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Abstract

The SPEC benchmark suite consists of ten public-domain, non-trivial programs that are widely used to
measure the performance of computer systems, particularly those in the Unix workstation market.
These benchmarks were expressly chosen to represent real-world applications and were intended to be
large enough to stress the computational and memory system resources of current-generation machines.
The extent to which the SPECmark (the figure of merit obtained from running the SPEC benchmarks
under certain specified conditions) accurately represents performance with live real workloads is not
well established; in particular, there is some question whether the memory referencing behavior (cache
performance) is appropriate.

In this paper, we present measurements of miss ratios for the entire set of SPEC benchmarks for a
variety of CPU cache configurations; this study extends earlier work that measured only the perfor-
mance of the integer (C) SPEC benchmarks. We find that instruction cache miss ratios are generally
very low, and that data cache miss ratios for the integer benchmarks are also quite low. Data cache
miss ratios for the floating point benchmarks are more in line with published measurements for real
workloads. We believe that the discrepancy between the SPEC benchmark miss ratios and those
observed elsewhere is partially due to the fact that the SPEC benchmarks are all almost exclusively user
state CPU benchmarks run until completion as the single active user process. We therefore believe that
SPECmark performance levels may not reflect system performance when there is multiprogramming,
time sharing and/or significant operating systems activity.

*The material presented here is based on research supported in part by the National Science Foundation under
grants MIP-8713274 and MIPS-8957278, by NASA under grant NCC2-550, by the State of California under the
MICRO program, and by A.T.& T. Bell Laboratories, Apple Computer Corporation, Cray Research Foundation, Di-
gital Equipment Corporation, Intel Corporation, International Business Machines Corporation, Mitsubishi Corpora-
tion, and Philips Laboratories/Signetics.

**This paper has been submitted for publication and released as University of California at Berkeley Computer Sci-
ence Division Technical Report UCBICSD 91/648 and University of Wisconsin at Madison Computer Sciences
Department Technical Report #1049.



1. Introduction

The SPEC benchmarks [SPEC89,90, Scot90] are a selection of non-trivial programs -
chosen to standardize benchmarking. SPEC (System Performance Evaluation Consor-
tium) assembled this suite to provide a standard set of realistic benchmarks for inter-
system comparisons; see [Pric89, Hinng8] for a discussion of the many problems with the
benchmarking situation prior to SPEC. Several factors, including strong industrial sup-
port for SPEC, the realistic nature of the benchmarks, and acceptable code portability
have led to the wide use of these programs for benchmarking purposes. To improve
* verification and reproducibility of results, SPEC benchmark results must include a
description of any source code modifications, compiler and operating system release
numbers, machine characteristics, and most other factors that can affect the reported
results. The SPEC benchmarks have become so important as a measure of CPU perfor-
mance that some system developers are parameterizing their designs to maximize SPEC
benchmark performance, even when this might lead to lower performance on other,
perhaps more realistic, workloads. Similarly, compiler writers have been concentrating
on producing good code for the frequently executed inner loops of some of the SPEC
benchmarks, such as matrix300. Recent very high SPEC benchmark results for
matrix300 show the success of their efforts.

SPEC Benchmark Suite
Program | Language Description
doduc Fortran Thermohydraulic simulation of a nuclear reactor
eqntott C Builds truth table from a boolean expression
espresso C Boolean function minimization
fpppp Fortran Two electron integral derivative
gce C GNU C compiler compiling pre-processed source files
matrix300 Fortran Linpack SAXPY routine on 300x300 matrix
nasa’/ Fortran Seven floating-point synthetic kemels
spice Fortran Analog circuit simulator
tomcatv Fortran Mesh generation program
xlisp C Lisp interpreter solving eight queens problem

Table 1: SPEC Benchmark Applications

Release 1.0 of the SPEC benchmarks consists of four integer-intensive C programs
(egntott, espresso, gcc, and xlisp) and six floating-point intensive Fortran programs
(doduc, foppp, matrix300, nasa7, spice, and tomcatv). The SPEC benchmarking pro-
cedure is to run each program to completion on the target system, with only one user pro-
cess active, and then take the ratio of that run time to the run time of the same program
on a DEC VAX 11/780. The geometric mean of those ratios, averaged over the SPEC
benchmark suite, yields the "SPECmark”, which is a single number figure of merit.
Table 1 lists and gives a short description of each benchmark.
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As noted above, considerable effort is being expended on creating computer sys-
tems (hardware and software) to optimize SPEC benchmark results. Two questions -
therefore arise: (a) In what ways should the system be designed to perform well on the
SPEC benchmark suite? (b) Is this a good idea?

One important aspect of CPU performance, and probably the most important of the
architectural aspects (as opposed to technology parameters, such as circuit speed) is the
performance of the memory hierarchy. We note that SPEC benchmark results are quite
sensitive to cache size, as may be seen by comparing the various published measure-
ments of systems with varying caches sizes based on the Motorola 88000. In terms of the
SPEC benchmarks, the two questions above become: (a) What miss ratios can be
expected when running the SPEC benchmarks on a cache of a given design? (b) Are
these miss ratios comparable to those for ‘‘typical’’ user workloads, for some definition
of typical?

In this paper we present measurements of the cache miss ratios of the entire SPEC
benchmark suite and comment on their potential use in the design of caches and memory
hierarchies. We compare the SPEC cache miss ratios to design target miss ratios
[Smit87], miss ratios measured using hardware monitors at Amdahl [Smit82] and on
DEC VAX-series machines [Clar83,88], miss ratios observed from very long address
traces [Borg90], and other miss ratios that include operating system and multiprogram-
ming behavior. We also note that miss ratios for multiprogrammed workloads with
significant operating system activity are known to be high [Agar88,Ande91].

2. SPEC Cache Performance

2.1. Methodology

We compiled and ran the SPEC programs on DECstation 3100’s (which contain the
MIPS R2000 microprocessor), running version 4.1 of the DEC Ultrix operating system.
We used version 2.0 of the C compiler and version 2.1 of the Fortran compiler with
optimization level -O3 for espresso, doduc, nasa7 xlisp, eqntott, matrix300, fpppp, tom-
catv and -O2 for gcc, spice as per the SPEC Makefiles. Note that we have not used any of
the recently developed preprocessors which have been very successful in reorganizing
the data references for Matrix300. We then used the MIPS pixie [DEC91] tool to gen-
erate address traces to feed directly to the tycho [Hill] cache simulator. Pixie modifies
the compiled code to generate a trace record for each load, store and basic block entry;
trace records for all instruction fetches are then constructed from the basic block records.
Tycho uses algorithms that, for a given block size, simulate all cache sizes and associa-
tivities in a single pass through an address trace [Hill87].

We varied cache size from 1 Kbyte to 1 Mbyte, set size from one (direct-mapped) to
eight, and block size from 16 to 256 bytes. All caches used the LRU replacement algo-
rithm and the lowest order available address bits to select the set. We simulated instruc-
tion, data, and unified caches, without any periodic cache flushing, as the SPEC bench-
marks are typically run in a uniprogrammed environment. Miss ratios represent the com-
plete execution of a benchmark and include start-up as well as steady-state effects. The
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use of pixie to generate address traces allows simulation of only user, and not system
references, and our data is for user code only. Table 2 lists the number of instruction,
data, and total user memory references made by each program. Note that the trace
reflects a 4-byte memory interface; the trace would be different for a different memory
interface width. Note also that the trace includes only actual program loads, stores and
instruction fetches; it does not include the extra memory activity such as instruction pre-
fetch that would occur on most machines [Clar83].

Program Instruction Data Total

eqntott 1,241,913,236 215,772,134 1,457,685,370
espresso 3,143,686,831 696,870,530 3,840,557,361
gec 1,262,492,069 398,952,157 1,661,444,226
xlisp 1,234,252,567 457,209,682 1,691,462,249
doduc 1,619,374,300 583,667,566 2,203,041,866
fpppp 2,396,679,406 | 1,514,694,293 3,911,373,699
matrix300 2,766,534,109 | 1,311,922,365 4,078,456,474
nasa7 9,195,719,149 | 4,720,515,938 13,916,235,087
spice 28,696,843,509 | 8,288,246,353 36,985,089,862
tomcatv 1,872,460,468 913,221,318 2,785,681,786

Table 2: Program Reference Counts

To increase our confidence in our results we compared them with two other studies
that ran the SPEC benchmarks on a MIPS R2000 microprocessor. Pnevmatikatos and
Hill [Pnev90] presented cache miss ratios for the four integer (C language) SPEC bench-
marks. They used a different compiler (gcc) and a tracing methodology that excludes
library references. Nevertheless, most miss ratio differences are less than 0.01. In few
cases, however, a seemingly small miss ratio difference translates into a substantial rela-
tive change. We are inclined to place the most confidence in the results presented here,
since this analysis has used much more mature and sophisticated compilers, but the com-
parison demonstrates that cache miss ratios, instruction counts, and related measures are,
as might be expected, sensitive to the compiler used. We must thus caution readers that
your actual mileage may vary. Cmelik et al. [Cmel91] give instruction counts for SPEC
benchmarks. With two exceptions, Xlisp and Spice, their counts are close to ours. For
Xlisp, the instruction count difference is due to different input files; we solved the eight
queens problem, while they solved the nine queens problem. For Spice, however, we
cannot explain the difference, although simulation runs at both Berkeley and Madison
yielded consistent results.

Simulating these caches required 400 to 800 microseconds of CPU time per
memory reference in each trace. Assuming an average 600 microseconds per memory
reference, simulating all ten SPEC benchmarks requires some 500 days or nearly 17
months of CPU time. Including false starts, simulation errors, and operating system
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bugs, we used two to three years of machine time to compute our results; this type of
measurement would not have been possible if it had been necessary to pay for CPU time .
on a timeshared machine. With five machines available for running simulations at
Berkeley and Madison, we were able to generate these results in less than six months of
calendar time.

2.2. Results

The appendix of this paper displays the miss ratios for each SPEC program, for each
block (line) size from 16 to 256 bytes, each cache size from 4Kbytes to 1Mbyte, for set-
associativity of 1 (direct mapping), 2, 4 and 8, and for instruction, data and unified
caches.Jr In this section, we comment on some of that data.

We first examine instruction cache miss ratios for the different programs. For
eqntott, matrix300, nasa’, and tomcatv, instruction cache miss ratios are very low, gen-
erally less than 0.0001 for caches as small as a few kilobytes. These programs spend
much of their execution time in a few small routines; matrix300, for example, spends
about 99% of its execution time in one small basic block in the code [Saav90,Saav9l].
Miss ratios for espresso, xlisp, and spice are only slightly larger, as miss ratios again fall
below 0.0001 for cache sizes as small as 16 or 32 Kbytes. Instruction cache miss ratios
are largest for doduc, gcc, and fpppp, yet are well below half a percent for caches as
small as 64 or 128 Kbytes. None of the SPEC benchmarks makes significant use of more
than 128 Kbytes of instruction cache.

Miss ratios for data caches are larger, especially for several of the floating-point
Fortran benchmarks, but for the most part are quite low as cache size approaches one
megabyte. Miss ratios for xlisp and doduc are the lowest among the SPEC suite, drop-
ping below one percent for caches as small as 16 or 32 Kbytes, and falling below 0.0001
for a 64 Kbyte cache. Results for fpppp and espresso are nearly as low as results for xlisp
and doduc when set size is greater than one, and somewhat larger for direct-mapped
caches. Among the integer programs, egntott and gcc exercise fairly large data caches;
miss ratios remain above one percent until cache size reaches 512 Kbytes.

The floating-point programs marrix300, nasa7, spice, and tomcatv exhibit the larg-
est data cache miss ratios. Miss ratios for matrix300, nasa7, and spice are several per-
cent until the cache size reaches one megabyte, causing miss rates to fall below one per-
cent. Tomcatv requires extremely large caches when the cache block size is small. Data
cache miss ratios are over 6 percent for a 1 Mbyte cache at a 16-byte block size. Each
successive doubling of block size in tomcatv at 1Mbyte reduces data cache miss ratios by
almost half, and miss ratios do become less than one percent for a 128 byte block size.

Unified (data and instruction) cache miss ratios usually fall between instruction and
data cache miss ratios, as the strong locality in instruction references offsets the weaker
locality in data references. We do observe several instances where unified cache miss
rates are higher than corresponding data cache miss rates (espresso, xlisp, doduc, fpppp).

t See the appendix for a description of how to obtain an electronic copy of these results.
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This behavior occurs mainly at larger cache sizes coupled with low associativities, and
where separate instruction and data cache miss ratios have fallen to nearly zero. The low .
associativity causes instruction and data references to conflict for cache sets, while such
conflicts do not occur in separate instruction and data caches. Note that a split direct-
mapped instruction/data cache pair is more like a 2-way set-associative unified cache
than a direct-mapped unified cache.

It is worth noting that there are a few anomalies in the data with respect to the effect
of associativity on miss ratio. Generally, miss ratios decrease with increased degrees of
set associativity, since the probability of mapping conflicts decreases [Hill89]. It is pos-
sible, however, that miss ratios can increase with increasing associativity if certain refer-
ence patterns are present in the memory reference string; we note just that effect at one or
more data points for the fpppp, matrix300, spice, tomcatv, and doduc miss ratios. These
anomalies are disturbing in that they suggest, incorrectly, that on the the average miss
ratios will not decrease with increasing associativity.

3. Evaluation

In this section we compare the SPEC miss ratios with miss ratios from previous stu-
dies and discuss whether the SPEC applications make suitable cache benchmarks. We
first describe the other studies.

(a) Smith [Smit82] includes several measurements taken with a hardware monitor at
Amdahl Corporation on various models of the Amdahl 470V machines. Results
showed that supervisor state miss ratios were much higher than problem state miss
ratios, and that the miss ratio for each of user and supervisor state could be approxi-
mated by equations of the form m =a * k*, where a and b are constants and k is the
cache size in kilobytes.

(b) Two studies [Clar83,88] provide cache miss ratios taken via hardware measurement
from VAX 11/780 and VAX 8800 computers. The 11/780 has an 8 Kbyte, write-
through unified cache with an 8-byte block size and a set size of two. The 8800 has
a 64 Kbyte, write-through, direct-mapped unified cache with a 64-byte block size.

(c) Smith [Smit85] introduced the design target miss ratios (DTMRs) to represent typi-
cal levels of performance, averaged over a wide class of workloads, ranging from
workstations to timeshared mainframes. He synthesized them from real (hardware
monitor) measurements that existed in the literature and a large number of trace-
driven simulation results. The initial DTMRs for 16-byte line size, fully-associative
caches [Smit85] were later extended to other line sizes [Smit87] and to set-
associative caches [Hill87,89].

(d) Agarwal, et al. [Agar88] presented miss ratios that include the effects of operating
system references and multiprogramming by using microcode to capture address
traces from multi-tasked machines. These effects can more than double miss rates
from those measured in a uniprogrammed, user-only environment.
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(e) Borg, et al. [Borg90] generated miss ratios for very long address traces using tools
similar to our own; those traces were over twelve billion memory references long.
The traces were used to evaluate the performance of a variety of caches.
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Figure 1: Instruction cache miss ratios

Figures 1 through 3 show average SPEC miss ratios for instruction, data, and unified
caches, with 32-byte lines and 2-way set-associativity, computed separately for the
integer and floating-point benchmarks. We also list in Tables 3 through 5 average miss
ratios for the integer, floating-point, and complete SPEC suite across the entire range of
simulation parameters. These averages represent the unweighted arithmetic mean of
individual program miss ratios, similar to how the SPECmark represents the geometric
mean of individual program SPECratios. In Figures 1 and 2, averages miss rates are plot-
ted against the design target miss ratios (labeled drmr) and primary cache miss ratios
from [Borg90] for a multiprogrammed workload (labeled borg). Unfortunately, miss
ratios from the other studies are not available for separate instruction and data caches, but
are plotted against SPEC unified cache results in Figure 3. Previous results based on
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different block sizes (VAX 11/780, VAX 8800, Agarwal, et al.) or different associativi-
ties (VAX 8800, Borg et al.) are adjusted for these parameters using ratios of miss ratios .
from prior studies [Hill89, Smit87].

A look at Figure 1 suggests that instruction cache miss ratios for the SPEC bench-
marks are highly optimistic, as they are as low as one-third of the design target miss
ratios and one-half of Borg’s miss ratios.
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Figure 2: Data cache miss ratios

In Figure 2, we see that data cache miss ratios for the SPEC integer and floating
point benchmarks bracket the DTMRs:; both are above the [Borg90] measurements. Both
sets of SPEC benchmarks approach zero miss ratio for large caches, a phenomenon that
might not occur for a time sharing workload where programs task switch many times
before completing.
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Figure 3 contains unified cache measurements from the various other studies in
addition to SPEC and design target miss ratios. These include: Amdahl 470 supervisor
and user state miss ratios (plots labeled 470.sup and 470.user), VAX 11/780 and VAX
8800 miss ratios (plots labeled VAX.780 and VAX.8800), and miss ratios from [Agar88]
for a multiprogramming level of 3 (plots labeled agarwal.mul3). (We plot the Amdahl
data from the fitted curve in [Smit82]; the original data points are not available.) We note
that the VAX8800 data was collected from a very heavily used timeshared system. The
Amdahl 470 supervisor data was collected from the execution of a standard internal
Amdahl commercial workload. For both the VAXS8800 and Amdahl data, the level of
supervisor activity was quite high. Following in decreasing order of miss ratio are the
DTMRs, the SPEC floating point miss ratios, and Agarwal’s multiprogrammed miss
ratios. VAX 11/780 and Amdahl 470 user state miss ratios follow, and the SPEC integer
miss rates are smallest by a wide margin.
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Figure 3: Unified cache miss ratios



0 10000 | T000'C | €£000°0 | 90000 | WI [ 10000 | 70000 | €000°0 | 90000 | WI 10000 | Z000'0 | Zo000 | ¥000'0 | Lo0DO | WI S1000 | €100°0 | Tlo0'0 | ¥1000 | 0TO00 | I
20000 | €000°0 | €000°0 | 0000 | 6006°0 | NTIS £000°0 | €0000 | ¥000°0 | 90000 | 010070 | MTIS €000°0 | $000°0 | S000°0 | L0000 | T1000 | HTIS 61000 | L1000 | 810070 | 1700°0 | 0£00°0 | NTIS
£000'0 | L0000 | 60000 | TIOOO | 61000 | M9ST L0000 | Looo0 | 01000 | €1000 | 02000 | H9ST 80000 | 80000 | 1100°0 | ¥100°0 | ¥T00'0 | H9ST 97000 | ¥T00°0 | STOOD | 0£000 | £900°0 | HAIST
01000 | 01000 | S10000 | TZ00'0 | $£000 | MABTY 11000 | 11000 | 91000 | TZOOO | 9€00°0 | A8 £i00'0 | #1000 | 61000 | szooo | ovoo0 | AT LEO0'0 | S€00°0 | LEOOO | SPOO'O | S900°0 | HASTL
L1000 | 91000 | €200'0 | Z€00°0 | 1S00°0 | AP 61000 | 61000 | 92000 | SEO0O | ¥SOO'O | NP9 0700°0 | 970000 | ¥EO0'0 | SYO0'0 | 89000 | H¥9 1800'0 | €000 | SL00O | S800°0 | 81100 | A¥9
$€00°0 | 1€00°0 | 1¥000 | LSOO'0 | L8000 | MTE 6£00°0 | LEOOD | 9000 | 1900°0 | TEOOO | MTE 75000 | 7S00°0 | €900°0 | 1800°0 | SV10°0 | MZE S€10°0 | STI00 | ST10°0 | ¥¥100 | 66100 | NZE
12000 | 0L00'0 | 1800°0 | T0l0°0 | 1¥i0'0 | M1 61000 | 92000 | 68000 | 1110°0 | ¥SIOO | M9 07100 | 0Z10°0 | €€10°0 | 8510°0 | 6020°0 | H91 Lvzo0 | 052070 | 0TTO0 | €200 | SOE0D | M91
9€10°0 | PEIO0 | ¥S10°0 | L6100 | TLZOO | M8 05100 | 87100 | L9100 | 60T0°0 | 9820°0 | N8 81700 | LIZ00 | 1€20'0 | TLZOO | 09E0°0 | M8 €Zv00 | L6E0°0 | 0LEOO | 68€0°0 | TevOO | M8
vLz00 | €800 | 867070 | v9E0O | TevoO | ¥ Ls€00 | 09€0°0 | €£9€0°0 | 9TVO0 | L9SO'O | Av SELOO | £L90°0 | £650°0 | BE90'0 [ T6LOO | MY
01900 | 109000 | €£50°0 | 699070 | L6800 | HT 6511°0 | 6101°0 | OV80'0 | 61800 | 6901°0 | NT
ces1'0 | 9191°0 | 8¥Tl’0 | €9T1°0 | 80ST°0 | MI
95T 8l v9 [43 9 34 14 9 43 91 9T 81 9 53 91 952 8l 9 3 91
ang ang g ang
(s714q) az1s Y019 (smiq) sz15 ooig (sm14q) azis yoold (s214q) 2215 %o0i§
paviug) paifivn pavfiun patfiug)
70000 | €000°0 | 90000 | 11000 | TT000 | WI €0000 | ¥000°0 | 900000 | 11000 | TTOOO | Wi $000'0 | 90000 | L0000 | TI0OO | £200°0 | WI 60000 | 01000 | €100°0 | 61000 | Z€000 | WI
60000 | €1000 | 1100°0 | L1000 | 0€00°0 | WIS glo0'o | ¥1000 | 9100°0 | 07000 | S£00°0 | NTIS 91000 | 91000 | 07000 | 92000 | ¥¥0O0'0 | MZIS ST00°0 | $TO00 | 0LO00 | 6€000 | €900°0 | ATIS
SE00°0 | 0000 | 1700°0 | 9¥00°0 | 0LO0'0 | H9ST SE000 | 0£00°0 | THOOO | 0S00'0 | BLOO'O | HIST 9€000 | TEOD'O | 9Y00'0 | LSOO0 | 1600°0 | H9ST 9000 | OV00'0 | €000 | 89000 | 6010°0 | A9ST
1500°0 | £/00°0 | 89000 | 0600°0 | SYIO'® | M8TI 75000 | €r00'0 | 690070 | 16000 | SYI0°0 | N8TL $5000 | 9v00°0 | 12000 | €600°0 | 6v10°0 [ AL TL000 | ¥900°0 | 9800°0 | T110°0 | ¥LIOO | M8TL
39000 | 6500°0 | T600°0 | 9T10°0 | TOLOO | AP 89000 | 6500°0 | ¥600°0 | LZIOO | €0TO0 | AP9 vL00'0 | $900°0 | 00100 | 9EL00 | OTZOO | A¥9 0z100 | 8010°0 | ¥EI00 | €L10°0 | 99T0°0 | M¥9
18000 | 08000 | 6z10°0 | ¥810°0 | S620°0 [ Mze 76000 | ¥800°0 | TEl0'0 | 8810°0 | O0EO'O | MZe €1100 | zotoo | svioo | €ozoo | OlE00 | MTe S0T00 | 781000 | ¥OTO'O | SSTOO | TLEOD | MTE
72100 | 11100 | 6910°0 | 1v200 | SLECO | M91 T€100 | 8110°0 | yL10'0 | S20°0 | TBEOO | M91 §970°0 | OVZO'0 | ¥8TO'0 | 9YECO | €£2v0°0 } H91 yop0'0 | 8TY0'0 | 91¥0°0 | 0EPO0 | Y9SOO | HOL
10000 | €£10°0 | Z€LO'O | OZEOO | T6vOO | M8 izooo | L8100 | 1v20'0 | 8T€0°0 | 00500 | M8 70000 | 1SE0°0 | 6£€0°0 | 8YYO'0 | €090°0 | N8 rzLoo | 8900 | zssoo | €8s00 | szLo0 | N8
S1¥00 | 0S€00 | 1¥€0°0 | 1€P0°0 | 8290°0 | M¥ €890°0 | 6950°0 | 1ZS0'0 | 08S0°'0 | 95L0°0 } MY §311°0 | 9¥01'0 | O¥BO'0 | L6LOO | 8Y600 | AY
6¥11°0 | S860°0 | BLLOO | TBLOO | 9S60°0 | T 62810 | oso1'0 | 6£cl’0 | LOT1'0 | L¥TIO | MT
yLLTO | TSSTO | 9T8Y'O | ¥SSI'0 | €991°0 | NI
9%t 81 ) € 9t 9T 4 ¥ [43 91 9T el ¥ 43 91 9T 81 0 [43 91
ong g g omg
(s14q) 715 Yool g (snhq) az1s yooig (s214q) azis ooig (s314q) 3215 YOI€l
oing L2104 oipq o
0 [} 0 ) 0 Wi [} 0 o 0 ) W1 0 [} [} 0 0 Wi 0 0 [} 0 0 Wl
0 0 0 0 0 AZIS 0 ] 0 0 o b: (41 0 0 0 0 o p. (413 (i} o 0 10000 | Z000°0 | NTIS
(1 0 10000 | 10000 | 10000 | H9ST 0 100070 | 1000°0 { TOOD0 | €000°0 | W9ST 0 10000 | 100070 | 20000 | €000°0 | M9ST 10000 | Zooo'0 | 20000 | €0000 | S0000 | MIST
10000 | Zoo0'0 | £000°0 | S000°0 | 80000 | ABTI 1000°0 | Z00D'0 | €000°0 | SO000 | 80000 | M8TI 70000 | €000°0 | P0OOO'0 | 90000 | 60000 | ASTI $000°0 | S000°0 | 90000 | 60000 | S100°0 | M8TI
£0000 | £000°0 | 00070 | LOODO | TIODO | A9 €0000 | ¥000°0 | 900000 | 80000 | €100°0 | H¥9 %0000 | S000°0 | L0000 | 0100°0 | 9100°0 | M¥9 20000 | 0100°0 | ¥100'0 | 0Z00°0 | 1€00°0 | A¥9
90000 | L0000 | 60000 | £1000 | 610000 | MTE L0000 | 80000 | 110000 | ¥1000 | 170070 | Wze 01000 | Z100°0 | S100°0 | 120000 | 1€00°0 | MTE 61000 | STOO0 | ££00°0 | LYOOO | LLOOO | MZE
07000 | 12000 | 17000 | 9700°0 | LEOO'O | X9I 02000 | ZTO0'0 | 97000 | ZEODO | ¥rOO'O | AL $7000 | 67000 | 9€000 | 6v00°0 | 6900°0 | N91 v€00'0 | vv00'0 | 8s00'0 | 6L00°0 | 6110°0 | M9t
1900°0 | 0S00°0 | 9900°0 | Z800°0 | OLIOD | M8 Tv00'0 | ZS00'0 | L9000 | L8000 | ITIOO | M8 SY00°0 | LSOO0 | ¥LOOO | 00100 | ¥¥IO0O | M8 79000 | 78000 | 1110°0 | SS10°0 | 6TZ00 | N8
Leooo | 66000 | 9zioo | LL100 | €sz00 | AY ¥800'0 | 6010°0 | s¥10'0 | €020 | Y6TOO | A ol100 | S¥100 | L6100 | 682070 | 62v0°0 | ¥
L7100 | 9L100 | TELo0 | 9¥E00 | LISOO | MT or100 | T610°0 | 6920°0 | P6EOO | 6650°0 | AT
67200 | 8820°0 | ¥6£0'0 | 18500 | T8s0'0 | NI
9T Fa [ e 91 97 Fra ¥ 43 9l 9T 81 ¥ 43 91 957 8l 9 [ 9l
mg ang g g
(s14q) az1s YooIg (s14q) az1s yooIg (s214q) azi% yooig (s294q) 2z1s Yool
voronusuy uononLsuy notonLsuy uononLsuy .
8 Anapeossy : saFRIaAy seSau] v Djapepdossy : sa¥eraay 28y T napepossy  sedeioay 133y T Glapepossy : sofuaay 1980 |

‘SyTeunyousq DHPJS 108ur 9y 10§ SOTIEI SSTWI AFRIAAY (€ IqRL

Icﬂl




60000 | €1000 | 61000 | 1€00°0 | SSO00 | WI 80000 | 1000 | 81000 | 0f00'0 | ¥SO00 | WI 01000 | 110070 | 91000 | 620070 | TSOO0 | WI 12000 | €200°0 | 1€00°0 | 6v00°0 | 98000 | WL
02000 | L7000 | T¥O0'0 | 6900°0 | €T10°0 | MTIS 02000 | LTOOO | ZVOO'0 | 6900°0 | €T1O0 | NMTIS 9200°0 | 0€00°0 | £¥00°0 | 1L00°0 | STIO0 | HTIS LLO00 | 8£00°0 | 88000 | 11100 | 9Si0'0 | MTIS
67000 | L€00°0 | SS00°0 | 6800°0 | €510°0 | M9ST €000 | 0v000 | LSOO | 06000 | ¥SIO0 | MIST LPOO'0 | 0SO0'0 | S900°0 | 0010°0 | L9100 | H9ST 0£100 | ¥Zi00 | 8€100 | €L10°0 | o¥TO'O | M9ST
98000 | €¥00'0 | 19000 | 9600°0 | ¥910°C | HABTI 780000 | LVOO'O | 9000 | 66000 | L910°0 | MSTI €8000 | 69000 | 08000 | €110°0 | 981070 | N8I 1,100 | €510°0 | €910°0 | 861070 | 89Z0'0 | NASTI
ss100 | 91100 | £800°0 | LEIOO | £€20°0 | Y9 LY10'0 | 6010°0 | 8800°0 | PEIOO | STTOO | MA¥9 $s100 | 61100 | €210°0 | 1L10°0 | 6L20°0 | A9 9€20°0 | SOTO'0 | €120°0 | 0STO0 | OVEOO | A9
(8100 | 861070 | 0810°0 | 90T0°0 | LSEO'0 | MTeE £6100 | o0co0 | 08100 | vizoo | v9L00 | MTE 80000 | SOTO0 | €61000 | 1200 | 98€0°0 | M€ £££0°0 | S6C0°0 | L6TO0 | SSE0°0 | 16v00 | M€
09700 | LLTOO | SIE00 | T9E0°0 | €160°0 | M91 LLTOO | 9820°0 | BIE00 | 99£0°0 | 61500 | M9 10600 | ¥0£0°0 | TZEOO | €LE0O | 6£50°0 | ST vsp0'0 | 9140°0 | 81¥0°0 | 88V0°0 | SS90°0 | 9L
87600 | v¥E0O | S1¥O'0 | ¥9S0°0 | 9BLOO | N8 V00 | PSPO'0 | 90500 | 9€90°0 | 878070 | M8 oSYO'0 | 89V00 | TISOO | €€90°0 | LEBOO | M8 €L90°0 | ¥650°0 | 0090°0 | 00L00 | 176070 | M8
’ S¥50'0 | 6vS0°0 | To90@ | 99L0°0 | ¥SOTO | ¥ 0190°0 | ¥190°0 | ¥890°0 | 8¥80°0 | LTil'0 | AV ££01°0 | 0880°0 | L980°0 | TB600 | STTI'O | ¥
€280'0 | LLLOO | SIS0'0 | L860°0 | BOEI0 | MT €951°0 | vOTI'O | Z1IT'0 | OITI'O | €061°0 | T
20570 | LELI'O | oevi'0 | TS0 | 9eLro | NI
%7 e ¥ [43 91 9%z A ¥ 43 9t 95T 821 ¥ [43 91 9T 821 ¥9 [43 91
g ang sz ang
(s34q) 2215 Yooig (s314q) azis yo0Ig (s214q) sz1s Y201 (s314q) az1s yo0ig
pavfup) payfiug) payfiup payun
62000 | 6£00°0 | 6S00°0 | 8600°0 | ¥LI00 | WI L7000 | LEODO | 95000 | S600°0 | 1LIO0 | W1 67000 | SE000 | €S00°0 | 06000 | $910°0 | WI LEO0'0 | OPOO'0 | 950070 | T600'0 | $910°0 | WL
79000 | S800°0 | 0€10°0 | 6120°0 | 06£0°0 | NTIS 79000 | S800°0 | OC10°0 | 61200 | 68£0°0 | NTIS s100'0 | 63000 | 92100 | Soco0 | 09€0°0 | MTIS 80700 | ZITO'0 | VECO'O | 98T0°0 | 98E0°0 | MTIS
06000 | 81100 | LLIOO | ¥8T0°0 | 88¥0°0 | M9ST 66000 | 971070 | T8I0 | 6820°0 | 16v0°0 | M9ST ov10'0 | 8Y10°0 | ¥610°0 | P6TO0 | 06v0°0 | MIST 6¥E0°0 | 9EE0°0 | TLEOO | ¥9POO | YESDO | MIST
£970°0 | PEIOO | P610°0 | LOCO'0 | ¥TSO'O | M8TI 0570°0 | S¥10'0 | 00TOO | TiEoo | €750°0 | N8TI LY20°0 | POTOO | TETOO | PIEOO | 9TSO0 | MABTY 69v0'0 | TZvo0 | LYYO'O | ££50°0 | 60L0°0 | 8Tl
$9¥0°0 | LTECO | OTLOO | £€€0°0 | 9¥SO0 | Mt9 6EV0°0 | BOEO'O | 6TZ00 | OVEQ'D | TSSO0 | AV 0sP0'0 | BIE00 | P6TO0 | LIEOD | §9SO°0 | AV 77900 | S€0°0 | 9¥s00 | 609070 | €8L0°0 | MV
0550°0 | £5S0°0 [ YEPO'O | L6E0TO | TI90°0 | NiE 190°0 | LVYSO'O | 61700 | LOVOO | 179070 | NZE 8850°0 | PPSO0 | 6€¥0°0 | TSPOO | S¥O00 | MIE 76L0°0 | 11L0°0 | 8990°0 | 0TLOO | §L80°0 | MZE
11200 | 66900 | Z1L0'0 | P990°0 | TLLOO | M9T ¥EL0'0 | LOLOO | YOLOO | S€90°0 | SSLOO | 91 1180°0 | €9L0°0 | LILOO | $990°0 | 608070 | M91 1£0T°0 | 9960°0 | L0600 | 1960°0 | 6L01°0 [ HSI
9680°0 | 8¥80°0 | 6,80°0 | S001'0 | 8801°0 | M8 €0Z1°0 | LSITO | 9E11°0 | L6IT'O | 6L1¥O | N8 €CZI°0 | L91T°0 | 1€1T°0 | OLI1°0 | 06110 | M8 ocy1°0 | TzEL'0 | €9T1°0 | 08TI'0 | 8910 | M8
Lev1'0 | 8SE1°0 | v¥EL'O | ISPLO | 65ST°O | ¥ 965170 | 8ZS1'0 { 9TST0 | 8€91°0 | €5L1°0 | A¥ 0861°0 | 79810 | 8Z81'0 | 8.81°0 | 86810 | WY
6v61°0 | BE81°0 | €810 | 6681°0 | SLOTO | NT ozvz'0 | TTeTo | LS1T0 | 0TTTO | S1€T0 | N
STOE'0 | ¥99T0 | LOSTO | OVSTO | 6£9T°0 | M}
5T ed | ¥9 [43 9l 9T 821 9 [43 91 9%z 8t 9 (43 91 92 821 9 [43 9l
ang g ong ang
(314q) az1s Yoo (s24q) 9z15 yooig (s14q) 715 Y018 (s14q) sz1s yooig
oo vipQq (2174} 121744
0 0 0 0 0 Wi 0 0 0 [} 0 Wi 0 0 0 0 0 Wi 0 0 0 0 0 Wi
0 0 0 o 0 b (41 0 0 0 0 0 p.ralS 0 o 0 0 0 p:raly 0 0 0 0 o p:raly
0 0 0 0 0 H95T 0 0 0 0 o q9ST 0 0 0 0 ] p: (4 0 0 0 0 0 A95T
0 ] o 0 0 Asel 0 0 0 0 0 p:t:ral 0 0 0 0 o p: 74l o 0 0 o 10000 | 82l
70000 | £000°0 | $000°0 | 80000 | ¥I000 | AP9 €000°0 | S000°0 | 60000 | S100°0 | BT000 | Mr9 90000 | 1100°0 | 1200°0 | TPOO'O | 1800°0 | J¥9 $000°0 | 60000 | LIODO | £€00'0 | ¥900°0 | H¥9
S100°0 | 62000 | 85000 | Y1100 | LZT00 | M€ $1000 | 670070 | 85000 | ¥1I00 | LzOO | NiE $100°0 | 0€00'0 | 85000 | PIL0°0 | 9TT00 | Mee $100'0 | 9700°0 | 8¥00'0 | €600°0 | ZBIOO | MZE
720000 | 1v00°0 | LLDO'O | LPIOO | L8TO0 | M9 1200°0 | 6€00°0 | €L00°0 | 11000 | LLZOO | M9T ¥200'0 | 19000 | 940000 | 9¥I0°0 | SBTOO | N91 S700'0 | €F000 | 8L00°0 | 6¥10°0 | 16200 [ H9L
ov00'0 | 1£00°0 | ZELO'0 | 8¥TO0 | OBYO'0 | N8 o000 | TLO0O | 1€10°0 | 6¥20°0 | v8v00 | N8 19000 | €L00°0 | €€10°0 | €ST00 | T6vO'O | M8 V000 | €L00°0 | ZE10'0 | 1ST0°0 | 88Y0°0 | DB
75000 | 680070 | #9100 | 0I€0'0 | 00900 | M¥ #500'0 | 16000 | L910°0 | €1€0°0 | sog00 | ¥ $600'0 | T600°0 | 9910°0 | TIEOO | ¥090°0 | AV
99000 | 01100 | S610°0 | 0950°0 | T6000 | AT 69000 | ¥110°0 | €0T0'0 | ZLEOO | 60L00 | HT
18000 | ¥EI0'0 | 672070 | 91¥0°0 | TBLOO | NI
97 4 " (43 9t 9T F:241 ¥ 43 91 9%T 8Tl ¥ [43 91 9T 8zl 9 73 9t
ong g g ang
(smAq) o218 YoOI g (s314q) 2718 Yo0i (s214q) az18 Yo0ig (s214q) 9715 yooig
sorpnsuf uotonysuf uoronAISUY uoronsuy
8 KIApwORSY : sadR194V Jujod Supwoly ¥ Graneossy : safesaay jujod Supsold 7 fanwpossy : 5aBeiaay jujod Supeoy] T kapeossy : ssferaay jujoq Supeoly

-sypreunyousq HF4S wod-Suneoy sy 103 sonel SSTW AZLIOAY (p dIqE L,

Iﬂ.ﬂl




90000 | 80000 | Tioo'o | 0000 | S€00°0 | WI $000°0 | 80000 | 11000 | 61000 | $€00°0 | WI 90000 | L0000 | 110070 | 61000 | ¥EOO0 | WI 81000 | 610000 | vZO00 | SE00°0 | 650070 | WI
€1000 | L1000 | 97000 | €P000 | LLOOO | NHTIS €1000 | 81000 | Lzo00 | v¥O00 | 8L000 | HTIS L1000 | ozo00 | swoo0 | 9v00°0 | 0B000 | MTIS, €500°0 | $SO0°0 | 09000 | $LOOO | SO10°0 | WIS
ozooo | scooo | Leooo | 8s000 | 66000 | H9T 72000 | L7000 | 8£00°0 | 650070 | 1010°0 | M9ST 1£00°0 | €££00°0 | ¥¥00'0 | 99000 | OT10°C | M9ST 8800°0 | ¥800°0 | T600'0 | S110°0 | 191070 | M9ST
95000 | 0€00°0 | €¥000 | 9900°0 | €110°0 | M8TI ¥500°0 | TE00C | SPOOO | 8900°0 | STIOQ | ALY ss000 | Lv00'0 | 95000 | 8000 | LTIOO | A8TI 81100 | 901000 | Z1100 | 9€10°0 | L8100 | M8TI
0010'0 | 9L00°0 | 79000 | S600°0 | 0910°0 | AP 96000 | £L00°0 | £900'0 | S600°0 | LSIO0 | AVO €010°0 | 1800°0 | 8800°0 | 1TI0°0 | ¥610°0 | HAp9 yL10°0 | TS10°0 | 8610°0 | v8IO0 | 1STO°0 | M¥9
sz100 | 1€1000 | sT1o0 | 9v100 | 6V200 | MTE 1€100 | s€100 | 9Tro0 | €S10°0 | SSTOO | MLt SPI070 | PPLOTO | 1¥10°0 | LLIOO | 8LT0O | MTE ¥S70°0 | LTZO0 | BTZ00 | OLZO0 | YLECO | HTE
$8100 | S610°0 | 12200 | 85700 | ¥9E00 | H91 86100 | Toeoo | 9zzoo | voTo0 | £L£0°0 | M9 6700 | 0ET0°0 | 9VL00 | LSTOO | LOVOO | 9T 12€00 | 1p€0°0 | 8€£0°0 | 98€0°0 | SIS0°0 | M9
1szo0 | 09200 | 11g00 | LIvoO | 18500 | M8 sze00 | Teco'o | oLeoo | Sovoo | 119070 | M8 19€0°0 | 89£0°0 | 00¥0°0 | 88V0°0 | 99900 | M8 €150°0 | S150°0 | 8050°0 | §L50°0 | 6vL0°0 | M8
Levoo | vvo0 | 08v00 | S090°0 | 62800 | A¥ 60500 | T1s0'0 | 9ss00 | 62900 | €060'0 | A y160'0 | 86L0°0 | 85L0°0 | ¥¥BO'O | TSOI'O | MP
LeLoo | 9000 | s1L0'0 | 0980°0 | EVITO | MT tort'o | oE11'0 | €0010 | 8010 | OEELO | MCT
yezoo | 8891°0 | L0 | oLEro | svor0 | Ml
9%T 8Tl ¥ 43 9t 95T 8l v 73 91 9%T 821 ¥ 73 9l 95T sl ¥ 143 91
sng sng g ang
(s14g) az1s YooIgf (s214q) 2715 201G (s4q) az1s Yoold (s314q) azis yooig
paviug) patfiv) payfiuf) paifiun
81000 | 2000 | LEODO | €900°0 | €100 | WI L1000 | ¥Too'0 | 9co00 | 79000 | 11100 | WY 61000 | €£200°0 | ¥£000 | 65000 | 601000 | WL 97000 | 870070 | 6£00°0 | €900°0 | T110°0 | Wi
1$00°0 | 9500°0 | €800°0 | BEL0'0 | 9¥TO0 | MTIS Z¥000 | LS000 | S800°0 | 6€10°0 | 8YTOO | NTIS zso0'0 | 09000 | ¥800°0 | vEl0'0 | ¥ETOO | ATIS seloo | 9€10°0 | T610°0 | L8IOO | LSTOO | MTIS
8900°0 | €800°0 | €C10°0 | 6810°0 | 1Z€0°0 | M9ST €L00°0 | 88000 | 97100 | €610°0 | 97€0°0 | WIST 86000 | T010°0 | ¥E10°0 | 66100 | OEEO0 | HIST L7200 | 8120°0 | S¥Zo'0 | 90£0°0 | vZvO'O | HIST
8L100 | 86000 | ¥¥10°0 | 0Zzo0 [ TLEOD | ABTI 1100 | voroo | syioo | €czo0 | Tigoo | M8 0L100 | T¥10°0 | 89100 | V€200 | 9L£0°0 | MBTI 0l€0'0 | 612070 | Toco0 | $9€00 | Sev00 | A8TI
90t0'0 | 0ZZ0°0 | 691000 | 0sZ0'0 | 8000 | A¥Y 16000 | 6070°0 | sL10°0 | ssTo0 | TIVOO | M9 00£0°0 | L1200 | 9120°0 | $L20°0 | LIvOO | MP9 12700 | $9£0°0 | 18€0°0 | SEVO'O | 9L50°0 | H¥9
c9e00 | voc00 | Tico0 | TIE00 | S8YO'D | M€ PLEOD | 19€0°0 | POEOO | 61€0°0 | €£6v0°0 | MTE seco0 | Locoo | Tecoo | €s€0'0 | 11S00 | M Lss0'0 | 66v0°0 | €8v0'0 | vESOO | Y900 | NTE
oLYO0 | YOPO'0 | S6v00 | S6VO0 | 1900 | AL €6v00 | 1Ly00 | T6VOO | 6Lv0°0 | §090°0 | H9T T650°0 | ¥SSO0 | ¥¥SO0 | LESOO | ¥£90°0 | HOL $080°0 | 1SL0°0 | 11L0O | LELOO | €L80°0 | 91
$650°0 | 81500 | 07900 | 1€L0°0 | 05800 | X8 0180°0 | 69L0°0 | BLLO'O | 0580°0 | L0O60O | MB c680°0 | 1¥80°0 | 0£80'0 | 1880°0 | §S60°0 | M8 Zs110 | 950’0 | 16600 | 10010 | H1IIO | M8
67010 | $S60°0 | £p60°0 | €¥O1°0 | 98IT°0 | A 1ez10 | svivo | vZiro | SITIO | $SEVO | A¥ 7991°0 | S€S1°0 | €€v1°0 | orvr'o | s1sT0 | WY
6791°0 | 96v1°0 | 18€1°0 | zsvi'o | sTot0 | M2 (8170 | €661°0 | o6L1'0 | SLLl'O | 88810 | T
o6z 0 | 61970 | seczo | svrwo | eviTo | Al
9T 81 &) 43 91 9L st ¥9 [43 91 9T .41 ¥9 43 ot 9T 8l 9 43 91
ang g ang ong
(s214q) 2z1s YooIf (sa1hq) o715 Yooig (x314q) 3715 Yooid (s314q) 7715 YooiH
Qng §~QQ Q~BQ §~§Q
) 0 ) 0 0 Wi [ [ 0 [ [} Wl [} 0 ) ) 0 W1 ) 0 0 0 [} Wi
0 0 0 0 0 Azis 0 0 0 0 0 b:1a1 0 0 0 0 0 b:tA [ 0 0 ° 0 0 AziS
o o 0 0 0 q95T 0 0 o 0 10000 | M9ST o 0 0 o 10000 | M9ST 0 0 0 10000 | To00°0 | M9ST
0 0 1000'0 | 2000°0 | €000°0 | M8TI 0 ) 10000 | 20000 | €000°0 | ASTI 10000 | 1000°0 | TOO00 | €000°0 | Y0000 | HSTI 20000 | T000°0 | £000°0 | ¥000°0 | L0000 | H8TI
70000 | €000°0 | S000°0 | 8000°0 | €£100°0 | Av9 €000°0 | 0000 | L0000 | TIOOO | TTOOO | A¥9 0000 | 600000 | S100°0 | 62000 | $500°0 | Mv9 90000 | 60000 | 91000 | 87000 | 15000 | MAv9
11000 | 1200°0 | B€00°0 | PLOO'O | ¥PIOO | NIE Z1000 | 12000 | 6€00°0 | ¥LOOO | SYIOO | NTE £1000 | €Z000 | 1000 | LL00O | 8PIO0 | Mt 91000 | STo00 | Tvo00 | YL00'0 | BEI0O | MZE
12000 | €6000 | sso00 | 86000 | L810°0 | W91 17000 | Z€00°0 | ¥SO0'0 | L6000 | ¥8100 | 91 yz000 | 9€00'0 | 09000 | Loto0 | 66100 | A91 6200°0 | ¥PO00 | 0LO0'0 | 121000 | TTZOO [ A91
17000 | €90070 | sol00 | 181070 | Ze€o0 | A8 1vo00 | v900°0 | 90100 | vBIO'O | 8€£0°0 | M8 €v000 | L9000 | 60100 | T610°0 | TSEOO | M8 05000 | 9L00°0 | €210°0 | TIZO0 | ¥BEO'O | M8
79000 | €600°0 | 6v100 | LSTOO | S9¥00 | A 99000 | 860070 | 8S10°0 | 69T0°0 | 18¥0°0 | MY L1000 | €110°0 | 6L100 | €0£0'0 | ¥ESO'O | ¥
06000 | LETOO | 01200 | Sse0'0 | TTOOO | MT 00100 | SYIO0 | 6T20°0 | 18€0°0 | §990°0 | AT
yr100 | s61000 | s6zoo | zsporo | Tzsoo | NI
9T 821 v9 43 91 9%z Fa| ¥9 e 91 9%T 8zl ¥ [43 91 9T 821 9 173 91
ang ong g g
(s:4q) oz1s YooIg (s214q) 2713 Yoold (z24q) 2715 00| (sm14q) az1s yooig
woondsuf uononnsuf uornAISUf worondsuf
8 QANW0esY ¢ 53981y )RI940 ¥ [ANo0ssY 1 $9BRIaAY JeS9A0 T DANw30ssY : 5958194V 1240 T IANe30s3Y : 53334V [[e1940

-aums yreungouaq JFdS 1°[dwod oy 103 soper ssTuI AFeIdAY 1§ AR

IN.—|




-13-

All of the data in the literature (see e.g. [Smit82], [Ande91], [Agar88]) suggests that
operating systems activity significantly increases miss ratios. First, operating systems -
code tends to loop less than user code, and so instruction miss ratios are high. Second,
operating systems routines are usually called into the cache by an exception, interrupt or
trap, then run for a short time, and finally are replaced from the cache before they run
again; they effectively always face a "cold start" situation. Sanguinetti observes [Sang84]
that for the Amdahl 580, routines must execute over 600 times per second to stay cache
resident. Third, operating system activity is associated with timesharing and high levels
of multiprogramming; frequent task switching means that programs are constantly
experiencing cold start. As illustrated by Figure 3, miss ratios for the SPEC benchmarks
are considerably below those for any workloads with significant OS activity. Similar
differences in cache performance between compute bound and multiprogrammed
environments are reported in [Mogu91]. The SPEC floating-point benchmark miss ratios
are quite close to the DTMRs, the data from [Agar88], and the VAX 11/780 measure-
ments, and for large cache sizes are also very close to the Amdahl 470 user program miss
ratios. The SPEC integer benchmark miss ratios are lowest.

4. Conclusions

The purpose of this study is two-fold: to show measurements of the cache perfor-
mance of the SPEC benchmarks and to comment on the usefulness of those benchmarks
for cache and memory system design. While the cache performance of the SPEC bench-
marks varies from program to program, we have found that the floating-point bench-
marks generally require much larger cache sizes relative to the integer benchmarks. The
integer benchmarks use no more than 128 Kbytes of instruction and 128 Kbytes of data
cache, while the floating-point programs can take advantage of data caches of a mega-
byte or more.

Comparisons with other studies suggest that the SPEC integer benchmarks are too
small to represent real workloads. Miss ratios for the SPEC floating-point benchmarks
seem consistent with previous measurements of user program miss ratios but are quite
low relative to supervisor code miss ratios.

From these measurements and comparisons, we conclude that miss ratios for the
SPEC benchmarks are potentially typical of only a certain environment - Unix worksta-
tions running user state CPU bound jobs as the single active user process. The integer
benchmarks have very low miss ratios, and provide very little stress on the memory sys-
tem. The floating point benchmarks provide reasonable measurements of memory sys-
tem performance for user code, but are still much better behaved than commercial and
timeshared workloads. The SPEC benchmarks are conspicuously lacking a significant
operating system component, which affects their validity in two ways: miss ratios are too
low, and the performance impacts of operating systems functions themselves are not
tested.
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