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Abstract

Profiling is a technique of gathering program statistics
in order to aid program optimization. In particular, it is
an essential component of compiler optimization for the
extraction of instruction-level parallelism. Code instru-
mentation has been the most popular method of profiling.
However, real-time, interactive, and transaction processing
applications suffer from the high execution-time overhead
imposed by software instrumentation. This paper suggests
the use of hardware dedicated to the task of profiling. The
hardware proposed consists of a set of counters, the pro-
file buffer. A profile collection method that combines the
use of hardware, the compiler and operating system sup-
port isdescribed. Three methodsfor profile buffer indexing,
address-mapping, sdl ective indexing, and compiler indexing
are presented that allow this approach to produce accurate
profiling information with very little execution slowdown.
The profile information obtained is applied to a prominent
compiler optimization, namely superblock scheduling. The
resulting instruction-level parallelism approaches that ob-
tai ned through the use of perfect profile information.

1 Introduction

Profileinformation is steadily gaining importance in the
optimization of program execution, especially in the areas
of hand—tuning of programs[12], trace scheduling [11], su-
perblock scheduling [6], data prel oading [ 7], branch predic-
tion [19], and improved instruction cache performance [6].
Issues in the exploitation of instruction-level paralleism
inherent in programs, coupled with rapid developments in
compiler research have generated interest in the role of pro-
fileinformationinsmart compilation[4],[6],[13],[11],[18].
In one example, traditiona optimizations when combined
with profile-driven superbl ock formation enhance execution
performance by an additional 15% [6]. However, profile
collection has severe drawbacks that have limited its com-

mercial use.

Traditionally, profiling is achieved through a long, te-
dious instrument—run—recompile sequence. During instru-
mentation, the compiler inserts additiona instructionsinto
the original program to collect accurate execution frequen-
cies of basic blocks or the arcs that connect these basic
blocks. Next, this instrumented code is executed with a
variety of batch inputs. After these multiple executions,
the program statistics are calculated based on the profiling
information that has been collected. Finally, the origina
program is recompiled using profile-driven optimizations.
Not only do these traditional techniques suffer from the
need for multiple execution and compilation passes, they
aso suffer from dowdown of the program being profiled
due to the added instructions. The MIPS basic block profil -
ing tool, pixie [20], inserts about five instructionsin every
basic block [3]. Ball and Larus measured the slowdown
of pixie required for arc—based profiling as between 1.11
to 5.24 times [3]. To offset this dowdown, modifications
involving the reduction in the number of basic blocks or the
arcs that need to be probed have been suggested in the lit-
erature [3], [4], [21], [17]. Ball and Larus investigated one
such method which reduces the slowdown to a maximum
of 2.05 times for the SPEC92 benchmarks. Unfortunately,
this overhead is till too large for integrated software ven-
dors to readily absorb. Commercia software vendors in
genera can tolerate a negligible amount of additional ex-
ecution overhead (i.e., approximately < 5%) [10]. Code
instrumentation techniques, therefore, may not be appro-
priate for real—time, interactive, and transaction processing
applications.

If profiling is to gain commercia acceptance, profiling
must be smoothly integrated into the software devel opment
cycle. Unfortunately, this requires the reduction or elimi-
nation of the need for a sample input suite, as well as more
efficient profiling methods. Hardware based profiling was
introduced by Conte, et al. 8] asaway to addressthese prob-
lems. This technique uses existing branch prediction hard-
wareto collect profileinformation at kernel entrances. It has



aslowdown of 1.02 on average, and 1.05 asaworst case[8].
The use of hardware based profiling alows software ven-
dorsto supply instrumented versions of applicationstoapha
and beta testers. The profiled information based on actual
day to day usage can be later retrieved, and find program
optimization can be performed. The advantage to hardware
based profiling istwofold: It eliminatestheneed for sample
input suites (since actual usage can be captured), and the
optimizations are based on actual program usage. Profiling
in thismanner is commercially appealing because vendors
alphaand betatesting processes are often very well defined,
and the hardware based style of profiling leverages their
existing investment to produce better optimized code [10].

Some profiling methods today utilize the hardware sup-
port for debugging to provide limited profiling capabilities.
For example, the PA-RISC architecture provides for a per-
formance monitoring coprocessor that may be employed for
collecting profile data [14]. These techniques require fre-
guent interrupts to be able to gather moderately accurate
data The information collected by such methods is inad-
equate for the requirements of a profile-driven optimizing
compiler.

Although hardware-based profiling achieves very little
slowdown, it provideslessthanideal profiles[8],[9]. Thisis
due to the small size of the branch prediction hardware [8]
and the relatively coarse-grain nature of current branch pre-
dictionstatemachines. Inthispaper, the profilebuffer ispro-
posed for the collection of profileinformation that issimilar
in slowdown to branch predictor based profiling. However,
it fulfills the profiling demands of an optimizing compiler
by providing high accuracy. In order to evauate its effec-
tiveness, the profile information obtained from this method
is applied to a prominent optimization, namely superblock
scheduling [6]. The performance measurement data based
on the execution of the optimized program indicates that
a small buffer (1664 entries) can obtain a high degree of
accuracy for a relatively small amount of slowdown (1.02
times).

The design tradeoffs for the profile buffer are examined
inthispaper. The following section discusses Conte, et al.’s
previous method of collecting profile information using the
branch—handling hardware in a processor [8]. In addition,
the profile buffer and itsimplicationsin terms of hardware,
the instruction set architecture (ISA) and the operating sys-
tem are discussed. Modified schemes of employing such
a buffer are discussed in sections 2.2-2.4. In particular,
three methods for profile buffer indexing, address-mapping,
selective indexing, and compiler indexing, are presented.
The address mapping scheme employs a hashing algorithm
to map addresses into the profile buffer. The other tech-
niques, selective indexing and compiler indexing, use minor
extensions to the ISA. In the case of selective indexing, an
additional bit is added to the branch instruction. However,

thecompiler indexing method uses an additional field for the
encoding of the profile buffer index. Section 3 presents a
summary of experimental resultsand discusses the tradeoffs
between the various schemes. The paper concludes with
comments and suggestionsfor future work.

2 Profilingin Hardware

The insertion of additiona instructions required by dy-
namic profiling through software causes significant execu-
tion overhead. The use of efficient hardware schemes that
utilize existing branch handling hardwarewith OS support to
obtai n profileinformation was proposed by Conte, et al. [8].
For example, the two-level predictor profiling scheme uses
Yeh and Patt’s PAs adaptive training branch predictor [23].
Briefly, one buffer in PAs, the history register table (HRT),
contains historiesfor dynamically executing branch instruc-
tions. Thisbuffer isreferenced by the instruction address of
each branch. The second buffer, patterntable (PT), contains
astate machine for predicting the outcome of abranch [23].
When a branch access occurs, the HRT is referenced. The
history obtained from the HRT is used to index into the PT
to calculate a branch prediction. The actual outcome of the
branch after execution islater used to update both the history
and the state machine.

The profiling scheme for PAs periodicaly dumps the
HRT to obtain the profile of the entire program. However,
the limited size of each history register in the HRT (10 bits
in [8]) results in sparse profile information being down-
loaded. Contentions due to the limited size of the HRT
(1024 entries in [8]) also introduce error. The combined
sampling error is reduced dightly by using a marker bit
in each history register to mark the boundary between valid
andinvalidinformation[8],[9]. Buttheoveral lower quality
profile information collected when compared against tradi-
tiona code instrumentation profiling is the main drawback
of the scheme.

2.1 Theprofile buffer

In an effort to obtain near-accurate profile information
and simultaneously maintain a low profiling overhead, a
specialized buffer called the profile buffer isproposed. This
buffer isillustrated in Figure 1. The profile buffer is com-
posed of a set of counters, with each entry in the buffer
consisting of two fields: the number of times the branch is
taken (num_taken) and the number of times a branch is not-
taken or fals-through (num.not_taken). The profile buffer
works in close cooperation with a standard reorder buffer.
On instruction completion, the reorder buffer entry for a
branch contains the branch address and the information as
towhether the branch wastaken or not-taken. Atwrite-back,
whenthebranch retires, the profilebuffer isreferenced using



the branch address or calculated index and one of the two
fields of the corresponding profile buffer entry are updated
based on whether the branch was taken.

Number of times not-taken Number of timestaken

Profile buffer
R 7

Branch address
Decoder

Reor der
Buffer

Branch taken/not-taken

Figure 1. The profile buffer. (Entries in the
buffer are counters).

The information in the profile buffer needs to be stored
back to memory periodically. The storage of the buffer
information may take place on a context-switch. Alterna
tively, the operating system may generate a timer interrupt
and perform the required action. Because the updating of
the information in the profile buffer is completely program-
controlled and does not require intervention by the operat-
ing system, the storage back to memory congtitutesthe only
slowdown possible. Branches that have been most recently
accessed are likely to be accessed again in the near future
(i.e., they have temporal locality). Therefore, the interrupts
may be spaced well apart without degrading theinformation
contained in the profile buffer, thereby minimally affecting
the execution speed of the program. Experiments to mea-
sure slowdown using branch—handling hardware and dump-
ing out its contents on a context—switch were conducted
in[8]. Theauthorsreported a maximum slowdown of 1.046
timesfor the SPECint92 benchmarks, with an average slow-
downof 1.02 timeson aPentium-based AT& T server system
when the size of the branch hardware empl oyed in the exper-
iments was a 512-entry buffer. A large buffer was required
to provide for the many branchesin each of the SPECint92
benchmarks studied [8]. The profile buffer isdumped out in
amanner similar to branch handling hardware but thisbuffer
is much smaller (e.g., 32 entries). Therefore, the schemes
proposed in this paper have a slowdown comparable to or
lower than theaverage of 1.02 times. Additionally, the hard-
ware proposed does not impact the cycle time because the
actions associated with the profile buffer constitute awrite-
only, post-completion phase, where the branch isallowed to

update the counters in the buffer over a multiple number of
cycles.

The profile buffer must be as small as possible to mini-
mize the cost of additiona hardware. As a conseguence of
this, a design space ranging from eight to 64 entries in the
buffer is considered, where each entry is divided into two
16-bit counters. The profiling information obtained in this
manner may not be accurate because the buffer size may
be too small to handle the large number of branches that
may exist in a program. Given a restricted design space
such as in this paper, the reduction of contentionsis highly
relevant to the profile buffer indexing scheme. Contentions
cause the inaccuracies in the profiling information obtai ned
during program execution. The inaccuracy caused due to
contentions is measured by using the arc error metric. As-
sume,

De; =| e;; — &5 | 1
where, é;; is the frequency of the edge fromii to j in the

measured profile, ¢;; is the frequency in the true profile.
Then, the distribution function is given by,
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where, IW; is the execution weight of block ¢, and W isan
execution weight category (e.g. execution weight of 100—
1000).

The SPECint92 benchmarks were used to evauate per-
formance. Each program was divided into a collection of
blocksof instructionsin which control may only enter at the
top but may leave a one or more exit points (better known
as superblocks [13]). The profile information collected us-
ing the profile buffer scheme was applied to a superblock
formation agorithm implemented in the University of Illi-
nois IMPACT compiler [5],[15]. The execution rate of use-
ful instructions retired per cycle (1PC) of the profile-based
scheduled code was used as the metric of comparison. All
experiments were simul ated on an e ght—issue machinewith
uniform functional units. As a standard for al tables that
contain IPC information, the exact column indicates the
IPC obtained through the use of accurate profile informa-
tion obtained through code instrumentation and superblock
scheduling. The column none showsthe IPC for the bench-
marks compiled without any instrumentation for profiling
(i.e., basic-block only scheduling).

The following three sections present the performance of
the profile buffer of different sizes and indexing schemes.
The three indexing schemes that were reviewed, address
mapping, selective indexing, and compiler indexing, are
described below.



Table 1. The performance (IPC) of code
compiled using profiling results obtained
from buffers that employ the address mapping
scheme.

Tnstructionsicycle

Benchmark [ eact | 8 | 16 | 32 | 64 | none
compress 271 | 166 | 164 | 164 | 163 | 138
€5pr ess0 236 | 1.36 | 1.36 | 135 | 1.36 | 1.20
eqniott 186 | 124 | 124 | 124 | 124 | 101
gce 183 | 135 | 1.36 | 1.39 | 139 | 127
I 165 | 124 | 125 | 126 | 126 | 115
9 229 | 133 | 139 | 135 | 137 | 125

harmonicmean ][ 206 [ 1.35 | 1.36 | 1.36 | 1.36 [ 1.20

Table 2. Contentions as percentage of total
accesses for address mapping.

Per cent Contentions |

Benchmark || 8] 16] 3R] 64|
COMpress 41.3% | 260% | 12.6% | 7.9%
€Spr esso 29.7% | 19.1% | 13.4% | 52%
egntott 61% | 3.7% | 18% | 05%
gce 634% | 554% | 48.3% | 40.9%
Mi 74.3% | 681% | 55.3% | 41.6%
C 66.4% | 458% | 28.0% | 27.2%
[(mean [ 46.9% | 363% | 26.6% | 20.6% |

2.2 Address Mapping

Thefirst approachtoindexing theprofilebuffer isaddress
mapping. This simple method uses the branch instruction
addressto directly reference the profile buffer. Itisidentica
toindexing schemesused inbranch prediction hardware, and
its performance is comparable to that presented in [8],[9]*.
No complicated optimization of access schemes are nec-
essary because every branch instruction is used in address
mapping. The results for this scheme are presented in Ta
ble1. A distinct performance increase is seen through the
use of profile information collected using the profile buffer
with address mapping. However, the performance levels
achieved fall short of those possible with exact profile in-
formation (exact in Table 1). This performance degradation
is dueto an abundance of contentionswhen simple address
mapping is employed. The contentions for entries in the
profile buffer are shown in Table 2. It is evident that the
number of contentions are large over al the benchmarks.

1The performance of address mapping is slightly higher than that of
the PAs profiling of [8],[9] because the profiling buffer employs two, 16
bit counters instead of 10 bit history registers. However, because it is
the lowest performance of the three indexing schemes presented here, it
also servesto represent the upper bound of performance for PAs profiling
from [9] for the purposesof this study.

In fact, the benchmark |i has almost three contentions per
every four profile buffer accesses for an eight-entry buffer.
The effect of the contentionsis seen in Figure 2. The arc
error reduces asthe size of the buffer isincreased, but istill
unacceptably high. These resultsindicate that reducing the
number of contentionsshouldbeapriority for obtaining bet-
ter profile information. Traditionally, branch target buffers
(BTB) that have similar propertiesas the profile buffer have
overcome the problem by employing larger buffers (512 or
1024 entry) [1], [22], but thisimplies added hardware cost.
An dternative solutionisto reduce the number of branches
that access thebuffer. Thisaternativeisexplored inthenext
two sections.

@ address mapping (8)

W address mapping (16)
O address mapping (32)

O address mapping (64)

150

arc error

50

100
1000
10000
100000
1000000 5
10000000
100000000
1E+09

execution weight (actual)

Figure 2. Arc error for the address mapping
technique vs. the actual execution weights of
the branches.

2.3 Selectiveindexing

A control flow graph (CFG) isadirected graph that uses
basic blocks as nodes and control transfers as arcs. A CFG
that will serve as a running example is given in Figure 3.
The arc-based profile is a method of profiling where code
is added to record the flow of execution aong all block-to-
block transitions (arcs) in the CFG [2]. Thissimpleimple-
mentation of arc-based profiling, however, requiresthat the
frequencies of all arcs be calculated. When using a profile
buffer, thisimpliesthat every branch istabulated in the pro-
file buffer, thereby causing an excessive number of accesses



to the buffer. Reducing the number of accesses to the buffer
can be expected to greatly reduce the number of contentions,
and conseguently the error in the profile information. Sev-
era algorithms have been suggested to reduce overhead in
thecodeinstrumentationmethodsof profiling[3], [17], [21].
Knuth and Stevenson [17] describe a method for reduction
in the number of nodes that need to be probed. Their algo-
rithm is based on Kirchoff’sfirst law, which states that the
flow into a vertex equals the flow out of that vertex. There-
fore, if there are n vertices and m arcsin a CFG, then only
m —n — 1arcflow frequencies need to be measured in order
to determine the frequencies of al the arcs in the original
CFG. The Knuth-Stevenson algorithm is best illustrated by
an example. A detailed example of this algorithm is given
in Figures 3-6. The arcs represent possible flows of control
astheagorithmis performed.

Figure 3. An example CFG.

The selective indexing profiling scheme uses the Knuth-
Stevenson agorithm to determine the branches that should
access the profile buffer. The profile buffer uses an arc-
based profiling scheme because it endeavors to measure
the frequencies of the arcs. However, the instrument of
measurement, namely the branch instruction, exists in a
node. Therefore, the Knuth-Stevenson agorithm can be
directly applied to reduce the number of branchesthat need
tobe profiled, consequently reducing thenumber of accesses
tothe profile buffer and the number of contentions. In order
to distinguish the branches that need to be profiled from
those that should not be profiled, a minor modification is
required in the instruction encoding of a branch. For this
investigation, an additional bit is added to indicate whether
or not the instruction needs to update information in the
profile buffer.

There is an dternative to changing the existing I1SA if
the 1SA provides for complements of every branch con-
dition (for example, branch equal (BEQ) and branch not
equa (BNE)). One half of these branch conditions can be
intercepted by the profile buffer while the complements are

Figure 4. The first step in the Knuth-
Stevenson reduction procedure. In this step,
multiple vertices will be merged into a sin-
gle combined vertex. For example, because
Fe = Feeo+ Fep, we can make Fe by merging
vertices, C and D.

A B,C,D,E F

\j Foo

Figure 5. The second step in the Knuth-
Stevenson reduction procedure. In this step,
nodes are merged together so the number of
vertices can bereduced further. For instance,
Fuc and Fup are merged into Fy.



AF B.C.DE
Fe Fp

Figure 6. The Knuth-Stevenson reduced form
of CFG. This CFG is produced by recursively
applying step 2 until the CFG is in an opti-
mal form. The nodes, A and E, are merged
together so Fr is formed from Fpr and Fgp.

Table 3. Effect of reduction in profiling
branches using selectiveindexing. (Contentions
are shown as percentage of original ac-
cesses).

Changein Per cent Contentions
Benchmark accesses 8] 16] 32] 64
COMpress -46.2% | 202% | 12.1% | 35% | 05%
ESpresso -305% | 27.0% | 104% | 55% | 2.1%
eqnioft -39.1% | 341% | 08% | 01% | 0.0%
gce -42.6% | 281% | 225% | 17.2% | 12.0%
I -51.6% | 30.6% | 26.7% | 20.1% | 14.3%
C -431% | 188% | 6.7% | 14% | 03%
[ mean I -42.2% | 265% | 13.2% | 80% | 4.9% |

ignored. For example, a BEQ operation could update the
buffer while the BNE operation would not. If an operation
is BNE and it’s information needs to be recorded, this con-
dition could be inverted and the recording operation could
be changed to BEQ during code generation. Another alter-
native for architectures that use predicated branches (such
asHPL PlayDoh [16]), isto profile every branch predicated
on even-numbered predi cates, but not profile branches pred-
icated on odd-numbered ones. Thus, selective indexing can
be retrofitted into an existing ISA without modification to
the encoding.

The results for the selective indexing scheme using the
suggested | SA change are presented in Table 3. The percent
changein accesses is computed against the results produced
by address mapping. The percent change in the number of
accesses is considerable for al benchmarks. In particular,
the number of accesses for four of the benchmarks are re-
duced by more than 40%. Selectiveindexing also affectsthe
number of contentions across the buffer sizes. The percent-
age of contentionsfor gcc in an eight-entry buffer is 28.1%
compared with 63.4% for address mapping. For 64 entries,

Table 4. The performance (IPC) of code
compiled using profiling results obtained
from buffers that employ the sdective indexing
scheme.

Tnstructionsicycle

Benchmark [ eact [ 8 | 16 | 32 | 64 [ none |
COMpress 271 | 232 | 2.78 | 245 | 250 | 1.38
€Spresso 236 | 205 | 193 | 218 | 229 | 1.20
eqntott 186 | 1.86 | 1.98 | 1.86 | 1.86 | 1.01
gce 183 | 160 | 166 | 1.72 | 1.74 | 127
N 165 | 1.36 | 140 | 151 | 149 | 115
S 229 | 171 | 200 | 220 | 210 | 1.25

harmonicmean [ 206 [ 176 | 1.88 [ 1.93 | 1.94 | 120 |

I selective indexing (8)
7 O selective indexing (32)

W selective indexing (16)

O selective indexing (64)
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Figure 7. Arc error for the selective indexing
technique.



the percentage of contentionsfor gecisreducedto 12%from
40.9%. In addition, li also has a significant decrease in the
percentage of contentions in an eight-entry buffer, 30.6%
compared with 74.3% for address mapping. These reduc-
tionsin contentionsare due to the decrease in the number of
branches competing for the same entriesin the buffer.

Figure 7 shows the dramatic reduction in arc error re-
sulting from the reduction in contentions. The error for
branches that execute from a 100-1000 timesis reduced by
approximately 32% when compared to the address mapping
technique for the eight—entry buffer. The reductionin error
isseen across all buffer sizes. Asseen in Table 4, the higher
accuracy of the profile information assists in providing bet-
ter performance (IPC). Theresultsfor superbl ock scheduling
using the information obtained through the sel ective index-
ing approach in general are comparable to those obtained
with exact profile information. However, in the case of
espresso, a 16-entry buffer produces worse results than the
eight-entry buffer. Thisisprimarily dueto erroneous profile
information which causes the superblock formation ago-
rithm to make incorrect decisions. Because the number of
instructionsin a basic block vary from one block to another,
the addresses of the branch instructions do not follow any
fixed pattern. Thissituation could lead to adjacent branches
or branches in close proximity to access the same location
inthe buffer, thereby causing error in the profileinformation
obtained. The error, however, can be reduced by controlling
the buffer access pattern (shown in the section 2.4).

Theperformancefor thebenchmark compressin conjunc-
tion with selective indexing in some cases produces perfor-
mance results that are better than their exact counterpart.
This phenomenon was discussed in [9], where code sched-
uled for benchmarks such as compress were examined by
hand. Two explanationswere discovered: (i) erroneous pro-
files produce better performance because the error resulted
inalarger superblock, whichinturn producesalarger scope
for the scheduler; and, (ii) therewere benefitsfor scheduling
down the less-likely path when the difference between arc
countswas small. Asan example of the latter, severa cases
were found where the error changed the superblock selec-
tion from the not-taken path of the branch to the taken path.
Although the taken path was not executed as frequently as
the not-taken path, the schedul er found many more opportu-
nitiesfor code motion aong theless-likely path, resultingin
higher overall performance. This evidence supportsthe fact
that thisphenomenonisdueto adlight non-optimality caused
by decoupling superblock formation from scheduling, rather
than a shortcoming of hardware-based profiling [9].

2.4 Compiler indexing

A further refinement of theprofilebuffer indexing scheme
ispossibleif the profiling process can be provided with ex-

Table 5. Percent contentions of original ac-
cesses after reduction in profiling branches
and using compiler indexing.

Per cent Contentions
Benchmark 8 | 6] 32 64
COmMpress 15.5% 63% | 00% | 0.0%
€Spr esso0 11.8% 36% | 09% | 02%
eqnitoft 15% 02% | 02% | 02%
gce 268% | 22.3% | 16.9% | 11.1%
] 304% | 255% | 20.2% | 15.6%
SC 10.2% 7.8% | 05% | 0.3%
[ mean [[ 16.01% | 10.96% | 6.45% | 4.56% |

Table 6. The performance (IPC) of code
compiled using profiling results obtained
from buffers that employ the compiler indexing
scheme.

Tnstructionsicycle

Benchmark | eact | 8 [ 16 | 32 | 64 | none
COMpress 271 | 244 | 237 | 271 | 271 | 138
€Spresso 236 | 217 | 221 | 232 | 2.35 | 1.20
eqnioft 186 | 1.86 | 167 | 1.86 | 1.86 | 101
gce 183 | 149 | 159 | 168 | 171 | 1.27
I 165 | 137 | 141 | 146 | 152 | 115
C 229 | 207 | 210 | 218 | 221 | 125

[ harmonicmean | 206 [ 1.82 [ 1.83 | 1.95 [ 1.98 | 1.20 |

tensive compiler support. Inthe selectiveindexing approach,
one bit in the branch instruction was used to indicate that
a branch instruction should be profiled. However, due to
the limitations of mapping into the buffer with the address
of the branch instruction, the results obtained are in some
cases inaccurate.  To improve the situation, the compiler
indexing method encodes the profile buffer index into the
branch instruction as an added field in the instruction set
architecture. This index indicates the entry in the profile
buffer that is to be updated by the branch instruction. The
compiler initidly selects branches for profiling as guided
by the Knuth—Stevenson algorithm. It then assigns indexes
to the selected branches in such away as to guarantee that
adjacent or near-by branches do not map into the same entry.
The efficiency of the compiler indexing scheme is il-
lustrated in Table 5. The further reduction in contentionsis
indicativeof the number of adjacent or near-by branchesthat
caused the excessive contentionsin theaddress mappingand
selective indexing approaches. For example, the number of
contentions for gec is reduced to 26.8% (eight entries) as
compared with 28.1% for selective indexing. Therefore the
profile information obtained through this support from the
compiler is expected to be more accurate and consistent.
Thearc error for the compiler indexing scheme as shown
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Figure 8. Arc error for the compiler indexing
technique.

in Figure 8 ismuch lower that that for the address mapping
techniqueand comparableto that for selectiveindexing. The
techniqueyields lower errors than selective indexing for the
most-frequently executed branches (i.e., execution weights
10°-10°). Table 6 shows the results of superblock forma-
tion obtained using the profile information from compiler
indexing. The harmonic mean throughput is now seen to
consistently increase as the size of the buffer is increased,
demonstrating the increase in the accuracy of the profile
information due to the reduction in contentions. The IPC
achieved for a 32-entry and 64-entry buffer even approaches
that obtained by using exact profileinformation. In the case
of an eight-entry or 16-entry buffer, the IPC achieved is
far better than without the use of any profile-information.
However, the IPC prediction for the benchmark, gec, isless
accurate when compiler indexing isused. Thisisdueto the
fact that benchmarks such as gcc and i have a large num-
ber of function calls causing branches across functions to
conflict. Thiscould be remedied by inter—procedural index
assignment or hardware profile buffer windows (discussed
further below).

3 Analyss

The performance of the profile buffer is dependent onits
size and its indexing scheme. This section presents some
analysis of the results from the previous sections. The har-
monic mean of the IPC is used in the performance anaysis
that follows, because the performance of the profile buffer
schemes is expressed as a rate (IPC). The performance for
all the profile buffer indexing schemes, exact profiling, and
no profiling (none) are shown in Figure 9. It can be seen

22 Dexact profiing  Maddress mapping  Mselective indexing B compiler indexing  none

Harmoinc mean(IPC)

L I

8 16 32 64
Number of entries in buffer

Figure 9. Comparison of the profile buffer
schemes.

that the simple address mapping scheme provides a 13%
execution performance increase when compared with the
no profiling version. However, this scheme only provides
about 78% of the possible peak performance. Thisfailureto
deliver peak performance is caused by the incompl eteness
of theinformation the address mapping scheme providesto
the compiler dueto the excessive number of contentions. In
this scheme, there is amost one contention for every two
access to the profile buffer (from Table 2).

The other two schemes, selective indexing and compiler
indexing, show significant increases in performance when
compared against no profiling and address mapping. Se-
lective indexing achieves 85% — 94% of the performance of
exact profiling, while compiler indexing providesa dlightly
higher 88% — 96% of the peak performance. The selective
indexing approach performs almost as well as the compiler
indexing method because compiler indexing only approxi-
mates selective indexing for workloads that use many func-
tion calls, such asli and gcc. This effect is more prominent
when the buffer size is small (such as an eight or 16-entry
buffer). Figure 10 showsacomparisoninarc error between
selective indexing and compiler indexing for the branches
with high execution weights. In the case of such branches,
compiler indexing yields lower error since the method of
indexing limitsthe number of contentionswhen branchesin
close proximity are executed frequently, such asin tightin-
ner loops. Figure 11 compares thearc error between thetwo
techniques for lightly and medium executed branches. Se-



lective indexing provides comparable and sometimes more
accurate information for such branches. Thisis aresult of
the naive implementation of compiler indexing which suf-
fers when programs make frequent function calls asin gcc
and li. The higher accuracy for medium-executed branches
using selective indexing results in performance comparable
to compiler indexing after superblock formation. At larger
buffer sizes, the compiler indexing method can be expected
to do better than selective indexing (see Figure 9). This
suggests that integrating detailed inter-procedural analysis
into theindex alocation a gorithm would improve compiler
indexing, allowing for buffer sizes less than 32 entries.

18 - = selective indexing (16)

m compiler indexing (16)
O selective indexing (32)

O compiler indexing (32)
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Figure 10. Comparison of indexing tech-
niqgues for blocks with high execution
weights.

4 Conclusion

A large amount of research in recent years has con-
centrated on the exploitation of instruction-evel par-
alelism through automated compiler optimization us
ing information obtained from previous runs of a pro-
gram [11],[6],[7],[219],[6]. The techniques of gathering
the required profile information, however, have depended
upon traditional code instrumentation methods, which are
not suitable for real-time, operating system, or interactive
workloads, due primarily to the slowdown software profil -
ing introduces. Fast and non-intrusivemethods are required
for effective, efficient profiling in order to gain commercial
acceptance of profiling.

This paper further developed the ideas presented by

W selective indexing (16)
O selective indexing (32)

100 o
) m
o
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100 1000
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W compiler indexing (16)
O compiler indexing (32)

arc error

Figure 11. Comparison of indexing tech-
niques for blocks with low execution weights.

Conte, et al. [8] for a hardware based profiling technique
that does not significantly impact run—time. The goal of
this paper was to improve accuracy of the information for
compiler optimization. This was achieved by using a set
of hardware based counters called the profile buffer. Three
schemes for accessing the profile buffer were investigated.
The first approach, address mapping, accessed the profile
buffer for each and every dynamic branch, but suffered from
excessive buffer contention for small buffers. The other two
methods, sdlective indexing, and compiler indexing, limited
thenumber of branchesthat coul d possibly access the profile
buffer. The branches that access the buffer were determined
using the Knuth-Stevenson algorithm. In the selective in-
dexing scheme, one bit in the branch instruction was used to
indicate a branch instruction to be profiled. In the compiler
indexing scheme, however, abranch instruction contains an
index into the profile buffer that isassigned at compiletime.

The address mapping and selective indexing schemes
are easily applicable to existing architectures without much
overhead in cost. For selective indexing, one bit in the
branch instruction is required to indicate the branch to be
profiled. It isaso possibleto implement selective indexing
without change in the ISA if the ISA provides for comple-
ments of every branch condition (for example, branch equal
(BEQ) and branch not equal (BNE)). In the compiler index-
ing scheme, afew additional bits are required depending on
the size of the profile buffer. The dumping of the buffer on a
context—switch is the only demand placed on the operating
system. One other advantage of the profile buffer is that



it is not in the critical path, alowing for a lazy-increment
implementation of its counters to further reduce its imple-
mentation cost.

All of the proposed indexing approaches provide high
performance when used for superblock formation, even
though the size of the profile buffer required to generate
moderately accurate and complete profile information is
small. In fact, even small profile buffers of 16-32 entries
employing selective indexing or compiler indexing perform
well. The experimental results further indicate that a buffer
with 32 or more entries provides about 95% of the perfor-
mance that i sachi eved withthe use of theexact multiplepass
profiling sequence. When coupled with alpha/beta testing
software development processes that are aready used by
most commercia software vendors, thelow impact of hard-
ware based profiling using the profiling buffer becomes a
viable and commercial technique to aid profile-driven opti-
mi zation.
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