Benchmarking

We have dready establi shed that if performancewere merely afador of clock speel, then
choasing a computing system would be very straightforward. In pradice many fadors impad
computing performance

I deal — provide quantitative measure for computing effectiveness on the workload experienced
by ead user.

Computing Effectiveness — Performance @& measured by the aility to effedively
complete a @mputing workload.

Workload — mixture of programs and operating system commands necessary to suppart
the user tasks.

Pragmatics — nat in a paosition to evaluate the performance of a system onyour spedfic
appli cation scenario (i.e. the operating system — appli caion — (multi -)user mix).

Reality —rely on asuitable colledion d measurable tasks —abenchmark —in order to guide
your seledion.

Suitable - representative of ‘red-word’ applicaion scenarios, whil st also being spedfic
enough for unambiguous, repedable measurement.

Benchmark - therepresentative olledion d programs on which the measurements are
made.

Neallessto say, there ae alot of potential problems here. For example,
*  What mix of tasks shoud be included within any one benchmark?

0 Red programs are most representative, but even then how difficult shoud atask
be onared program in order to be representative of what userstypicaly do?

0 Doestherule of thumb “10% of codeisresporsible for 90% of exeautiontime”
enable usto provide amore dficient way of constructing a benchmark?

How much shoud be included within a benchmark measurement?
o CPU aone; CPU plusI/O; CPU, I/O plus network?

o Themorethat isincluded, the more sensitive the measurement becomes to the
system mix (e.g. type and amount of RAM, cade and herd-disk). However, thisis
also aquestion d the intended applicaion area Thereislittl e point in testing CPU
alone when the intended appli cationis transadion-processng!

*  What compiler and ogimizations do you allow?

o Compilers have asignificant influence on computing eff ediveness how dowe
ensure that optimizations do nd bemme un-representative of those typicaly
employed?

What measurements houd be made?

o How doyou go abou expressng performancein the benchmark (see alditi onal
comments on ‘f aster than’, MIPS FLOPSetc.).



Establishing Benchmark Objectives

I deal — set explicit limitsonwhat it isthat the benchmark is attempting to measure, where this
shoud also refled a system view onwhat provides aworking computing system.

Unfortunately thisis not necessarily obvious. For example, auseful CPU benchmark is acdually
designed to test: the CPU, the memory hierarchy, and compiler. Why?

Pragmatics — avail abilit y of useful benchmarks (see “seleding benchmark programs’) is divided
upin terms of threegeneral market sedors, eat of which are suppated by an independent

standards body:

0 Desktop systems. SPEC (www.spec.org) or Winstone
(www.etestinglabs.com/benchmarks);

0 Server systems. SFEC (www.spec.org) or TPC (www.tpc.org);
o0 Embedded systems. EEMBC (www.eembc.org).

SPEC Benchmarks

e 11 kenchmark categories defined

SPECapc

One of 2 graphics intensive benchmarks for single desktop
computing systems.

Based puely ongraphicsintensive gplications.
http://www.spec org/gpc/apc.static/apcfaq.htm

SFECviewperf

Seoond d 2 graphics intensive benchmarks for single desktop
computing systems.

Based onthe performancein a series of 3D rendering problems
running under the OpenGL graphicslibrary.

http://www.spec.org/gpc/opc.static/opcview70.hml

SHEC HPC96

One of 2 multi-processor benchmarks.

Emphasis on multi-processor systems evaluated with red
industrial appli cations (might take several daysto complete arun).

http://www.spec.org/hpg/

SHEC OMP2001

Seoond d 2 muli-processor benchmarks.

Based onthe OpenMP Applicaion Program Interfacefor multi-
platform, shared-memory parall el programming in C/ C++ and
Fortran.

=  Why use C, C++ and Fortran rather than Java?

Applicaion emphasisonred scientific and engineeing
applicaions.

http://www.spec.org/hpg/omp2001

SHEC CPU2000

Benchmark emphasizes desktop CPU performance




Comprisesof 11integer (10in C, 1in C++) and 14floating point
(6inFortran 77, 5in C, 3in Fortran 90 benchmarks (table 1).

All programs are modified appli cations in which the 1/0
comporent has been minimized.

http://www.spec.org/osg/cpu2000

SHEC JBB2000

One of 2 Java based applicaion kenchmarks, in this case
emphasizing server-side Java businessappli cations.

Provides an emulation d a 3-tier server-side Java gplicaion.
Emphasis on businesslogic and ojed manipulation.

http://www.spec org/osg/jbb2000

SPEC JVM98

One of 2 Java based applicaion kenchmarks, in this case
emphasizing performance of client-side Java Virtua Madines.

http://www.spec org/osg/jvm98/jvm98/doc/benchmarks/index.html

SHEC
MAIL2001

Benchmark designed to measure system suitability as amail server
based onthe SMTP and POP3 Internet protocols.

Spedfic emphasis onISPclassmail servers (user countsin the
range 10 thousand to 1 milli on).

http://www.spec org/osg/mail 2001

SFEC
SFS97 R1

File server benchmark designed to measure NFS performance
using a script of file server requests.

Naturally emphasizes evaluation d the disk and retworked file
system as well asthe CPU.

http://www.spec org/osg/sfs97rl/

SPEC WEB99

One of 2 Web server benchmarks, in this case designed to simulate
amulti-client environment in which bah static and dynamic pages
are requested from the server, and clients post information onthe
server.

http://www.spec org/osg/web9Y

SFEC
WEB_SS.

Seoondof 2 Web server benchmarks, in this case designed to
include web server load associated with servicing encrypted
requests. Otherwise it foll ows the same environment as SFEC
WEB99.

http://www.spec org/osg/web99%4d/




Selecting benchmarking program suites
I deal — a benchmark program shoud be seleded for the foll owing reasons [1],

Task is utili zed by many users,
Exercises significant hardware resources,

significant — ahigh utili zation d asingle omputing element, or alower utili zation
aaossmultiple mmputing elements, as dictated by the overall benchmark objedive.
However, it shoud only exercise the set of computing resources of interest to the
benchmark obedive.

Is demonstrated to exercise mmputing resource ombinations that other tasks in the same
benchmark do nd cover (see kamplein [1]).

Shoud na be strongly biased by speafic system choices.

strongly biased system choice — tasks designed to perform significantly better under
spedfic operating systems are not desirable (littl e-endian and big-endian operating
systems or architedures).

In pradice the programs (tasks) comprising a benchmark come in ore of five forms that satisfy
these objedives to varying degrees.

Red - Complete gplicaion pograms sleded with a particular market
Applicaions segment in mind.

- Inpu and ouput options (data) for ead applicaionrequire
spedficaion.

- Portability problems encourtered. Porting typicdly requires
modification d the source @de, the task might favor a spedfic

platform.
Modified - Applicaion pograms dill form the basisfor tasks, bu have
Applicaions comporents ‘stripped away’ to remove the significance of

unwanted (with resped to the benchmark oljedive) resource
cdls. (e.g. remove or minimize I/O for a CPU only benchmark.)

Kernels - reliesontherule of thumb that “10% of codeis resporsible for

90% of runtime.”

- Useful for isolating performance of individual feaures of a
computing system (e.g. CPU aone). Spedfic examplesinclude
Livermore Loops and Linpack.

- Asthe omputing system performance & awhaeisnot
considered (by definition oy asmall amourt of the mmputer is
‘loaded’), kernels are only useful as a diagnastic!

Toy
benchmarks completely unrepresentative of tasks a user will acually be

- task now limited to 10— 100lines of code and istherefore

interested in using!




Synthetic - artificially creaed code that attempt to mimic instruction loads
benchmarks experienced in kernels.
- Unfortunately are nat able to represent the load of red
applicaions.

Pragmatics — the only useful benchmarks are thase that adually reflea applicaion performance
Thus, red or modified appli caions are the only benchmarks that are worth basing adeasion on.

SPEC CPU 2000 — identifies the CPU as the target for the benchmarking adivity, thus 1/0
shoud be minimized. As a cnsequence Modified Applications are utili zed to formulate the suite
of benchmark programs.

Modified Applications - inthe cae of SFEC CPU 2000this meansthat they are
modified to maximize portability between dff erent platforms and minimize the roll of 1/0
in the benchmarks.

Portability — inthe spedfic case of SFEC CPU 2000, 18 dferent platforms are
suppated. This represents a significant constraint on the programs employed within a suite
of benchmark programs.

Table 1 detail s the general charaderistics of the programs utili zed by the SFEC CPU 2000suite.
Note, the mgority are Fortran and C programs, compil ers for other languages nat being robust
enough aaossa sufficient number of different platforms to provide reliable performance



Case Study — SPEC CPU2000 on Alpha 21164 and Alpha 21264 based
systems
Interested in ranking the performance of the foll owing systems,

¢ Alpha21164CPU at 500Mhz (AlphaStation) ref — 500500

* Alpha21164CPU at 500Mhz (Personal Workstation) ref — 500au;
¢ Alpha21164CPU at 533Vihz (Alpha Server) ref — 4100 3533

* Alpha21264CPU at 500Mhz (Alpha Server) ref — DS20 §500.

Table 2 detail s the CPU and memory charaderistics — are you able to predict onwhich
appli cations ead system will perform better?

Table 2 : Alpha system CPU and Memory Characteristics[1].

CPU Alpha21164 Alpha21264
System 500’500 500au 4100 3533 DS20
CPU (MHz) 500 500 533 500
L1 onchip cade 8 Kbytes (instruction) + 8 Kbytes (data) 64 Kbytes (inst.) +
64 Kbytes (data)
L2 onchip cade 96 Kbytes None
Off-chip cade
Size (Mbytes) 8 2 4 4
Latency (ns) 82 58 62 32
Latency (processor 41 29 33 16
cycles)
Main Memory
Latency (ns) 341 247 248 174
Latency (processor 171 124 132 92
cycles)
Bandwidth 200 238 272 1,232
(Mbytes/s)

Figure 1 summarizes performance over the 12 integer and 14floating point programs comprising
the SFEC CPU 2000 kenchmark. Performanceis expressed relative to that of areference machine
(300Mhz SunUtra5_ 10 at ascore of 100acaossall programs.

With resped to the three21164 tased macdines ssme general observations are made.

» Compare the two 50MHz maadines, figure 2: differ by 5% or morein 17 d the 26
programs,



Compare the best 500MHz 21164madiine on any benchmark program with that of the
533VIHz madhine (6.6% clock speed advantage), figure 3: the 533VIHz madhine performs
better by 10% in 3 accasions, by lessthan 5% in 8 acccasionsandworse in 3 accasions.

Naturally the reason for these diff erences must lie in the memory hierarchy. From table 2it is
apparent that,

AlphaStation 500500 tes the larger cade;

Personal Workstation (500au) has the best (lowest) cadhe and main memory latency,
espedally when measured in terms of processor cycles (Why isit important to measure
memory latency both in term of time and clock cycles?);

AlphaServer (4100 3533) has the highest main memory bandwidth.

Cache Contributions:

Art

From figure 3, the AlphaServer provides the largest performanceimprovement
w.r.t. the 500MHz systems on applicaion ‘art’.

From table 1 we know that the *art’ applicaion has a 3. 7Mbyte foaotprint; fitting
entirely within the AlphaServer and AlphaStation cade.

AlphaServer cade however is 20% faster than that of the AlphaStation, as
refleded in the performancedifferencein figure 3.

mcf

From figures 1 and 3, the 533MHz AlphaServer is some 8% slower than the
500MHz AlphaStation onapplication ‘mcf’.

Only performing a profil e onthe operation d the two systemsis able to identify
the source of this discrepancy.

The AlphaServer (AlphaStation) hasa CPI of 117(95) for instruction sequences
that involve adependency between six load instructions and a subtradion
operation.

e.g.
R1 — Mem|[];

R2 « Mem[];

R3 « Mem[R1+32];
R2 -« R2-R3;

Cyclesarelost in the AlphaServer due to the smaller cate only being hit 15% of
the time on this particular dependency—code profil e; whereas the 8Mbyte cate
of the AlphaStationis able to provide amuch higher cade hit ratio.

From figure 3, the only time that the Personal Workstation performs better than
the AlphaServer isin the cae of ‘eon’.

Note that the Personal Workstation hes the lowest cade latency times and ‘ eon’
isthe only applicaion small enough to fit within a2Mbyte cate. Thus, thisis
the only time that the memory hierarchy of the Personal Workstationis favored.




Main Memory:

Table 3 liststhefirst 5 floating point programs that cause the most cade misss. These do nd
necessarily correspondto the programs with largest memory requirements, table 1. Instead a
large number of cadie misses are caised by the manner in which memory addressngis
performed. We would therefore exped the system with largest main memory bandwidth to
benefit (AlphaServer).

Table 3: Top five SPECfp2000 L3 cache misses/ 1,000 issues[1].

Benchmark 2 Mbytes 4 Mbytes 8 Mbytes
Art 29.1 0.5 0.4
Swim 23.9 23.7 23.6
Equake 23.6 22.2 21
Luces 19.6 19.3 18.9
Applu 14.2 14 13

From figure 3 it is apparent that the 14% bandwidth advantage of the AlphaServer resultsin a
0.5%, 5.9% and 1X% improvement on ‘swim,” ‘ equake,” and ‘lucas'.

lucas | The21164CPU shared by the threesystems (AlphaStation, Personal
Workstation, AlphaServer) islimited to 2 oustanding memory requests before
stall stake dfed. The bandwidth advantage of the AlphaServer is therefore most
apparent when the processor can overlap memory references with computation.
This occurs when the memory loads are distributed evenly through the code &
oppased to being densely bunched in spedfic locations, where thisis stisfied in
the cae of ‘lucas'.

Processor Performance:

So far we have not considered the cae of the 500MHz 21264CPU architedure. From table 2 it
is apparent that this represents a significant improvement over the older 21164.Moreover, upto 8
outstanding loads and writes may be held and ou of order exeautionis possble.

Irrespedive of the gplicaion and configuration d the older architedure, the 21264system is
always sgnificantly faster. The integer applicaions with largest improvement are,

Eon 1.89 | Both applicaions have a small memory foatprint, implying that most

benefit is due to CPU architedural advantages and lower cade latency
Crafty | 1.94 |4 the 21264.

Gcce 2.03 | Herethe principle fador isthe much better memory bandwidth as the
‘gcc applicationrequires 156 Mbytes of virtual memory.

Note however that thisislessthan the fador of raw bandwidth
improvement between the two systems.




Floating point applications also receve speed upsin line with the significance of bandwidth and
cade latencies. With all three worst case cate tests (swim, lucas, applu) being significantly
improved. In the case of ‘ equake’, the organization d the memory references are such that the
applicationislatency boundas oppased to cade bound.

Additional Reference Material

[1] Henning J.L., SFEC CPU200Q Measuring CPU Performancein the New Mill ennium. IEEE
Computer Magazine. pp 2835, July 2000.



Appendix A — Figures
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