Automatic Generation of Test
and Benchmark Workloads

(Making programs that maRe programs)

Jozo J. Dujmovic
Department of Computer Science
San Francisco State University

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢ 1



A New Approach to Benchmarking

1. Specify

. benchmark
- BenchMaker — a web oriented tool for —

generation of benchmark programs

 Benchmark generation procedure:

— User visits a BenchMaker web site and
specifies desired benchmark(s) properties

— BenchMaker generates specified bench-
marks and delivers them to the user by e-

2. Send specs
to BenchMaker

mail 3. Get bench-
« User compiles and executes marks by e-mail
benchmarks

b .

* Open source
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Classification of
Benchmarks
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Basic types of computer workloads

* Natural (written by programmers using selected
programming languages; they have “semantic
identity”, i.e. they are solutions of selected real
problems)

« Synthetic (generated by code generators using
correct language constructs combined according to
desired distribution, but without semantic identity)

* Hybrid (segments of natural code combined by a
code generator in order to create aggregated
workloads that have desired size, resource
consumption, and semantic identity)
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Benchmarks

* Benchmark is any workload that is executed
not to get its results, but to measure the
speed of execution and the consumption of
computer resources

* Benchmark workload must be a semantically
correct sequence of service requests

* Goals of benchmarking:
— Performance measurement of hardware units
— Performance measurement of software units
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Real Workload vs. Benchmark
Workload

* Real workload: a workload that is the
predominant computing activity of an
analyzed computer system.

 Benchmark workload: a workload that is
acceptable as a good representative of a real
workload

* Proof of similarity: a quantitative proof that
a selected benchmark workload is sufficiently
similar to the real workload; this proof is a
formal prerequisite for benchmarking
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Theoretical background for
benchmarking (1)

« Status: Benchmarking is usually considered and
empirical art, and not an engineering activity based
on strict theoretical background

« Consequences: controversial area that is heavily
influenced by perception of analysts and by
corporate interests:

— The problem of standards and “standards”
— SPEC and other industry consortia

— The role of Internet in distributing incomplete and
temporary results

* Ludwig Boltzmann: “There is nothing more
practical than a good theory”
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Theoretical background for
benchmarking (2)

* Program space: Theoretical foundations of
space where each point is a program (or
another more complex computer workload)

* Program difference metrics: theoretical
models of difference/distance between
iIndividual computer workloads:

— White box approach
— Black box approach

» Cluster analysis: Techniques for grouping
similar workloads and replacing groups by
one or more best representatives
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Six basic types of benchmarks

Real workloads used as benchmarks
Standard benchmarks

Kernels

Microbenchmarks

Synthetic benchmarks

Hybrid benchmarks

o0 kw0
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1. Real workloads (used as benchmarks)

« Characteristics: a selected class of applications in a selected
programming environment (100% natural workloads)
 Advantages:

— Represent themselves - used to eliminate or reduce the standard criticism
related to differences between the real and benchmark workloads

 Disadvantages:
— Usually too complex and too diversified

— The problem of the best representative among different programs in real
workloads is the same as for any other benchmark

— The problem of the best representative of input data (e.g. gcc xx; xx=7?)
— Restricted to specific HW/SW environment

— Regularly modified after the change of HW/SW environment (reducing or
eliminating the fundamental advantage of this approach)

— Low portability of programs (regular use of all HW/SW-specific features)

— Low portability of data

— Low scalability

— Use of proprietary data (data protection problems)

— Problems related to input from users (interactive workloads, transact. proc.)
— Low reusability (regularly unique, nonstandard, and non reusable SW)

— Bottom line: High cost of benchmarking and questionable benefits
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2. Standard benchmarks (e.g. SPEC)

Characteristics: selected natural workloads modified to have fixed
input, selected resource consumption, and serve as benchmarks

Advantages:

Have semantic identity (problems from physics, chemistry, math, etc.)
Adjusted to provide high portability

Standardization (strict control of workload, conditions of execution and
measurement method to secure reproducibility of results and comparison
across various HW/SW platforms)

Public availability of a database of measurements for the majority of
commercially available computers

Disadvantages:

The quality of representation problem (representativeness of real workload)
Not scalable

Need permanent upgrading (short life span)

Fixed functionality (limited characterization of natural workloads)

No adjustable parameters (fixed resource consumption)

Affected by political processes inside consortia (approved by voting)
Expensive (high cost of standardization, measurement and renewal)
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3. Kernels

« Characteristics: Important and frequently used
components of natural workloads with easily
recognizable semantic identity (matrix operations,
sort, search, data compression, etc.)

 Advantages:
— Clearly defined semantic identity
— High portability
— Low cost

* Disadvantages:

— The quality of representation problem
(representativeness of real workload)

— Narrow scope of resource utilization

— Limited scalability

— Fixed functionality (limited characterization of natural

workloads)
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4. Microbenchmarks

« Characteristics: small natural code segments designed to
Isolate a specific performance feature and provide reliable
performance indicators that characterize the selected
HW/SW feature (e.g. the efficiency of recursive calls, the
efficiency of array processing, the efficiency of parameter
passing, the efficiency of sequential/random disk accesses,
etc.)

« Advantages:
— Clearly defined functionality and scope
— Focused insight into a specific performance feature
— High portability
— Low cost
* Disadvantages:

— Very narrow scope
— Absence of methodology for aggregating microbenchmark results
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5. Synthetic benchmarks

» Characteristics: HLL programs automatically
generated by benchmark generators according to
user specification. No natural workloads included.

 Advantages:

— Possibility to specify desired frequencies of available
language constructs

— Fast generation of any size of source code
— Full portability

— Suitable for benchmarking compilers

— No cost

* Disadvantages:

— Fully artificial code (low representativeness of real
programs)

— Limited (rather low) diversity of generated code
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6. Hybrid benchmarks

« Characteristics: HLL programs automatically generated by
benchmark generators as combinations of selected natural
code segments according to user specification.

« Advantages:
— Easy adjustment of desired semantic identity

— Possibility to specify desired frequencies of available natural code
segments, and select desired structure of benchmark program

— Fast generation of any size of source code in variety of languages
— High scalability

— Practically unlimited spectrum of functionality

— Full portability

— Mostly natural with low synthetic overhead

— Suitable for wide variety of benchmarking tasks

— Negligible cost

* Disadvantages:

— The quality of representation problem (representativeness of real
workload is based on aggregated semantic identity)
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Benchmark Workloads

* |[ndividual benchmark programs
= Benchmark suites
= Benchmark series
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Benchmark Suites

® A family of nonredundant benchmark
programs having a variety workload
characteristics (e.g. numeric [int and/or float]
and nonnumeric/combinatorial problems)

® Typical benchmark suites are expected to
iInclude a necessary and sufficient variety of
workload characteristics that represent a set
of expected natural workloads (proof = ?)

® Typical usage: performance evaluation and
comparison of competitive computer systems
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Benchmark Series

® A sequence of benchmark programs
having same workload characteristics
but different (increasing) sizes

" Typical series include increasing
number of lines of code (or increasing
memory consumption)

® Typical usage: compiler performance
measurement and analysis
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Program Cloning — a Goal for
the Future

Define a set of measurable program parameters

Extract program parameters from a running natural
workload

Pass the parameters to a program generator

Specify additional scalability parameters (desired
size and resource consumption)

Generate synthetic workloads according to given
specifications (and provide a measure of accuracy)
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Industrial Benchmarks

(And Their Relation to Moore’s
Law)
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MOORE’S LAW: Exponential growth of
computer performance as a function of time

CI('[) — qozt/T

d(0) = q, t = time
g = performance (speed, mem., cost)
q(T) = 2q0 q, = initial performance at time t=0
T = performance doubling time
CI(ZT) — 4q0 ~ 18 months for memory capacity
AN ~ 12 months for performance/price
Q(nT) =2 qo New problem: Core # doubling time
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MOORE’S LAW: current issues

Limits of clock rate ( < 5 GHz)
Limits of processor power ( < 100 W)

Expansion in the area of parallelism (multiple
processor cores, hyperthreading)

Difficult software problems:

— How to write/compile/optimize parallel programs?

— SW developers are not ready to utilize the
expected exponential growth of processor cores

Core doubling time # performance doubling
time

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovic 23



Approach currently used by industry
[1/2]

“Technology evolves at a breakneck pace.
With this in mind, SPEC believes that
computer benchmarks need to evolve as
well. While the older benchmarks (

) still provide a meaningful point of
comparison, it is important to develop tests
that can consider the changes in
technology.”

http://www.spec.org/osg/cpu2000/
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Approach currently used by industry
[2/2]

The SPEC CPU Benchmark Search Program

SPEC holds to the principle that better benchmarks
can be developed from actual applications. With this
In mind, SPEC is once again seeking to encourage
those outside of SPEC to assist us in locating
applications that could be used in the next CPU-
Intensive benchmark suite, currently planned to be
SPEC CPU2004.

http://www.spec.org/osg/cpu2000/CPU2004/search program.html
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Back of the Envelope Feasibility Analysis

Main memory size = x GB
Lines of source code in 50 MB of memory = 1,000,000

Effort to write 1,000,000 LOC = 6873 person months
[intermediate COCOMO]

Time to write 1,000,000 LOC = 55 months = 4.6 years
Number of software engineers = 125
Development cost = $xx Million

Reward offered by SPEC = $x Thousand
Discrepancy factor = 10000
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Natural vs. Synthetic Programs

Q:

Q

Q:

A:

Is it possible to follow Moore’s law using natural
(manually written) benchmark programs?

No!
Why?

Because the computer performance grows faster
than our ability to provide natural, representative,
reliable, and permanently increasing large programs.

How to quickly create benchmark programs having
desired properties and desired size?

The only way is to develop techniques and tools for
automatic generation of benchmark programs.
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Current Performance/Benchmark Relation

Computer performance

N\

Industrial benchmark suites (e.g.
SPEC) use natural benchmarks that
remain unchanged for years without the
possibility to follow the exponential
growth of computer performance.

1989 1992 1995 2000 2004 |
0

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢ 28

Time



Desired Performance/Benchmark Relation

A

Computer performance

Adjustable benchmark suites
based on synthetic
benchmarks generated by
program generators can
accurately follow the
exponential growth of
computer performance.

Benchmark generators = Benchmark scalability

,Time

0
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Current Industrial Benchmarks

= Not scalable
= Expensive
* Need permanent upgrading

* Fixed functionality (limited characterization
of natural workloads)

= No adjustable parameters (fixed resource
consumption)

= Affected by political processes inside
consortia (approved by voting)
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Desired Features of Industrial
Benchmark Programs

Industrial benchmark suites should be able to
strictly follow the exponential growth of computer
performance and provide:

= Adjustable program size

= Adjustable memory consumption

- Adjustable CPU power consumption

= Adjustable functionality

Such Benchmarks must be:

= Quickly generated (> TMLOC/minute)

= Able to easily adjust workload properties

= Inexpensive and available on the Web
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Suggested Approach to
Industrial Benchmarks

» Based on generators of scalable synthetic
(hybrid) benchmarks

= Adjustable functionality
= Adjustable resource consumption
= Web-oriented

* Produced by the user according to user’s
specifications

= Open-source
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Currently Available Generators of
Benchmark Programs

= BenchMaker 1 (BM1: generator of
compilable programs primarily used for
compiler performance measurement and
analysis; limited control of executable
properties)

= BenchMaker 2 (BM2: generator of general
purpose executable programs, used for
computer performance measurements;
good control of executable properties)
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Benchmark Scalability

(Manufacturing Scalable
Benchmarks)

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovié
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Benchmark Scalability (1/2)

® Benchmark properties that are relevant for the
usability of benchmarks in system performance
analysis include resource consumption
(processor, memory, disk), functionality (type of
processing), program structure, etc.

® Benchmarks are scalable if users can create
benchmark workloads having independently
adjustable all relevant properties.
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Benchmark Scalability (2/2)

® Controlled increase of the consumption of
computing resources (memory,
processors, etc.) by adding more, or more
specific, benchmark program modules

® Support for both upwards and downwards
scalabllity

B Scalable benchmarks are manufactured
according to user’s specifications.
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Six types of benchmark scalability

1.

i

Time scalability (user selects the benchmark run time)

Space scalability (user adjusts the benchmark size and
its memory consumption)

Parametric scalability (adjustable for each benchmark)

Structural scalability (benchmarks have adjustable
structure; generation of benchmark series and suites)

Functional scalability (semantic workload
characterization: each user can select functions that are
similar to an existing or expected user workload)

Mixed software scalability (user programs can be
inserted as a part of benchmark workload)
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1. Time Scalabillity

® Selection of benchmark program run time
according to user’'s needs

® Implementation:

— Benchmark program consists of independent
program modules (e.g. kernels)

— By adjusting loop parameters each kernel is
calibrated to have a specified run time on a
given machine

— Benchmark run time is adjusted by selecting
the number of kernels to be executed
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2. Space Scalability

® Selection of benchmark program size (both LOC
and MB) according to user’'s needs (e.g. from 50
LOC to 5 MLOC; LOC < {PLOC, LLOC})

® Implementation:

— Benchmark program consists of independent program
modules (typically kernels)

— By adjusting array parameters each kernel is
calibrated to use a desired memory space

— Benchmark size is adjusted by selecting the number of
kernels to be executed
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3. Parametric scalability

® Scalability based on adjusting various
benchmark program parameters.

® Typical parameters:
— The number of users (threads)
— The number of network nodes
— The size of arrays
— The run time
— The number of disk accesses
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4. Structural Scalability

® Adjusting of the structure of workload

® Typical components:

— Selecting the structure of kernel
iInvocations in a benchmark program

— Selecting network topology for network
benchmarks (e.g. ring, star, grid, etc.)
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5. Functional Scalability

® Scalability based on semantic characterization of
workload

® Selection of kernels that belong to a desired
application area. E.g.:
— Numerical procedural problems
— Nonnumerical procedural problems
— Object oriented problems
— Memory and/or disk access
— System applications
— Etc.
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6. Mixed software scalability

® [n addition to kernels, synthetic

benchmark programs can also include
selected user programs

® Mixed software scalability refers to the
capability to select a desired fraction of
benchmark that is based on user's

programs (combining user functions and
kernel library functions)
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Space scalability details

The size of program — a fundamental
parameter of all benchmark programs

Program size affects the program
development time, production cost,
memory consumption, and the run time

Program size must be precisely defined
and there are several different
definitions
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Program size metrics

* There are various metrics for measuring
program size:

— Only executable lines

— Executable lines and data definitions

— Executable lines, data definitions and
comment lines

— Physical lines of code (newlines)
— Logical lines of code (complete statements)
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Benchmark Size Metric for C++

* LLOC = Logical Lines Of Code
 PLOC = Physical Lines of Code

 BM1 creates logical lines of code and
the size of programs is specified in
desired LLOC

» Approximately: PLOC = 1.6*LLOC
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Definition of LLOC for C++

For C++ programs we use the following:

LLOC = # of programming units (functions + main)
+ # of ;" (whole program except comments)
+ # of "=" (constructor-initializer statements only)
+ # of “Iif” statements
+ # of “switch” statements
+ # of "while” statements
+ # of “for” statements
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Arithmetic

int a; /| Constructor
a=123; /I Assignment
/[l LLOC =2

inta=123; // Constructor + assignment
[/ LLOC =2

a=123; /| LLOC =1
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If
if(condition)
a=1, [/ LLOC = 2

if(condition)

a=1:
else
b =2; /| LLOC =3

Concept = Frame + inserted statements
LLOC += Keyword (if) + # of “ ; °
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switch

switch (selector)

case 1: a = 1; break;

case 2: b = 2; break;

case 3. ¢ = 3; break;

default: d = 0; /[ LLOC =8

LLOC += Keyword (switch) + #of “ ; ©
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while

while (condition)

{

aln] = n;

b[n] = n++;

} /[ LLOC =3

LLOC += Keyword (while) + #of “ ; °
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do

do
{
aln] =n;
b[n] = n++ ;
} while (condition) ; [/ LLOC = 3 (not 4)

TR L

LLOC counter is incremented on “;” but not
on keyword “do”

LLOC +=#of " ;"
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for
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Benchmark Generators

(Manufacturing Scalable
Benchmarks)

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovié
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Benchmark Manufacturing

® Production of benchmarks by the user,
according to user’s specification

® Features: scalability, speed, and low cost

® Production based on a benchmark program
generator tool
® Type of benchmark products:
— Individual benchmarks
— Benchmark series
— Benchmark suites
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Application Areas and Goals

= Design of industrial benchmark suites
» Reducing the cost of benchmarking
* |ncreasing the credibility of benchmarking

» Evaluation and comparison of language
processors (compilers, VMs, interpreters)

= Computer evaluation and comparison
* Test program generation

» Study of workload properties

= Software metrics and experimentation
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Benchmark Generators Design Concepts

BenchMaker1:

BenchMaker2:

BenchMaker 1&2

Based on Recursive Expansion (REX) concept
of benchmark program development. Program is
generated by systematic insertion of blocks into

control statements, and statements into blocks.
Based on Kernel Insertion (KIN) concept. Program is

generated by systematic insertion of independent

code segments (kernels) from a library.
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BenchMaker 1 and the
Recursive Expansion Program
Generation Method
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The concept of BM1

* Sequences, and all control structures
have the form of frames where
programmers can insert contents

* Synthetic programs can be created in
the same way
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Block Containing Statements

int main(arguments) int func(arguments)
{ [/ block { [/ block
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Classification of Statements

* Expandable statements: contain
frames (blocks) and can be expanded
by inserting statements into frames

* Terminal statements: fixed contents
that cannot be expanded
— Simple (arithmetic)
— Compound (fixed blocks, e.g. kernels)
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Expandable Statement

if (condition)

{

}

else

{
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Expansion of Statements

int main(arguments)

{ [/l block

BenchMaker 1&2

Expansion

level (depth) 2

N

Expansion
level (depth) 1

Expansion
level (depth) 3
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63




The Concept of Breadth

{
statement;
statement;
statement; /] B=5
statement;
statement;
}
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The Concept of Depth

{110
{11
{12

statement; /l

}
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REX Program Model

« Each block contains one or more statements.

« Each control statement contains one or more
blocks. An example of two blocks:

if(condition) {block} else {block}

« Create programs by systematically inserting
blocks into statements and statements into
blocks (stepwise refinement).

* When the generated program attains a desired
size, insert a “terminal block” (either an
arithmetic statement or an executable kernel).
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REX Model ?

. if(Size>MaxSize
Recursion ( )
return terminal
statement;
string STATEMENT(...) else
{ return a randomly
_ selected statement
BLOCK(....) that includes one
} or more BLOCK(9®); [€—
Entry Return Entry Return
string BLOCK(...) BLOCK v
{ While(Breadth<MaxBreadth):
STATEMENT(...); append .
(") | e

}

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢ 67



A toy REX generator [1/3]

string STATEMENT(int D, int B, int selector) // D = depth, B = breadth
{
iIT (++D > maxDepth) selector = 0O; // End of recursive expansion
switch (selector)
{
case 0: return assignment( ) + "\n"; // Assignment terminator
case 1: return "if" + condition( ) + "\n" + BLOCK(D, B)+ "\n"';
case 2: return "if" + condition( ) + "\n" + BLOCK(D, B) + "\n" +
indent(D) + "else\n"™ + BLOCK(D, B)+ "\n';
case 3: return "while" + condition( ) + "\n" + BLOCK(D, B)+ "\n';

case 4: return "do\n" + BLOCK(D, B) + " while"™ + condition( )+";\n";
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A toy REX generator [2/3]

string BLOCK(int D, i1nt B) // D = depth, B = breadth
{
string block = 1ndent(D) + "{\n" ;
for(int 1=0; 1<B; i1++)
block += 1ndent(D+1) +
STATEMENT(D, l+rand()%maxBreadth, rand()%5);
return block + indent(D) + "}';
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A toy REX generator [3/3]

void main( void )
{
fstream file;
srand(time(NULL)); // randomize
cout << "\n\nToy program generator\n\n"

<< ""Maximum Breadth = "; cin >> maxBreadth;
cout << "Maximum Depth = "; cin >> maxDepth;
file.open('demo.cc', 10s::out);
file << "void main(vord)\n{\n" +
indent(l) + "int " + init(nvars, ",") + ";\n" +
indent(l) + init(nvars, "=") + "=1;\n" +
indent(1l) + STATEMENT(O, maxBreadth, l1+rand(QQ%4) + "}\n"';

cout << "demo.cc completed.\n";
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#include<iostream.h>

zoid main(void) A Sample Program

int 1,a,b,c,d,e,f,g,h,i
a:bzczd:e:f:g:h: i :j =k=1=m=n=1:
f

long S=0, G[20000]; for(1=0; 1<20000; I++) G[I1]=0;
while(++G[2]%3) // 1.,2.,0,1,2,0,
{
if(++G[0]%2) // 1,0,1,0,1,..
{
1 = k-a-k*b+f+e+d-d-m*m+h+g-T;
I = m+d-n-m+n*i+n;
} $ g++ demo.cc
else $ _/a
[ ;
e = h*f-g-I*f+at+a*m; 2 63 B
h = a-h*h-l+k*k-1*d+e-1*m: Number of control statements =
1 Executed control statements =
while(++G[1]%3) // 1,2,0,1,2,0,..
{
b = d-m-j+m-j+k-b+ate-g-i1+f*g;
J = k*F*m*b*h-d+1+b;
}
+

for(1=0; 1<3; S+=G[I1], I1++)

cout << G[I] << ((I+1)%10 ? * ":-"\n");
cout << "\nNumber of control statements
cout << '"\nExecuted control statements

3";
''<< S << "\n";
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Experiments With Compilable Benchmark Programs [1/2]

$ time ./tg $ time g++ demo.cc
real 13m16.637s
Toy program generator user /m6.169s
Sys Om10.341s
Maximum Breadth = 7
Maximum Depth =7 $ Is -1 demo.cc a.exe
Loop Repetition =7 2673681 Oct 9 11:00 a.exe
demo.cc completed. 3570094 Oct 9 10:43 demo.cc
real Om7.492s
user Om3.327s
Sys Om0.046s Density = 26.5 Bytes / PLOC
$ wec -1 demo.cc ~ 70 Bytes / LLOC
100755 demo.cc
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Experiments With Compilable Benchmark Programs [2/2]

$ time ./tg $ time g++ demo.cc
real 10m55.547s
Toy program generator user 6m42_.356s
SIVAS Om8.419s
Maximum Breadth = 7
Maximum Depth =7 $ Is -1 demo.cc a.exe
Loop Repetition = 10 2586641 Oct 9 12:02 a.exe
demo.cc completed. 3193103 Oct 9 11:49 demo.cc
real Om4.907s Time ./a
user Om2.936s | |- = = = = = = = = — - - - - - - - -
Sys Om0.108s Number of control statements = 11603
Executed control statements = 973081553
$ wc -1 demo.cc
89675 demo.cc real 1m1.831s
user Om59.686s
Sys Om0.077s

Density = 28.8 Bytes / PLOC
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Benchmaker 1.6 demo: me
Generating C++ programs

1. Make and execute a 500 LLOC program:
10 functions, 50 PLOC/function, uniform
distribution of control structures

2. Make and execute a 20,000 LLOC
program: 40 functions, 500 LLOC/function,
nonuniform distribution of control
structures

3. Create a 1,000,000 LLOC program,
uniform distribution of control structures
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BM1 operation modes:
1. Engine mode <I-0 from API files>
2. Interactive mode <I-0 = Hevhoard- Screenl

Application areas:
1. Testing and performance analysis of compilers and computers
2. Testing of source program analyzers (LOC,. complexity, etc.?
3. Uizwal demo of the automatic program generation process

[Properties of generated benchmark programs:

1. Program length is expressed in logical lines of code {LLOC>».

2. Generated programs consist of a sequence of functions denoted
Fi1(>_, F2{(»,.....Fn(>», followed hy the main program.

3. A1l programs contain random expresszions and control structures.

The available control structures are:
[1] arithmetic [21 if [3] if—else [4]1 switch
[5]1 while [6]1 do [?]1 for

BenchMakerd <hbml}» is normally called uwsing a command line parameter:
bmli project_directory_path
bmi "project directory path"
Mithout the project directory path bml enters the interactive mode.

The project directory contains the following files:
1. bnmlinpar.txt <all bml input data
2. bnloutpar.txt <names and parameters of generated output filesd
3. All generated source C++ program files Cone or morel

The bmlinpar.txt file contains {(in any order? the name of parameter
followed by the value of parameter,. as in the following example:
ARITHHMETIC @ i

IF 1 i Weights can bhe any

IF_ELSE 2 i nonnegative real values.

SWITCH 3 i bml will automatically

WHILE 4 i check and normalize

Do 2 i these values C(zum = 12>.

FOR 3 ;

LLOCperFUN 188 i B or positive

LLOCmin 284 i positive and not less than LLOGCperFUN
LLOCmax 2808 i not less than LLOCmin

LLOCstep 284 any positive value

Conditions for values of input parameters:

1. All freguencies must be nonnegative

2. At least one of input freguencies must he positive Cany value?d
Input data lines can come in any order

LLOCmin > 8

B ¢ LLOCperFUN <= LLOCmin <= LLOCmax

If LLOCperFUM = B then only the main program is generated

If LLOCmax € LLOCmin it is automatically set egqual to LLOCmin
If LLOCsten < 1 it iz automaticalle set to 1

== =y T A N R IE]

500 LLOC

75



Project directory path <enter "." for default parameters)

Project Directory Path
Project Mame

Program MHame

Input Parameter File Hame
Dutput Parameter File Hame

default
sBMidefaultl.cpp
bhnlinpar.txt
bnloutpar.txt

Default: Uniform distribution of control structures
Generation of single program .“~BMidefaultl.cpp
Function si=e 48 LLOC

Program size 188 LLOG

o

Input parameters:

arithmetic = 14.286x
if = 14.286%
if-else = 14.286%
witch = 14.286%
hile = 14.286%
0 = 14.286%
or = 14,286
LOCperFUN = La
LOCmin = Lea
LOCmax = 584
LOCstep = 1

ould vou like to modify these weights (ysn>? n

Do you want to modify the function or program size <(ysn2? y

Function size (>=H>» and program size <‘min = 18 LLOGC> = 58 56A

500 LLOC

FUNCTION GEMERATION TRACE:
Func Size Errlxl Dez_LLOC Ach_LLOC Errlx]l Phys_lines Program Generation Rate
i 61 22.08;: 1 A D 61 n 22.680:> 1 76 PLOGC | A LLOC./zec A PLOC/zec
2 La d.88:x | 188 D 111 A 11.88x | 174 PLOC | B LLOC/zec B PLOC/sec
3 e 18.88:x | 158 D 178 A 13.33% | 263 PLOC | 17888 LLOC/sec 26380 PLOC/sec
4 44 —12._.@8; 1§ 288 D 214 A V.88 | 337 PLOC | 21488 LLOCrzec 33780 PLOC/sec
5 42 —16.608;x | 258 D 25%6 A 2.48x | 373 PLOC | 12888 LLOCrsec 196580 PLOC/sec
[ L9 18.88:¢ | 3ad D 315 A L.8@: | 482 PLOC | 15758 LLOC/sec 24180 PLOC/sec
7 42 —16.608; 1§ 358 D 357 A 2.88:x | 4% PLOC [ 17858 LLOCrzec 27450 PLOC/sec
2] L9 18.d@:x | 488 D 416 A 4_88: | 638 PLOC | 13867 LLOC/sec 2126°%Y PLOC/sec
bl 48 —-4.88:¢ | 458 D 464 A .11k | 714 PLOC | 15467 LLOC/sec 23880 PLOC/sec
End of function generation.
Prezsz Return to continue ...
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ESULTS:

enerated C++ program is stored in file .~BMidefaultl.cpp 500 LLOC
ezired number of logical lines <C(LLOC> = 584
chieved number of logical lines (LLOC> = 564
rogram sizZe eprrop = B.88x
otal number of physical lines of code = 753
umbher of physical lines per LLOC = 1.47%
otal consumed processor time = B.83 =sec
verage program generation rate = 16888 LLOC./sec
chieved maximum depth = b
chieved maximum breadth = 8
FOgQram name = BMidefaultl.cpp
Control structure Count Dim Deszired prob. Achieved prob.
[1] arithmetic 346 5} 1429 1429
(21 if ) 14 1429 1429
[3]1 if-else 8 14 1429 1429
[4]1 switch 8 14 1429 1429
[5]1 while 9 14 1429 1429
[6]1 do 8 14 1429 1429
[?1 for 8 14 1429 1429«
Average absolute error H.08a:
Depth distribution:
Al 18_3x [11 17.8x [2]1 18.5x [31 18.8x [41 ?.6x [5]1 17.8x I[6]1 A.8x
Achieved <top? and Desired Chottom>» Breadth Distributions:
(Bl 8.8+ [11 5.5x [2]1 5.5« ([31 2.6 [41 28.5x [5]1 39.7« [6]1 19.2»x [7] 8.8
(81 8.8 [11 5.6 [2]1 5.8+ [3]1 186.8:x [4]1 29.8:x [5]1 48.8+x [6]1 20.6:x [7?]1 8.0

pemu option <¢R=reqular,. S=slow, f=fast, F=fastest, W=skip>»: R

BenchMaker 1&2
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1 #Hinclude <iostream>
2 uszing namespace =td;
3
g #include<time.h>
g int IFcnt[141.1FEcnt[14]1.5Went[14]1. WHILEcnt[14]1, . D0cnt (141, FORcnt[141;
8 dint Fid<void>
2 {
18 int a,b,c.d.e.f.qg.h.i.j.k.:1.m.n;
11 a=h=c=d=e=£= =h=1=J=k=1=m=n=1,
i% ?hllﬂ( ++HHILEcnt[1]/5 )
14 m —= C{e+d+1-d-1-h>x188;
15 if ¢ ++IFEcnt[B1x2 >
16 {
ig N k += (f*h=*i—j®*c—qg—ete—g—qg+f=*d+e>x180;
19 else
28 {
21
22 suitchs ++SWcnt[B@1x3 >
23 £
24
25 case 1:
26 £
27 while{ ++UHILEcnt[B1:z5% >
28 €
29 do
38 €
31 k += <{a-b—-h*h>«x188;
32 e += {p¥xjxk—n+d—a+k+g+k—h*m—j*c>=18@;
33 n += {l+tm—m+f—m+i+ed=188;
34 ¥ whiled ++D0cnt[B@1x5 >;
35 ford ; ++FORcnt[B1x5 ; >
36 {
37 e = {iteteth—ata—k+d+f—g—m>x108;
38 h += {d-i=n—f-1=j>»x1808;
39 i —= {c—f+h*g—1-m>x188;
48 m —= C(etn—n—h*etk-e-d+e—e—h—g>x1808;
41 n += Ca—jtk+i—c=*=1=*1=xk—-12x108;
42 >
43 b —= {i—m—e>x180;
44 if¢ ++IFcnt[B1x18 >
45 £
46 k —= <n+j>»x188;
47 c += (jtn—j+d+h—d=k+1%*i—h—j+h—n>x1686;
48 b = <f-k+g+jg+d—g=*n—hlx108;
ga N J —= td=m—k=a-1+f=xh-1+j+c+d>x108;
g% s k —= {i—c—g-h—-i+i+n—d+a+f+f +k>x10808;
L3 g = (md-f-gtm*]l-ct+e+l+id>x10808;
54 i += (a—1+m+f=l+g+i+i—h+k>x10808;
L m += (gxd+ixi—e+k—d+1%j-b—ndx1008;
Lh n = tet+c—a—hthte+n*f +f+e+nix1808;
57 m —= {m+g*i+f=f—jrx108008;

500 LLOC

Beginning of generated

C++ program
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783

784

785

786

7a?

788

a2

718

11

12

713

714

15

16 ¥
1
718
719
728
721
722
723
724
725
726
727
728
729
738
731
732
733
734
735
736
737
738
739
748
741
742
743
744
745
746
747
748
749
758
751
752
753
754
755
L

—= {g+g+e—i+tmim+g+c*h+]l+a+g+]12x100;
+= {j+c—h=k+e=f >x1008;

+= (1+j+f—m+tmn—1—j-k—n+k—-idx188;

+= (h*m»*c—f >x188;

- =g = 7]

Ch+f=a=j—a+n+e+gxj=h+f—a>x168d;

C1=f +n>x10808;

Ca+d+k=*=m+g+h—c—d>»x188;
Co—d=a+itas*c+i®m—n*i+j+hxf=*=13x1808;
Ci—a)x10@;

CF=k>x10A;

C(j—jr=10a;

eturn <ath+c+d+e+f+g+h+i+j+k+1+m+n>x188 ;

|+ + +

¥
q
1
h
k
k
a
i
»

int main<void>

End of generated

C++ program

Br1ldefaultl.cpp

500 LLOC

int I3
clock_t StartTick = clock€>; +
for(1=@; I<14; 1++> IFent[I]  =@; l + C++ Source file
for(l=0; I<i4; I++> IFEcnt[I]1 =8; ED I{El
for(l=A; I{14; I++) SlcntlI] =H;
for(l=0; I<i4; I++> WHILEcnt[I 1=8;
for{l=6A; I[<i4; I++> DOcntLI] =@;
for{l=A; [<i4; I++> FORcnt[I1 =8:
long int sum=8;
_ _ hecksum = —122
im::;gégg ? IF frequency: Static = 7 Dynamic = 246
sum += F3¢ ) : IF-ELSE frequency: Static = B Dynamic = 161
sum += F4¢ ) ; WITCH frequency: Static = 8 Dynamic = 4
sum += F5{ 2 3 HILE frequency: Static = 9 Dynamic = 25
gm::;ggg; : 0 freguency: Static = 8 Dynamic = 806
sum += F8( ) - OR frequency: Static = 8B Dynamic = 320
sum += F9¢ > 3 un Time = B sec
cout << "nChecksum = " <{<{ sum;
fori{l=sum=8; I<?; I++» sum += IFcntlIl;
cout << "nlIF frequency: Static = " L P LT Dynamic = " <{ zum ;
for{l=sum=A; I<8B; I++> sum += IFEcntlI1;
cout << "nIF-ELSE frequency: Static = " {{ 8 < ¢ Dynamic = " {{ sum ;
for<{I=sum=A; I{8; I++) sum += SlcntlI1;
cout << "nSWITCH frequency: Statdic = " << 8 {{ Dynamic = " <{{ sum ;
for{l=sum=@8; I{?; I++) zsum += WHILEcnt[lI]1;
cout << "nWHILE frequency: Static = " £{ P LT Dynamic = " <{ zum ;
fori{l=sum=8; I<B; I++» sum += DOcntlI]1;
cout << "nD0 frequency: Static = " {8 {L " Dynamic = " <{ zum ;
for{l=sum=A; I<8; I++> sum += FORcntI[I1;
cout << " nFOR fregquency: Static = " {{ B << " Dynamic = " {{ sum ;

cout << "~nBun Time =

return H;

" {{ doublefclock{>-StartTick> CLOCKS_PER_SEC

<< " secwnsn';
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arithmetic

if

if—else
witch
hile
o

o
LOCperFUN
LOCmin
LOCmax
LOCstep

Dutput Parameter File Mame = bmloutpar.txt

Default: Uniform distribution of control structures
Generation of
Function =sise
Program size

single program .“~BHMidefaultl.cpp
48 LLOC
188 LLOC

o

Do you want to modify the function or program size Cysn)? y
Function size (>=A2 and program size (min = 18 LLOC)> = 588 28000

Input parameters:

14286
14286
14,286
14.286x»
14286
14286
14,286
588
2080808
20808

1

ould you like to modify these weightsz (ys/n2? u

[5]1 while
The relative

[11
[21]
[31
[41
[51
[6]
[71

arithmetic
if

if—else
ewitch
while

do

for
LLOCperFUN
LLOCmin
LLOCmax
LLOC=ztep

Enter YES to

The available control structures are:
[1] arithmetic [21 if [3]1 if—else [4]1 switch

[6]1 do [?7]1 for
weights of individuwal control structures reflect

the <absolute or relative? frequency of their use. The weights
must be nonnegative. The control structures that should not be
uszed must have the zero weight. Enter the desired values:

arithmetic weight = 1
if weight = 2
if—-else weight = 3
switch weight = 4
while weight = 5
do weight = 6
for weight = 7

Input parameters:

3.571x
7.143x%
18.714:»
14286
17.857
21.429:
25 .888:
La8
286888
206884

1

generate this program or HO to exit Cysn>? ¥

20,000 LLOC
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20,000 LLOC

EUHGTIGH GENERATION TRACE:

unc Size Errl:z] Des_LLOC Ach_LLOC Errl:x] Phys_lines Program Generation Rate
1 496 -B8.88x | 5688 D 476 A -B.88x | 7?5 PLOC | 49688 LLOCr/sec 77588 PLOC/sec
2 LB6 1.28x | 1888 D 1882 A a.28:x | 1568 PLOC | 561688 LLOCrszec 78088 PLOC-/sec
3 498 -@.48x | 1588 D 15688 A a.a8: | 2322 PLOC | 568888 LLOCszec 77488 PLOC/sec
4 LA8 1.68:x | 28088 D 20688 A A.48: | 318? PLOC | 58288 LLOC/sec 77725 PLOC/sec
5 518 2.88: | 2588 D 2518 A B.72x | 3?83 PLOC | 56368 LLOC-/sec 78868 PLOC-/sec
b 4880 —4.88x | Jaaga D 2998 A -B8A.87¢ | 4641 PLOC | 59968 LLOCr/sec 92828 PLOC/sec
? L26 L.28x | 3588 D 3524 n B.6%x | 5468 PLOC | 58733 LLOCrszec 91888 PLOC-/sec
8 492 —-1.68x | 48088 D 4016 A a.48:x | 6223 PLOC | 57371 LLOCrszec 88788 PLOC-sec
2 491 -1.88x | 4588 D 4587 A B.16x | 6774 PLOC | 56338 LLOCrszec 87175 PLOC/szec
18 B4 a.8@:x | L@@a D 5811 A B.22:x | 7756 PLOC | 55678 LLOC-/sec 86178 PLOC/sec
11 LBl B.28:x | K588 D 5512 A B.22:x | 8532 PLOC | 55128 LLOC/sec 85328 PLOC/sec
12 422 —-1.68x | 6888 D 6l@4 A B.a7:x | 2298 PLOC | 54582 LLOCr/sec 84527 PLOC/sec
13 L86 1.28¢ | 6588 D 6518 A B.15%x | 18884 PLOC | 54258 LLOCrszec 84033 PLOCrsec
14 L4 B.8@x | 7888 D 814 A a.28:x | 18863 PLOC | 53954 LLOCr/zec 83562 PLOC/sec
15 B4 a.8@:x | 7588 D 7518 A B.24:x | 11644 PLOC | 53788 LLOC-/sec 83171 PLOC-/sec
16 496 -8.88x | 8888 D 86814 n B.17x | 12414 PLOC | 53873 LLOCr/sec 82212 PLOC/sec
17 484 -3.28x | 8588 D 8478 A -8.82x | 13158 PLOC | 52783 LLOCr/sec 81677 PLOC-/sec
18 527 L.48x | 7888 D 7825 A a.28x | 13272 PLOC | 52778 LLOCrszec 81788 PLOCr/sec
19 487 -2.28x | 2588 D 2514 A B.15%:x | 14729 PLOC | 55637 LLOCr/zec 86135 PLOC/sec
28 LAS 1.88: | 18888 D 18817 A B.19:x | 15513 PLOC | 55354 LLOC/sec 85787 PLOC/sec
21 478 —-4.48x | 18588 D 184927 A -B.83:x 1 16243 PLOC | 54958 LLOC-/sec 85842 PLOC/sec
22 L22 4_48x | 11888 D 118172 A B.17x | 17868 PLOC | 54821 LLOC-/sec 84876 PLOC/sec
23 477 —-4.28x | 11588 D 11498 A -8.82:» 1 17782 PLOC | 544973 LLOCrszec 84388 PLOC-/sec
24 534 680 | 128088 D 12832 A a.27 | 18628 PLOC | 54443 LLOCr/zec 842978 PLOC/sec
25 459 -8.28x | 12588 D 12491 A -@A.@87¢ | 19335 PLOC | 54@74 LLOC/sec 83781 PLOC/sec
26 LB6 1.28: | 13888 D 12997 A -B.82:x | 20117 PLOC | 539292 LLOC-/sec 83473 PLOC/sec
27 L21 4_28x | 13588 D 13518 A B.13x | 20717 PLOC | 53857 LLOCr/sec 83335 PLOC/sec
28 518 2.88:x | 14888 D 14828 A a.28:x | 21714 PLOC | 53747 LLOCrszec 83175 PLOC-sec
29 486 -2.88x | 14588 D 14%14 A A.18:x | 22458 PLOC | 53557 LLOCrszec 82871 PLOC/sec
38 494 —-1.28x | 15888 D 156888 A A.85%: | 23221 PLOC | 5348? LLOCr/zec 82637 PLOC/sec
31 494 -1 .28 | 15588 D 15582 A a.a1:x | 23981 PLOC | 53271 LLOCr/sec 82487 PLOC/sec
32 L21 4_28:x | 16888 D 16823 A B.14:x | 24795 PLOC | 53233 LLOCr/sec 82375 PLOC/sec
33 475 -5.88x | 16588 D 16428 A -B.681:x ! 25522 PLOC | 536848 LLOCr/sec 82064 PLOC-/sec
34 L5682 .48 | 178088 D 17888 A a.aa: | 26381 PLOC | 52968 LLOCrszec 81735 PLOCrsec
35 12 248 | 17588 D 17%12 A a.a7x | 27871 PLOC | 52986 LLOCr/zec 81846 PLOC/sec
36 499 -@A.28x | 188088 D 18811 A B.86:x | 27861 PLOC | 52818 LLOCrsec 81784 PLOC/sec
37 LBl B.28:x | 18588 D 18512 A B.86:x | 28636 PLOC | 52741 LLOC-/sec 81584 PLOC/sec
38 528 4_88:x | 17888 D 17832 A B.17x | 294472 PLOC | 52728 LLOCr/sec 81576 PLOC/sec
39 467 -6.28x | 17588 D 17581 A a.a1:x | 3diee PLOC | 54017 LLOCrszec 83562 PLOC/sec

End of function generation.



ESULTS:

20,000 LLOC

enerated C++ program is stored in file .~BMidefaultl.cpp
ezired number of logical lines <LLOC> = 28084
chieved number of logical lines <(LLOGC> = 20847
rogram sizZe eprrop = B.84x
otal number of physical lines of code = 38915
umbher of physical lines per LLOC = 1.55
otal consumed processor time = B.36 sec
verage program generation rate = L5421 LLOCrsec
chieved maximum depth = b
chieved maximum hbreadth = B
FOgQram name = BMidefaultl.cpp
Control structure Count Dim Deszired prob. Achieved prob.
[1] arithmetic 14825 G} 3.5 3.5«
(21 if 178 285 i Yo13x
[3] if-else 297 428 1871 18,78
[4] switch 397 L7 1429 14.38x
[5]1 while 426 14 1786 1787«
[6]1 do 525 857 21 .43 21 .43
[?1 for 674 1848 25 .88 25 .88
Average ahsolute error = B.01x
Depth distribution:
(A1 1.8 [11 1.7« [21 1.7« [31 2.8x [41 13.7« [5]1 78_.4x [6]1 A.8x
Achieved <top? and Desired <(hottom? Breadth Distributions:
M1 8.8+ [11 5.8 [21 5.8 [3]1 18.8:x [4]1 2.8+ [5]1 48.8+x I[6]1 280.8: [7]1 A.8:x
(A1 8.8 [11 5.8 [21 5.8+ [31 18.8:x [4]1 2.8+ [5]1 48.8+x I[6]1 20.8: [7]1 A.8:x
Pemu option (R=regular, S=zlow, f=fast,. F=fastest, K=skip>: F
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30170 int maintvoid>
38171 £
30172 int I:

30174 FordIh; 1<o85; 1+o) TRentll] 20,000 LLOC

=8;
30175 for{I=8; I[<{428; [++» IFEcnt[l]l =8;
38176 for(l=B; I<{571; I++> SUcntll] =d;
30177 for{I=8; I[<{714; [++ WHILEcnt[I1=8;
30178 for(l=B; I{857; I++> DOcntll] =8; A Segment Of
38179 for(I=8; I<1888; [++ FORcntlI1 =8; .
36180 long int sum-8; generated main

30181

30182 sum += F1¢ » ;

30183 sum += F2{ » 3 C++ program

TA184 sum += F3¢ > ;

@185 sum += F4¢ > ;

0186 sum += F5¢ > ;

TA187 sum += F6C > ;

309188 sum += F2¢ ) ; Br1defaultl.cpp
TA189 sum += F8C > +

39190 sum += F9¢ > : C4++ Source file
39191 sum += F1@¢ > ; +

30192 sum += F11¢ > ; ova kB

0193 sum += F12¢ ) ;:

10194 sum += F13¢ ) ;

0195 sum += F14¢ > ;

0196 sum += Fi5¢ ) ;

gigg sum += Eigg ; ; hecksum = 291

2129 Sm - F18¢ > : IF frequency: Static = 198 Dynamic = 6855
30200 sum += F19¢ > ; IF-ELSE frequency: Static = 297 Dynamic = 12826
Egg% o i EE?E ; : WITCH frequency: Static = 397 Dynamic = 18724
30203 sum += F22¢( > ; HILE frequency: Static = 476 Dynamic = 183278
38284 sum += F23¢ 2 5 0 frequency: Static = 575 Dynamic = 116178
3020% sum += F24¢ > ; - . _ . —

Eggg sum 4= EEEE ; : OR %yequenayia Static = 694 Dynamic = 125620
3 sum += H = -

IA208 sum += F27¢ ) ; un -’ ime Zec

08209 sum += F28¢ > ;

368218 sum += F29¢ » ;

38241 sum += F38<¢ » ;

38212 sum += F31<¢ > ;

30213 sum += F32¢ » ;

36214 sum += F33¢ > ;

30215 sum += F34¢ » ;

30216 sum += F3IL¢ > ;

38217 sum += F3IGC > ;

30218 sum += F3I?¢ > ;

30219 sum += F3IBC > ;

38228 sum += F3I9¢ > ;

19221

1A222 £

IA223 int a,b.c.d.e.f.g.h.,i.j-k.1.m.n; 1 16
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‘. BM1default1 - Microsoft Visual C++ - [BM1default1.cpp]

[ File Edit Wiew Insert Project Build Tools ‘Window Help — =] x|
A E2EHT M = & GaicPa *1| s
| [Glabals) v || (a0 global members) ] ~|E - E ETREL)
| Minclude <iostrean:
uzing namespace std; ™
725 BM1default] classes

finclude<tine h:

int IFcnt[285)].IFEcnt([428].5Went[571],. WHILEcnt[714].D0cnt[857 ], FORcnt (10007 ;
int Fl{woid)

{ i?t_a;h;c;d;e;f;g;h;i;j;k;l;mtn;
i 7 P 20,000 LLOC
{
do
tEhilEl: ++WHILECcnt[9]%5 ) CorreCt

| \, compilation with
switch{ ++SWent[0]%3 ) .
{ MS Visual C++

caze 1: ES () -|
if{ ++IFEcnt[0]%2 ) .U complier
{
n —= (j—a—n+h*m+f )*100;
7 += (e+k+e)x100;
h += (n+e)&100;
ko o+= (f=f)x100;
= —= (h—eth*n+h—1-f+k+j-b*k+j+1+h)%100;
b
el=e
{

g += (g-f£3%100;
1 += (m+b)%100;

f += (k+h-k-c-lk+ct+atcto—oc*xn+l-m—e)100; -
5 T
B8 Classview | E] FilsWiew 4 »

= -
Al|lBM1defaultl . obj — 0 errori=s). 0 warning(s)

-

" Build / Debug % Find in Files 1 % Find in Files 2 % Results / [« | M

Ln1, Call




Project directory path <enter "." for default parameters) = .

Project Directory Path

Project MHame = default

Program Mame = .“~BMidefaultl.cpp 1,000,000
Input Parameter File Mame = bmlinpar.txt LLOC
Output Parameter File Mame = bmloutpar.txt

Default: Uniform distribution of control structures
Generation of a single program .“~BMidefaultl.cpp
Function size = 48 LLOC

Program =zize = 1880 LLOC

Do you want to modify the function or program size (ys/n2? y
Function size C>=02» and program size tmin = 18 LLOC>»> = 18860 180880040

Input parameteps:

arithmetic = 14.286
if = 14 286>
if—else = 14_.286%
switch = 14_2H6
Hhile = 14 286>
o = 14_.286x»
for = 14.286%
LLOCperFUN = 180804
LLOCmin = 1H338HBH
LLOCmax = 18388880
LLOC=ztep = 1

tYould you like to modify these weights (u/n>? n
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246
47
248
249
258
751
52
253
254
255
256
57
258
259
268
761
62
%63
764
765
266
%7
268
%9
278
71
272
273
74
75
76
2
278
9
288
781
282
783
284
785
286
787
288
789
278
791
292
293
274
95
276
972
98
99

784
1811
1885
18684

281
18688
1821
1845

292
1843

272
18684
1883
1818

282
1818

287
1813
18272

%63

295
1828

67
1818
1812
1811

287

788
1888
1864

288
1819

284
1817

284
1869

71
1822

7
1845
1818
1868

293

798
1888

992
1814

787

299
1825

69
1849

25

792

—1.68x%
1.18:x
a.58x
A.48:

—1.98x%
A.88:
2.18x
A.58:

—B.88x
A.38:

—2.88x
A.48:
a.38:
1.88:

—1.88x
1.88:

—1.38x%
1.38:x
2.98x

—3.78:

—B8.58x
2.88:

—3.38x
1.88:
1.28x
1.18:x

—1.38x%

-1.28x
a.88:
A.48:

-1.28x%
1.78:x

—1.68x%
1.78:x

—1.68x%
A.78:

—B.78x
2.28x

—2.38x%
A.58:
1.88x
A.88:

—B8.78x%

—1.88:
a.88:

-B.88:
1.48:x

-1.38x%

—-B.18x%
2.58:

—3.18x%
4.78:

—2.58x

—B.88x

746680
7470608
748680
7498608
258680
7518688
%2080
253868
%4680
255868
%6680
2578608
%8080
2598688
760080
761868
62080
763808
764080
765868
66080
767008
686080
7678608
278680
2718688
272080
2738688
274680
2758688
76080
22808
278080
2798688
280680
7818688
282080
838008
284680
785868
286080
870608
88080
7898608
278680
7918688
292080
7938608
274680
7958608
76680
9786008
988688
7978488

End of function generation.

(==l — ] — ] — ] — ] — ] — ]} — ] — ] — ] — ] — ] — ] — ] — ] — =] — ] — ] — = — = — ] — ] — ] — ] — ] ] — ] — f ] — ] ]

245999
747818
248015
747819
258680
7518688
252821
753026
254818
755821
255993
7569927
%8080
259818
259992
761818
61997
763818
264839
765062
265997
767025
267992
7678062
278614
271825
720812
273808
274088
275812
76080
77819
278083
279828
80084
781813
82084
783026
2840883
785068
280018
787818
288011
7898601
278082
791861
292815
793062
274881
795026
295995
97844
7980819
799811

T IID D D D D D DD D DD DD D D D D

—B.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:

—B.88:

—@.88:
a.88:
A.88:

—B.88:
A.88:

—B.88:
A.88:
a.88:
A.88:

—B.88:
A.88:

—B.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:
a.88:
A.88:

—B.88:
A.88:
B.88:
B.88:

1525122
1526758
1528378
1529995
15315679
1533183
1534837
1536455
1538852
1539672
1541236
1542851
15444772
1546105
1547682
1549327
15568714
1552546
1554289
1555762
1557361
1559023
15668585
1562206
1563836
1565471
1567861
1568654
1578283
1571898
1573485
1575133
1576715
1578361
1579943
1581575
1583168
15848208
1586371
15886820
158%641
1591254
1522868
1594451
1526888
1597682
1599317
1688718
1682514
166841772
1685726
16687420
1688997
1618574

Press Heturn to continue

PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOG
PLOC
PLOC
PLOC

49278
49280
47281
49282
49282
49282
49282
49283
49283
49284
49283
49284
47285
49311
42311
49313
49313
49314
42317
49315
42316
49318
42317
49318
42319
49321
42346
49346
42347
49348
49323
49324
49324
419326
42351
49352
49352
49354
42353
49354
42355
49356
49354
49354
49379
49380
47381
49381
42382
49383
42382
419386
49368
49361

LLOC zec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC sec
LLOC/zec
LLOC/zec
LLOC/zec

77446
79448
77458
79451
77451
794532
77451
79453
77453
79455
77453
79455
77456
79499
77499
79582
77581
79504
72587
79585
77586
79518
7508
79518
77512
79514
72554
79554
77556
79558
72517
79520
72528
79522
77562
79564
72564
79567
7566
79568
72578
79571
7567
79567
77087
79689
7612
79612
7612
79615
77614
79619
79578
79579

PLOC-zec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC-sec
PLOC/zec
PLOC/zec
PLOC/zec

1,000,000
LLOC




ESULTS:

enerated C++ program is stored in file .“BMidefaultl.cpp
ezired number of logical lines <LLOC> g G[G16]5]6]5]

chieved number of logical lines <LLOC> 1d88A41
rogram s=izZe error H.08:
otal numbher of physical lines of code 1611623
umber of physical lines per LLOC 1.61

otal consumed processor time
verage program generation rate

28.25 sec
49387 LLOC/sec C

1,000,000
LLOC

Brldefaultl.cpp
C++ Source file

chieved maximum depth [
chieved maximum hreadth 8 5111D6|{B
rogram name BMidefaultl.cpp
—————————————————————————————————— 1.6 GHz Intel
Control structure Count Dim Desired probh. Achieved prob. Pentium M
[1]1 arithmetic 772248 5 1429 1429 | I .
[21 if 21732 28571 14.29x 14.29x aptop.
[3]1 if-else 21733 28571 1429 1429
[4]1 s=switch 21733 28571 1429 1429 Taen = 20
[51 while 21733 28571 1429 1429 9
[61 do 21732 28571 1429 1429
[?1 for 21732 28571 1429 1429 seconds
Average absolute error = H.HA: Speed = 50
KLLOC/sec
Depth distribution:
(B1 8.9« [11 B8.8x [2]1 ®B8.9x [31 2.9+ [4]1 14.1» [5]1 88.4» I[6] 8.8
Achieved <top>»> and Desired C(hottom?» Breadth Distributions:
(B]1 8.8+ [11 5.8x [2]1 5.8:x [3]1 18.8x [4]1 28.8:+x [5]1 489.8x [6] 280.8x [7]1 B.8:x
(B]1 8.8+ [11 5.8x [2]1 5.8:x [3]1 18.8x [4]1 28.8:+x [5]1 489.8x [6] 280.8:x [7]1 B.8:x
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Summary of BM1 properties

Easy specification of parameters

Uniform and nonuniform distribution of control
structures

Very fast code generation (even on slow hardware)
Very accurate control structure distribution

Very accurate program size

Correct compilation

Possible execution

Generation of individual benchmarks and their series

Limited diversity of code (e.g. scalar data only, no file
input/output, only procedural code)
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BenchMaker 2 and the Kernel
Insertion Program Generation
Method
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Goals

exible adjustment of program structure
exible adjustment of program size
exible adjustment of execution time

-

= Semantic interpretation of workload
characteristics

= Evaluation and comparison of compilers
for different types of workload

= Evaluation and comparison of computer
performance for different types of workload
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Kernels

« Kernels are sequential segments of code that have
a standardized structure:
— Data definition and initialization
— Procedural and OO data processing
— Verification of correct results
— Calibrated to have standardized (constant) run time (e.qg.

1 sec) in order to be equally significant

« Kernels also have a clear semantic interpretation.
They represent recognizable and frequently used
operations; e.qg.: sort, search, matrix operations
(multiplication, inversion), disk operations, etc.
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Kernel-Related Issues

= Kernel structure

= Kernel library

= Workload characterization by kernel distribution
= Benchmark workload structure

= Benchmark workload size

» BenchMaker 2 program generator

= Kernel calibration
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KIN method

Create a library of important and frequently used
executable program segments called kernels.
Kernels must be self contained (generate data,
process data, and test the validity of results)

Select a distribution of kernels that characterizes a
desired computer workload.

Select a desired structure of benchmark workload.
Select a desired size of benchmark workload.

Create the benchmark workload by adding kernels
according to the selected distribution. Stop when
the resulting benchmark program attains the
desired size.
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The Concept of Kernel Insertion

CLIENT
(remote P RESULT
or local) T B1 B2 Bn
. . REQUEST
. . « BENCHMARK ‘
. . GENERATOR
l T Generated
\J/ Client benchmark
benchmark serles or
modules suites
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Kernel Naming and Classification

LAGS#H#

L = Programming language code:
C denotes C++
B denotes C language
J denotes Java
F denotes Fortran
A = Area code (0...9) for main kernel areas
G = Group code (0...9) inside an area
S = Subgroup code (0...9) inside a group
## = Kernel ID (00, 01, ...) inside the subgroup

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢
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Areas of Classification

1. Processor performance kernels

2. Memory access kernels (paging and
caching)

. Disk and peripherals access kernels
. System kernels
5. User programs

B~ W
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Kernel Classification (1/9)

1 PROCESSOR PERFORMANCE KERNELS
11 Nonnumerical procedural kernels

110 Miscellaneous
111 Control structures and function calls
112 Arrays (including C-strings)
113 Strings (the standard class string)
114 Records/structs
115 Dynamic lists, queues, and trees
116 Search, sort, and merge
117 Recursive nonnumerical problems
118 Combinatorial problems
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Kernel Classification (2/9)

1 PROCESSOR PERFORMANCE KERNELS

12 Seminumerical procedural kernels
120 Miscellaneous
121 Integer arithmetic and counters
122 Bitwise and integer operations/functions
123 Graph algorithms
124 Prime numbers
125 Random numbers and Monte Carlo methods
126 Cryptography
127 Recursive seminumerical problems
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Kernel Classification (3/9)

1 PROCESSOR PERFORMANCE KERNELS
13 Numerical procedural kernels

130 Miscellaneous
131 Scalar floating-point arithmetic
132 Library and special functions
133 Arrays
134 Polynomials
135 Matrices
136 Integrals and differential equations
137 Recursive numerical problems
138 Statistics

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢
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Kernel Classification (4/9)

1 PROCESSOR PERFORMANCE KERNELS

14 Object oriented kernels
140 Miscellaneous
141 Object construction/destruction/manipulation
142 Overloading operators
143 Inheritance and multiple inheritance
144 Polymorphism
145 Abstract classes
146 Templates
147 Exception handling

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢ 100




Kernel Classification (5/9)

2 MEMORY ACCESS KERNELS (PAGING &
CACHING)

21 Static memory access
210 Miscellaneous
211 Uniform distribution, multiple localities
212 Normal distribution, multiple localities

22 Dynamic memory access
220 Miscellaneous
221 Uniform distribution, multiple localities
222 Normal distribution, multiple localities
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Kernel Classification (6/9)

3 DISK AND PERIPHERALS ACCESS KERNELS

31 Disk access
310 Miscellaneous
311 Sequential access
312 Random access

32 Other peripheral kernels
320 Miscellaneous

321 VDU and graphics
322 Archival tape access
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Kernel Classification (7/9)

4 SYSTEM KERNELS

41 Processes
410 Miscellaneous
411 Process create and delete
412 Multicore

42 Threads
420 Miscellaneous
421 Thread create and delete
422 Hyperthreaded

43 Signals and alarms
430 Miscellaneous
431 Signals
432 Alarms
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Kernel Classification (8/9)

4 SYSTEM KERNELS

44 Pipes and other process communication
mechanisms

440 Miscellaneous
441 Pipe communication
45 Networking and data communication
450 Miscellaneous
451 Socket communication
46 File management
460 Miscellaneous
461 Sequential access
462 Random access
463 Indexed access

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢ 104




Kernel Classification (9/9)

5 USER PROGRAMS

50 Miscellaneous
500 Miscellaneous
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Kernel Design Concepts (1/2)

®  Kernels must be self-contained (designed
as a block that can be inserted at any
place in a benchmark program)

®  To secure maximum mobility of kernel
code, its dependence on environment
should be kept at minimum (usage of only
a few global variables).

" Kernels must be resistant to elimination by
optimizing compilers.
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Kernel Design Concepts (2/2)

" |Input data must be internally generated.

¥  The number of lines of code in a kernel
must be limited to secure sufficient
granularity of benchmark workload.

" ltis necessary to include a validation of
results to verify both the correctness of
algorithm, and the proper functioning of
tested hardware and software.
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Standard Kernel Structure

{ /] Definition of local data objects TIME = O(SEC)
char* name = “<kernel code>: <kernel name>";
for(I1=0; I<SEC; |++) /I SEC = desired run time in sec
for(J=0; J<RATE; J++) /[ 1 second calibration loop
{
/I Local data initialization // Synthetic data
/| Computation of results // Any algorithm

// Validation of results // Computation of the
if(results_incorrect) // results_incorrect flag
{ // Error message
exit(1); // Abort benchmark execution
}
}
terminator( name ); // Kernel termination function
} I/ (kernel/benchmark termination)
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Benchmark Terminator Function

void terminator( char name[ ] )

{
double RunTime= sec( ) - STARTTIME; // Benchmark run time (from
KERNEL_COUNT++; Il start to this point)

if(TRACE) cout << "Kernel Count =" << KERNEL_COUNT
<<" Seconds" << RunTime <<" " << name << endl;

I/l End of program test

if( (MAXKERNEL>0 && MAXKERNEL <= KERNEL_COUNT) ||
(MAXSEC > 0. && MAXSEC <= RunTime) )
{
cout << "\n\nNumber of executed kernels =" << KERNEL_COUNT
<< "\nRun time [total seconds] =" << RunTime
<< "\n\nEnd of measurement\n\n";
exit(1);
}
}
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Global Parameters

B SEC : desired kernel run time in seconds
¥ MAXSEC : desired benchmark run time in seconds

® KERNEL_COUNT : a counter used by the
benchmark program to control the number of
executed kernels

¥ MAXKERNEL : desired number of executed
kernels

® RATE : the number of kernel initialization-
computation- validation cycles per second
(adjusted during the kernel calibration process)

® TRACE : benchmark program trace flag
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Benchmark Generation Process

Select a desired BENCHMARK _PROGRAM SIZE

Select a desired benchmark program structure

KERNEL SELECTION: Select the most appropriate kernel
using either random or deterministic selection technique

PROGRAM EXPANSION: Insert the selected kernel in the
desired benchmark program structure

PROGRAM SIZE MEASUREMENT:

SIZE = number of lines of code in the expanded program

do while (SIZE < BENCHMARK_PROGRAM_SIZE) ;
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Kernel Calibration

» Adjust the kernel SIZE parameter to get
a desired use of memory

= Adjust the internal SEC parameter to
get a desired run time T = O(SEC)

= Calibration is performed using an
independent calibration program tool

= Kernels are stored in kernel library

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovic 112



Calibration parameters

r = the repetition count
t = run time that corresponds to r
T = desired (calibrated) run time

R = the repetition count value that corresponds
to the desired value of T (denoted in programs
as RATE, the number of repetitions per second)

Linear model: t=ar + b, a=const., b=const. (b
IS usually negligible)
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Calibration process

t=ar +b, a=const, b=const.

t, =ar, +b, t, =ar, +Db, T=aR+Db
t,—-t, =a(r, —r), T-t,=a(R-r,),
L bt _T-t

rn-r R-r
R=r +( —t)(r, —r)/(t, -t,)

R should be greater than 100 to provide accurate approximation of T
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BM2 System Overview

l€

Remote User [~

INTERNET

Web Server (+JSP)

BenchMaker GUI
A
~—specin —] rnels
SEC
ProgType LAGS##
LOCmin | i |
LOCmax
LOCstep —Outputs — ———
LAGS## F1 spec.out
LAGS## Fn LLOC1.lan
f LLOC2.lan
LLOC3.lan
\ 4 Y
BM2 Engine LLOCK Tanf

7Y

BM2 user command line menu interface

BenchMaker 1&2

Local Console User

Copyright © 2010 by Jozo Dujmovi¢
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Workload Characterization

® Representative set of kernels (those that are most
similar to user’s expected or existing activities)

" Individual kernel weights (relative frequencies of use
of the type of processing implemented by a kernel)

" The length of generated kernel-based benchmark
(expressed in logical lines of code, LOC, which are
generally defined as high-level language statements)

® Individual kernel run times (SEC, seconds per
kernel), that affect the total run time of the generated
benchmark.
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Benchmark Generation Methods

" Kernel sequence (SEQ) model
® Kernel function (KF) model

® Minimum size canonic (MC) loop-select
model

® Adjustable size canonic (AC) loop-select
model

" Kernel-terminated recursive expansion
(REX) model
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SEQ: Kernel Sequence Model

void main(void) Kernels are randomly or
{ deterministically selected
{ K33} according to a desired kernel
distribution function
{K17 }
{ K44 }
while(LOC(main) < desired_SIZE)
{ K19} {
Select kernel;
{ K33} Append kernel,;
}
{ K41}
{ K44 }
{ K93 }
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SEQF: Kernel Function Model

int ERROR; /I Global kernel error code

int F1(void)

{
{ K19} // Randomly selected kernel
return ERROR ; /I Kernel error code

}

int Fn(void)

{
{ K41 } // Randomly selected kernel
return ERROR ; /| Kernel error code

}

void main(void)

{ long intsum =0 ;

sum +=F1();
sum +=Fn( ) ;
cout << sum;

}
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MC: Minimum Size Canonic Loop-Select Model

for(i=0; i<TIME; i++)
switch( selector( ) )

{
case 00: { KOO }; break;
case 01: {KO1}; break;
case 02: {KO2}; break;
case 99: { K99 }; break;
}

TIME = execution time parameter.
selector( ) = kernel distribution function.
Each kernel appears only once.

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovi¢ 120



AC: Adjustable Size Canonic Loop-Select Model

for(i=0; I<TIME; i++)
switch( uniform() ) // 0 <uniform( ) < SIZE

{ case 0000: {K19}; break;
case 0001: { KO2}; break;
case 0002: { KO2 }; break;
case 0003: { K02} ; break;
case 0004: { K19} ; break;

case SIZE: { K41} ; break;
}

TIME = execution time parameter. Kernels may
repeat. Their frequency is specified by the
desired SIZE and the kernel distribution function.
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REX: Kernel-terminated recursive expansion model

I/l G[ ] = global counter array. Initially long G[n]=0, n=1,...,N
if (++G[13]%2) //1,0,1,0,1, ...

{
while (++G[141%5) // 1,2,3,4,0,1,2,3,4,0, ...
{
{ K19} Il Kernel termination
if (++G[15]%2) /I 1,0,1,0,1, ...
{
{K17} /I Kernel termination
}
}
}
else
{

for(; ++G[16]%5 ;) Il 1,2,3,40,1,2,3,4,0, ...
if (++G[171%2) /[ 1,0,1,0,1, ...
{K64} /I Kernel termination

else
{K17} /I Kernel termination
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Workload Characterization by Kernel
Distribution

K, K,,..., K =kernels

P,P,....,P, =desired kernel probabilities

Kernel selection techniques:
* Minimization of error criterion (math approach)
« Random selection according to given distribution

* Deterministic Optimum Selection (DOS)
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Kernel Selection Problem [1/11]

N = total number of available kernels

K1, Ko,..., Ky = kernels

Li,Ly,...,L, = kernel sizes [ LOC |

f, f5,..., fn = kernel frequencies in a given program
fi + 5 +...+ f; = F = total number of kernels

fiLy + foLy +...+ fLn = total benchmark size

_ = desired size of benchmark program [LOC]
H,P,..., B, = desired kernel probabilities

o, = fj/F, i=1..,n : achieved kernel probabilities
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Kernel Selection Problem [2/11]

INPUTS:

P,P,....,P, =desired kernel probabilities
L = desired benchmark size

PROBLEM :

Find optimum kernel frequencies f°, f*,..., f

2 n

so that the resulting benchmark has a desired

size and desired kernel probabilities.
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Kernel Selection Problem [3/11]

Statement of the kernel selection problem :

Minimize the kernel distribution error

E(f,f,,.., fn):z f ~-P

|+ L+ 1

with the following condition :
fL+fL+.+fL =L

n—n —
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Kernel Selection Problem [4/11]

In other words, find f*, f",..., f* so that
f.

2 n

%k

E(f f . f)=min 2.

e e I P A SIS 8

and

ffL+fL+.+fL =L

n

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovic
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Kernel Selection Problem [5/11]

Approach #1. Minimize a global error criterion function that
combines two goals: a desired program size, and a desired
kernel distribution.

C(f,f,,...T)=

— 1/r

W(fL +..+f,L —L|) +(1—W)(i fi PiJ

o+ ++ 1

0<W<1, 1<r <+ (tosimultaneously satisfy both goals)

This function can be minimized using Nelder-Mead algorithm.
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Kernel Selection Problem [6/11]

Advantage of the mathematical approach:
* |tis possible to generate the exact optimum solution

Disadvantages:

* The solution depends on parameters W and r. It may
be necessary to readjust parameters for different
numbers and distributions of kernels.

 Minimization can find a local minimum different from
the optimum solution.

* Minimization can be time consuming.
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Kernel Selection Problem [7/11]

Approach #2: Random selection according to desired
kernel probabillity distribution.

do{
r = (random integer from 1 to n distributed according
to any desired kernel distribution) ;
Insert kernel Kr In benchmark program;

size = (number of lines of code after the addition of
kernel K, );

} while (size < L);
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Kernel Selection Problem [8/11]

Advantages of random selection:
« Simplicity
« Speed (constant kernel selection time)
« Appropriate for very large programs
Disadvantage:

* Large and random distribution errors for small
and medium numbers of kernels
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Kernel Selection Problem [9/11]

Approach #3: Deterministic Optimum Selection (DOS)
according to desired kernel distribution.

do{
r = (integer from 1 to n selected by DOS according
to desired kernel distribution) ;
Insert kernel Kr in benchmark program,;

size = (number of lines of code after the addition of
kernel K, );

} while (size < L);
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Kernel Selection Problem [10/11]

DOS Algorithm: In each iteration add kernel

that minimizes the kernel distribution error

fj+1

P.

&()) =

n
3
1=1

| # |

ﬁ+f2+m+fn+f_

f.

J

ﬁ+f2+m+fn+f_

_|_

P, 1<]<n

Select kernel K, where &(r) = min ()

BenchMaker 1&2

1<j<n
Copyright © 2010 by Jozo Dujmovic

133



Kernel Selection Problem [11/11]

Advantages of DOS approach:
« Simplicity
* Close to optimum in each insertion step
* Accurate for any program size
Disadvantage:

« Each kernel selection needs time O(n)
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BenchMaker2 Engine
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Algorithm

1. Select the structure of the generated program
2. Select the desired size of program (LLOC or K)
3. Select the desired distribution of kernels

4. Select the optimum kernel according to the
deterministic selection algorithm (DSA)

5. Insert the selected kernel in the generated
program

6. If the desired size is not achieved go to (4).
Otherwise, stop.
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File Edit \iew Fawvorites Tools  Help .ﬂ'

@Eack 3 G L% pﬁearch [B Folders ?v

Address || C\CentralFiles) Jozaljozo-programsiP R O G R A M SiBenchMakeriBenchiMaker 2\BM2deno |*-* G0
S
m B ==
d Folde B BMZ Lj Kernel_Library

':‘} Make a new Folder

Publish this Folder ko
the Web

k! Share this Folder

| ProOECTS

i) BenchMaker 2
|E:'| My Docurments
i) Shared Documents
a My Computer
ii My Metwark Places

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovié 137



File  Edit View Fawvorites Tools  Help #
@ Back = “;1 L% p Search [Ej Folders [iii|~=
Address |7 C:\CentralFilest Jozaljozo-programsiP R O G R A M SiBenchMaker\BenchMaker 2\EMZdernolEM2 |"~"’ G0

FY
—_— EMZ.cpp
Sl C"' C++ Source file BMZ.exe
*| s0ke
:} Make a new Folder

Publish this Folder ko
the Web

k! Share this Folder

) BMzdema

E:.'I My Documents
i) Shared Documents
a My Camputer

l‘g My Mebwork Places
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i”"-" Kernel_Library

File Edit \iew Fawvorites  Tools

@Back b -\_-Q L@ ﬁﬁearch I-L:; Folders

Help

Address |IE| CiCentralFilest Jozoljozo-programsiP R O G R & M S\BenchMaker\BenchiMaker 2\8M2demo’kernel_Library

W

- File and Folder Tasks

'.:j Make a new folder

Publish this Folder ka
the web

k! Share this Folder

ljther F|-;':lEE5

i) BMadema

[E:'I My Documents
() Shared Documents
a My Computer

ig My Mebwork Places

Details

BenchMaker 1&2

Fandomness and skatiskics

Release

Backup of KERMNEL _LIBRARY whl

= c1180
B c11602
= c11s03
= 11604
B C11605
= c11608
= 11807
= c11608
= c11609
= ciis10
=170
= c1z10

= c1z301

= 12401
= c1z402
= c131m
= c13102
= c135m1
= c13502
=l c13503
= c13504
= c136m1
= c13s02
= c141m1
= c14102
= c14103
= c14104
=l cz1100
= czio
= cz1102

= cz1103

Copyright © 2010 by Jozo Dujmovié

= 21104
= cz1105

= czz100

= czzin
C2210z

= czz103

= czzind

= czz105

= c31300

= c31301

ef] Calc13101.cpp
E:I iZalibration.log
@ iZalibrator.cpp
Calil:nratu:ur.u:lsp
T8l Calibrator, dsw
iZalibrator.nch

iZalibrator, opk
CALIBRATOR. PAR.
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&= PROJECTS

File Edit \iew Favorites Tools  Help

@ Back - G L‘E p Search [ﬁ Folders

: File and Folder Tasks

3 Make a new folder

Publish this Folder ko
the Wweb

k! Share this Folder

Other Places

i) BMzdemoa

|E2| My Docurents
I Shared Docurments
a My Compuker

ig My Metwork Places
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e “Ci\CentralFiles\Jozo\jozo-programs\P R O G R A M 5\BenchMaker\BenchMaker 2

BenchMaker BMZ — GENERATOR OF EXECUTABLE BENCHMAREK PROGRAMS

Version 1.5 Last update: FEB 21. 2865
¢G> 20003-20018 by Jozo J. Dujmovic

BM2 detected 48 kernels in directory ..“Kernel_Librarys

Available options:

H. Program Generator
1. Kernel Uiewer
—1. Quit

Enter yvour choice: 1_
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& "C:\CentralFiles\Jozo\jozo-programs\P R O G R A M 5\BenchMaker\BenchMaker 2\BM 2 Development\Release\BM 2. exe™

i Code LOC TITLE

1 C113dv1 28 C11381: Counting wordsz in a string

2 ClieBEl 32 Cl11681: Class with Bubble ZSort function

2 CiieB@2 38 C11682: Class with QuickBort function

4 Cili68@3 31 Cl11683: Claszs with Select ZSort function

L Clied4d 22 Cl1i684: Embedded Binary Search

6 Cli685 25 C11685: Embedded Bubble Sort

Y Cli686 23 C11686: Embedded Select Sort

8 Ci1i6d47 27 Cl1i68Y: Class with an iterative binary search function

2 Cli6H8 48 Cl1i688: Embedded merge of sorted arrays

18 Ciis@? 37 Cl1i687?: Class with a merge function

11 Cilis1B 21 Cli61@: Linear search

12 Ci1781 24 Cli781: Class with a recursive hinary search

13 Ci2181 29 12181 : Basic arithmetic with integer scalars

14 C12381 38 C12381: Graph centroid <integer distances?

15 Ci12481 23 12481 : Divide and test prime numbher generator

i6 Ci24@2 23 C12482: Erathostenes sieve prime numbher generator

17 C13181 27 13181 : Basic arithmetic with scalars of type douhle

18 Ci3i@2 29 ¢13182: Basic arithmetic with scalars of type float

1?7 C13581 44 13581 : Class with a linear eqguations solver

28 C13582 117 C13582: Class with matrix inversion

21 C13583 3a C13583: Graph centroid <float distances?

22 0C13584 3a ¢13584: Graph centroid <double distances>

23 Ciie81 73 C13681: Class with differental eguations CRunge—-Kutta>

24 Ci3loB2 37 C13682: Mumerical computation of integrals <trapezoids>
25 Cid4181 35 Cl4181: Class with an array of 4 scalar float values per component
26 Ci14182 35 Cl14182: Class with an array of 4 scalar double values per component
27 C14183 38 C14183: An array of objects Can array of 12 type float components per object?
28 Ci41B4 38 Ci4184: An array of objects Can array of 12 type double components per ohject?
2? C21168 36 C21188: Uniform memory access to 1-5 localities <static?
38 C21181 36 C21181: Uniform memory access to 1 locality <statdic?

31 Cc211@2 36 C21182: Uniform memory access to 2 localities (static?

32 C21183 36 C21183: Uniform memory access to 3 localities (static)

33 C21184 36 C21184: Uniform memory access to 4 localities (static)

34 C2118% 36 C21185: Uniform memory access to 5% localities (static?

35 C22148 44 C22188: Uniform memory access to 1-5 localities <dynamic?
36 C22181 48 C22181: Uniform memory access to 1 locality Cdynamic

37 Cc22182 48 C22182: Uniform memory access to 2 localities C{dynamic
38 C22183 48 C22183: Uniform memory access to 3 localities C{dynamic
37 C22184 48 C22184: Uniform memory access to 4 localities C{dynamic
48 C22185 48 C22185: Uniform memory access to 5% localities C{dynamic

Fnter kernel # to see the kernel ¢ to activate the

BHZ generator, —1 to guitd): 12



eo “C:\CentralFiles\Jozo\jozo-programs\P R 0 G R A M S\BenchMaker\BenchMaker 2\BM 2 Development\Release\BM 2.exe™

s 11781
char* pame="011781: Class with a recursive hinary search';
int SIZE = 180888; A7 max value of SIEZE = 180068

for{I=A; I<{SEC; I++>

AACalibrated for Dell Latitude DEHA,. Pentium MACentrino. 1.4 GHz. Windows
fordJ=A; J<?: J++d
£
class RecBinSeawrch
{ private:
int alilB88861;

public:
RecBinSearch<{>{for(int i=0; i{10000@; i++> alil=I+J+i;>

int bhsearch{int vl]l, int low, int high, int x>

£ int mid = €low + high)» ~ 2;
if {low>high? return —1;
if¢x<vlmid]l} return bhsearchiv, low, mid-1, x>;
if x>0 lmid]l} return hzearchiv, mid+l, high, x>;
return mid;

>
int test<{int SIZE> s Uerification of results
£
for<{int i=HA; i<SIEE; i++>
if<albhsearchta,. A, SIZE-1. alil>] t*= alil} return 1;
return A;
3
¥ or; s r iz an obhject from this class

N ifir.test(SIZEY>{cout << "nError in " << name << *sn'; exit<1>:3
KERHEL_COUNT ++; if<{TRACE}> cout << KERNEL_COUNT << " " {{ name << endl;
k2

Fress Enter to continue ... _

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovié
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e "C:\CentralFiles\Jozo\jozo-programs\P R O G R A M 5\BenchMaker\BenchMaker 2\BM 2 Development\Release\BM 2.exe™

BenchMaker BM2 - Program Generator
De =z ired Ker»nel Diszsteribution
Prohability Kernel
2.58x C113d1: Counting words in a string
2.5 Cii681: Class with Bubble Sort function
2.58: C11602: Class with QuickSort function
2.50 C116H83: Class with Select Sort function
2.50 Cl1i684: Emhedded Binary Search
2.50 C11685: Emhedded Bubhle Sort
250 Cl1i686: Emhedded Select Sort
2.58:x¢ C11687Y: Class with an iterative bhinary search function
2.58:x¢ C11688: Embedded merge of sorted arrays
2.58:x¢ C1168%2: Class with a merge function
250 C11618: Linear search
2.58: 11781 : Class with a recursive binary search
2.58: 12181 : Basic arithmetic with integer scalars
2.58: 12381 : Graph centroid (integer distances
2.58: C12481: Divide and test prime number generator
2.58: C12482: Erathostenes sieve prime number generator
2.58: 13181 : Basic arithmetic with scalars of type double
2.58: 13182: Basic arithmetic with scalars of type float
2.58: 13581 : Class with a linear equations solver
2.58: C135082: Class with matrix inversion
2.58: 13583: Graph centroid <float distances>
2.58: 13584: Graph centroid <double distances>
2.58:x C13681: Class with differental egquations (Runge—Kuttal
2.58:x C13682: Mumerical computation of integrals <trape=zoids?
2.58:x C14181: Class with an array of 4 scalar float values per component
2.58x Cl4182: Class with an array of 4 scalar double values per component
2.58x C14183: An array of obhjects <an avrray of 12 type float components per ohject?
2.58x Cl4id4: An array of ohjects <an array of 12 type double components per ohjectl
2.58x C2118@: Uniform memory access to 1-5 localities <statdic)
2.58 C211d1:= Uniform memory access to 1 locality (static?
2.58 C21182: Uniform memory access to 2 localities (staticl
2.50 C21183: Uniform memory access to 3 localities (staticl
2.50 C211d4: Uniform memory access to 4 localities (staticl
2.50 C211@5: Uniform memory access to 5 localities (staticl
250 C2218@: Uniform memory accessz to 1-5 localitiesz C(dynamic?
250 C221d1: Uniform memory access to 1 locality (dynamic?)
2.58:x¢ C22182: Uniform memory access to 2 localities Cdynamic?
2.58:x¢ C22183: Uniform memory access to 3 localities Cdynamic
2.58:x¢ C22184: Uniform memory access to 4 localities Cdynamic?
2.58: C22185: Uniform memory access to 5 localities Cdynamic?
Uzer name = Jozo
Project = FEB11_




hser name = Jozo
Project = FEBR11

The following generation methods are available:

HB. Help : Definition of SEQ,. SEQF,. SEQFM,. LSMU. LS. REX
1. SEq = Sequence of kernels C(repetitive kernels)
2. SEQF = Sequence of kernel functions (repetitive kernels>
3. SEQFM: Sequence of kernel functions {minimum sizel
4. LSMU = Loop—select form: minimum size, wuniform distribution
E. L5 = Adjustable distributionssizestime loop—select form
- RER = Recursive expansion technigue

Your option: 2_
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e "C:\CentralFiles\Jozo\jozo-programs\P R 0 G R A M 5\BenchMaker\BenchMaker 2\BM2 Development\Release\BM 2. exe™

SEQF: SEQUENCE OF KERMEL FUNCTIONS
Unit=s: program size can be measured in

numher of lines of code>
total number of kewvrnelsd

1. Linez of code <(Program name will he SEQFnL.cpp, where n
2. Kernels CProgram name will he SEQFnK.cpp. where n

Your option: 2

SIZE [HKernels] : MIM. MAX, STEP = 2 28 2

Generated Programisr
## Desired =zize Achieved size Distribution error Program name
1 2K 2K 4L 25 .88 - - “PROJECTS~Jozo~FEB11+~5EQF2K._cpp>
2 4K 4K 147L 768.88: - - “PROJECTS~Jozo~FEB11~5EQF4K . cpp>
3 6K 6K 178L 85 .88 - - “PROJECTS~Jozo~FEB11~5EQFGK.cpp>
4 8K 8K 252L 80.08: - - “PROJECTS~Jozo~FEB11~5EQF8K.cpp>
Y 18K 18K 333L 75 .88 - - “PROJECTS~Jozo~FEB11~8EQF1B8K. cpp>
[ 12K 12K J82L 78,88 - - “"PROJECTS~Jozo~FEB11~8EQF12K.cpp>
? 14K 14K 4451 65 .88 - - “PROJECT S~ Jo=zo~FEB11~SEQF14K. cpp>
8 16K 16K 495L 66 .88 - - “PROJECTS~Jozo~FEB11~8EQF16K.cpp>
? 1BK 18K LLEL LG .88 - - “PROJECTS~Jozo~FEB11~8EQF18K. .cpp>
18 28K 28K 728L L8.88: - - “PROJECT S~ Jozo“~FEB11-8EQF28K.cpp>

Pressz any key to continue_
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File  Edit

@Back r K‘J

fddress

Folders

Wiew  Faworites  Tools  Help

H,_:h Folders

Lﬁ ,::] Search

'

|- Ci\vCentralFiles) Jozoljozo-programsiP B O G R A M SiBenchMakeriBenchMaker 2\PROJECTS\joz0\FEEL 1

=

= [ 7) jozo-programs
E CIPROGRAMS
= () BenchMaker
# (7)) BenchMaker 1
= |.7) BenchiMaker 2
|7} BMZ Development
I} BMZtest
) Calibrator_Library
|1 Documentation
I0) Kernel_Development
H () Kernel_Library
H ) 00 Kernels
|1 Procedural Eernels
= () PROJECTS
=
= 1) jozo
o
|- Laptopselect
) LS
H () LM
I) MonuniformSEQFM
) sEQ
I SEQF
) SEQFM
1) test
I UniformSEQF
[ | InifarmSFOFM

(]

C

SEQFZK.cpp

+
+

C

SEQF4E. cpp

C

+
+

+
+

C:

SEQFeK.cpp

C:

C:

SEQFEK.cpp

C:

SEQFI0K.cpp /SEQFLZk.cpp SEQF14K.cpp SEQFLEK.Ccpp

C

SEQF18K.cpp SEQF20K.cpp

+
+

C

+
+




[ File Edit ‘iew Insert Project Build Tools Window Help

S = EH o B

=1l ~ll %

Minclude <iostream:
us=ing =std: cout;
u=sing =std: endl;

#include <string:
uzing std: =tring;

tinclude <f=tream:
us=ing std: ifstreamn;
u=ing =td: :ofstream;
uszing =std: io=;

#include <math h:
tinclude <time. h:

S 31 obal variables=s
un=igned long int I.J.
SEC=1:
double FunTime;
int G = 0 ;
int TRACE = 0;
un=igned long int KERHEL_COUHT = 0;

void Fl{woid)

{7 11301
char#* nam=="C11301:
con=t int SIZE = e00000;

char =[SIZE].
int 1. count,

w[?]="word "“:

nw=5I7E<f ;

for{I=0; I<SEC; I++)

ssCalibrated for Dell Latitude Da00.
for{J=0; J<d46; J+4)

for(i=0; i<5IZE;
=[SIZE-1]=0;

S
i

e
e

i
S

Pentium MsCentrino,

14++) s[i]=wlix6]+(G=1-G);

Calibration loop indices
Fun time per kernel

Meazured run time in =econds
Global flip—flop wariable

Eernel trace flag
Eernel execution counter

double sec({void) {return clock( ) -double{CLOCES _PERE SECY: ' ~ Eun time

Counting words in a string”;

<« Fimed =ize paranster

1.4 GHz., Window=s XP. VC++ 6.0,

¢ Data initialization

Felea=e



Execution of SEQF 10K without trace (TRACE=0)

e "C:\CentralFiles\Jozo\jozo-programs\P RO G R A M S\BenchMaker\BenchMaker 2\PROJECTS\jozo\FEB11\Release\SEQF 10K.exe™

Executiun of program GC:xCentralFiles“Jozo“jozo—programs~P R O G R A M S5<BenchMaker~BenchMaker 2~PROJEC

NUMBER OF EXECUTED KERNELS
MEASURED RUN TIME [secl

18
6.516

nd of program (SEQF program size = 18K . 333L>
ress any key to continue_

Execution of SEQF 10K with trace (TRACE=1)

e "C:\CentralFiles\Jozo\jozo-programs\P R O G R A M 5\BenchMaker\BenchMaker 2\PROJECTS\jozo\FEB11\Release\SEQF 10K.exe™

Executiun of program C:sCentralFilessJozojozo—programs~PF R O G R A H S~BenchMaker-BenchMaker 2~PROJEC

1 C11381: Counting words in a string

2 Cl11681: Class with Bubble Sort function

3 Cl1682: Class with QuickSort function

4 C11683: Class with Select Sort function

L Cl1684: Embedded Binary Search

& Cl11685: Embedded Bubhle Sort

Y C11686: Embedded Select Sort

8 Cl1687Y: Clas=s with an iterative hinary search function
? Cli688: Embedded merge of sorted arraus

18 C116H?: Class with a merge function

NUMBER OF ERECUTED KERNELS
MEASURED RUN TIME [secl

18
6.515

nd of program (SEQF program size = 18K . 333L>»
rezs any key to continue
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Summary of BM2 properties

Flexible adjustment of program structure
Easy adjustment of program size
Executable programs, easy adjustment of run time

Semantic interpretation and unlimited adjustment of
workload characteristics (procedural, object oriented, file
/O, numeric, nonnumeric, arrays, etc.)

Almost all code is expertly generated by humans
Fast code generation and correct compilation
Scalability and calibration

Expandability of library kernels

Suitability for evaluation and comparison of computer
performance for different types of workload

Suitability for open-source development
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Towards Open Source
Benchmark Manufacturing
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Basic Goals

= Create an environment where users can
manufacture scalable benchmark workloads
based on their individual needs

» Create a user community that contributes to
an open-source kernel library

= Encourage research in the area of workload
characterization, benchmark scalability, and
program cloning
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BenchMaker User Interface (1/9)

= Web based, dynamic interface

= JSP & Java based, outputs are pure HTML
= Most browsers are supported

= Tomcat4.1 on the server side

= List of kernels are read at run-time from
configuration files and the interface adapts itself to
changes

= Simple to use
= Support for e-mail retrieval of benchmarks
= Supports multiple users and projects
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BenchMaker User Interface (2/9)

4} welcome to BenchMaker - Microsoft Internet Explorer =] x|
Fil= Edit ‘“iew Favoribes Tools  Help | f llr
~ = = Ao : 5. i
l\) Back = -J - \ﬂ @ -\:j |/_) Search WFavorltes GMedla €}| [‘2{' = - ﬁ
Address I@ hiktpe fflocalhost: 2020 benchmaket findex, btm j Em

=

BenchMaker

Generator of Scalable Benchmark Workloads

You have to be logged in to use the system.

User Hame: I
Password: I
Lagin | Cancel |

Please refer to the links below for more information.

About BenchMaker | Download Papers | See Legal Stuff | Contact Us | Information for Guest Users | Contribute | Research with BenchMaker

-
|@ Done I_ l_ l_ |§§ Local inkranet
ﬂj’Startl .ﬂ @ @ E Skart Tomcak I |~ papers I Microsoft PowerPoint - [... II@ Welcome to BenchMa... @ | !!@,/ % 23:06

BenchMaker 1&2 Copyright © 2010 by Jozo Dujmovié 154



BenchMaker User Interface (3/9)

=} Please select an option - Microsoft Internet Explorer - —1=] =]
File Edit View Faworites Tools  Help | -#'
@ Back - O - @ @ \-_/;j p Search ‘?fn:) Favotites e Media @ ‘ 8 - .._}:;, - LJ ..ﬂ
Address IE http: fflocalhost:80&0/benchmaker login. jsp j Go
=
Logged in as jozo Logout
Please select an option from the following list:
List your projects
Create new prOject
Rename projects or update project description
Ahout BenchMaker | Download Papers | See Legal Stuff | Contact Us | Information for Guest Users | Contribute | Research with BenchMaker
=l
@ l_ I_ l_ |g Local intranet
wStartl @ @l @ @ Start Tomcak I |~ papers I Microsaft Power. . I @ Windows Media ... | 3 benchmaker.css. .. II@ Please select ... | |#*‘D@. % 2223
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enchMaker User Interface (4/9

<3 Create new Project - Microsoft Internet Explorer 15 >
File Edit W“iew Favarites Tools Help | -#
e Back - o - @ @ {h ‘ p Search ";?Favorites QMedia @‘ 8v % |_‘J ..ﬁ

Address I@ http:flocalhost:S080/benchmaker newproject. jsp j 5o

Logged in as jozo

List Projects Create Project Update Project Name or Description

Create a new project by filling out the fields:

Unique Name |

Language |C++ vl

Type | CompilableBm) =]

Description |

Create | Cancel

Ahout BenchMaker | Download Papers | See Legal Stuff | Contact Us | Information for Guest Users | Contribute | Research with BenchMaker

=
wStartl F-] @l @ @ Start Tomcat I | papers I |_T¢ benchmaker I Microsoft Paower ., ”@ Create new Pr... 3 benchmaker.css. .. | | !*@J % 23:30
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enchMaker User Interface (5/9

<} Rename projects or update project description - Microsoft Internet Explorer ; = |
File Edit View Favoribes Tools  Help | #
- . " T
@ Back - O - @ @ (;j p Search ‘L_\i"‘ Faworites 0 Media @ ‘ 8 A== .'ﬁ
Address I@ http: /flocalhost: S080/benchmakerjupdate. jsp j EY o

Logged in as jozo

List Projects Create Project Update Project Hame or Description

Select project to update

Select Project |testElM1 'I

New Named(blank if same) |

MNew Description |

Update Cancel

About BenchMaker | Download Papers | See Legal Stuff | Contact Us | Information for Guest Users | Contribute | Research with BenchMaker

=l
QStartl NN E [#] Skart Tomcat I | papers I | T benchmaker I Microsoft Po. ., ”@ Rename pr... ok benchmaker.... | @8 Microsoft Vis... I | RO, % 2337
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enchMaker User Interface (6/9

2} Your Projects - Microsoft Internet Explorer =] =]
File Edit ‘iew Favorites Tools  Help | #
@ Back = e - @ @ K{:j p Search *Favorites eMedia @| @v .:)_;1 D 43

Address I@ http: fflocalbost: 8050 benchmaker fupdateproject. jsp j G0

Logged in as jozo

List Projecte Create Project Update Project Hame or Description

Your existing projects

Project Name Language Type Description Modified On Compiled On Sent On
[ testBM1 C++ Bh1 testing benchmaker 1
[ testBM2 C++ B2 testing benchmaker 2

Delete Selected Project(s) | Duplicate Selected Project(s) |

About BenchMaker | Download Papers | See Legal Stuff | Contact Us | Information for Guest Users | Contribute | Research with BenchMaker

-]

|@ I_ l_ l_ |€ Local inkranet
E"Startl & 03 [E & Start Tomcat I I papers | [5] Microsaft Pawer. .. I &) windows Media ... I ‘b benchmakst.css... II@?our Projects ... | |Q!@y$ 22:36
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enchMaker User Interface (7/9

=} testBM1 - Microsoft Internet Explorer _ &) x|
File Edit ‘“iew Favoribes Tools  Help | ﬂ’
@ Back - e @ @ | p Search ‘*Z,\{Favorltes eMedla @ | @ - D ﬂ
Address I@ hiktpe fflocalhost: 2020 benchmaker (BM 1 execprof. jsp j Em
Logged in as jozo
List Projects Create Project Update Project Hame or Description
Weight Weight %
ARITHMETIC IED 0.0%o
IF IE.D 0.0%0
IF_ElLSE ID.D 0.0%
SWITCH |4.0 0.0%o
WHILE IE.D 0.0%o
)@ IE.D 0.0%0
FOR ID.D 0.0%o0
[LLOC per Function|[ MIN LLOC |[MAX LLOC|[ STEP
joo {1000.0 |2000.0 [100.0
Sawve Project | Delete Project | Generate Benchmarkis) | Deliver by email
-
|@ Done I_ l_ l_ |~8 Local inkranet
wStartl ﬁ @ @ @ Skark Tomeak I I papers I |2 benchmaker I Microsoft PowerPoint. ., “@ testBM1 - Microsof... @| |!*93. % 2312
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BenchMaker User Interface (8/9

2} testBM2 - Microsoft Internet Explorer =] =]
File Edit ‘iew Favorites Tools  Help | #
@Back - e - @ @ (:j pSearch *Favorites eMedia @| @v % D .'ﬂ
Address I@ hittp:fflocalhost: 5080 benchmaker JBMZexecproj. jsp j G0
Logged in as jozo
List Projecte Create Project Update Project Hame or Description
1 PROCESSOR PERFORMANCE 55.0 63%0
2 MEMORY ACCESS(PAGING & CACHING) 32.0 36%0
3 DISK & PERIPHERALS ACCESS 0.0 0%
4 SYSTEM 0.0 0%
5 USER PROGRAMS 0.0 0%
[MAX SEC or MAX KERNEL|[ DESIRED PROGRAM STRUCTURE  |[MIN LLOC |[MAX LLOC|[LLOC STEP|
jon j120.0 | Kemel Sequence Function Model =l [s000 |2000.0 |500.0
Sawve Project | Delete Project Generate Benchmarki(s) | Deliver by email |
-
|@ Done l_l_l_lg Local inkranet
Ej‘Startl & 03 [E & Start Tomcat I I} papers I |2 benchmaker I [5] Micrasoft PawerPoint. .. ”@ testBM2 - Microsof... | |Q&@g% 23115
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BenchMaker User Interface (9/9)

<3 testBM2 - Microsoft Internet Explorer : =1 =]
File Edit Wiew Favorites Tools Help | .-? |
Logged in as jozo
List Projects Create Project Update Project Hame or Description
1 PROCESSOR PERFORMANCE 55.0 52%0
2 MEMORY ACCESS(PAGING & CACHING) 32.0 30%
3 DISK & PERIPHERALS ACCESS 18.0 17%
31 Disk Access 15.0 14%
310 Miscellaneous 5.0 4% Preset Custom
31001 Miscellaneous (e Sl & unn - IF
211 Sequential Access 5.0 4%p Preset Custom
31101 Sequential Access (e Sl & nnn i IF
312 Random Access 5.0 4% Preset Custom
31201 Random Access (sl al o nnn - IF
32 Miscellaneous Peripheral Access 3.0 2%
320 Miscellaneous 3.0 20p Preset Custom
32001 Miscellaneous (e S & nnn - IT
321 ¥DU & Graphics 0.0 0% Preset Custom
32101 YDU & Graphics el ol o| o | o | o foo
322 Archival Tape Access 0.0 0% Preset Custom
32201 Archival Tape Access [CEEN el & nnn - IF
4 SYSTEM 0.0 0%
9 USER PROGRAMS 0.0 0%
[MAX SEC or MAX KERNEL|[ DESIRED PROGRAM STRUCTURE |[mIn LLOC |[MAX LLOC|[LLOC STEP]
joo f120.0 | Kemel Sequence Function Maodel =l |s000 Jz000.0 |500.0
Sawve Project | Delete Project | Generate Benchrmarkis) | Deliver by emaill |
| -
*j’Startl & T [2F &) start Tomcat I | papers I | benchmaker I [E] Micrasoft PawerPoint. .. Il@testBMz—Micrusof... | |Q&®#% 2318
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Applications of
Benchmark Program
Generators

(Compiler Performance and
Computer Performance)
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Compiler Performance Analysis

= Compile time
* Memory consumption
» Object program
» Executable program
= Maximum program size
= Nonlinear phenomena

= Execution time
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Compile Time (C)
as a Function of
Program Size (L)

C=t,+tL', g=>1

This analysis is based on
3500 synthetic benchmark
programs generated using
the BM1 program generator

LN
[

Compile Time (seconds)
w

Visual C++

1 4 |
C = 0.0013 L + 0.9161
O | J | J | J lI |
0 500 1000 1500 2000 2500
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Compile Time (seconds)

CodeWarrior C++ Intel C++

300 -
140 4
—6 1 2.062
C=3.28+9.58-10"L
120 - 250 -
0)
100 - g 200 -
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Q
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Comparison of Object Program Sizes

200,000 - . 160000 -
Cygwin g++ vy Visual C++

180,000 - 140000 -
3140,000 . 3
() Q -
8 120,000 4 N 100000
" 7
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| o | &
3 3
g 80,000+ & 60000 -
wd hd
& 60,000 - o
o) ‘a 40000 -
O 40,000 - o

i 20000 - 5
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. 700000 - .
Memory Consumption Cygwin g++

(M) as a Function of
Program Size (L)
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Object Program Size vs. Executable Program Size

160000 - 200000 -
Visual C++

Visual C++
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Nonlinear Phenomena - Intel C++ Compiler

Mobj = 47.694 L + 13218

0 500 1000
Lines of Code L

BenchMaker 1&2

1500

110000 -

100000 -

Executable Size (bytes)

(@) (o]
o o
o o
o o
o o
1 1

70000 -

60000 -

50000 -

40000

— M = 31.137 L + 55582

Copyright © 2010 by Jozo Dujmovi¢

500 1000 1500
Lines of Code L

170



Nonlinear Phenomena — Metrowerks CodeWarrior
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Intel Pentium Il based System

Execution Time Comparison

Compilers: Imprise Borland C++ 5.5, Intel C/C++ Compiler 4.5,
Metrowerks CodeWarrior 5.3, Microsoft Visual C++ 6.0, and Redhat
Cygwin b20 (based on GNU compiler tools)

Processors: Intel Pentium Il 300 , AMD K6-2 350 , Cyrix 6x86MX-PR166

VC6-speed 1.33 VC6-speed 1.08 VC6-speed 1.02
INTC-speed 1.00 INTC-speed 1.05 INTC-speed 1.00
4 4 1S <
)
GPP-speed 1.84 E GPP-speed 1.25 § GPP-speed 1.34
- g‘ - [77) -
CW53-speed 1.36 g CW53-speed 1.00 § CW53-speed 1.18
J o J @ J
BC55-speed 2.27 & BCS5-speed 1.45 2 BC55-speed 1.5
- q - g -
VC6-default |3.17 § VC6-default 12.02 o VC6-default |2.34
- o - ({=] -
GPP-default 371§ GPP-default 12.06 § GPP-default 2.30
- - O -
CW53-default |2.80 CW53-default | 1.54 CW53-default 11.98
BC55-default | 2.44 BC55-default | 1.46 BC55-default 1.62
0.0 1.0 2.0 3.0 4.0 0.0 05 10 15 20 25 0.0 1.0 2.0 3.0
Mean Relative Execution Times Mean Relative Execution Times Mean Relative Execution Times
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Performance ranking of compilers using a Pentium based system

Execution time ratio:

Tia 'T2A .“TA

1/n

n

TIB T2B TB

n

I =

Global criterion:
WmO Wml VVtO Vvtl
Rer™| Ma| | Ma| [Lal| [ha
rnOB rnIB tOB tIB

Release criterion (compilation speed
omitted):
(1-Wg)/2 (1-Wg)/2

R=r"W| Tha M , 0<W <1,

M mg

1.00 -
0.90 -
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€ 0.50 -

o

o 0.40 -

o
0.30 -

0.20 -
0.10 -

0.00

1.00

0.78
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Performance Comparison Model

Wy

k=1 \ Nk

n
YW, =1, 0<W, <1, k=1..,n.
k=1

A general comparison of compilers can be based on using
the geometric mean with equal rates (W1=...= Wn = 1/n).
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Using Calibration for
Performance Comparison (1/3)

= VCO= Microsoft Visual C++ 6.0, release version
= VVCD = Microsoft Visual C++ 6.0, debug version
= |CO = Intel C++ 7.1, optimized version

= [CD = Intel C++ 7.1, default version

= BCO= Borland C++ 5.5, optimized version

= BCD= Borland C++ 5.5, default version

= CGO= Cygwin g++ 3.2, -O3 optimized version

= CGD= Cygwin g++ 3.2, default version

* LGO= Linux g++ 3.2.2, -O3 optimized version

= LGD = Linux g++ 3.2.2, default version
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Using Calibration for
Performance Comparison (2/3)

AMD Athlon 1T.0GH=, 128M B RAM

100.00%

98.69%
87.09%
76.17%
71.14%

BCO 41.95%
BCD 38.12%
LGD 32.58%
v CD 31.29%
cGD 31.29%

0% 25% 50% 75% 100%

Re lative Rate s
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Using Calibration for
Performance Comparison (3/3)

Intel Centrimo 1.4GHz=z, 512M B RAM

IcCD 100.00%
IcCO 99.81%
Vv Co 60.87%
CcGO 60.45%
LGO 53.51%
BCO 33.26%
BCD 32.94%
v CD 26.11%
LGD 25.62%
cGD 23.89%
0% 25% 50% 75% 100%

Re lative Rate s
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Observations (1/3)

" Various software environments offer a wide
spectrum of different performance levels. On
the same hardware the proper selection of
compiler can sometimes produce dramatic
speedup. Optimum versions of compilers can
differ in performance up to 3 times. Versions
with different parameters can differ up to 4
times.

® Debug versions of compilers substantially
slow down the execution process (typically 2
to 3 times).
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Observations (2/3)

" Intel C++ compiler consistently outperforms
competitors on both tested machines.

" Intel C++ compiler advantage over other
compilers is bigger for Centrino (Pentium M)
then for AMD.

® One of unexpected results is that on
measured machines the Cygwin environment
with GNU C++ outperforms the native Linux
environment. In the case of AMD we used
Red Hat Linux, and in the case of Centrino
we used Mandrake Linux.
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Observations (3/3)

® Some C++ compilers (e.g. Intel) use default
version that is close to the most optimized
version.

® Some compilers have default and/or debug
versions significantly slower than the
optimized version.
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Conclusions

= Exponential growth of computer
performance causes a need for fast
development of new benchmarks

Benchmark program generators are tools
that provide:

» High speed and low cost of test and
benchmark program generation

= Flexibility in workload characterization
= Scalability of resulting workloads
= A way towards program cloning
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Thanks!
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Questions?
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