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Ahsrr.-u:r";o orovide & high instruction throughput for advanced su-
{n ord odels, L1 caches must achieve a low miss rate with no in.
nimum change in L1 capacity.

ochanisms anticipate data from memory to L1 caches
gest by the CPU instruction execution flow. These kind

Jatency- :
ess path prefetch anticipates the next block and also the

The wr;nogra branch. This work analyzes how the branch prediction
ken (arg the performance of this prefetch scheme, The number

: ce in .
m(f:.:ec:’cm and the effects of cache pollution and prefetch overlap
was

1
Mcnted. . o s
gre also (l;)rd\"" prefetch mechanisms, branch prediction, superscalar ar-
szf >

pitectures: cache memory.
C
I. INTRODUCTION

- of the main challenges it} superscalar architec-
JOH91] is to provide a sufficient number of decoded
tures 1 ns to feed the execution engine. The L1 I-cache
| omputers must reach a high hit rate. To meet
Jirement, each of the L1 caches have had their sizes
such reqd 1 the last processor generations from 8 KB to 64
However, if L1 caches demand.further Increase in capac-
.KB . few years it will not be possible to access them in just
iy, 11 essor cycle.Large L1 caches will make it difficult to
one ProCe block in a sub-nanosecond clock period.
fetch Ona]temative for this problem is the development of
TheeS which decrease the miss rate as well as hide the
schem latency without resorting (o capacity increase. One
acCcess fa[heSe schemes, the prefetch mechanisms, performs
claS? ?ch from L2 cache or memory to L1 cache before the
the ention al fetch unit requests. The prefetch schemes can-
con\;z[a]l y eliminate the problem, but they can produce a
. ¢ decrease 1n cache miss ratio [HSU93].
grc:nhough producing lower miss rates, the use of prefetch

h some applications does not show a large increase in
he overall performance, as measured in effective number of

nstructions completed per cycle (IPC). Every so often, the
prcfetch mechanisms may fetch instructions that the CPU

increase
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will not request anytime later. So, the so-called pollution
generated by these schemes and the increase in the bus traf-
fic due to the extra fetches are problems usually brought by
the hardware enforcement of prefetch schemes.

Moreover, aspects relative to the branch predictor accuracy
are also a concern, specifically, relevant in the wrong path
prefetch. In this case, the next line is always anticipated,
and, when a branch occurs, the target is prefetched just after
the decode stage if the branch was predicted as not taken.

In a previous study [SAN00], the wrong path prefetch did
not show a better performance than the next line prefetch,
which anticipate only the next block. However, the branch
predictor performance may have influenced these results.
Thus, the branch predictor has to be good enough to guaran-
tee that the prefetch mechanism anticipates the correct path.

This work studies the wrong path prefetch effectiveness
associated with different branch predictors, each one with a
different level of accuracy. In this way, it is possible to verify
how significant is the influence of the branch predictor on the
wrong path prefetch mechanism. The next section presents a
brief discussion regarding the mechanism studied as well as
the simulation methodology used in this analysis.

II. PREVIOUS WORKS

The wrong path prefetch was studied in detail by [PIE95].
However, it was simulated in a single issue architecture.
Machines of this type gave away to the superscalar ones,
which represent the state-of-art architecture. Issues relative
to cache size, pollution, and bus traffic were widely discussed
in [PIE95], but just for scalar architectures models. In that
case, the wrong path prefetch presented better performance
than other prefetch schemes.

In [SANOO] the wrong path prefetch mechanism was 1m-
plemented using a superscalar simulator. However, this
mechanism did not reach the same improvement presented
in the previous work [PIE9S]. In superscalar architectures,
the branch prediction becomes a more relevant problem, be-
cause the instruction throughput is potentially higher. Now,
this problem requires more specific concerns relative to the
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ar itself and also how 1l affects the pre
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ar architec-
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Figure 1 shows the simulated
p:r!h‘prcfmx:h in a 4-1s5u€ out-of-order Su
ture with an 8 KB 2-way acsociative 1-cac

axis represents the benchmarks The black bar chows
depicts the IPC (Instruction Per Cycle).

ents
the IPC reached with no prefetching. The gray barc[l)ll:!fism,
the IPC achieved with another kind qf prcfctcll: f:/i e IPC
called next line prefetch. The hatching bar ShO cilc capac-
reached with the wrong path prefetch. The low ca
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Fig. 1. IPC reached by the use of no prefetch, next line and wrong pa

l, it is possible to sce that the

Despite the great potentia
p better performance than

wrong path prefetch does not have . s
the next line prefetch. However, 1n d simple single 1SS

architecture the performance achieved by the wrong path

prefetch was different [PIE95]. In that case, the wrong path
prefetch reached a satisfactory improvement over the next

line prefetch. P
Given the results of Figure 1, this work has the objective

of verifying if the cause of that result is the accuracy of the
branch predictor, and also to establish the real impact that
the variation of the branch predictor accuracy causes on the

wrong path prefetch performance.

I11. THE PREFETCH MECHANISM AND SIMULATION

The Wrong Path Prefetch Scheme anticipates the next
I.1 cache block and also the taken target of a branch. The tar-
oet is prefetched after the decode stage, when the correct ad-
dress is known. The target is prefetched only when branches
are predicted to be not-taken. In this work the wrong path
prefetch is analyzed in a superscalar architecture with state-
of-the-art features. The branch predictor accuracy was varied
in order to verify the impact caused by this mechanism in the

prefetch scheme.

The simulator which implements the prefetch scheme was
developed in the sim-outorder processor timing simulator,
from the SimpleScalar Tool Set [BUR97]. Initially, four

benchmarks of the SPEC95 suite were used (fpppp, gcc, go,
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and vortex), and for each simulatiop, fia I

tions were simulated. This workloa 00 Mgy

Mu] 3
The reference model for the cxperimena lon S Dr()qrurﬂ
architecture which has the main fCaIUreS dts 1S ap Ou[\)g}] Uy
eSCr ¢ '
lbcd in f{“quq
TABLE | aMQ;
THE BASIC ARCHITE .
- Argument T
—Fctgch width L Jalue Conﬁg
: Ur
Decode width 8 NSty f‘ted :
[ssue width 3 ins"uz:fﬂng
Number of integer FUs 8 ‘“Struq?ons
Number of floating-point FUs '0ng
Misprediction penalty 8

In [SANOO], the best improvemep ach;
path prefetch was obtained using § xp I
associative. In that work, it wag conely
schemes should be used especially i cache
of activity. Hence the L1 caches capyc; hi

ided b rrent generati : 'ty was le gh ley,

VIGBC o) e <oty MICroproceggy, 5 thay, .
KES99, INT0O0]. This is done becayse e ;s o
marks do not achieve a sizable mjgg activi PEC9 e 99
large capacity and the evaluation may n be)f' N cache "ch.
large caches with very low miss-ratjq [FERaglr In CXirey,

experiments were made with both § KR i 647]. Ho Cly
sizes, in order to predict the prefetch ;
large caches.

For the simulation model, this pg
caches sizes of 8 KB, distributed aspfsﬁ;vf:.sumed the 1
bytes per line and 2 way-associative; and g4 I'<BIZS ineg, 5,
tributed as follows: 1024 lines, 32 byteg i Cacheg dis
associative. Ne anq 7 way.
The unified L2 cache was fixed at 517 KR

ble IT summarizes the cache configuratigns 4 “apacity, Ta.

] Caches 2Wr0n
ded tha[, Way‘

S With 5 . ety

8

periments. Sed in the o
TABLE 11
THE MEMORY SYSTEM CONFIGUR AT
ONS

Argument Value configurateq™
Cache L1 size SRR
Cache L1 associativity | 2 Way-associatiy
Cache L1 line size 30 bt ;
Cache L2 size 512yKe§

Cache L2 associativity
L1 hit latency

L2 hit latency
Memory latency

4 way-associatiye
I processor cycle
12 processor cycles
70 processor cycles
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After the definition of the base architecture, the branch

. <tors were varied 1o use t.hc following mechanisms: b;.
| predictor, 2-1cvc‘1 ?daplnxfc branch predictor and com-
wined predictor (combmmg 2-lcx'el adapt‘ive and bimodal).
Thus, USing ‘hr‘fc duffcrgm kas of predictors and varying
he tables capacity assocua(cq \\.mh each one, it was possible
(o reach several branch predlcthn accurz‘acics. Note that the
Jariation in the accuracy was achieved using different predic-
rors and this may cause different behavior among the exper-
 ments. This may happen bgcausc cach mechanism reaches
gifferent accuracy for c':ach Ifmd of branch. For example: the
bimodal predictor achieves 1t§ best accur.acy in loop predic-
ion, while the 2-level adaptative mechanism is better to pre-
dict conditional branches.

The next section summarizes the main results obtained by
the execution-driven simulations.

IV. RESULTS

As discussed before, several aspects regarding the Impact
of branch prediction accuracy on the performance of the
wrong path prefetch were St.ud.led. In this way, the graphs
chow, in the X axis: the prediction accuracy rate. Moreover,
despite the simulation of all configurations with each bench-
nark, just the most relevant results are presented in this pa-
per. .
The fpppp Was the benchn.lark which presented the most
peculiar behavior. Some of its results are presented in the
papCL

Figure 2 shows the performance reached by the fpppp

henchmark using and not using the wrong path prefetch with
different branch accuracies. The horizontal axis means the
sccuracy reached by the branch predictors, while the verti-
cal axis depicts the TPC achievc?d. The effect of no wrong
path prefetch is shown. The upside of the figure presents the
results for simulations using an 8 KB cache, while the down-
side shows the experiments performed with a 64 KB cache.
These notations will be also used in the next figures of this
paper. |

As it is possible to see, there is a performance peak, using
an 8 KB cache with 86% of prediction accuracy. In this point,
the accuracy was reached using the bimodal predictor with a
64-entry table. The bimodal mechanism is well-known to
predict loops correctly and fpppp benchmarks has, basically,
a single loop with a very large basic block [FER 97]. Proba-
bly, reaching 86% of accuracy in the branch predictor is such
as it causes the right anticipation, at the right time, in a cache
with high level of activity. This means that in one specific
point the prefetch mechanism may anticipate the right path
very often, reaching the peak showed in the graph. This is
not observed for a large cache. In this case, the branch pre-

dictor produces a lower impact in the prefetch scheme.
This section was divided in subsections and, in each one,
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Fig. 2. IPC with and without prefetch in fpppp

a feature is focalized. The subsections are:

o Cycles wasted with the fetch unit blocked,

e Prefetch performance, and
o IPC.

A. Cycles wasted with the fetch unit blocked

Some key features must be verified in order to measure the
performance achieved by the prefetch schemes. One of the
most important characteristics is relative to the total number
of cycles spent with the fetch unit blocked. These cycles,
which are wasted during the stalls of the fetch unit, directly
influence in the architecture performance. Then, if the miss
rate is reduced but there is no gain in the block access that
are being anticipated, the prefetch performance is restricted.
The miss rate decrease is not enough to measure the prefetch
performance and the hidden latency is a relevant feature of
these schemes. Moreover, all the gains produced by the miss
rate decrease are reflected in the number of cycles in which
the fetch unit was blocked. This section analyzes the behav-
tor of the fetch unit in the presence of wrong path prefetch
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racies. R/
' dlcu)rs aCCu 1.05e+08 [ .
aceociated with the different branc.h e in the horizontal |
| howed in this section have, ccuracy 10408 |
The figures shos | rracies. The |
axis. the different branch predictor acct h mechanism asso- |
:@\ﬁancd through the simulation - o he table S1Z€S: The Bwerir 1
ciated to several configurations rcgardl?g (cllccs spen! with the
L | | otal number ol CYCIE=~ oas07 |
vertical axis depicts the t : |
fetch unit stalled. <~wed in Figure 3. [t1s O i)
The gcc benchmark results can be » ICKB cache, the wrong |
possible to see that, for gcc, using an 8 « when the hranch R
path prcfctch reaches a performance e A](hough the s Without Prefetch
dictor achieved around 90% of accuracy- 90% and 250407 | ®——® With Prafetch . |
it th of a decrease in the performanct between Sl e
eXIsience - se 4 ¥
tarts to 1ncred AR M Ry
929% of accuracy, the performance 3 her performance 710066 069 072 075 078 gy ey
after this limit. Thus, there will be o C; : ggest thal Procicton Accursg, 037 5
: 2 L8 . u 9 FA
.11 | er]Ctlon Wth S SIM WAST & N “
B e pt ble behavior after the 90% E-Gce B4k 0
gce benchmark present an uns a Tow the same tren d I G e S R
limit. Moreover, caches with 64 KB foll0 ted by the L By
duced by a small one, i. €., the curve prese
produced by ; by the 8 KB cache. At the s
64 KB is similar to the produced by ‘ T %
<ame point. 90% of accuracy, there 1 a pet oI .
b i ber of the fetch unil stall
followed by an increase In the numt er KB caclie will il
and a performance peak again. Possibly, thed TR ;
have also this second performance peak, and bo 2 |
to stabilize again close to the perfect prediction. gy 26307,
lar
Figure 4 presents the results for go benchrr.lark. lslmlesu]ts T .
the gcc benchmark, in both cache configurations the 7 Jeagy | @ Wih Prefetch v S
reached by the wrong path prefetch followed the same tre.n % ‘
produced by the no usage of prefetch with, hOWCVlelr’ f; sng(-)— (M |
nificant performance improvement, for an 8 KB cache. ln g e e Y \K\‘\'ﬁ,
benchmark, the prediction accuracy does not present a ar;Ige Prdicton e 086 o *
influence in the fetch unit stalls, in case of an 8 KB cache. In i ot
- V1tyv 1 - 12, . W -
this benchmark that reaches high activity 1n thc? [-cache, pre g. 3. Cy asted with and withoy Prefetch ip ..
diction is not the critical problem. The opposite conclusion
j talls 1n
may be taken from the 64 KB cache. In this case, the s . ‘ .
, IS . - contradictory, because w
the fetch unit decrease significantly, with the improvement . Iy ith the IMprovement of the fyy 5
C

in the branch prediction. Also, for 8 KB cache there IS a
peak in the fetch stalls when the branch prediction accuracy
achieve 87%. Possibly, this peak is due to the behavior of the

own benchmark, because this is happening in the no usage of

prefetch as well.

The vortex benchmark, presented in Figure 5, is the most
regular benchmark. It is possible to see that the number of
stalls in the fetch unit decreases linearly for both cache con-
figurations, through the variation of the branch prediction. It
means the wrong path prefetch used associated to this bench-
mark, mainly, depends on the branch prediction accuracy.

It 1s possible to verify that in go and vortex benchmarks
wrong path prefetch has less accented curves than in the ar-
chitecture without prefetch. Also, all benchmarks presented
at least one peak of fetch unit stalls during the increase of the
branch prediction accuracy. The peaks, normally, happen af-
ler a decrease in the number of stalls, This behavior is quite

predictor accuracy the number of cycles iy whi
C

predicted branches, but it may stalls due to I-¢cq
branch occurrence and full pipeline as well. Thus

may be provoked by one of those another reasons

B. Prefetch performance

In this subsection, the number of prefetches executed th
number of instructions fetched while its prefetch was b;:inz '
performed and the pollution generated in the I.1 I-Cache a
a.nalyzed. The goal of this section is to understand the rela-
tion among branch prediction accuracy, number of prefetches
performed and the cache pollution. As pollution values are
smaller than number of prefetches and number of prefetches
In progress, the graphs in this subsection were plotted us-
Ing two y axis, at left showing values for the number of
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Fig. 4. Cycles wasted with and without prefetch in go

prefetches and prefetches in progress, while in the right side

the values arc for the pollution.

When the prediction accuracy increases, In the ggneral
case. the number of prefetches executed.increases. This oc-
curs because the fetch unit spend more time busy due to th.e
decrease in the mispredicted branches and, as the fetch unit

is fetching more frequently, the number of instructions antic-

ipated increases as well.

The behavior of the gcc and go benchmarks can I?e ob-
served in the Figures 6 and 6, respectively. Itis possxple to
see that for the two benchmarks there are some peaks in the
~umber of instructions prefetched, the number of prefetch
in progress and also in the pollution. In genera.l, the thrc?e
prefetch features vary together, i. e., when there 1s a peak. in
the number of prefetches, there is also a peak in the pollution
and in the number of instructions fetched before the end of
their prefetch. The results show that the branch predictors,
as well as the accuracy reached by them, really affect the
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Fig. 5. Cycles wasted with and without prefetch in vortex

prefetch scheme. However, the affect is given globally, not
just for a specific feature. Thus, a new study should focus
each mechanism in each accuracy. This study can support
the choice for use or not use of the wrong path prefetch with
some class of programs and branch predictors.

The vortex benchmark is shown in Figure 8. The results
reached by vortex are the most regular in this set of bench-
marks. However, different from the other benchmarks, the
pollution does not follow the same trend of the other features.
The pollution in vortex benchmark is always increasing ac-
cording the improvement in the prediction accuracy, for the
both cache sizes. Hence, in this particular benchmark, the
performance of the branch predictor exerts a bad influence in
the wrong path prefetch mechanism due to this increase in

the pollution.
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C. Instructions per cycle

The most important parameter (0 measure performa.mce
in superscalar microprocessors is the number of Instructions

Per Cycle (IPC) achieved. This section shows the results .ob-
tained with the utilization of the wrong path prefetch against
the several branch prediction configurations. However, [PC
does not depend exclusively on the I-cache, but it depends
on the well balanced performance of the overall architecture.
With the I-cache misses reduction, another problems which
affect the IPC may arise, such as resource conflicts and D-
cache miss rate increase. Then, some of the results presented

in this section may be well affected by the one of these ef-
fects.

The .results regarding to the gcc benchmark are being
shown in Figure 9. The gec benchmark depicts a regular

behavior. fqr IPC. It is possible to see that the highest IPC
reached is in the highest branch predictor accuracy as well.

Using the 8 KB caches, the performance increases almost
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caches are Very regular.

V. CONCLUSIONS

this paper, the role of prediction accuracy in the p?rfor.
e of the wrong path prefetch mechanism was studied.

B sults have shown that, besides the importance of

Thg re:re:diction accuracy for the superscalar architectures

b using the wrong path prefetch may achieve the

nce in a different point from the best prediction

In

performaﬂce’
best performa

ey i 3
aCCS‘;meypeculiar results were observed, mainly, in the fpppp

benchmark. This benchmark gresented 1ts best. performance
with a very simple branch predlct.or.(64-entry plmodal mech-
anism) and even using more sophisticated predictors, the pl?r-
formance decreased. This may happen for some reasons that
acted together and caused the strange result. Thesg reasons
are relative to the structure of the benchmark, which 1s ba-

sically a single loop; the structure of the branch prediction
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Fig. 9. IPC with and without prefetch in gcc

used, which reaches its best performances predicting loops
and, finally, the prefetch itself, which may be anticipating
the right block at the right time.

The vortex benchmark had also an interesting behavior.
For this benchmark, the pollution generated by the wrong
path prefetch increases with the improvement of the predic-
tion accuracy. This means that for this specific benchmark,

It 1S not necessary to invest in expensive branch predictors, if
the wrong path prefetch is going to be used.

The gce and go benchmarks presented some peaks and
drops in their statistics, such as the wasted cycles by the fetch
unit and also in the overall performance of the wrong path

prefetch. Nevertheless, the global performance was not af-
fected.

Excepting fpppp, all benchmarks presented improvement
in the IPC, increasing the branch predictor accuracy. In a

few points in gcc there are some stabilizations followed by
other peaks. Even vortex benchmark, which had increase in
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vement in the global perfor-

the pollution, has shown impro .
the result would be better if

mance. However, for this case,

the pollution has not increased. |
As future works, a new study should be done to verify each

branch mechanism in separate. In this way, will be possible
(0 isolate the anomalous points and identify clearly the rea-

sons for that.
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