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Abstract

SW engineering is quite different from conventional engineering disciplines. Major
difference is the lack of quantification and the related analysis techniques. We will
shortly explore an example from control engineering: How are control elements
characterized and analyzed? We propose a similar approach for performance
characterization and analysis of digital hardware and software platforms.
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Challenge

Ask a SW-architect to quantify
the product under construction.

What happens?

?
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Challenge; Answer to the Question

Ask a SW-architect to quantify
the product under construction.

What happens?

The project Is quantified, rather than
the system of interest

man-years code-complexity
lines-of-code fault density
problem reports release schedule

How to Characterize SW and HW to Facilitate Predictable Design?

3

. |
version: 1.0
eptember ,2 20
nswer

h 6
Gerrit Muller PENGchallengeA



Problem Statement

The SW engineering discipline today Is
process oriented, quantities are process metrics.

The System Of Interest (SOI) Is designhed
from behavioral point of view.

Conventional Engineering disciplines design
the SOI with quantitative techniques.

Qualities of SW Iintensive systems,
such as performance,
are emerging 1.s.0. predictable properties
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Structure of this Presentation

example of conventional

=3 engineering:
control engineering

\

performance engineering:
example of quantified

Problem
statement

SW design
from behavioral only large amount of
to quantified < knowledge consolidation
SW engineering and research work
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Block Diagram Control Measurement

disturbance

'

set-point controller —— motor » position
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Measuring Disturbance Transfer

Aout

Ain
1

0.1 A disturbance

\
controller
+ motor
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— Agut

_ 1:disturbance
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|dealized Disturbance Transfer
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Measuring Tracking Response

Aout controller
N Ain =
Ain + motor

— Aqut

— fset—point
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ldealized Tracking Response
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Black Box Model

stimulus —» black box > response

i black box :
simplified model
paramgters mathematical formula
bandwidth with physical interpretation:
ngltjgcr)ot response = f(stimulus, parameters)
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White Box Model

white box

friction
stimulus = hysteresis —» response

Interference

i white box :

parameters black box model plus

bandwidith  €XPerience based reasoning
overshoot over non-idealities

order response = f(stimulus, parameters,
some parametrized non-idealities)

challenge: to know what non-idealities to ignore
and to ignore as much as possible
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Control Engineering Knowledge

typical disturbances

disturbance

typical set-point * typical needed
inputs - | position performance
set-point —>©—> —> » position
A controller motor
typical typical
controllers motors
typical non-idealities analysis
and design

.\ techniques
measurements tracklng

representations suppression
stability
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Summary of Control Engineering

representations
—» formalisms
experience —» - —» techniques robustness
consolidation measurements
and reflection _
research = -—» methods design for ....
=3 models

September 6, 2020
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example of conventional

= engineering:
control engineering

Y

performance engineering:
example of quantified
SW design

\

Problem
statement

from behavioral only large amount of
to quantified < knowledge consolidation
SW engineering and research work

September 6, 2020
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Case 0

application need: alternative application code:
at event 3*3 show 3*3 images event 3*3 -> show screen 3*3
Instanteneous %s@
? 7 <screen 3*3>
%&@ <row 1>
” <col 1><image 1,1></col 1>
- <col 2><image 1,2></col 2>
Sample application code: <col 3><image 1,3></col 3>
</row 1>
for X =1 11{0) 3 { or <rzvgo?>l><image 1,1></col 1>
<col 2><image 1,2></col 2>
for y — 1 to 3 { <col 3><image 1,3></col 3>
] ] </row 1>
r.etrleve—l mage(x’y) <r2\glo?>1><image 1,1></col 1>
} <col 2><image 1,2></col 2>
<col 3><image 1,3></col 3>
} </row 3>
</screen 3*3>
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What if . . .

What If Sample application code:

forx =11to 3{
fory =110 3{
retrieve_image(x,y)
}
}
\ screen

store |

September 6, 2020
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What if . . .

Wh at |f Sample application code:

forx =11to 3{
fory=11to 3{
retrieve_image(X,y)
}

}

server

screen

retrieve

‘ database |

September 6, 2020
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What if . . .

Sample application code:
What If.... PP
forx=11to 3{
Meta Image data fory=1to31{

______ retrieve_image(Xx,y)

Attributes

9*

Attribute = 1 COM object
100 attributes / image
9 images = 900 COM objects -

1 COM ObjeCt — 80“3 — retrieve
9 images = 72 ms N

{ screen J

How to Characterize SW and HW to Facilitate Predictable Design? version: 1.0
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What if . . .

Wh at |f Sample application code:

for x =110 3 {
fory=1to 3 {
retrieve_image(x,y)
}
}

- 1/0 on line basis (512¢ image)

9 * 512 * tyo
tjo ~= 1Ims

September 6, 2020
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Challenge SW Performance Design

F FF F F F F F
& & & & & & & & Functions & Services
S SIS S S S S|S

MW | MW | MW | MW Middleware
0S OS OS Operating systems

HW HW HW Hardware

Performance = Function (F&S, other F&S, MW, OS, HW)
MW, OS, HW >> 100 Manyear : very complex

Challenge: How to understand MW, OS, HW
with only a few parameters

How to Characterize SW and HW to Facilitate Predictable Design? sepersion: 1.0
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Layered Benchmarking

: end-to-end
typical values :
. function
interference
variation .
boundaries duration
services
network transfer Interrupts
datab task switches
atabase access OS services
database query CPU time
services/functions footprint
interrupt <5 SO ERIlEEoe locality
task switch | duration interrupts density
CPU OS services ]%E::):i'rr:e task switches efficiency
;:naecrfrl]i y L cache OS services services| |overhead
bus duration
e footprint operating system

latency
bandwidth
efficiency (computing) hardware tools

How to Characterize SW and HW to Facilitate Predictable Design?
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Case: ARM9 Cache Performance

How to Characterize SW and HW to Facilitate Predictable Design?
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200 MHz 100 MHz
Instruction
on-chip FEENE memory
CPU memory
bus bus
Data
cache
cache line size:
' 8 32-bit words
chip PCB
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Example Hardware Performance

— (Q\| o < Lo O N~ 00

memory memory s © T T T T T T
request response € £ £ £ £ £ £ S
) 22 cycles R EEE

data XXX X XXX XXX

<+———  38cycles ————»p»

memory access time in case of a cache miss
200 Mhz, 5 ns cycle: 190 ns

September 6, 2020
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Actual ARM Figures

ARM9 200 MHz tcontexts.witch

as function of cache use

cache setting

tcontext switch

From cache 2 S
After cache flush 10 ps
Cache disabled 50 us

25
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Context Switch Overhead

1:overhead

r]context switch

ncontext switch

Tcontext switch = 10US

* tcontext switch

Tcontext switch = 2HS

-1 CPU load
(S ) toverhead Colz\)lghlec;?d toverhead overhead
500 5ms 0.5% 1ms 0.1%
5000 50ms 5% 10ms 1%
50000 500ms 50% | 100ms 10%
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Performance as Function of all Layers

system performance = f( | applications ,

services

operating system

what is used?
how often?

hardware

how much
does it cost?

tools )
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Theory Block 1: n Order Formulas

0™ order main function Stieley eif Mg LIelE

parameters _ _
relevant for main function

1% order add overhead
secondary function(s)

estimation

d main function, overhead
2 Order Interference effects and/or Secondary functions

circumstances

more accurate, understanding
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CPU Time Formula Zero Order

tcpu total — 1:cpu processing

t ng — n * N Loi
Cpu processing X y pixel
How to Characterize SW and HW to Facilitate Predictable Design? sepersion: 1.0
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CPU Time Formula First Order

tcpu total — tcpu processing + tUI

t .
n context switch

overhead

September 6, 2020
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CPU Time Formula Second Order

1:cpu total — tcpu processing

cache efficiency

context switching

signal processing: high efficiency
control processing: low/medium efficiency

+ tUI + tcontext switch +
overhead
tstall time due to + tstall time due to

How to Characterize SW and HW to Facilitate Predictable Design?
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MR Reconstruction Context

Host

Acquisition

control

A
m

. Viow
Reconstruction —| Storage | '°V'NY

&Printing

h N

1pubew =
sjualpelf f=—

oav
|
Y
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MR Reconstruction Performance Zero Order

Nraw-x Nraw-x - Ny
<“—> <—> <« <> <—>
nraw-yi Nraw- y Ny ¢ Ny ¢
trecon - Nraw-x tfft(n raw-y) +
ny * tfft(nraw-x)
tfft(n) — Cit *N* Iog(n)
How to Characterize SW and HW to Facilitate Predictable Design? version: 1.0
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Zero Order Quantitative Example

Typical FFT, 1k points ~ 5 msec
( scales with 2 * n *log (n) )

using:
Nraw-x = 912 trecon = Nrawx ™ tfft(nraw-y) +

g r]y * 1:fft(nraw-x) +
n,= 256

512*1.2 +256*2.4
ny = 256
~=1.2s
gfw to ngrrralutclt\ﬁzﬂﬁgrsw and HW to Facilitate Predictable DeS|gn:Construction Se%imﬁ Ce:J on 21)20 m E SI



MR Reconstruction Performance First Order

Nraw-x Nraw-x Nraw-x Ny Ny
D m— <—> <“—> <> <—>

nraw-yi nrawy Ny ¢ Ny ¢

trecon = tiiter(Nraw-x ,Nrawy)
Nraw-x * tirt(Nraw-y) T
Ny * ter(Nraw-x) +
teorrections(Nx s Ny)

tw(n) = Cm*n*log(n)
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First Order Quantitative Example

Typical FFT, 1k points ~ 5 msec
( scales with 2 * n *log (n) )

Filter 1k points ~ 2 msec
( scales linearly with n)

Correction ~ 2 msec
( scales linearly with n )

How to Characterize SW and HW to Facilitate Predictable DeS|gn’? Selotemgeo6 21)20
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MR Reconstruction Performance Second Order

n
n raw-x n raw-x n raw-x {-}y ny ny

nraw-yi — nraw-yi — Ny ¢§| r-]raw-xI |:| nxi E nxi |<j

read trans-
1/0 pose

trecon = 1:filter(nraw-x ,nraw-y) + nraw-x* ( tfft(nraw-y) + tcol-overhead) + tfft(n) = Crit *n* |09(n)

ny * ( tfft(nraw-x) + trow-overhead) +tcorrections(nx sny) + tread 1/0 +ttranspose+twrite I/O+tcontrol-0verhead

pookkeeping
transpose focus on overhead
malloc, free )

write /O reduction

read 1/0 overhead

. IS more important

correction computations
row overhead

- than faster algorithms

column overhead

number
FFT computations . . .
B, crunching | this is not an excuse
filter computations for Sloppy a'gOrltth

September 6, 2020
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example of conventional

Problem L engineering:

statement gineering.
control engineering

\

performance engineering:
example of quantified
SW design

Y

from behavioral only |
- arge amount of
{o quantlfled =P knowledge consolidation
SW engineering and research work

September 6, 2020
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Examples of Quantifiable Aspects

user level performance design impact
time
response time computing resources
productivity
capacity

user interactions

user interface resources
screen real estate

. September 6, 2020
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Software is Intimately Coupled with System

0)
10° ]
1 ©
M
2 £ @ system
10 E 3 y
- system
103 | {requirements}
4
10
5 multi-disciplinary
10
6
10 [ software }
requirements
10 mono-disciplinary

September 6, 2020
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Most Quantifications Relate Context to Design!

What does Customer need
in Product and Why?

Customer Application Functional Conceptua Realisation

objectives

decisions

parts
connections

and growing every year...!

SUOISIOBP 221112 3Y) aJe 1.y

pazijeal ag 1onpoud syl ued MoH
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Example facts for “Electronic Patient Record”

Customer

objectives
figures of merit

patients/physician
physician income
success rate
failure rate
integral cost

Application

typical quantities

# patients

# physicians

# exams/day

# exams/patient

# information/
patient

Functional

critical specs

productivity
response time
capacity

Conceptual

working ranges

# transactions
# queries
peak&average

Realization

critical numbers

network speed

CPU speed

memory size

power consumption
query duration
transaction overhead

market size

growth rate

product life cycle
market share business model
market segments service crew

internal Operational view

maintenance effort
update frequency

# suppliers effort
partners cost
competitors time

project size
# engineers/discipline
# teams

How to Characterize SW and HW to Facilitate Predictable Design?
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What Kind of Research is Needed?

observational theory experimental fundamental
research development research research
best practices metrics theory evaluation optimizations
heuristics formalisms theory evolution rigorous proofs
classification techniques fundamentals first principle based
ontology models principles
methods methodologies

September 6, 2020
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What needs to be defined and researched?

optimal block-size

.
rate™

analyse robustness
determine worst case
optimize

determine design

task task granularity
process #process comm task performance
algo- communication _
rithm granularity .
service quality algorithmic
Icall message size YSIEEIEE
task memory sch_eduling type task switch time
scheduler | manager options alloc free overhead
CPU frequency service call overhead
bus width memory
CpU | cache (= memory cache line size latenc
bus component latency y
entities parameters models
A search sweet spot

1 collect overviews

2 study static structure

2A macroscopic fact finding
2B microscopic sampling
2C construct medium level

How to Characterize SW and HW to Facilitate Predictable Design?
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3 study dynamic behavior o

tcpu total — tcpu processin'!j tUI 3A measurements g

o z 3B construct simple models <

100 [ gl -
in L
representations techniques methods
version: 1.0

September 6, 2020

PENGtodoList

SN EsI



