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remains the same.

Abstract—Cycle accurate simulation of processors is The terminology used in this paper follows that from
extremely time consuming. Sampling can greatly reducetraditional statistical sampling theory. The original full
simulation time while retaining good accuracy. Previous instruction strearis divided intoN non-overlapping chunks
research on sampled simulation has been focusing on thef m continuous instructions. Each chunk is a basic
accuracy of CPl. However, most simulations are usedt simulation unit or aampling unit The sampling unit sizés
evaluate the benefit of some microarchitectural enhanceant, the number of instructions in each chun®.( Thepopulation
in which the speedup is a more important metric tharCPI.  refers to all the chunks that constitute the full instruction

We employ the ratio estimator from statistical sampling stream. Asampleconsists of selected chunks that are actually
theory to design efficient sampling to measure speedund simulated and measured. (In practice, more instructions are
to quantify its error. We show that to achieve a given simulated for warming up the microarchitectural structures.)
relative error limit for speedup, it is not necessay to estimate The number of sampling units in a sample isghmple size
CPI to the same accuracy. In our experiment, estimatim expressed as
speedup requires about 9X fewer instructions to bemulated e ot only want to estimate the value of the speedup but
Irglaotli?/?lerlrrérﬁ?&?arlﬁr?gretl‘%rgsljgpna“Tﬁe ?;:ofzrstitrzgtos;age also want to determine the error in our estimation. Ther err
evaluate speedup'is much more cogt-effective and offegreat can be quantified with a "T“'t on re_latlve erzr,cwhlt_:h can be
potential for reducing simulation time. We also discas the obta!ned ffo”_‘ the ponfldence interval. _ Prior research
reason for this interesting and important result. p!rowdes confidence interval for CPI [3,_ 13] but_ none has

given a method to calculate the confidence interval for
I. INTRODUCTION speedup. A straightforward method is to run sampled

Simulation of processors is the most important tool %',mu_lations_ for two processor configurations to get two
computer architects to study design tradeoffs Mod& fidence intervals for CPI and then calculate the confidence

benchmarks, such as SPECcpu2000, are close to real ' W&\/al for speedup usingterval arithmetic Suppose that

R s . : 95% confidence intervals before and after the
applications and execute hundreds of billions instructions. .
a result, simulating a complete run of a benchmark in a c géhnectural enhancement are 0.820+0.020 and 0.617+0.015,

accurate simulator is extremely time consuming and requ é‘fzz correspond tcl) af12.5% e(rjror. Onebmayoccgggllcj)tzgge
days to weeks of simulation time. Sampling is a techni 4'0/%ng§2 |nter\|/a_ or Spef‘iSL;/p "[:o eh' ©. I. '
that can greatly reduce the simulation time while retainint -602), are ative error of £5%. From this example, we
good accuracy. Although sampling can be applied to a ca see that constraining the relative error in speedup to be

simiator o tudy the cache mis rate. n (s paper el 1 ° SO e B o1 1 D0 00 WIRC
interested in the sampling of cycle accurate simulation. 9

Previous research [3, 5-14] focuses on the accuracy of @I\_g?rsely proportional to the square root of the sample size,

or IPC. However, the goal of a simulation is usually Egducmg the relative error limit in half would require

evaluate the benefit of some microarchitectural enhancem%'m,u@mg 4 times more mst_rucn_ons in detail. _H‘_’W‘?Ver' as
will see later this estimation of error limit is too

in which case, an accurate estimate of the relatiVe

performance improvement is more desirable than the abscﬁ&liezgu'suc’ and there is a better way to quantify the error |
value of CPl. We usepeedupto evaluate the benefit of P P-

microarchitectural enhancement. ~ We define the Speequp,Eya_uaTiNG PERFORMANCEIMPROVEMENTWITH THE
denoted byR, as the ratio of the execution times before and RATIO ESTIMATOR

after the microarchitectural enhancement when the same ) ) ] )

benchmark is run. Assuming that the clock frequenCyThe ratio estimator in the sampling theory calculates the
remains the same, the speedup is also the ratio of the (i@ of two population means from a sample [2]. For each
before and after the enhancement since the instruction c6@fPling unit, there are two characteristigsandx; (i=1, 2,

! “Instruction stream” refers to the stream of corted instructions in
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..., N). We randomly take a sample of sizand measurg 332,372. It would cause different units to be saahph the
andx for each sampled unit1, 2, ...,n). The goal is to two runs if a small sampling unit size is used.(2@p-10,000
estimateR, the ratio of the population mean pfto the instructions as in SMARTS [13]). To solve this lgem, we
population mean of (g_v,x =iy /ix ). Based on the capture theeio trace with Si_mpIeScalaﬂim-eioutility in our

i ' experiments. Using theio trace guarantees the same
instruction sequence each time the benchmark iglaied.

1)

i=l

sampling theoryR is estimated &s

R= ¥ =V /%
X i3 i=1
AssumingN>>n, the variance foR is estimated as
Sf, + stf _ZRSyx , (2)

i=1

We conducted experiments to study the applicatfome
ratio estimator in sampled processor simulation.he T
procedure in the previous section does not spéuify to
measure the CPI of each sampling unit. It candre by
simulating the complete benchmark and switchingveen
(3) cycle accurate mode and functional simulation m@ages3].
n-1 o Or it can be done by checkpointing the state beéaeh
and s, ands, are the sample standard deviatiory ahdx. If sampling unit and simulating these checkpointsctlire In
the sample is large enough so that the normal approximaggn experiment, we use the former. Caches andchran
applieS, the confidence interval fBrat the confidence |eVe|predict0rS are Continuously warmed up functionaﬂy
of 1-a can be obtained as approximate perfect warm up [13]. To warm up other

5 [B) B [ B microarchitecture structures, 4,000 instructionforlee each

(R, 2oV V(R) R+ Z“”z_ u(R) . ) sampling unit are simulated in the cycle accurabelen An

where z,_,,, is the (1a/2) quantile of a unit normalg.way and a 16-way out-of-order superscalar protess

distribution. Similarly, given a relative erronit of e at a simulated to calculate the speedup. The micro@atoire
confidence level of I, the required sample size is configurations given in Table | are adapted froB][1

~bar [2 1522 _oR
n=—=2=,s, +R°s - 2Rs

&

EXPERIMENTSAND RESULTS

V(R) = w(si +R%s? - Zﬁsyx) = =
nx nx
2 =X -%)

— 4
Sy =

where

(5)

TABLE I. PROCESSOR CONFIGURATIONS

) ) . Parameter 8-way (baseline) 16-way
If for each sampling unit; andy; are the CPI of the unit [ Machine Width | 8 16
before and after the microarchitectural enhancentieenR is RUU/LSQ size | 128/64 256/128
the speedup. The estimation of speedup (Equajienduite 32KB 2-way L11& | 64KB 2-way L11&D,
Memory System| D, 2 ports, 4 ports,

intuitive and is the same as in the interval argtiommethod,
but the calculation of the confidence interval @npletely
different. Based on the above theory, we propose t
following general procedure to calculate the sppednd
quantify its error.

1. Before the measurement, the user sets a targataay
expressed as a relative error limitat a certain confidence
level 1.

2. Divide the full instruction stream intd chunks ofm

Unified 1M 4-way L2

Unified 2M 8-way L2

n ITLB/DTLB

4-way 128 entries
4-way 256 entries
200 cycle miss penalt

4-way 128 entries
4-way 256 entries
¥200 cycle miss penalt

L1/L2/Memory
Latency

1/12/100 cycles

1/16/100 cycles

Functional Units

4 1-ALU

2 |-MUL/DIV

2 FP-ALU

1 FP-MUL/DIV

16 I-ALU

8 I-MUL/DIV

8 FP-ALU

4 FP-MUL/DIV

continuous instructions. Take a random sampl&efs
3. Measure the CPI of each sampled unit before tk

1@ranch Predictor

microarchitectural enhancement. Record all CRJs (

Combined 2K tables
7 cycle misprediction
penalty

1 prediction/cycle

Combined 8K tables
10 cycle mispredictior
penalty

2 predictions/cycle

4. Measure the CPI of the same sampled units tifeer
enhancement. Record all CPy3.(

Eight benchmarks from SPECcpu 2000 are simulated in

5. Calculate the speedup and its relative erroit lion modified SimpleScalar 3.6im-outordersimulator that does
confidence interval with Equations 1 through 4.thé error the sampling. We use three sampling unit sizeso0D0
limit meets the target accuracy, then stop. Otlsgrwinstructions, 1 million instructions, and 10 mitlio
calculate the new sample size from Equation 5 apdat step instructions. Wunderlich et al [13] report thae thptimal
3 and 4. sampling unit size is in the range of 100 to 10,000

The key point in the procedure is to make sure that instructions in their experiment setup. We chdbsesize of
same sampled units are measured in the two similsteps 10,000 instructions from their study. In simulatiof
(steps 3 and 4 above). But the instruction streamy be Superscalar processors, instructions at the begjnmnd the
different in each run of the same benchmark. Feex mode end of each sampling unit may account for only eigla
simulator like SimpleScalar [1], this is normallgused by cycle. These partial cycles must be counted attyrathen
operating system calls (eggttimeofday returning different the sampling unit size is small. We have alsccedtthat the
result in each run. For example, in two rungai-166 the warm up error becomes pronounced with small sagplin
difference in the number of dynamic instructions swanits for some benchmarks. To avoid the problerpasfial

cycles and warm up error, we did not use samplinigsize

3Capital letters refer to characteristics of theipafion and lowercase below 10’.0.00 !nStrUCt.Ions' Sampllng unit SIZeS. ahilion
letters to those of the sample. The symbol ~ denain estimate of a@nd 10 million instructions are used in the latémtiance and
population characteristic made from a sample. Early SimPoint method [8]. We choose an initahple size



of 3,000 for the sampling unit size of 10,000 iastions, and relative error limit of +2%. Ideally, this percege should
an initial sample size of 1,000 for sampling uridies of 1 exactly be 95% but there is inevitably some ermoMionte
million and 10 million instructions. Carlo experiment, and the ratio estimator itse haslight
We set a relative error limit of 2% at 95% confide bias (see [2] for detail), so the percentage nusnirerthe
level as our example target accuracy. After thdiainitable are not exactly 95%. However, none of thelmers are
sampling, we calculate from Equation 5 the sampe smuch lower than 95%. Therefore, we can conclude ttie
required to achieve the target accuracy for speedbpr sample size computed from the ratio estimator thelmes
comparison, we also calculate the sample size netjub satisfy the target accuracy requirement. We didvedfy for
achieve the same target accuracy for CPI usingdatednthe sampling unit size of 10,000 instructions.sthy the data
equations [3, 13]. The result is drawn in Figurelttshows set of population is large, thus difficult to prese Secondly,
that for most benchmarks the sample size for megpuwith sampling unit size of 10,000 instructions tharm up
speedup is only a small fraction of that for memguiCPI. error for some benchmarks is not negligible witbpest to
We calculate the ratio of sample size for speeduphé the 2% error limit. Therefore, we chose not tafyefor this
sample size for CPl on the 16-way issue processkite sampling unit size.
geometric mean of the ratio for the benchmarks 1870 (for 16,886

8000

Figure 1a), 0.107 (for Figure 1b) and 0.115 (fayufé 1c). 7000 e
Therefore, it is more cost-effective to directly anare the 6000 { = 16y P
speedup than to measure the CPI. In other wards;Hieve 5000 1 O Speedp _|—
a relative error limit of 2% on the speedup, wendbneed to 4000

estimate CPI to the same relative error limit. tdad, we o

need to measure only 1/9 of the instructions reguifor 1000 t[t

estimating CPI to the same relative error limitongpared 0

with the interval arithmetic method, the savinge awen ot eduake luas o e M e
more. The interval arithmetic method yields thmsavalue (a) Sampling unit size of 10,000 instructions
of speedup but is far too pessimistic in quantdyits error. 7000 13917

As discussed in Section |, the interval arithmetiethod 6000 B 8way CPI |—|
would require that the relative error limit for ti@PIl be 5000 m o P
reduced to half of 2%, which would in turn quadeugpthe 4000 1 —
sample size. In our experiment configuration, gighe ratio 2000

estimator technique the geometric mean of the tamum 2000

sample size will be about 36X compared to the vaier IOOZ:IJ:E A
arithmetic method. Therefore, using the ratio nestor at  equake lucas bzip2- geo-  mel  vorex-  vpr-
equations can significantly reduce the sample sfzés also source 166 1o roue
worth noting that using different target accuracyl wot (b) Sampling unit size of 1 million instructions
change the savings because varying the target amgcur 6000 882

equally affects the ratio estimator method andatfitametic 5000 B 6way cPI ||

| 16-way CPI
O Speedup

interval method.

There is no reason to doubt the ratio estimatasrihdout
we still want to verify that the computed sampleesiloes
meet the target accuracy. We modify the cycle @ateu

4000

3000

2000

simulatorsim-outorderto dump the CPI for every sampling 100 i 1 =
unit in the benchmark execution so that we can tget o cquate luoas bripz- goo. | mef vorex.  vpr-
population and the real speedup vaRig. We use the Monte source 166 1 route

Carlo method to validate the target accuracy. Ss@phe (c) Sampling unit size of 10 million instructions
computed sample sizeris We take a random sample of sizeFig. 1. Sample sizes required to achieve relativer dimit of 2% a
of n from the population and compute the speedup flom t the confidence level of 95% for selected SPECcpQ2@#hchmark
sample using Equation 1. Then we take anotherorand
sample of sizen from the population and compute the The above result may be surprising at first glanetaw
speedup again. We repeat the process many tir3e80QL could the speedup be more accurate than the Gtsvihich
times in our experiment). If 95% of these speedhlpes lie it is computed? This is because the two configomatibeing
within £2% of the real valuR.,, then the computed samplevaluated are usually not fundamentally differefthe CPI
sizen meets our target accuracy. If a much lower péagen values may vary widely during the benchmark exeoutbut
of speedup values are within the relative erroitlithen our if the CPI is high (or low) for one part of the eodn the first
computed sample size is too small and a larger leasige is configuration, then the CPI for this part of codepiobably
required. also high (or low) on the second configuration. §the CPlIs
The verification results for sampling unit sizeslahillion are usually correlated and the ratio of the twosCRPe. the
and 10 million instructions are shown in Table @olumns 2 speedup) does not change as much as the CPIs thesnge
and 4 show the sample size calculated from Equdiiora given accuracy, the sample size is largely dénearby the
which is the same as in Figure 1b and 1c. Coludnard 5 variation normalized to the mean (the coefficient o
give the percentage of the speedup values thatitlién the variation). The small variation in the speedupdéeto the



small sample size. Figure 2 shows a graph of @Risthe sampling. The required sample size is still laigresome
speedup for a small portion in the executiovatex-1 All benchmarks. In future work we will combine more
the metrics (CPIs and speedup) are normalized ¢ir tophisticated sampling algorithms [8, 14] with thaio
respective mean so that we can compare the nosdalestimator to further reduce simulation cost.
variation. It is obvious that the CPIs on the twoIn real-world simulations, the microarchitecturdlanges
configurations follow each other and the variationthe are often smaller than those in our experimenthsoCPls
speedup is much smaller than in the &PI#\s a result, may be even more correlated and the ratio estimator
estimating the speedup requires a smaller sangge si technique is probably highly effective. However, ig
important in future work to explore the limitatiaof the
TABLE II. VERIFICATION OF THE SAMPLE SIZE COMPUTED FROM RATIO  technique and to provide guidelines to asseséfé@stieeness

_ESTIMATOR THEORY : __ if drastically different configurations are beingnepared.
Sampling unit size of 1| Sampling unit size of
million instructions 10 million instructions REFERENCES
Benchmark Sample Percentage Sample Percentage
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art 101 95.0% 24 95.4% University of Wisconsin-Madson, June 1997.
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mcf 2694 95.7%) 2587 99.0%0 Proceedings of the 1996 International Conference @omputer
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