mgrid show a speedup of 200% when issue width increases
from 4 to 16.
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Figure 1. Potential performance of 8-wide and 16-
wide designs over a 4-wide conventional out-of-
order design

Although Figure 1 shows that performance is plentiful at
wider issue widths, there are implications that make such
designs infeasible. Traditional methods of increasing issue

width do not scale. Increasing issue width beyond that of cur-
rent processors drastically increases design complexity and
power requirements within a processor’s execution core. A
processor with a wider issue width requires larger and wider
structures in the execution core to support more instructions
that can be processed in parallel. In particular, these struc-
tures include the instruction scheduler, the register file, and
the bypass network. All of these structures pose problems
because they do not scale. Even if larger and wider structures
could be designed, they must be pipelined to support more
aggressive clock frequencies. Pipelining structures in a crit-
ical loop of execution leads to performance loss[2]. Pipelin-
ing the scheduler with minimal performance loss has been
proposed[25], but this is not feasible without adding addi-
tional complexity to the pipeline.

Rather than finding a pure hardware solution for an exe-
cution core that can support wider issue widths, the compiler
can be used. Two key characteristics of values are leveraged:
the fanout and the lifetime of values produced in programs.
The programs in the SPEC CPU2000 benchmark suite com-
piled for the Alpha ISA were analyzed. A value’s fanout is
defined as the number of times that value is read. On average,
over 70% of values are used only once, and about 90% of val-
ues are used at most twice. About 4% of values are produced
but not used. These values were produced for control-flow
paths that were not traversed at run time. A value’s lifetime is
defined as the number of instructions between a value’s pro-
ducer and consumer. On average, about 80% of values have
a lifetime of 32 instructions or fewer. This is four processor
cycles on an 8-wide processor.

The dataflow graph of the program may appear to have
much irregularity. However, the majority of values have a
small fanout and a short lifetime. This suggests the dataflow
graph of the program may be partitioned, and the dataflow
graph may have more regularity than first thought. The goal
of this work is to use the compiler to partition the dataflow
graph of the program into subgraphs that can be more easily
processed by the hardware. Although some researchers have
characterized the behavior of values[8][4], they have not par-
titioned the dataflow graph based on these realizations.

1.2. The Braid

This paper introduces the braid, a compile-time identified en-
tity which simplifies the design complexity of structures on
the critical path in the execution core of a high-performance
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1: for (j = 0; j < regset_size; j++)

2 {

3 register REGSET_ELT_TYPE x

4 = (basic_block_new_live_at_end[i][]]
5: & “basic_block_live_at_end[i][j]);
6 if (x)

7 consider = 1;

8: if (x & basic_block_significant[i]1[]])
9: {

10: must_rescan = 1;

11: consider = 1;

12: break;
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Figure 2. Braid example: (a) snippet of source code from the 1ife_analysis function in gcc (b) assembly

code of basic block (c) dataflow graph of basic block

Integer bzip2 crafty eon gap gce gzip mcf parser perlbmk| twolf vortex vpr average

braids 2.5 2.5 4.2 2.4 2.4 2.6 2.0 2.7 2.8 3.1 3.5 2.8 2.8/1.1T7

Float Point ammp | applu apsi art equake | facerec | fma3d | galgel lucas mesa mgrid sixtrack| swim wupwis¢ average|

braids 2.0 5.9 4.7 2.9 2.5 2.7 2.8 5.7 3.7 2.8 4.0 3.1 6.6 3.6 | 3.8/1.57]
Table 1. Braids per basic block, “excludes single-instruction braids

processor. A braid is a subgraph of the dataflow of the pro-
gram that resides solely within a basic block. It exploits
the small fanout and short lifetime of values communicated
among instructions. Braids enable knowledge available at
compile-time to be passed to the hardware, lessening the
hardware’s burden of extracting program dataflow informa-
tion at runtime. This approach eliminates the need for com-
plex structures in the execution core. Braids enable the use
of simple instruction schedulers, reduce the size, number
of ports, and accesses to the register file, and also reduce
broadcast traffic. Not only do braids save design complex-
ity by avoiding large associative structures, they also enable
a higher clock frequency. This paper presents the braid mi-
croarchitecture to efficiently carry out the execution of braids.
With simple augmentations to the ISA, braid information can
be easily conveyed and processed by the microarchitecture.

2. Braid Example and Characterization

Figure 2(a) shows a snippet of C source code from the
life_analysis function in the gcc program from the
SPEC CPU2000 benchmark suite. Figure 2(b) shows the
assembly code of the basic block corresponding to lines 1
through 8 of the source code. The dataflow graph of the code
in the basic block can be divided into three disjoint dataflow
subgraphs indicated by the three different color shades. A
pictorial representation corresponding to the dataflow graph
is shown in Figure 2(c). The three different color shades cor-
respond to the three dataflow subgraphs. The arrows indi-
cate data dependencies. Solid lines represent values commu-
nicated internally within the dataflow subgraph, and dashed
lines represent values communicated externally to and from
the dataflow subgraph. Each of these dataflow subgraphs is a
different braid. In this example, the basic block is partitioned
into three braids, each representing an operation being per-
formed in the high-level language. The instructions in braid

1 correspond to lines 3 through 8 of the source code. This
braid has six external inputs, one external output, and three
internal values. The instructions in braid 2 perform the in-
crement of the induction variable in the f or statement of the
source code. This braid has one external input, one external
output, and one internal value. Braid 3 consists of a single 1da
instruction with one external input, one external output, and
no internal values. It is known as a single-instruction braid.

A basic block consists of instructions specifying the exe-
cution of one or more operations in the high-level language.
Since each one of these operations corresponds to a braid,
multiple braids can exist within a basic block. Table 1 shows
the average number of braids per basic block across the SPEC
CPU2000 benchmark suite. On average, the integer programs
have basic blocks consisting of about 2.8 braids, and the float-
ing point programs have basic blocks consisting of about 3.8
braids. These numbers are skewed by the presence of single-
instruction braids. When single-instruction braids are fac-
tored out, the average number of braids per basic block is 1.1
for the integer programs and 1.5 for the floating programs.
20% of all instructions are single-instruction braids. Of the
single-instruction braids, 56% are branch instructions and
nops. The large number of single-instruction braids is due
to the use of preexisting binaries produced by a non-braid-
aware compiler.

The size of a braid is computed by counting the number
of instructions in the braid. The width of a braid measures
the average instruction-level parallelism of a braid. It is com-
puted by dividing the size of a braid by the number of in-
structions along the longest dataflow path. Table 2 shows the
average size and width of braids across the programs. On av-
erage across the integer programs, a braid has a size of 2.5
instructions and a width of 1.1. On average across the float-
ing point programs, a braid has a size of 3.6 instructions and
a width of 1.1 instructions. Larger braid sizes are expected



Integer bzip2 crafty eon gap gce gzip mcf parser perlbmk| twolf vortex vpr average
size 34 3.2 2.0 25 2.3 3.4 2.0 2.2 2.3 2.8 2.1 2.5 2.5/4.77
width 1.1 1.1 1.1 1.0 1.1 1.0 1.0 1.0 1.1 1.0 1.1 1.1 1.I/1.17
Float Point ammp | applu apsi art equake | facerec | fma3d | galgel lucas mesa mgrid sixtrack| swim wupwis¢ average
size 2.8 2.9 2.8 2.6 2.4 2.2 2.7 2.0 4.6 2.1 132 2.3 4.8 2.8 3.6/7.6™
width 1.0 1.1 1.1 1.0 1.0 1.1 1.1 1.0 1.1 1.1 1.4 1.1 1.2 1.1 1.1/1.27
Table 2. Braid size and width, *excludes single-instruction braids
Integer bzip2 crafty eon gap gce gzip mcf parser | perlbmk| twolf vortex | vpr average
internals 2.7 2.4 1.1 1.6 1.4 2.6 1.0 1.2 1.4 2.0 1.1 1.6 1.7/4.07
ext inputs 1.9 1.7 1.5 1.5 1.6 2.1 1.5 1.5 1.4 1.7 1.7 1.7 171257
ext outputs 0.8 0.7 0.6 0.8 0.7 0.9 0.6 0.7 0.7 0.6 0.8 0.8 0.7/1.07
Float Point ammp applu apsi art equake | facerec | fma3d | galgel lucas mesa mgrid sixtrack| swim wupwisg average|
internals 2.0 2.0 2.1 1.6 1.5 1.3 2.1 1.1 4.1 1.2 14.5 1.3 4.5 2.2 3.0/7.57
ext inputs 1.9 1.7 1.9 1.9 1.7 1.7 2.1 1.7 2.6 1.9 5.9 1.8 3.0 1.8 2.2/4.2%
ext outputs 0.7 0.6 0.6 0.6 0.7 0.8 0.8 0.6 0.7 0.6 1.7 0.7 0.7 0.7 0.8/1.17

Table 3. Braid inputs and outputs, *

for the floating point programs due to larger basic block sizes
resulting from the streaming nature of the code. It is encour-
aging to see the average width of braids in the floating point
programs remains similar to that of braid widths in the in-
teger programs. When single-instruction braids are factored
out, the average size of braids becomes 4.7 for the integer
programs and 7.6 for the floating point programs.

Table 3 shows the number of internal and external depen-
dencies of a braid. This result shows the potential savings of
register file accesses. On average for the integer programs,
1.7 values are communicated internally. There are 1.7 exter-
nal inputs and 0.7 external outputs. On average for the float-
ing point programs, 3.0 values are communicated internally.
There are 2.2 external inputs and 0.8 external outputs. The
number of inputs and outputs is not unlike the operand spec-
ifications of a two-source compute instruction. When single-
instruction braids are excluded, the average number of inter-
nal values increases to 4.0 for the integer programs and 7.5
for the floating point programs.

3. Implementation

Three components are needed to implement braid processing.
First, the compiler must construct braids from the program
dataflow graph. Second, the ISA must convey braid informa-
tion from the compiler to the microarchitecture. Third, the
microarchitecture must be aware of braids to exploit braid
characteristics.

3.1. Constructing Braids at Compile Time

A braid is a compile-time identified entity. In this work,
in order to mimic a compiler, binary profiling and binary
translation tools were used. The profiling tool analyzes the
dataflow graph of the program and records the producer and
consumers of each value produced in the program. Braids
are identified using a simple graph coloring algorithm. A
braid is formed by selecting an instruction within the basic
block and identifying the dataflow subgraph stemming from
that instruction within the basic block. This is repeated until
all instructions within the basic block are associated with a
braid.

Next, the instructions within the basic block are arranged

excludes single-instruction braids

such that instructions belonging to the same braid are sched-
uled as a consecutive sequence of instructions within the ba-
sic block. This is accomplished using a binary translation
tool. If the last instruction of the basic block is a branch, the
braid containing the branch instruction is ordered to be the
last braid in the basic block. Because the branch position is
unaltered, the property of the basic block is maintained, and
branch offsets remain the same.

Since the profiling tool comprehends the usage of values,
it can determine values that are used within and outside of the
basic block. Register allocation is performed in two passes.
First, register allocation is performed for the external regis-
ters across the entire program. Second, register allocation is
performed for the internal registers within a braid.

The formation of braids can be restricted by two condi-
tions. First, the braid microarchitecture supports a limited
number of internal registers. Therefore, the working set of
internal values within a braid must not exceed the total num-
ber of internal registers. When the working set exceeds this
threshold, the braid is broken into two braids at this boundary.
Through empirical analysis, 8 internal registers are sufficient.
Breaking braids using a threshold of 8 internal registers ac-
counts for about 2% of the braids analyzed.

Second, since the rearranging of braids within the basic
block rearranges instructions, the ordering of memory in-
structions may be violated. The majority of memory instruc-
tions access the stack so the compiler can disambiguate them.
For the rest of the store-load pairs where the compiler can-
not make such a guarantee, braids must be ordered such that
the original partial ordering of memory instructions is main-
tained. If this ordering cannot be maintained while rearrang-
ing braids within the basic block, the braid is broken into
two braids at the location of the memory ordering violation
to enable the partial ordering. This condition accounts for
less than 1% of the braids analyzed. Both conditions are an
artifact of using the profiling and binary translation tools on
preexisting binaries. A braid-aware compiler can easily miti-
gate this problem.



3.2. ISA Extensions for Supporting Braids

Minor augmentations are made to the ISA to allow the com-
piler to effectively convey braids to the microarchitecture.
Figure 3 shows the specification of a zero-destination, one-
register, and two-register braid ISA instructions. A couple of
bits have special meanings in a braid ISA instruction. A braid
start bit (S) associated with the instruction specifies whether
the instruction is the first instruction of a braid. A temporary
operand bit (T) associated with each source operand specifies
whether the operand obtains its value from the internal reg-
ister file or the external register file. The internal destination
bit (I) and external destination bit (E) associated with each
destination operand specify whether the result of the instruc-
tion should be written to the internal register file, the external
register file, or both files.

Zero-destination instruction

[ S ‘ opcode srcl I offset ]
One-register instruction
[ S ‘ opcode - dest srcl I offset ]
Two-register instruction
[ S ‘ opcode srci src2 - dest ]

Figure 3. Braid instruction encoding

3.3. The Braid Microarchitecture

Figure 4(a) shows an overview of the braid microarchitec-
ture pipeline. The shaded regions highlight the differences
from a conventional out-of-order microarchitecture. These
differences include a simpler allocator, a simpler renaming
mechanism, a distribute mechanism, a set of braid execution
units, a simpler bypass network, and a simpler external regis-
ter file. Like a conventional processor, a cache line is fetched
from the instruction cache. Since the instructions of a braid
are grouped together within a basic block, the front-end will
encounter a braid in its entirety before encountering a sub-
sequent braid. The instructions continue through the decode
stage to the allocate stage where microarchitectural resources
are allocated to instructions. Instructions of a braid that write
results only to internal registers do not need to be allocated an
external register entry. Furthermore, these internal operands
do not need to be renamed. Next, the instructions of a braid
are distributed to one of the braid execution units (BEUs). A
BEU can accept a new braid if it is not processing another
braid. The use of the braid start bit in the instruction encod-
ing greatly simplifies the identification of braid boundaries.
Figure 4(b) shows the block diagram of a BEU. The
shaded regions highlight the differences from the execution
core of a conventional out-of-order design. These differences
include a FIFO scheduler, a busy-bit vector, and a simpler in-
ternal register file. There are also two functional units within
a BEU. The busy-bit vector, similar to the one used in the
MIPS R10000[27], tracks the availability of values in the ex-
ternal register file. The FIFO scheduling window is the two
entries at the head of the FIFO queue. Only the instructions
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Figure 4. The braid microarchitecture: (a) block
diagram of the pipeline (b) block diagram of the braid
execution unit

in these two entries are examined for readiness. The sensitiv-
ity of the braid microarchitecture to the various parameters
will be examined in Section 4.

The FIFO scheduler is a two-wide in-order scheduler.
Each cycle, the external operands of instructions in the FIFO
scheduling window consult the busy-bit vector for their avail-
ability. The busy-bit vector contains one bit for each entry of
the external register file. This entire structure is very small
and requires only 8 bits of storage. An instruction can receive
its operands from one of four locations: the internal register
file, the external register file, the instruction queue in the case
of immediate values, or the bypass network. An instruction
can write its result in the internal register file, the external
register file, or both files. Similar to a conventional out-of-
order design, results that are produced by the functional unit
are buffered on a bypass network while they are being written
to the external register file.

The internal register file maintains the current working set
of internal operands of a braid within a BEU. It is very small
with only 8 entries. 8 entries are sufficient to satisfy the work-
ing set of the internal values for the majority of braids. Since
only two instructions can access the internal register file in
any cycle, the internal register file is implemented with 4 read
ports and 2 write ports. Because the values in the internal reg-
ister file are temporary, they are safely discarded once the last
instruction of a braid executes. These values do not need to
be written to the external register file.

Aside from the execution core, the remainder of the
pipeline is very similar to that of a conventional design. A
conventional memory disambiguation structure such as the
load-store queue is used to enforce memory ordering at run
time.

3.4. Control Flow, Recoveries, and Exception Han-
dling

Braids are formed at compile time and do not span basic

block boundaries. This is done to maintain implementation



simplicity and to avoid unnecessary code duplication. Allow-
ing braids to span control-flow boundaries introduces consis-
tency problems due to the existence of control-flow merge
and fork points. If a braid is allowed to span across two basic
blocks, the guarantee made for the internal and external reg-
isters in the braid may no longer hold at run time if a different
path is traversed. By restricting braids to reside completely
within the basic block, problems associated with changing
run-time control-flow paths are avoided.

Recovering from a branch misprediction is a simple pro-
cedure with the support of a checkpoint recovery mechanism.
Because checkpoints are already created for branch instruc-
tions, no additional hardware or storage is required to sup-
port braid processing. In fact, checkpoints require less state
in the braid microarchitecture because internal values of a ba-
sic block are not needed in the subsequent basic block. Thus,
internal register values do not need to be stored in the check-
point. When a recovery initiates, the processor restores the
checkpoint of the state prior to the branch misprediction and
initiates execution along the correct path.

Handling exceptions is also a simple procedure but re-
quires slightly more effort. When an exception is encoun-
tered, state is rolled back to the most recent checkpoint prior
to the exception. The processor enters a special exception
processing mode. In this mode, all but one of the BEUs are
disabled. All instructions are sent to the predetermined BEU.
Since a BEU contains an in-order scheduler, forcing instruc-
tions to one BEU turns the processor into a strict in-order
processor. Internal register operands access the internal reg-
ister file of the BEU, and external register operands access
the external register file. When the excepting instruction is
encountered, the exception handler is invoked. To access the
internal register state, the exception handler does not require
any changes. It has access to the internal register file through
normal operand addressing. When the exception handler rou-
tine returns, the processor resumes normal execution mode
from the same restored checkpoint. Due to the rarity of ex-
ceptions in general-purpose processing, simplicity was cho-
sen over speed for handling them.

4. Experimental Results and Analysis

4.1. Simulation Methodology

The experiments were performed on a cycle-accurate,
execution-driven simulator. To show how braids can be use-
ful for the design of future aggressive processors, the exper-
iments were performed on 8-wide configurations. Table 4
shows the default configuration of an aggressive conventional
out-of-order microarchitecture and the braid microarchitec-
ture. Both configurations share a similar front and back-
ends. The front-end is capable of processing up to three
branches per cycle in order to represent an aggressive future
design. There is another reason why an aggressive front-end
is needed. Since this paper focuses on the design of the ex-

ecution core, the execution core must be stressed. An ag-
gressive front-end accomplishes this by not constraining the
delivery of instructions to the execution core (see for exam-
ple, Salverda and Zilles[19]). There is a 64KB instruction
cache, a 64KB data cache, a IMB L2, and a memory access
latency of 400 cycles.

Common Parameters
64KB, 4-way associative, 3-cycle latency
perceptron with 64-bit history, 512-entry weight table

Instruction Cache
Branch Predictor

Fetch Width 8 instructions, processes up to 3 branches per cycle
Issue Width 8 instructions

L1 Data Caches 64KB, 2-way associative L1 with 3-cycle latency

L2 Cache IMB, 8-way associative unified L2 with 6-cycle latency
Main Memory 400-cycle latency

Out-of-Order Parameters
minimum 23 cycles

Misprediction Penalty

Allocate 8 operands

Rename 16 source operands, 8 destination operands
Scheduler 8 distributed 32-entry out-of-order schedulers
Functional Unit 8 general-purpose units

Register File 256 entries with 16 read ports, 8 write ports
Bypass Network 3 levels, 8 values per cycle

Braid Parameters
minimum 19 cycles

Misprediction Penalty

Allocate 4 operands

Rename 8 source operands, 4 destination operands
BEU 8

FIFO 32-entry instruction queue per BEU

Scheduling Window
Busy-Bit Vector
Functional Unit
Internal Register File
External Register File
Bypass Network

Table 4. Default processor configurations

2-entry in-order scheduler per BEU

8 bits per BEU

2 general-purpose units per BEU

8 entries with 4 read ports, 2 write ports per BEU
8 entries with 6 read ports, 3 write ports

1 level, 2 values per cycle

The out-of-order configuration has a minimum branch
misprediction penalty of 23 cycles. The allocator is capa-
ble of processing 8 instructions per cycle. The renaming
mechanism is capable of processing 16 source operands and
8 destination operands per cycle. There are 8 distributed
32-entry out-of-order schedulers and 8 general-purpose func-
tional units. There is a 256-entry monolithic register file with
16 read ports and 8 write ports. The bypass network consists
of 3 levels where each level is capable of supporting 8 values
every cycle.

Due to its design simplifications, the braid microarchi-
tecture has a pipeline that is shorter by four stages than the
comparable conventional design. The savings come from a
shorter rename stage and a shorter register access stage. The
braid microarchitecture configuration has a minimum branch
misprediction penalty of 19 cycles. The allocator is capable
of processing 4 instructions per cycle. The renaming mech-
anism is capable of processing 8 source operands and 4 des-
tination operands per cycle. There are 8 BEUs. Each BEU
contains a 32-entry FIFO queue with a 2-entry instruction
scheduling window. Each BEU also has an 8-entry busy-bit
vector, two functional units, and a small 8-entry internal reg-
ister file with 4 read ports and 2 write ports. There is an
8-entry global external register file with 6 read ports and 3
write ports. The bypass network consists of 1 level support-



ing 2 values per cycle. For the experiments, clock frequency
was not modified.

The experiments were carried out using the programs from
the SPEC CPU2000 benchmark suite. These programs were
compiled with gcc 4.0.1 for the Alpha EV6 ISA with the —02
optimization flag. All programs were run to completion using
the MinneSPEC reduced input sets[12].

4.2. Register File and Bypass Restrictions

The first set of experiments examines the sensitivity of perfor-
mance to the number of external registers in both the conven-
tional out-of-order microarchitecture and the braid microar-
chitecture. Figure 5 plots the performance of a conventional
out-of-order microarchitecture as a function of the number of
register file entries. The results are normalized to the per-
formance of the same configuration with a 256-entry register
file. Using 32 registers causes an 8% degradation in perfor-
mance, and using 16 registers causes a 21% degradation in
performance. This result becomes more severe as branch pre-
diction and caches improve.
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Figure 5. Out-of-order performance varying the

number of registers

Figure 6 plots the performance of the braid microarchi-
tecture as a function of the number of external register file
entries. Again, the results are normalized to the performance
of the braid microarchitecture with a 256-entry external reg-
ister file. Since the majority of registers access the internal
register files, there are fewer accesses to the external register
file. Performance is not significantly affected until 4 registers
are used. It can be seen that using a small 8-entry external
register file is sufficient to maintain similar performance as a
256-entry register file.
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Figure 6. Braid mlcroarchltecture performance vary-

ing the number of external registers

Figure 7 plots the performance of the braid microarchitec-
ture as a function of the number of read and write ports on
the external register file. Each bar is a configuration repre-
senting the number of read and write ports on the external
register file. The results are normalized to the performance

of the braid microarchitecture with an external register file
with 16 read ports and 8 write ports. With as few as 6 read
ports and 3 write ports, performance is well within 0.5% of
performance from using a full set of read and write ports.
The programs mesa and sixtrack are more sensitive to port
scaling because these programs contain phases where instruc-
tions have a larger number of external registers saturating the
external read and write ports.
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Figure 7. Braid microarchitecture performance vary-

ing the number of external register file ports

Figure 8 plots the performance as a function of the number
of bypass paths supported in the braid microarchitecture. The
results are normalized to the braid microarchitecture using a
full set of bypass paths in the bypass network. Since internal
values do not require bypassing, the number of bypass values
is greatly reduced. Designing a microarchitecture supporting
at most 2 bypass values per cycle achieves performance that
is within 1% of using a full set of bypass paths.
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Figure 8. Braid microarchitecture performance vary-
ing the number of bypass paths

4.3. Execution Core Parameters

Various design parameters within the execution core were an-
alyzed for the braid microarchitecture. These include the
number of BEUs, the size of the FIFO queue, the size of
the FIFO scheduling window, and the number of functional
units per BEU. The following experiments show the effects
of varying each design parameter. Each experiment starts
with the braid microarchitecture with the default configura-
tion. There are 8§ BEUs where each BEU contains a 32-entry
FIFO queue with a 2-entry in-order scheduling window and
2 functional units. In each experiment, one parameter is var-
ied while holding the other parameters constant. The results
are normalized to the performance of an 8-wide conventional
out-of-order microarchitecture.

Figure 9 plots the performance as a function of the number
of BEUs. This result confirms there are more braids ready to
execute than the number of BEUs. Increasing the number of
BEUs increases dataflow-level parallelism. Another benefit



from increasing the number of BEUs has to do with instruc-
tions that may stall due a dependency with a long-latency in-
struction. Supporting more BEUs allows ready braids to slip
pass stalled braids. However, the number of BEUs should not
increase to the point where complexity limits the communi-
cation across BEUs.
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Figure 9. Bra|d microarchitecture performance vary-
ing the number of BEUs

The FIFO queue in each BEU is an instruction waiting
buffer. An instruction of a braid waits in the queue until
it shifts to the head of the FIFO. The size of this structure
does not inhibit design scalability. It must simply be large
enough to buffer the instructions of a braid. Figure 10 plots
the performance as a function of the number of entries in the
FIFO queue. 32 entries are enough to achieve most of the
performance. This is because 99% of braids consist of 32
instructions or fewer. Without the proper amount of buffer-
ing, a long braid will unnecessarily stall the braid distribution
mechanism because all the instructions in the braid cannot be
sent to a queue. This event will eventually stall the front-end.
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Figure 10. Braid microarchitecture performance

varying the number of FIFO entries

The following experiment examines the sensitivity to the
scheduling window size in each BEU. Figure 11 plots the per-
formance as a function of the window size. It is encouraging
to see the bars rise steeply from 1 to 2, and then reaching a
plateau from 2 and on. This result confirms that ready in-
structions are likely located at the head of the FIFO queue.
The floating point programs swim and mgrid have slightly
wider widths on average and are more sensitive to the size of
the scheduling window.

The following experiment examines the instruction-level
parallelism of a braid. In the previous experiment, only the
scheduling window size is varied. Figure 12 plots the perfor-
mance as a function of both the scheduling window size and
the number of functional units. Each bar corresponds to the
same number of scheduling window entries and functional
units. This graph shows a similar trend as the graph in Fig-
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Figure 11.

Braid microarchitecture performance
varying the FIFO scheduling window size

ure 11. This result confirms that instruction-level parallelism
within the braid is limited to 2 and that using more than 2
functional units is not greatly beneficial to performance.
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Figure 12. Braid mlcroarchltecture performance

varying the number of functional units per BEU

4.4. Comparison to Various Paradigms

Figure 13 compares the performance of four microarchitec-
tural paradigms at three issue widths. Each stacked bar from
bottom to top represents the performance of an in-order,
FIFO-based dependence steering, braid, and out-of-order mi-
croarchitectures. The set of bars for each program from left
to right represent the performance of 4-wide, 8-wide, and 16-
wide designs. The results of using a dependence-based steer-
ing algorithm[17] are presented to illustrate a simple and im-
plementable algorithm with a design complexity that is com-
parable to braids. Three observations can be made from this
graph. First, significant performance gain is still available at
wider widths. Second, the braid microarchitecture achieves
performance that is within 9% of a very aggressive conven-
tional 8-wide out-of-order design. This includes the perfor-
mance gains from the shortened pipeline. Third, the gap be-
tween the braid and out-of-order microarchitectures closes as
the issue width increases.
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Figure 13. Performance of in-order, dependence
based, braid, and out-of-order at 4, 8, and 16-wide
designs

4.5. Equal Functional Unit Resources
Figure 14 plots the performance of the braid microarchitec-
ture assuming the same number of functional units as a con-



ventional 8-wide out-of-order microarchitecture. The results
are normalized to the performance of the braid microarchi-
tecture with the default configuration which has 16 functional
units. The configuration of the left bar is the braid microar-
chitecture with 4 BEUs, each containing 2 functional units.
The configuration of the right bar is the braid microarchitec-
ture with 8 BEUs, each containing 1 functional unit. In each
of these cases, there is a total of 8 functional units. Support-
ing more BEUS, if it can be designed, is more beneficial to
performance than providing fewer but wider BEUs.
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Figure 14. Performance using an equal humber of
functional units

5. Discussion

5.1. Analysis of Complexity

In the braid microarchitecture, the allocate and rename stages
of the pipeline can be designed to support lower band-
width than a conventional out-of-order processor. Instruc-
tions which write only to internal operands do not need to
be allocated an external register entry. Internal source and
destination operands do not need to be renamed.

The out-of-order instruction scheduler is one of
the commonly-studied structures due to its design
complexity[17]. The braid microarchitecture avoids this
complexity by using FIFO schedulers. The FIFO scheduler
does not broadcast tags to the entire structure. Since there
is less switching activity, FIFO schedulers consume less
power. Supporting an out-of-order scheduler in the BEU has
been considered. This is possible at the cost of complexity.
However, Figures 11 and 12 indicate that an out-of-order
scheduler is not necessary since braids are on average very
narrow.

Salverda and Zilles concluded that it is difficult to achieve
out-of-order performance by fusing in-order cores[20] due to
the need of a sophisticated steering mechanism. The braid
microarchitecture replies on the compiler to identify sets of
dependent instructions. This identification greatly simplifies
the distribution mechanism. No steering decisions based on
dependencies are needed to be made at run time.

It is well known that increasing the number of entries and
ports of the register file has a negative effect on area and
power[29]. Doubling the number of register ports doubles
the number of bit-lines and doubles the number of word-lines
causing a quadratic increase in area[7]. In the braid microar-
chitecture, the register file is partitioned into an external reg-
ister file and multiple internal register files. Furthermore,

each register file contains only 8 entries with a very mini-
mal number of read and write ports. The partitioning and
port reduction greatly reduce the total area required by the
register files. Values in the internal register file are naturally
discarded once a braid finishes execution in the BEU. Values
do not propagate between the internal and external register
files. Consequently, fewer accesses to the external register
file imply fewer values that are sent to the bypass network.

There are more functional units in the braid microarchi-
tecture than the conventional out-of-order microarchitecture.
The lack of complexity in the BEU allows 8 BEUs to occupy
less space than an 8-wide out-of-order design, while having
16 functional units. The majority of the programs can take
advantage of these extra functional units.

The busy-bit vector within each BEU tracks the readiness
of values in the external register file. Since the external reg-
ister file is only 8 entries, each busy-bit vector requires only
8 bits. Because there is an average of 2 external values pro-
duced every cycle across all of the BEUs, synchronizing the
busy-bit vector across the BEUs is not at all difficult.

The less complex design of the braid microarchitecture
shortens the number of pipeline stages reducing the branch
misprediction penalty. The performance gained from a
shorter pipeline is on average 2.19%. Since the structures
on the critical path have been simplified, it is reasonable to
assume the processor can be clocked at a higher frequency
which was not evaluated in this paper. With the frequency
compensation, the braid microarchitecture can achieve per-
formance that is even closer to that of the aggressive out-of-
order design.

5.2. Future Direction

A compiler uses registers to convey values between instruc-
tions in the program. Due to a limited set of registers, the
compiler inserts spill and fill code to save and restore registers
to memory when the working set of values exceeds the num-
ber of registers. Because the analysis in this paper follows a
profiling approach, only data values propagated through the
register space have been considered. There are also data val-
ues that are propagated through memory. If a braid-aware
compiler is used to generate braids, the more efficient man-
agement of the register space will reduce the amount of spill
and fill code.

Clustering is a technique that is orthogonal to the func-
tionality of the braid microarchitecture. Clustering can be
applied to the braid microarchitecture by grouping a subset
of the BEUs together. Values synchronized between BEUs
within a cluster can be fast whereas values synchronized be-
tween BEUs across clusters will be slower.

6. Related Work

Although the braid microarchitecture shares similarities with
other proposals in the literature, no single scheme achieves
the combined benefits of the braid microarchitecture.



6.1. Block-Based Processing

Most of the proposals in the literature follow a style of pro-
cessing where the basic block or multiple of the basic blocks
are treated as a unit of processing. All instructions within
the basic block is treated with equal priority. They enter
a scheduling window regardless of their data dependencies.
In the braid microarchitecture, a set of tightly connected in-
structions related by their data dependencies travel together
as a unit of processing. By distinguishing between different
dataflow subgraphs within a basic block, the braid microar-
chitecture is able to more efficiently carry out instruction pro-
cessing.

The braid microarchitecture and the trace processor[18]
have important differences. First, a trace consists of a set of
basic blocks identified at run time and does not distinguish
between different dataflow subgraphs. All instructions in a
trace are scheduled in an out-of-order window. Second, the
trace processor relies on run-time capturing and marshaling
of traces. Traces do not have the same benefits as braids.
The braid microarchitecture leverages the compiler-identified
subgraphs requiring no run-time analysis of code. Although
the trace processor also uses local and global registers, the
concept of partitioning the register space was previously pro-
posed in the context of a statically tagged ISA[24]. Local
and global registers in the trace processor must be identified
at run time. The braid microarchitecture uses in-order sched-
ulers to process compiler-identified dataflow subgraphs and
leverages compiler-identified internal and external registers.

Multiscalar[23] shares similar characteristics but also has
important differences with the braid microarchitecture. Both
paradigms process a piece of work identified by the compiler.
The unit of work in Multiscalar is a task which consists of a
set of basic blocks. Tasks are assigned to processing units ar-
ranged in a ring formation. Processing units use out-of-order
schedulers. The compiler also conveys which register val-
ues need to be forwarded to other processing units and which
values are no longer needed through the ISA. In contrast,
the braid microarchitecture processes dataflow subgraphs as
a unit of work. The topology of the braid microarchitecture
does not require multiple hops to communicate values.

The Block-Structured ISA[15] uses the compiler to gen-
erate code blocks with embedded data dependency informa-
tion. This simplifies design of hardware dependence check-
ing logic. Braids provide further simplification of hardware
complexity by explicitly identifying dataflow subgraphs and
internal values within the basic block.

6.2. Strands, Dependency Chains, and Subgraph
Processing

The term strand was first coined by Marquez et al. to
mean a dataflow subgraph that terminates at a long-
latency instruction or a branch instruction in the superstrand
microarchitecture[13]. A strand is considered for execu-
tion only when all of its operands are ready. Kim and

Smith redefined the strand to mean a chain of dependent
instructions[10]. In this version of the strand, the result from
one instruction solely feeds the input of the next instruction.
Local communication within a strand takes place through a
single accumulator in the processing element. Strands ter-
minate when an instruction’s output is needed by more than
one instruction. Sassone and Wills proposed a mechanism
for identifying strands at run time[21]. These strands are an-
alyzed in a fill unit and stored in a strand cache. The strict
width and fanout requirements of strands restrict their length
which reduces their benefits.

Narayanasamy et al. proposed dependency chain process-
ing in a clustered microarchitecture[16]. Dependency chains
are dataflow subgraphs of the program formed from hot traces
via profiling. Code duplication is used to further enlarge
chains. Hot traces are often very dependent upon input set
and can lead to more costly branch recoveries since state must
be rolled back. Since basic blocks can also frequently end up
in multiple hot paths, this approach can introduce significant
code duplication in the program binary.

A number of other proposals have suggested the use of
dataflow subgraphs to amplify pipeline resources. These pro-
posals track the frequent dataflow subgraphs at compile or
run time and use them to speed up the subsequent execu-
tion of the subgraph. Bracy et al. proposed dataflow mini-
graphs[3]. In mini-graphs, there is a predefined set of ALUs
in the microarchitecture. Mini-graphs consist only of in-
structions that map directly onto the predefined ALUs. The
braid microarchitecture is more flexible in the composition of
dataflow subgraphs. Macro-op scheduling proposed by Kim
and Lipasti[11] is a technique that increases the effective size
and throughput of the execution core structures by treating
multiple instructions as one fused unit. This technique re-
quires bookkeeping at run time to identify the macro-op in-
structions. The braid microarchitecture relies on the compiler
to identify dataflow subgraphs without run-time assistance.

6.3. Register File

Gonzilez et al. proposed virtual-physical registers as a tech-
nique for mimicking a larger register set by delaying the allo-
cation of registers[9]. Butts and Sohi proposed the prediction
of the last use of registers[4]. Martin et al. [14] used the com-
piler to provide dead value information by making assertions
in the program that certain registers will not be used again.
The braid microarchitecture provides similar benefits by im-
plicitly freeing internal registers when a braid has finished
processing in a BEU.

A number of proposals have examined providing higher
bandwidth to the register file via various organizational
changes. These include register file banking[26], 2-level hi-
erarchical register file[1][28], register file caching[5][6][2],
register read and write specialization[22]. All of these pro-
posals require the hardware management of values. Braids
enable the register file to be efficiently partitioned into inter-



nal and external register files at compile time.

7. Conclusions

There is still much performance to be gained by out-of-order
processors with wider issue widths. However, traditional
methods of increasing issue width do not scale. Scaling
key structures in the execution core drastically increase de-
sign complexity and power requirements. This paper uses a
combined compiler and microarchitecture approach to enable
wider issue widths while reducing design complexity. The
observation that most values have a small fanout and a short
lifetime led to the formation of a compile-time entity called
the braid. Using the braid as a unit of processing simplifies
the design of various critical structures in the execution core
of a high-performance processor. The braid microarchitec-
ture uses simple FIFO schedulers for instruction scheduling.
The register space is partitioned into a small external register
file and several small internal register files. Fewer accesses
to the external register file results in a bypass network with
a lower bandwidth requirement. The result is performance
within 9% of a very aggressive conventional out-of-order mi-
croarchitecture with the complexity closer to the complexity
of an in-order implementation. The simplifications in the ex-
ecution core shorten the pipeline lowering the branch mis-
prediction penalty. The simplifications also result in a design
that is capable of supporting a higher clock frequency for fur-
ther performance improvement.
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