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Abstract

Accurate ingtruction fetch and branch prediction isin-
creasingly important on today's wide-issue architectures.
Fetch prediction is the process of determining the next in-
struction to request from the memory subsystem. Branch
prediction is the process of predicting the likely out-come
of branch instructions. Many branch and fetch prediction
architectures have been proposed, from simple static tech-
nigques to more sophisticated hardware designs. All these
previous studi es compare differing branch prediction archi-
tectures in terms of misprediction rates, branch penalties,
or an idealized cycles per instruction.

This paper provides a system-level performance com-
parison of several branch architectures using a full
pipeline-level architectural simulator. The performance
of various branch architectures is reported using execu-
tion time and cycles-per-instruction. For the programs we
measured, our simulations show that having no branch
prediction increases the execution time by 27%. By com-
parison, a highly accurate 512 entry branch target buffer
architecture has an increased execution time of 1.5% when
compared to an architecturewith perfect branch prediction.
Wk al so show that the most commonly used branch perfor-
mance metrics, branch misprediction rates and the branch
execution penalty, are highly correlated with program per-
formance and are suitablemetricsfor architectural studies.

1 Introduction

When abranch is encountered in the instruction stream,
it can cause achangein control flow. Thischangein control
flow can cause branch penalties that can significantly de-
grade the performance of superscalar pipelined processors.
To overcomethese penalties, these processorstypically pro-
vide some form of control flow prediction.

Instruction fetch prediction is used each cycleto predict
which instructions to fetch from the instruction cache. In
processors, such as the Alpha 21064, the next sequential
instruction is fetched and speculatively executed from the
instructioncache. If abranchinstructioncausesachangein
control flow, the instruction fetched following the branch
can not be used, and a new instruction must be fetched
after the target addressis calculated, introducing apipeline
bubbleor unused pipelinestep. Thisiscalled aninstruction
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misfetch penalty, and is caused by waiting to identify the
instruction as a branch and to calcul ate the target address.

Branch Prediction is the process of predicting the
branching direction for conditiona branches, whether they
aretaken or not, and predicting thetarget addressfor return
instructions and indirect branches. The fina destinations
for conditiona branches, indirect jumps and returns are
typicaly not available until a later stage of the pipeline.
To improve performance, the processor may elect to fetch
and decode i nstructionson the assumption that the eventual
branch target can be accurately predicted. If the processor
mi spredi ctsthe branch destination or direction, instructions
fetched from the incorrect instruction stream must be dis-
carded, leading to severa pipeline bubbles. Thisis called
a branch mispredict penalty.

Instruction fetch prediction and branch prediction are
both used to reduce pipeline penalties caused by changes
in control flow. The Alpha21064 processor uses these two
prediction mechanisms in two steps; first performing in-
struction fetch prediction by predicting the next sequential
instructionfrom theinstruction cache, and second perform-
ing branch prediction in the decode stage. The destination
for conditional branches are predicted and checked in the
decode stage. If the fal-throughis not predicted then the
calculated target address must be fetched. If the decoded
instruction is a return, the call prediction stack is used; if
theinstructionisan indirect jump, the“hint” field provided
for indirect jumpsis used. The call prediction stack is a
four-entry circular stack used to mimic the call and return
behavior of programs. The “hint” field is a 12-bit branch
displacement used to indicate the likely destination of a
given indirect branch. Some processors, such as the Intel
Pentium and P6, combine both instruction fetch prediction
and branch prediction into one hardware mechanism, al-
lowing both the instruction fetch and branch prediction to
be performed at the same time.

Usually, branch architectures are studied in isolation,
ignoring other aspects of the system. In those studies, a
variety of metrics are used to assess the performance of
different branch architectures, but it israre that the perfor-
mance of an entire system (i.e.,, CPU and memory hierar-
chy) is reported. There are numerous reasons for this; the
complexity of accurately simulating acomplex architecture
is daunting, the results are then specific to that architecture



Program | Measured | Zippy % PAL | %PAL

Cycles | Cycles | Diff Cdlls Incr
doduc 3852.7 | 3705.0 | -3.8 43 0.0
li 3840.2 | 3622.7 | -5.6 | 32949 0.0
tomcatv 34285 | 32880 | -4.1 128 0.0
espresso 7989 | 8221 29 86 0.2
gzip 559.2 | 621.7 | 111 67 0.7
od 5453 | 589.1 8.0 193 29
porky 4728 | 4466 | -55 241 0.7
gcc 4069 | 4033 | -0.8 180 11
compress 305.0 318.8 45 208 34
bc 2277 | 2197 | -35 535 0.6
indent 80.8 751 | -69 133 31
cfront 68.7 658 | -4.2 81 15
flex 34.2 30.7 | -10.0 35 1.0
lic 17.9 154 | -13.7 337 4.9

Table 1: Verification of Zippy architecture model, showing
thenumber of actual executed cycles measured onan Alpha
3000-500 minus the PALcall cycles (column “Measured”,
inmillions), thenumber of cycles estimated by Zippy while
simulating the Alpha 3000-500 (“Zippy Cycles’, in mil-
lions), the percent differencein the Zippy model and mea-
sured cycle counts (% Diff), the number of dynamic PAL
calls executed in the measured programs (PAL Calls), and
the percent increase in number of cycles executed if PAL
callswere taken into account.

and it is difficult to trand ate the performance of that archi-
tecture to another, possibly different architecture.

However, there are advantages to system-level simula
tions. They providethereader with asenseof themagnitude
and importance of the problem being solved, and indicate
where further effort should be placed. Furthermore, the
performance metrics, such as execution timeand cycles per
instruction, are more understandable to the casual reader.
Lastly, such studies provide a method to calibrate the per-
formance metrics used in other studies with the impact on
system level performance.

This paper provides a system level study of severa
branch prediction architectures, including recently pro-
posed two-level correlated branch history architectures. We
performed a system-level simulation of the Alpha AXP
21064, a dua-issue statically-scheduled processor. We
first describe our experimental methodology in §2, and de-
scribe the architectures simulated in §3. The performance
results from the system level study are discussed in §4.
Section 5 measures the accuracy of common branch per-
formance metrics. We then conclude in §6 and §7 with
cautions to the reader to understand the limitations of this
study.

2 Experimental Methodology

We will study severa branch prediction architectures
using information from direct-execution simulation. We
used a pipeline-level simulator to measure program exe-
cution time and attribute portions of that time to different
processor subsystems. Wefirst describe the simulator used
and compare measurements from that smulator to mea-

surements from an actual system. We then describe the
programs we measured and how we will compare branch
architecture performance.

2.1 Simulation Methodology

We used Zippy, a cycle-level simulator for the DEC
21064 architecture that simulates al resources on the
21064, including the processor bus, first and second level
caches, main memory, functional units and al hardware
interlocks. Zippy is a direct-execution simulator; the pro-
gram being measured is executed, and events generated by
the program execution are fed to an event-driven simulator.
Theversion of Zippy we used in thisstudy used the ATOM
instrumentation system [ 15] to instrument the applications.
A considerableamount of analysis can beperformed during
theinstrumentation phase. For example, interlocksand de-
pendence between instructions can be computed statically.
Some aspects of the simulation can be ssimplified as well;
for example, we can statically determineif twoinstructions
may issue concurrently, and perform a single instruction
cache praobe for the pair of instructions.

Zippy can be configured to use one of a number of pro-
cessor and system configurations. The systemwesimulated
is a DEC Alpha 3000-500 workstation, with a DECchip
AXP 21064 processor clocked at 150M hz. The system con-
tains an 8KB on-chip direct-mapped instruction cache and
an 8KB on-chip direct-mapped store-around data cache.
The data cache is pipelined and can be accessed every cy-
cle, athough data is not available until 2 cycles after it
has been accessed. Thereis a512KByte second-level, uni-
fied direct-mapped cache with five cyclelatency and access
time. Main memory has a 24 cycle latency and 30 cycle
access time. More information about the AXP 21064 can
be found in the processor reference manual [5].

Table 1 compares the cycle count reported by Zippy
to the actual cycle count taken for the same application,
recorded by the processor cycle counter on an Alpha3000-
500 processor.t We ran each application 1000 times, and
themeasured val ueshad a95% confidenceinterval typically
less than 0.06% of the mean.

The measurements in Table 1 show that the average dif-
ference between the cycletimereported by the Zippy model
and the actual execution time is 6% for the programs we
measured. Thereareanumber of reasonswhy the estimated
performance of Zippy would differ from the measured per-
formance. Firgt, a different virtual memory page layout
algorithm was used in Zippy than the algorithm used by
OSF on the Alpha 21064. For the estimated Zippy cycle
times shown in Table 1, the layout of the pages in memory
were random rather than the actual bin hopping algorithm
used in OSF/1. The layout of pages in memory will cause
cache conflicts in the physically indexed 2nd level cache
and those penalties can be significant [1, 6]. For instance,
the percent of cycles increased by 27% for t oncat v and
decreased 10% for gzi p when the virtual and physical
mappings were identical.

Another difference is that Zippy simulates the proces-
sor executing a single program; it does not simulate the

1We could not accurately gather the cycle counts for eqnt ot t and
wdi f f because these programs spawned threads, complicating the per-
formance measurement. The Alpha 3000-500 we measured did not have
the appropriate softwareto runi dl .



# Instructions Exec % of Cycles
Program in Millions | % Branches || Time (s) CPI Issues | Stalls | ICache | DCache | TLB
doduc 1149.9 9 24.249 || 3.195 254 | 477 9.7 17.0 0.2
tomcatv 899.7 3 27.654 || 4.657 163 | 126 01 70.9 0.2
compress 92.6 14 1.897 || 3.103 27.0 85 0.0 223 | 422
egntott 1810.5 12 14.969 || 1.253 741 | 110 25 114 11
espresso 513.0 17 4.666 || 1.378 62.3 | 194 32 13.9 12
gcc 143.7 16 2314 || 2439 350 | 136 20.8 251 55
li 1355.1 18 20.718 || 2.317 36.7 | 174 155 30.3 0.0
bc 934 16 1.338 || 2171 387 | 170 229 19.9 14
flex 155 15 0.185 || 1.811 479 | 191 119 20.6 04
gzip 309.5 13 3.363 | 1.646 545 | 19.2 16 24.6 0.0
indent 32.6 17 0.463 || 2.154 406 | 227 184 17.7 0.7
od 210.3 18 3.648 | 2.628 317 | 113 23.7 315 19
wdiff 76.2 17 0.984 || 1.956 435 | 415 0.1 14.9 0.0
cfront 16.5 13 0.392 || 3.594 23.7 | 103 232 295 | 133
idl 211 20 0.287 || 2.058 411 | 146 104 26.2 7.7
lic 5.9 17 0.093 || 2.361 36.2 | 196 20.0 19.9 43
porky 163.7 20 2592 || 2.399 355 | 166 121 27.9 7.9
Avg 406.4 15 6.460 | 2.419 394 | 189 115 24.9 52

Table 2: Application performance from Zippy, assuming perfect branch prediction.

underlying operating system and other programs running
on the system. Normally, when a process requests a sys-
tem service, system code displaces parts of the instruction
and data cache. These problems should be most visiblein
short-runningprograms or those that make anumber of sys-
tem calls. Table 1 confirms this; short-running programs
suchasf | ex,i ndent andl i ¢ haveahighvariance. On
the Alpha, a “PALcall” is used to access system routines
and for system-specific functions; the column showing the
number of PALcalls showsthat | i executes many system
cals, and aso has alarge variance. Other programs with
alarge difference in the execution time initiate I/O, which
causes cache flushes and more system level disturbances.
Even with these aspects of the system not being modeled
by Zippy, the measurements in this experiment show that
Zippy providesareasonably accurate performance estimate
for the 21064 architecture.

2.2 ProgramsMeasured

We instrumented the programs from the SPECint92
benchmark suite and object-oriented programs written in
C++. Other studies have noted that FORTRAN pro-
grams have very predictable branches. We simulated the
SPECfp92 benchmarks and found that was true. Therefore
we provide results for only two of the programs, doduc
and t ontat v, and concentrate on C and C++ programs
that are harder to predict. The programswere compiled on
a DEC Alpha 3000-400 running OSF/1 V2.0, using either
the DEC C, C++ or FORTRAN compiler. All programs
were compiled with standard optimization (- O). For the
SPECint92 programs, we used the largest input distributed
with the SPECint92 suite. Thefirst two columnsin Table 2
show the number of instructionssimul ated and the percent-
age of those ingtructionsthat are branches for the programs
we instrumented. The next two columns give the average
execution time in seconds and the cycles-per-instruction
(CPI) for each program, assuming perfect branch predic-
tion. The remaining columns give the break down of cy-

cles executed, and attributes those cycles to the instruction
issues (Issues), stall cycles dueto the inability to issue in-
structions (Stalls), instruction cache misses (ICache), data
cache misses (DCache), and trand ation look-aside buffer
misses (TLB).

The “Stalls’ entry includes interlocks and data depen-
dence constraints that can be computed statically. For ex-
ample, the result of aload is not available until two cycles
afteritisissued. Aninstructionusing theresult of that load
immediately following the load would have to stall at |east
that long. The cycles induced by dependence constraints
are attributed to stalls, but any additional cyclesinduced by
cache misses are attributed to that cache. We combined all
cache misses from thefirst and second level cache into the
| Cache or DCache value.

2.3 Metrics

We used several metricsto compare branch architecture
performance in this paper. The first two are the increase
in execution time and cycles per instruction. We also com-
pute ametric used in branch architecture papers, called the
branch execution penalty (BEP). The BEP can be used to
select one branch architecture over another.

Percent Increase in Execution Time (%I1ET) Through-
out the paper, we will compare the execution time of each
program to a system with an unobtainable*” perfect” branch
prediction architecture. Perfect branch prediction assumes
that branches are never misfetched or mispredicted. Pro-
gram execution using other branch architectures are speci-
fied as a percent increase in execution time, or slowdown,
relative to the perfect branch execution architecture. The
slowdown includes the affect of all system components.

CyclesPer Ingtruction (CPI) Thereisaconsiderablevari-
ation in the number of instructionsissued by an individua
program, as shown in Table 2. Cycles per instruction pro-
vides a more application-independent performance metric
for a given architecture than the %IET. We aso use the



CPI to determine if branch performance metrics predict
program performance.

Branch Execution Penalty (BEP) Researchers have used
the percent of mispredicted branches to compare the per-
formance of different branch architectures. However, this
metric is too simpligtic for branch target buffer organi-
zations because the miss rate does not take into account
misfetched branches, and may exaggerate the performance
differencesin branch architectures. There are two forms of
pipeline penalties we are concerned with: misfetching and
misprediction. Each branch type can be misfetched, but
only conditional branches, indirect jumps and returns can
be mispredicted. The penalty for misfetching is less than
the penalty for misprediction, and a processor design may
tradeoff off one rate for another. We record the percent-
age of misfetched branches (%MfB) and the percentage of
mispredicted branches (%M pB). It is often difficult to un-
derstand how these metricsinteract and how they influence
processor performance. Yeh & Patt [17] defined aformula
to combine these branch penalties called the branch execu-
tion penalty:

%MTB x misfetch penalty + %MpB x mispred penalty

BEP = 100

which reflects the average penaty suffered by a branch
due to misfetch and misprediction. A BEP of 0.5 means
that, on average, each branch takes an extra half cycle
to execute; values close to zero are desirable. We have
assumed a one cycle misfetch penalty and afive cycle mis-
predict penalty since these values are appropriate for the
Alpha AXP 21064 architecture. Later we compare the
performance predictability of the percent of mispredicted
branches and the BEP by correlating these metrics to the
programs CPI.

3 Branch Architecture Modds

This section describes the branch architectureswe simu-
lated in this study. Table 3 gives a summary of these archi-
tectures. Wesimulated the DECchip 21064 implementation
of the Alpha AXP architecture using perfect branch predic-
tion (Perfect), no branch prediction (No-Pred), backwards
taken/forwardsnot taken (BTFNT), thedefault 1-Bit branch
prediction provided on the Alpha 21064 (21064) architec-
ture, pattern history tables (PHT), branch target buffers
(BTB), and two types of correlated conditional branch pre-
diction architectures (PAs and GAQ).

For Perfect branch prediction we assume that al branch
targets are fetched correctly without any penalties, so there
are no misfetch or mispredict penalties. This establishes
an upper-bound on the influence that the branch architec-
ture can have on the system architecture. For no branch
prediction (No-Pred), we assume that the instruction fetch
pipeline halts whenever a branch is encountered and the
pipelinestallsuntil the correct branch destination addressis
known. Thisisthe worst possible branch architecture, and
establishes a lower bound on branch performance for the
21064 architecture. For No-Pred, all branches either cause
amisfetch penalty or amispredict penalty depending onthe
typeof the branch. The only static branch prediction archi-
tecture we simulated was the simple backward-taken, for-
ward not-taken (BTFNT) architecture. The BTFNT archi-
tecture predicts backwards branches are looping branches

and will be taken, and forward branches are predicted as
not taken.

Most processors how use some form of dynamic condi-
tional branch prediction to improve the branch architecture
performance. The Alpha 21064 used in the 3000-500 we
simulated adds one bit to each instruction in the 8K direct
mapped instruction cache to dynamically predict the direc-
tion of conditional branches. Thisbitisinitialized with the
sign-bit of the PC-relative displacement when the cache
lineisread in, initializing the dynamic 1-bit predictors to
BTFNT prediction. Thus, the BTFNT rule is used the
first time the branch is encountered, and a dynamic one-bit
predictor is used thereafter.

Two-bit up-down saturating countershavebeen shownto
effectively predict thedirection of conditional branchesand
to outperform 1-bit branch predictors[10, 13]. The pattern
history table (PHT) branch architecture is an example of
an architecture using two-bit saturating up-down counters.
It contains a table of two-bit counters used to predict the
direction for conditional branches. In the direct mapped
PHT architecture (PHT-Direct), the branch addressis used
to directly index into the pattern history table to find the
two-bit counter to use when predicting the branch.

Pan et al. [11] and Yeh and Peatt [16, 18] investigated
branch-correlation or two-level branch prediction mech-
anisms. Although there are a number of variants, these
mechanisms generally combine the history of severa re-
cent branches to predict the outcome of a branch. The
degenerate method (GAQ) of Pan et al. [11] uses a global
history register to record the branch correlation. When us-
ing a 2* entry table, the processor maintains a k-bit global
history register that records the outcome of the previous k
branches (e.g., ataken branch isencoded asa 1, and a not-
takenbranchasa0). Theregisterisused asanindex intothe
pattern history table (PHT), much as the program counter
is used for a direct-mapped PHT. This provides contex-
tua information and correlation about particular patterns
of branches. For the GAg method that we model, we use
avariant described by McFarling [8]. His method used the
exclusive-or of the global history register and the branch
address as theindex into the PHT (PHT-GAQ).

Branch target buffers (BTB) have been used as amecha-
nismfor branch andinstruction fetch prediction, effectively
predicting the behavior of abranch [7, 9, 12, 17]. The In-
tel Pentium is an example of a modern architecture using
aBTB — it has a 256-entry BTB organized as a four-way
associative cache.  Only branches that are taken are en-
tered into the BTB. If a branch address appearsinthe BTB
and the branch is predicted as taken, the stored address is
used to fetch futureinstructions, otherwise the fall-through
addressisused. The “BTB-2Bit" architecture models the
architecture used in the Pentium, where each BTB entry
contains a two-bit saturating counter to predict the direc-
tion of a conditional branch [7]. The Intel P6 architecture
adds to this design by increasing the BTB to a 512 entry
4-way associative design and replaces the 2-bit counters
with 4-bit history registers.

The “BTB-PAsS’ architecture models the architecture
proposed by Yeh et al [17], where each BTB entry con-
tainsa6-bit history register. Thishistory register isused as
the lower bitsof anindex into a PHT when predicting con-
ditional branches. The upper bitsof theindex are the lower
bits of the branch address. In both BTB-2Bit and BTB-



Perfect All branches are correctly predicted, so there are no mispredict nor any misfetch penalties.

No-Pred No Branch Prediction. All branchesare either mispredicted or misfetched.

BTENT Backwards Taken, Forwards Not Taken. Static branch prediction.

21064 1-bit dynamic branch prediction for each instruction in the instruction cache.

PHT-Direct Direct mapped Pattern History Table (PHT).

PHT-GAg A single global history register is XORed with the program counter (PC) and used to index into the PHT.

BTB-2Bit A BTB with each entry containing a 2-Bit counter for conditional branch prediction.

BTB-PAs A BTB where each entry contains a 6-bit history register. This history register is used as the lower bits of an
index into a PHT for predicting conditional branches. The upper bits of the index are the lower bits of the
branch address.

BTB-GAg A decoupled BTB that contains no conditional branch prediction information. Instead, conditional branches
are predicted with the decoupled GAg, asin the PHT-GAg (XOR) architecture.

Infinite BTB’s | Aninfinite BTB that only suffers from misprediction and cold-starts misses. We simulated this model for both
the PAs and GAg (XOR) conditional branch prediction schemes.

Table 3: Architectures Simul ated

PAs architectures, the branch prediction information (the
two-bit counter and 6-bit history register), is associated or
coupled with the BTB entry. Therefore, the dynamic con-
ditional branch prediction information can only be used for
branches in the BTB, and branches that missin the BTB
must use less accurate static prediction.

The“BTB-GAQ" is an example of a decoupled design,
where the branch prediction information is not associated
with the BTB and is used for all conditiona branches,
including those not recorded in the BTB. This design is
used in the PowerPC 604 [14]. The PowerPC 604 has a
64-entry fully associative BTB that holdsthetarget address
of themost recently taken branches, and uses aseparate 512
entry PHT to predict the direction of conditional branches.

We simulated a number of configurations of these ar-
chitectures. In particular, we varied the number of BTB
entries, associativity of the BTB, and the size of the PHT.
All of the BTB designs we simulated only update the BTB
with taken branch addresses. This was shown to be more
effective for both the coupled and decoupled architectures
because the BTB is not filled with fall-through addresses
that are easily calculated [2, 12]. Therefore, on a BTB
miss for the coupled design, the branch is predicted as not
taken. The other static prediction aternative isto predict
thebranchusingthe BTFNT schemeonaBTB miss. Inour
studieswehavefound that statically predicting thebranches
as not-taken performs better than BTFNT in this case, es-
pecially when compiler transformations are used to make
the fall through path the most likely executed path [3].

4 Branch Architecture Performance

Throughout this section, the reader should be aware of
thelimitationsof our study, and should not draw inferences
beyond the systems we model. In particular, the Alpha
AXP 21064 is a dtatically scheduled, dual-issue proces-
sor. Dynamically-scheduled processors may be more sen-
sitive to branch architecture performance, because more
instructionswould be “in-flight,” increasing the mispredict
penalty. It is difficult to extrapolate how our results would
differ with out-of -order execution, and thisissueisthetopic
of afuture study.

Table 4 shows the increase in execution time over an ar-
chitecture using Perfect branch predictionfor al the branch
architectures we studied averaged over al programs. The

different branch architectures are sorted by percent increase
in execution time; architectures with poorer performance
appear earlier inthetable. Table4 aso showsthe contribu-
tion of the instruction issues, stalls, caches, TLB, mispre-
dict branch (MpB), and misfetched branch (MfB) penalties
to the cycles needed to execute a program on average, as
described earlier for Table 2. The last three columns give
the actual percentage of mispredicted branches, misfetched
branches, and the branch execution penalty, which com-
bines the %M pB and %MfB into one metric. The %MpB
containsall branches that are mispredicted, including indi-
rect jumps, returnsand conditional branches.

Table 4 shows that once a reasonable number of BTB
entries have been added to a branch architecture, overall
performance is best improved by adding resources to other
architectural components, including TLB entries and the
datacache. Theresultsshow that itisvery important to have
2-bit conditional branch prediction, such asaPHT, although
little performance improvement is seen as the size of the
PHT isincreased froma512 entry PHT to a4096 entry PHT.
We found that increasing the PHT size for an infinite BTB
beyond 32768 entries provided amost no improvement,
because the remainder of the stalls arise from cold-start
missesinthe BTB and PHT.

Table 4 also shows the improved performance when a
64 entry BTB isadded to the branch architecture. Thereis
only a small improvement when using a 4-way associative
BTB over adirect mapped BTB. Likewise, increasing the
BTB from 64 to 512 entries results in only a very small
performance improvement. The average increased percent
of execution timefor a 64 entry direct mapped BTB with a
512 entry PHT-GAQ is 3.1%. In comparison a more costly
512 entry 4-way associative PAs with a 4096 entry PHT
has an increased percent in execution time of 1.4%. Each
decrease in execution time comeswith aprice, in both area
and branch architecture complexity and potential increase
in cycle time. Therefore, for a statically scheduled archi-
tecture like the Alpha 21064, the most aggressive branch
prediction architecture that isjustified by our experimenta-
tion is adirect mapped 64 entry BTB, with any 512 entry
PHT configurationthat we studied. For futurearchitectures
to be viable, they must achieve similar (or better) perfor-
mance for cheaper hardware costs and make no sacrificein
cycletime[4].



BTB PHT % of Cycles Branch Penalties
Arch Size | A | Size %IET CPl Iss| Stal [IC]DC | TB | MpB | MfB || %MpB | %MfB | BEP
No-Pred 27.16 || 2981 | 30 15| 8| 18 4 | 23.04 | 0.67 86.85 | 13.15 | 447
BTFNT 11.10 || 2.647 || 35 17 | 10 | 22 5| 947 | 232 3095 | 39.00 | 1.94
21064 8.81 || 2.605 | 36 17 | 10 | 22 5| 689 | 329 21.00 | 5331 | 158
PHT-GAg 512 6.20 || 2549 | 37 18| 10 | 23 5| 340 | 405 1051 | 6393 | 1.16
PHT-Direct 512 595 || 2542 | 37 18| 11| 23 5| 299 | 411 8.83 | 6491 | 1.09
PHT-Direct 4096 577 || 2538 || 37 18| 11| 23 5| 273 | 414 801 | 6539 | 1.05
PHT-GAg 4096 535 || 2530 | 37 18|11 | 23 5| 229 | 420 6.90 | 65.74 | 1.00
BTB-2Bit 64 1 427 || 2512 || 38 18| 10 | 23 5| 492 | 050 14.72 8.03 | 0.82
BTB-PAs 64 1 | 512 3.86 || 2504 | 38 18| 10 | 23 5| 450 | 051 1351 8.03 | 0.76
BTB-PAs 64 1 | 4096 3.72 || 2501 | 38 18| 10 | 23 5| 435]| 051 13.04 8.03 | 0.73
BTB-2Bit 64 4 3.65 || 2.500 | 38 18| 10 | 23 5| 427 | 043 12.92 6.91 | 0.72
BTB-PAs 64 4 | 512 322 || 2492 | 38 18|11 | 24 5| 382| 043 11.69 6.91 | 0.65
BTB-GAg | 64 1 | 512 3.13 || 2489 | 38 18|11 | 24 5| 312 | 1.02 962 | 1551 | 0.64
BTB-PAs 64 4 | 4096 3.05 || 2488 | 38 18|11 | 24 5| 364 | 043 11.13 6.91 | 0.63
BTB-GAg | 64 4 | 512 291 || 2485 | 38 18|11 | 24 5| 306 | 081 947 | 1259 | 0.60
BTB-GAg | 512 | 1 | 512 249 || 2475 || 38 19|11 | 24 5| 302| 024 9.35 394 | 051
BTB-2Bit 512 | 1 240 || 2471 | 38 19|11 | 24 5| 294 | 013 8.73 220 | 0.46
BTB-GAg | 512 | 4 | 512 237 || 2472 | 38 19|11 | 24 5| 302 | 006 9.32 122 | 048
BTB-GAg | Inf 512 233 || 2471 || 39 19|11 | 24 5| 301 | 000 9.29 0.04 | 0.46
BTB-GAg | 64 1 | 4096 226 || 2.469 | 39 19|11 | 24 5| 198 | 1.09 6.02 | 1643 | 047
BTB-GAg | 64 4 | 4096 2.04 || 2.465 || 39 19|11 | 24 5| 192 | 087 587 | 1344 | 043
BTB-2Bit 512 | 4 2.00 || 2462 | 39 19|11 | 24 5| 248 | 004 7.36 0.77 | 0.38
BTB-PAs 512 | 1 | 512 189 || 2461 || 39 19|11 | 24 5| 237 | 014 7.17 220 | 0.38
BTB-PAs 512 | 1 | 4096 1.74 || 2458 || 39 19|11 | 24 5| 217 | 014 6.58 220 | 0.35
BTB-GAg | 512 | 1 | 4096 161 || 2455 || 39 19|11 | 24 5| 188 | 027 5.74 420 | 0.33
BTB-PAs 512 | 4 | 512 149 || 2452 || 39 19|11 | 24 5| 190 | 004 5.77 0.77 | 0.30
BTB-GAg | 512 | 4 | 4096 149 || 2452 || 39 19|11 | 24 5| 187 | 007 571 135 | 0.30
BTB-GAg | Inf 4096 144 || 2451 || 39 19|11 | 24 5| 1.86 | 0.00 5.68 0.04 | 0.28
BTB-PAs 512 | 4 | 4096 135 || 2448 || 39 19|11 | 24 5| 172 | 004 5.22 0.77 | 0.27
BTB-PAs Inf 512 135 || 2448 || 39 19|11 | 24 5| 1.71| 0.00 5.09 0.03 | 0.25
BTB-PAs Inf 4096 121 || 2445 || 39 19|11 | 24 5| 154 | 0.00 457 0.03 | 0.23
BTB-PAs Inf 32768 117 || 2444 || 39 19|11 | 24 5| 148 | 0.00 4.40 0.03 | 0.22
BTB-GAg | Inf 32768 1.08 | 2443 || 39 19|11 | 24 5| 136 | 0.00 413 005 | 0.21
Perfect 0| 2419 || 39 19|12 | 25 5 0 0 0 0 0

Table4: Averageresultsfor al the Branch Architectures sorted in terms of Percent Increase in Execution Time. The average
cycles executed for each architecture is broken down as before.

Table 4 lets us directly compare the performance of
decoupled GAg and coupled PAs architectures with equiv-
alent BTB sizes. For the 64 entry BTB designs, the GAg
scheme performs better than the PAs architecture because
the coupled PAs architecture can only use the conditional
branch prediction information on a BTB hit while the de-
coupled GAg uses the PHT predictors for al conditional
branches. When increasing the size of the BTB to 512 en-
tries, the PAs scheme performance usually surpasses that
of the GAg, largely because of the increased BTB hit rate.
However, thisisnot truein all cases; for example, adirect-
mapped GAg with 512 BTB entries and 4096 PHT entries
has (marginally) better performance than the correspond-
ing PAs method. In generd, the differences between these
two architectures is too small to matter. We fed the GAg
design should be used in an actua implementation, because
the GAg design may be simpler to implement and update,
and the PAs architecture requires extra storage, not needed

in the GAg architecture, since it associates a 6-bit history
register with each BTB entry.

5 TheAccuracy of Branch Metrics

Branch architecture research, like all computer archi-
tecture research, is a computationally intensive undertak-
ing. Normally, researchers try to identify a number of
performance metricsthat can be easily calculated, yet indi-
cate the likely impact of a particular architectural feature.
For example, the simulations used to accurately simulate
the Alpha 21064 and calculate the CPI used in the pre-
Vious sections were approximately 500-1000 times slower
than asimulation that only cal culated the branch execution
penalty (BEP). Studies, including our own, have used the
BEPfor thisvery reason: it yieldsan intuitiveperformance
metric, and it is significantly easier to calculate than the
CPl. Other studies have used the percent of mispredicted
branches (%M pB) for the same purpose.




Correlation Coeff. (p°)

CPlvs. | CPlvs. | BEPvs.
Program BEP | %MpB | %MpB
doduc 0.98 0.99 0.94
tomcatv 0.99 0.88 0.89
compress 1.00 0.92 0.92
egntott 1.00 0.91 0.90
espresso 1.00 0.96 0.94
gce 1.00 0.94 0.93
li 0.99 0.95 0.92
bc 0.99 0.96 0.93
flex 1.00 0.92 0.92
gzip 1.00 0.93 0.93
indent 1.00 0.95 0.95
od 0.99 0.97 0.94
wdiff 1.00 0.93 0.93
cfront 0.97 0.99 0.94
idl 1.00 0.95 0.95
lic 1.00 0.93 0.91
porky 0.99 0.94 0.90

Table 5: The square of the correlation-coefficient for each
program acrossall branch architectures. A p? = lindicates
that changes in the BEP due to a particular branch archi-
tecture are predictive of the CPI for that program using that
architecture.

We were curious how accurately the BEP and %M pB
predict the CPI for the architecture we examined. The
standard statistical test for this problem is to compute the
sample correlation coefficient, p. Given p for two series,
p° represents the probability that the series are linearly
related; p? = 99% indicates that 99% of the variation in
one series is predicted by a change in the second series.
The CPl and BEP for all branch architectures averaged
over al programs resulted in p? = 99.9%; i.e., over al the
architectures studied, achangeinthe BEPisavery accurate
predictor for the CPI. The corresponding measurement for
the %MpB is p?> = 96.9%, indicating that the %MpB is
a dightly less accurate predictor of the CPI than the BEP.
This is only natural, since the BEP includes the misfetch
penalty as well as the mispredict penalty.

The predictive accuracy of the BEP and %MfB isalso
consistent across a range of branch architectures. Table 5
lists p? for each program across all the branch architectures
considered. Table 5 showsthat CPI can be accurately pre-
dicted by the BEP and the %M pB, athough the BEP is a
more accurate metric. As expected, the BEP aso predicts
the %M pB with reasonable accuracy. It is essentia to un-
derstand that we are asserting that the predictive quality of
the BEP for the CPI only appliesto the stati cally-scheduled
architecture we model.

It is understandable that the BEP would be correlated
withtheCPI onthe21064 architecture. Thenominal branch
mispredict penalty is 5 cycles and the misfetch penalty is
1 cycle. In some circumstances, these penalties can vary.
For example, if aload that precedes a conditional branch
misses in the data cache, and the instruction that is the
target of the branch needs the data, then the branch may be

resolved before the miss finishes, masking the mispredict
penalty that might have occured if the load had hit in the
cache. Likewise, if only oneinstructioninan issue-pair can
actually be issued, the processor has an additional cycle to
determine the next fetch address, masking the misfetch
penalty.

Notethat the correl ation coefficient doesnot indicatethe
degree of importance of the BEP. It simply indicates that
the BEP and CPI are linearly correlated. The least-squares
solution for al architectures over al programs indicates
that CPl = 2.35+ 0.073 x BEP. Thus, although the BEP
is important in the overal CPl, a difference of 1.0 in the
BEP resultsin a 3.1% increase in the CPl on average. The
branch architectures we examined had a BEP between 0.2
and 2.0.

6 Understandingthe scope of thisstudy

A valid questionto ask ishow do theresultspresented in
thispaper apply to future wide-issuearchitecturesthat have
wider instruction issues, deeper pipelines, larger branch
penalties or out-of-order execution? We fed it is impor-
tant to understand the scope of our study, and the intent
of evaluation we have conducted. All of the results we
have described are relatively specific to the 21064 imple-
mentation of the Alphaarchitecture, athough some genera
conclusions can be drawn from this study.

Within the limitationsimposed by the particular archi-
tecture we studied, we feel that this study is important
because it provides detailed system performance showing
the actual gain in going from no branch prediction (27%
increasein execution time) al theway downto Perfect pre-
diction, using various branch prediction architectures. We
are not aware of any previous study providing this detailed
performance comparison for modern branch prediction ar-
chitectures. We also fedl that we have demonstrated that
the BEP is an accurate predictor for the CPI for the class
of architectures we considered. Therefore the BEP metric
should be used when comparing different branch predic-
tion architectures if the real CPl or execution time is not
available; however we recommend that this be confirmed
for architectures radically different than the 21064 archi-
tecture.

Our observations come with an important proviso —the
importance of a branch architecture is highly dependent
on the underlying architecture and the penaltiesintroduced
by other subsystems. For example, data cache overheads
congtitute = 24% of the total execution time in the pro-
grams we measured. Larger first and second-level caches
will reduce the cache overhead. Likewise, a dynamically-
schedule architecture may be ableto mask alarger fraction
of the cache latency, depending on the processors ahility to
predict branches. Simulating the interaction between the
operating system and an application or a mixture of appli-
cations may aso indicate that other branch architectures
are more desirable,

7 Conclusions

Microprocessor design is an art that balances many is-
sues, including area and power budgets, design complexity,
patent issues, robustness across a number of applications
and a particular implementation technology. It is impor-
tant to understand the contribution of individual architec-
tura features in the context of the full cpu design. At



some point, architectural designs must address these is-
sues, rather than solely address performance. This paper
provides a system level study of severa branch prediction
architectures including recently proposed two-level corre-
lated branch history schemes. We provide the performance
comparison in terms of execution time using a full Alpha
AXP 21064 architectural simulation mode.

Our results show, for the processor we examined, that a
significant performance gain is achieved by adding a small
512 entry PHT tothearchitecture, aswasdonein the Alpha
21064A. Little benefit is gained by increasing the size of
the PHT. An additional reduction in execution time, half
of that provided by adding the PHT, is seen by adding
a small 64-entry direct mapped BTB, provided that this
does not impact the cycle time. The results also show that
increasing theBTB size and associativity provides minimal
improvements. A processor using a64 entry direct mapped
BTB with adecoupled 512 entry PHT achievesan execution
time within 3% of the execution time for prefect branch
prediction.

Our results indicate that continuing to improve the
branch behavior for processors and programs similar to
the ones in this study is ssmply “polishing a round ball”.
This does not mean that reducing the BEP is an unimpor-
tant problem; rather, it means that for further reductionsin
the BEP to become meaningful, other pipeline stalls such
as cache and TLB stallsfirst need to be greatly reduced on
thistype of architecture. Alternatively, researchers propos-
ing new branch predictionarchitectures should demonstrate
how they will work on a processor with dynamic out-of-
order execution, deeper pipelines and wider issue widths.
They should aso emphasize designs that are faster, less
complex, more testable or easier to implement. We fedl a
study similar to this one is needed to determine the impor-
tance of branch prediction on a dynamic execution archi-
tecture.
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