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= Special-purpose information processing systems
= Embedded into larger products
= Must meet real-time constraints
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Trends in Embedded System Design

Architectures are increasingly:

= parallel
= distributed

= heterogeneous

—» Analysis and prediction of
system behavior is complex!
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System Level Performance Analysis
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System Level Performance Analysis

put HHH > |,

} Stream
g »

Computational Resources ...

... Communication Resources ...

... Tasks (HW/SW Components)
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System Level Performance Analysis

put HHH > |,

\ Stream
g »

Timing Properties?

Memory Requirements?
Bottleneck?

?
Processor Speeds: Bus Utilization?
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Role in the design process

Application Architecture
Allocation
Mapping
Scheduling

!

Formance Analysis

Design Space
Exploration
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Input
Stream

Task Communication

Resource sharing (Scheduling)

Complex Input:

- Timing (jitter, bursts, ...)
- Different Event Types
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Task Communication Variable Resource Availability
Resource sharing (Scheduling)  Variable Execution Demand
Complex Input: - Input (different event types)
_Timing (jitter, bursts, ...) - Internal State (Program, Cache,...)
- Different Event Types
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e.g. delay
A

upper bound

Worst-Case

Best-Case

lower bound

Real System Simulation  Formal analysis
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Requirements for a formal PA method

= Correctness

= Accuracy

= Embedding into the design process
= Modularity

= Short analysis time
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Modular Performance Analysis
- Models, Methods and Scenarios -

© Nikolay Stoimenov

ETH Zurich, Switzerland
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Outline

- Modular Performance Analysis

- MPA Case Study
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Analysis and Design

Embedded System =

Computation + Resource Interaction

Analysis:
Infer system properties from
subsystem properties.

Design:
Build a system from subsystems
while meeting requirements.
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Challenges

Make Analysis and Synthesis Compositional

Stepwise Refinement:
a. compose subsystems
b. refine subsystems

Adaptivity:
a. changes in environment
b. changes of requirements
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Modular Performance Analysis

diagrams diagrams

Application Architecture
Data Measure-

Mapping
Scheduling
sheets ments
System Model Component Formal
simulation specification
Load Model | P

(Environment)
Performance Processing Model
Model (HW/SW)

Service Model
(Resources)

* 4 i
Formal Input AnalySIS
specification traces

Analysis Results
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Abstract Models for Performance Analysis

Processor
Ittt 4 @ it
Input %
Stream g (B >
Concrete
Instance
Abstract

Representation

Service
Model

v

Y-

m Swiss Federal
Institute of Technology

Processing
Model

A
/

v

5-6

Computer Engineering
and Networks Laboratory




Service
Model

Load Model (Environment) o TR
evqpts
Event Stream
deadline=d
number of events in A A A A4 A
int=[0 .. 2.5] ms T , T
2 —~ >
Y 25 t [ms]
\, T
Arrival Curve oo & Delay d
derrla nd-. oY

maximum / minimum
arriving demand in any

interval of length 2.5 ms | :
2.5 A [ms]
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Load Model - Examples

Service
Model
v

Load Processing
Model Model
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Service
Model
v

Service Model (Resources) [ o]
availability
Resource Availability |
available service
int=[0..25]ms .. |l > | :

Service Curves [B!, BY]

maximum/minimum
available service in any
interval of length 2.5 ms

A [ms]
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Service
Model
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Service
Model
v

Processing Model (HW/SW) /& A5

HW/SW Components

Processing semantics and
functionality of hardware oo
or software tasks 7"

Abstract Components
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Service
Model

Processing Model — Examples /i /-/Fa

Greedy Processing Component
Behavioral Description

-  Componentis triggered by
L ,_|_ Incoming events.
l - Afully preemptable task is

instantiated at every event
arrival to process the incoming
' event.

-

B - Active tasks are processed in a
greedy fashion in FIFO order.

Processing is restricted by the
availability of resources.
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Service
Model

° + -
Processing Model — Examples /& /7%=

Greedy Processing Component
Real-Time Calculus

e a" = min{(a"® ") 0 4,6")
| | , , 'l

min{(c! @ %) ® 8, 8'}

ohot] T [ahav] @ k
------------------ Y B = (BY-a) D0
— -~ GPC *[r:Z gl = (-a*)®0
e — —
/ (feg(a) = inf {f(A=\)+g)}
[BI’, Bu’] (fogla) = i;g{f(& +A) —g(MN)}
(f@g9)(A) = D?EE&W& - A) +g(N)}
(fog(a) = nf{f(A+X) -9}
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Service
Model

Processing Model — Examples /i /-/Fa

Greedy Shaper Component
Behavioral Description

- Delays incoming events such
that the output conforms to a

l given traffic specification.
- Guarantees that no events get
T ﬁ H - b *T T T T T delayed any longer than
necessary.

Works also with bursty traffic
specifications.
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Processing Model — Examples

Service
Model
v
Load Processing
Model Model

Greedy Shaper Component
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System Composition

How to inter-
connect service? |

Scheduling!

a = : 1GSC~ GPC
\ract) \rercl/ )
! < <
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Scheduling and Arbitration
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Mixed Hierarchical Scheduling
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...and many other
combinations:
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Hierarchical Scheduling with Servers

Static Polling Server Dynamic Polling Server
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Complete System Composition

PPt
o
o - Gpc | Gpc |
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Analysis: Delay and Backlog

B!, B] “ B!

o, av] = l [, oV] delay d, .

Ve = backlogb, ..
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Extending the Framework

« New HW behavior
« New SW behavior
- New scheduling scheme tiift—»

« Find new relations:

C}:;(ﬁ) fo(a, B) 0
B'(A) fs(a, B) 7 U— ;

This is the hard part...!
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Embedding with other Frameworks

%1 ‘%2 %3 Trace Generator
- 4 )
QA — oY
o out Eﬂiﬂ e
| MPA-RTC | ¢, , ,
o) Qin @ziﬂﬂt Simulation
oy L )

Trace Analyzer

B1 B2 B3

v 1 Lossy Converter
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.| MPA-RTC | o,
\ J
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Lossless Converter
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Outline

- Modular Performance Analysis

- MPA Case Study
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Case Study

3

(sa).
@/v

ECU1

CcC

BUS

ECU2

CC2

ECU3

Total Utilization:

- ECUn
- ECU2
- ECU3
- BUS

59 %
87 %
67 %
56 %

6 Real-Time Input Streams
- with jitter

- with bursts

- deadline > period

3 ECU’s with own CC’s

13 Tasks & 7 Messages
- with different WCED

2 Scheduling Policies
- Earliest Deadline First (ECU’s)
- Fixed Priority (ECU’s & CC’s)

Hierarchical Scheduling
- Static & Dynamic Polling Servers

Bus with TDMA

- 4 time slots with different lengths
(#1,#3 for CCh, #2 for CC3, #4 for CC3)



Specification Data

Stream (p,j,d) [ms] D [s] Task Chain

S1 (1000, 2000, 25) 80 | T11 —-=C11 —-T12 —-C12—-T1.13
S2 (400, 1500, 50) | 1.8 T2.1 - C2.1 — T2.2
S3 (600, 0, -) 6.0 T3.1 - C3.1 - T3.2 —=C3.2—-T3.3
S4 (20, 5, -) 0.5 T4l - C4.1 - T4.2
S5 (30, 0, -) 0.7 T4l — C4.1 - T4.2
S6 (1500, 4000, 100) @ 3.0 T6.1

Task e Message e Perdiodic Server P e

T1.1 | 200 C1l.1 100 SPSEcou1 500 | 200

T1.2 | 300 cC1l.2 80 SPSipcus 500 | 250

T1.3| 30 c2.1 40 DPSgcu3 600 | 120

T2.1|| 75 C3.1 25

T22 25 C3.2 10 TDMA t

T3.1| 60 C4.1 3 Cycle 100

T3.2 60 C5.1 2 Slotcci, | 20

T3.3| 40 Slotec1p | 25

T4.1 | 12 Slotcco | 25

T4.2 2 Slotoeos 30

T5.1 8

T5.2 | 3

T6.1 | 100




The Distributed Embedded System...
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... and its MPA Model

CPU ECU1
S
PS
S
S1 ....................................................... > T1'
5
S
52 ................... > T2.1
O
53 ................... > T3.1
S
< ............................ T3.3
3
S6 > T6.1 .........
< ............................................................
CPU ECU2
O
S4 > T4
S
S5 T5.1

CC2

EDF

V
—
-
N




Buffer & Delay Guarantees

CPU ECU1 BUS ECU3 CPU




Delay Dgg:-27%

Adding Greedy Shapers | Buffer Bge: - 20%

CPU ECU1 BUS ECU3 CPU




Input of Stream 3

20 CPU

B @
Sl Lt

- Q&
Sz ................... >_ L= > T2.2
53 ....... >
S6 >/ 1
D Ar EDF
54 >_ GU 1UIEJO EGIIDEJ 30:09 40:30 SGIDD 6000 > T4.2

s o

S5 > T5.1 Cs.1 > T5.2




Output of Stream 3

S1

) CPU

S
|: 18
.............................. 16 -
14}

)
> T2.2
|

EDF

>_ 0 50 5 3000 7000 S0 w0 1> Tg.2
B v
> T5.1 Con e




Output of Stream 3 with Greedy Shapers

20 CPU
B @
Sl Lt
- [] Q&
52 ................... >_' L= = > T2.2
| | I
53 ....... >_'
S6 >/ 1
D Ar EDF
54 > GU 1UIEJO EGIIDEJ 30:09 40:30 SGIDD 6000 > T4.2
N 4
S5 > T5.1 Cs.1 > T5.2




System Analysis Time

+ 10 seconds
— Pentium Mobile 1.6 GHz
— Matlab 7 SP2
— RTC Toolbox



RTC Toolbox: Version 1.0 Released

Modular Performance Analysis with Real-Time Calculus

Rtctoolbox :: Overview

Overview

RTC Toolbox
 Oyerview

¥iew Edit History Print

Real-Time Calculus Toolbox Latest News
[2006-10-02]: Mew tutorials and Java API released.
[200&-10-02]: BugFix released,

= Download [2006-04-04]: First tutorial published.
m Release Motes
= User Guide Overview
= FAQ
The Real-Time Calculus (RTC) Toolbox is a free Matlab toolboy for system-level performance analysis of distributed
PESIMDES real-time and embedded systems.
WWWwW.m pa.ethz.ch/rtctool box
Citation Information
edit SideBar
If you use the RTC Toolbox for research purposes, we would be happy to hear about it and mention it in the manual.
Please drop us a line at rte@tik.ee.ethz.ch i,
BibTex entry for citation:
EMISCirtc,
author = {Ernesto Wandeler and Lothar Thiele},
title = [{Real-Time Calculus (RTC) Toolbox}l,
url = [http://mmmr.mpa. ethz.ch/Rtctoolbox )},
howpublished = {4\ {Ytr http: / wwr.npa. ethz. ch/Rtctoolbox )}
Fear = [Z0068%,
i
2006 Cormputer Engineering and Metworks Laboratory (TIK), ETH Zurich, Switzerland Powered by Prnwili
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RTC Toolbox: Simulink Frontend

i g
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Ready
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it oL 0=0 [ = I
1) ST Tt u] [0} TO0T A
Input to CPLUL, Output of CPU, B
GPC
100 100 o
DEL
T ED=5000 [
Display1
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Input to CPUL Output of CPU, GPC Li;
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100 100 ™ DEL [~-m{E3 PEC
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Delay Computert
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Introduction Overview
Outline
Application and Foundation

Overview

system view ?

mathematical view Real-Time Calculus (RTC)

Min-Plus Calculus, Max-Plus Calculus

Wolfgang Haid Real-Time Calculus



Introduction

Application and Foundation

Outline

Min-Plus Calculus
Basic Abstractions
System Modeling

System Analysis
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Introduction Overview
Outline
Application and Foundation

Application and Foundation

Application of Real-Time Calculus

Real-Time Calculus can be regarded as a worst-case/best-case
variant of classical queuing theory. It is a formal method for the
analysis of real-time embedded systems.

Foundation of Real-Time Calculus
@ Min-Plus Algebra: F. Baccelli, G. Cohen, G. J. Olster, and J.

P. Quadrat, Synchronization and Linearity — An Algebra for
Discrete Event Systems, Wiley, New York, 1992.

@ Network Calculus: J.-Y. Le Boudec and P. Thiran, Network
Calculus — A Theory of Deterministic Queuing Systems for
the Internet, Lecture Notes in Computer Science, vol. 2050,
Springer Verlag, 2001.

@ Formal methods for system level performance analysis

Wolfgang Haid Real-Time Calculus




Min-Plus vs. Plus-Times Calculus
Min-Plus/Max-Plus Operators

Min-Plus Calculus

Comparison of Algebraic Structures (1)

Algebraic Structure

@ set of elements S

@ one or more operators defined on elements of this set

Algebraic Structures With Two Operators @, [J
@ plus-times: {R, +, x}
e min-plus: {R U +oo, inf, +}

inf - Reminder

inf(S) is the greatest lower bound of the elements in a set S.
o inf{[3,4]} =3, inf{(3,4]} =3
e min{[3,4]} =3, min{(3,4]} not defined

Wolfgang Haid Real-Time Calculus



Min-Plus vs. Plus-Times Calculus

Min-Plus Calculus Min-Plus/Max-Plus Operators

Comparison of Algebraic Structures (I1)

Common Properties: [

@ Closure of LI: aldbe S

@ Associativity of [1: ald (b c)=(aldb)Hc

o Commutativity of [: alllb= b[Ja

o Existence of identity element for [J: v :aldv = a
o Existence of negative element for [: 3a~!:ala !l =v
o
°

Zero element for ® absorbing for [I: allle = ¢

Distributivity of I w.r.t. @: ald(b®c)=a@bldbxc

Example: Distributive Law

@ plus-times: ax (b+c)=axb+bxc
e min-plus: a+inf{b, c} =inf{a+ b, a+ c}

Wolfgang Haid Real-Time Calculus



Min-Plus vs. Plus-Times Calculus
Min-Plus/Max-Plus Operators

Min-Plus Calculus

Comparison of Algebraic Structures (I11)

Common Properties: ®

@ Closureof ®: a®@beS
@ Associativity of ©@: : a@(bGc)=(a®@b) O ¢
o Commutativity of ®: a® b=b® a

@ Existence of identity element for ®: Je: a® e = a

Different Properties: ©®

o Existence of negative element for ©: 3—a:a® (—a)=¢

@ Idempotency of ©®: a® a=a

A\

Wolfgang Haid Real-Time Calculus



Min-Plus vs. Plus-Times Calculus

Min-Plus Calculus Min-Plus/Max-Plus Operators

Comparison of System Theories

Plus-Times System Theory

F(t) = g(t) > h(t) = (f*g)(t /f(ffs (s) ds

signals
impulse response

convolution

time domain

Min-Plus System Theory

R(A)—19(A) — R(3) 2 (R@g)(A) = | inf {f(A=X)+9(N)}

A<A

streams
service/shaping curve

min-plus convolution

time-interval domain

Wolfgang Haid Real-Time Calculus




Min-Plus vs. Plus-Times Calculus

Min-Plus Calculus Min-Plus/Max-Plus Operators

Min-Plus/Max-Plus Convolution and Deconvolution 8/20

min-plus convolution:(f ® g)(A) = 0<i/r\1£A {f(A=X)+g(\)}
min-plus deconvolution:(f @ g)(A) = il;[()) {f(A+X)—g(N)}

max-plus convolution:(f®g)(A) = sup {f(A—-XN)+g(N)}
0<A<A

max-plus deconvolution:(f©g)(A) = /{r;% {f(A+2X)—g(N)}

v

Duality between ® and ©
f<g®h & foh<g

Wolfgang Haid Real-Time Calculus



System Model
System Analysis
Real-Time Calculus Summary

From Streams to Cumulative Functions

Cumulative Functions

N
N
N
° oseny
15 ° omes
° L
° s
o R aaad
o R aad
10 o ssssssssssssssssnd
* i
i d
A d
Q o
5F ° b
. .
& & ® )
o ° . 9" R
1 2 3 4 5 6 7 8

1

2
JMHH
2

1

3

4
3 4

time t

@ data streams: R(t) := number of events in [0, t)

@ resource streams: C(t) := available resources in [0, t)

Wolfgang Haid Real-Time Calculus



System Model
System Analysis
Real-Time Calculus Summary

Greedy Processing (1)

C(t) = C'(t) + R'(¢)
B(t) = R(t) — R'(t)

Wolfgang Haid Real-Time Calculus



System Model
System Analysis
Real-Time Calculus Summary

Greedy Processing (11)

Input/Output Relation

R'(t) = C(t) — C'(t) = C(t) — oilig t{C(s) — R(s)} |inf{S}=sup-S
= C(t)+ O<ir;f< t{R(s) — C(s)}

= OSir;fS t{R(s) + C(t) — C(s)} |periodic resource

= inf {R(s)+ C(t—s)} = (R® O)(¢)

Wolfgang Haid Real-Time Calculus



System Model
System Analysis
Real-Time Calculus Summary

From Cumulative Functions To Bounding Curves

C(t) B(A)
| !
R(t) — — R'(1) [:j> a(A) — L /()
I I
C'(t) B'(A)

12/20
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System Model
System Analysis
Summary

Real-Time Calculus

Arrival and Service Curves

6 7 8

o/(t —s) < R[s,t) <a'(t—s), Vs<t,
ﬁl(t_s) < C[S’ t) Sﬁu(t_s)a Vs < t,
at(0) = o/(0) = 8“(0) = '(0) = 0.

Wolfgang Haid Real-Time Calculus




System Model

System Analysis
Real-Time Calculus Summary

Upper Arrival Curve (1)

Stream Constraint

R(t) < (R® a”)(t)
= Oér;fgt{R(s) +a'(t—s)}
<R(s)+a“(t—s), V0<s<t
<~
R(t) — R(s) <a“(t—s), Vs<t

Wolfgang Haid Real-Time Calculus



System Model
System Analysis
Real-Time Calculus Summary

Upper Arrival Curve (II)

Upper Arrival Curve

a’(A) = (RoR)(A)

= ig[g{R(A +s)—R(s)} |A=t-s
= igg{R(t —s+s)—R(s)}

> R(t)— R(s), Vt>s

(R @ R): Minimum Upper Arrival Curve

Assume a“ is an upper arrival curve for R.

@ from previous slide: R < R® a“

e from duality property: R@ R < a“

Wolfgang Haid Real-Time Calculus




System Model
System Analysis
Real-Time Calculus Summary

Greedy Processing Component

Input/Output Relations

3 4 5
time interval &

o = min{(a"® B") © ﬁl,ﬁ”}, o = min{(al p")® ﬂlvﬂl}
gi=(B"-a)o0, '=(8-a")®0

Wolfgang Haid Real-Time Calculus



System Model
System Analysis
Real-Time Calculus Summary

Backlog and Delay (1)

maximum backlog B
!
B

maximum delay D

Wolfgang Haid Real-Time Calculus



Backlog and Delay (I1)

Backlog Bound

B(t) = R(t) = R(£) = R(8) — inf_{R(s) + C(t) = C(u))
— sup {(R(t) — R(u)) — (C(t) — C(u))}

o<u<t
< sup {a(t —u) — (¢~ u)}
< sup{a’(X) — B'(\)}

0<A

= (o’ @ 4')(0)




System Model
System Analysis
Real-Time Calculus Summary

Backlog and Delay (lII)

P
——cit) oy

processing time demand
available processing time

3 4 5
t time interval A

Wolfgang Haid Real-Time Calculus



System Model
System Analysis
Real-Time Calculus Summary

Summary: Fixed-Priority Scheduling

Key Elements of Real-Time Calculus

@ min-plus calculus as well-defined ‘aiA)
mathematical basis
) ) ] a(A)— — 2i(4)
@ abstraction of streams: arrival/service T
curves a2 — = s
@ abstraction of processing: greedy I
processing ()= e )
@ delay and backlog bounds T
@ modularity A

Wolfgang Haid Real-Time Calculus



Complex Task Activation Schemes
in
System Level Performance Analysis

Wolfgang Haid

DTU, June 11, 2007
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Introduction Context
Outline
Formal Methods for System Level Performance Analysis

Context 1/13

@ Distributed embedded real-time systems

@ System level performance analysis

@ Formal methods for system level performance analysis

Wolfgang Haid Complex Task Activation Schemes



Introduction Context
Outline
Formal Methods for System Level Performance Analysis

A Glimpse on Formal Methods 2/13

Advantages
@ Hard bounds

@ Complete coverage of corner cases

@ Faster than simulation

@ Limited modeling capabilities

@ Bounds potentially not tight

@ Inaccuracy of results

To obtain improved accuracy, we can sacrifice some computational
effort.

Wolfgang Haid Complex Task Activation Schemes




Introduction Context
Outline
Formal Methods for System Level Performance Analysis

Outline 3/13

Introduction to complex task activation schemes
Task model and analysis
MPEG-2 case study

Conclusion

Wolfgang Haid Complex Task Activation Schemes



Introduction Context
Outline
Formal Methods for System Level Performance Analysis

Formal Methods 4/13

Frameworks

@ Modular Performance Analysis / Real-Time Calculus
(MPA/RTC): Samarjit Chakraborty, Simon Kiinzli, and Lothar
Thiele, A General Framework for Analyzing System Properties
in Platform-Based Embedded System Design, Proc. 6th
Design, Automation and Test in Europe (DATE) (Munich,
Germany), March 2003, pp. 190-195.

@ Symbolic Timing Analysis for Systems (SymTA/S): Rafik
Henia, Arne Hamann, Marek Jersak, Razvan Racu, Kai
Richter, and Rolf Ernst, System Level Performance
Analysis — The SymTA/S Approach, |IEE Proceedings
Computers and Digital Techniques 152 (2005), no. 2,
148-166.

Wolfgang Haid Complex Task Activation Schemes



Introduction Context
Outline
Formal Methods for System Level Performance Analysis

Formal Methods 5/13

Example: MP ultiprocessor Platform

E x
@ " function
m——® ® © Al
\J A VLD, 1Q, IS
@7@ @‘77 L ° B data transfer
3 C IDCT, MC
= D data transfer
m @ @ @ RZ E assemble video-frames
o | F | DEC, IMDCT, SYN
RISC BUS DSP T [ G data transfer
& H assemble audio-frames

Wolfgang Haid Complex Task Activation Sci




Introduction Context
Outline
Formal Methods for System Level Performance Analysis

Formal Methods 5/13

Example: MP Multiprocessor Platform

E x
@ " function
m——® ® © Al
\J A VLD, 1Q, IS
@7@ @‘7 L ° B data transfer
3 C IDCT, MC
= D data transfer
m @ @ @ RZ E assemble video-frames
o | F | DEC, IMDCT, SYN
RISC BUS DSP T [ G data transfer
& H assemble audio-frames

@ Tasks have usually more than one input.

@ The activation of tasks can depend on complex activation
schemes.

Wolfgang Haid Complex Task Activation Schemes



Task Model, Terms, and Notation
Model and Analysis Analysis Principle
Non-Preemptive Fixed Priority Scheduling

Task Model

1: if test(reconfig) then > execute subtask A
2: execute code that reconfigures the task;
3: else if test(dataA) or test(dataB) then > execute subtask B
4: process first event arrived at dataA or dataB;
5: write to outputA;
6: else if test(dataC) and test(dataD) then > execute subtask C
7: process first event in dataC and in dataD;
8: write to outputB;
9: end if
reconfig 74’@

dataA ——

s 7% outputA

dataC ——

e 73((:)—% outputB

Wolfgang Haid Complex Task Activation Schemes



Task Model, Terms, and Notation
Model and Analysis Analysis Principle
Non-Preemptive Fixed Priority Scheduling

Greedy Processing Component

Input Arrival Curves Input Service Curves
40
2 z
= 2 30
1 u ° =
[3 , B ] 7 20
g 10 ]
2 310
3 3
0 0
0 5 10 15 20 0 5 10 15 20
() u " u time interval A time interval A
[, '] —{ opc | [a, o]
Output Arrival Curves Output Service Curves
25
< <
l ) <20
£ £
5 515
fjul Blu =4 =4
b, | 0 @
o =3 € 10
=
¥ w5
0
0 5 10 15 20 0 5 10 15 20
time interval A time interval A

arrival curve a : o/(t —s) < R(t) — R(s) < a“(t — s),
service curve §: f'(t —s) < C(t) — C(s) < B“(t—s), Yt—s>0

Wolfgang Haid Complex Task Activation Sci

mes



Task Model, Terms, and Notation
Model and Analysis Analysis Principle
Non-Preemptive Fixed Priority Scheduling

Analysis Principle

| |

O

:GZ) AND —>( C

non-preemptive non-preemptive
fixed griority fixed griority
schefduler schefuler

|

ey A

In o NEEEOS gl iC
|
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Task Model, Terms, and Notation
Model and Analysis Analysis Principle
Non-Preemptive Fixed Priority Scheduling

Non-Preemptive Fixed Priority Scheduling

Related Work: Priority Queuing in Network Queueing Theory

@ Jean-Yves Le Boudec and Patrick Thiran, Network
Calculus — A Theory of Deterministic Queuing Systems for
the Internet, Lecture Notes in Computer Science, vol. 2050,
Springer Verlag, 2001.

@ Jens Schmitt, On Average and Worst Case Behavior in
Non-Preemptive Priority Queueing, Proc. 2003 Intl Symp. on
Performance Evaluation of Computer and Telecommunication
Systems, 2003, pp. 197-204.

Wolfgang Haid Complex Task Activation Schemes



Task Model, Terms, and Notation
Model and Analysis Analysis Principle
Non-Preemptive Fixed Priority Scheduling

Non-Preemptive Fixed Priority Scheduling

Relations for Preemptive Fixed Priority Scheduling

N
BI(A) = fof §8(A+X) = 3 aj(A+ )
Jj=i+1
N
I(AY — (A —)\) — UA —
Bi(a) = sup 1 6'(8 -2 j;laJ(A A)

i...task priority N ...number of tasks

Wolfgang Haid Complex Task Activation Schemes



Task Model, Terms, and Notation
Model and Analysis Analysis Principle
Non-Preemptive Fixed Priority Scheduling

Non-Preemptive Fixed Priority Scheduling

Relations for Non-Preemptive Fixed Priority Scheduling

B(8) = min {6"(A)’ g {ﬂ“(A - Y ala+ )\)} Ac}

j=it1

N
Bl(A) = max {o, sup {B’(A -N- > of(a- /\)} — max { "} }
0<A<A 1<5<i

j=it1

i ...task priority N ...number of tasks

C/"® ... maximum number of resource units to process one event

Wolfgang Haid Complex Task Activation Schemes



MPEG-2 Case Study

s Contributions
Conclusion

MPEG-2 Case Study

R——6 0 .
®

®
©

o]

O+ ®4d (o) N

i H-@ @ x
RISC timeref BUS DSP
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MPEG-2 Case Study

4 Contributions
Conclusion

Contributions

Consideration of complex task activation schemes based on
AND/OR semantics

Modeling of tasks with complex activation schemes in MPA
using abstract AND/OR components and non-preemptive
fixed priority scheduling

@ Derivation and proof of input-output relations of abstract
AND/OR component

Derivation and proof of relations to model non-preemptive
fixed priority scheduling

(]

Application of the results in an MPEG-2 case study

Wolfgang Haid Complex Task Activation Schemes



Real-Time Interfaces

© Nikolay Stoimenov

ETH Zurich, Switzerland
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Outline

- Real-Time Interfaces / Interface-Based Design

- IBD Case Study
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Real-Time Interfaces &
Interface-Based Design

m Swiss Federal
Institute of Technology 53




Component-Based Design

g
1

as —| Fp — 0{4 2. Analysis

— Given: all components, their
Interconnections structure
and all inputs from

1. Design

/ .
ap — FP — &p environment
1 — Question: do the components
Constraints:

g dely<5 work together properly?
el = Ims

delp < 8ms

Schedulable?

m Swiss Federal Computer Engineering
Institute of Technology 54 and Networks Laboratory



Interface-Based Design

?

2 | — FP — @p

1 Constraints:

/@»’ del 4 < 5ms
delp < 8ms

m Swiss Federal
Institute of Technology

1. Design and Composition

55

Given: some components,
their interconnection
structure and some inputs
from environment

Questions: Is there the
chance that the components
work together properly? What
are the assumptions towards
the environment? How can |
change the environment such
that the components still
work together?

Computer Engineering
and Networks Laboratory




Interface-Based Design

Component Description:

What Does a Component Do?

VS.

Component Interface:

How Can a Component Be Used?

m Swiss Federal p
Institute of Technology 5-




Real-Time Interfaces

Real-Time Interfaces

/N

Interface-Based Design
(Assume/Guarantee Interfaces)

Henzinger, de Alfaro, et al.

m Swiss Federal
Institute of Technology 57

Real-Time Calculus

Thiele, et al.

Computer Engineering &

and Networks Laboratory




From a Simple Component ...

resource supply

resourcedemand a — e=b-a

remaining resources

m Swiss Federal 3 Computer Engineering
Institute of Technology 5 and Networks Laboratory



... to its A/G Interface

resource supply

resourcedemand a — e=b-a

remaining resources

m Swiss Federal Computer Engineering
Institute of Technology 59 and Networks Laboratory



... to its A/G Interface

resourcedemand a > e=b—a

Swiss Federal
Institute of Technology

resource supply

remaining resources

Variables & Types

Computer Engineering #

and Networks Laboratory




... to its A/G Interface

o

a a4 agA
> a
g VI
a >— c=b-—a

Input Assumptions, Predicates & Values

Computer Engineering
and Networks Laboratory

m Swiss Federal
Institute of Technology



... to its A/G Interface

~ b4
b> bA |
W AA A T
— > ]
a >— c=b-—a
EGE:C I<C—>:
cG

Output Guarantees, Predicates & Values
(a<aM)AB>H A" <o)

Computer Engineering
and Networks Laboratory

5-12

m Swiss Federal
Institute of Technology



... to its A/G Interface

o
»

C:'-*}
c3-
the c:-*b

..-..A ""A
a
. - ¢ _ar 3G
g VI
a | a > c=b—a
| > Al _---» A
~ ~(G C C
aC a I | R
v ! c
cG<e> EA f——,
&\G

Data from Other Component Interfaces

Computer Engineering

m Swiss Federal
Institute of Technology 5713 and Networks Laboratory



... to its A/G Interface

7G 7TA | .
b¥<b=>b .
: s b
a g a4 L | :
a - _ -
D > v EG=E)G— G bG
a | i > GA=F0 _ A
| > ’“A_nA We. -
~G aG b =c" t+a CA C
a : 4) | R
v ' c
G oz A PR
&\G

Internal Interface Relations

m Swiss Federal Computer Engineering
Institute of Technology 514 and Networks Laboratory



Compatibility & Composition

b¢ = A :
R =
. 2 a A | 636 _4C 5G
| ~¢ e
aC a 1 l
v : |
~ c
e

(@% <a) A (B¢ > M) A (1 < &)

m Swiss Federal Computer Engineering
Institute of Technology 515 and Networks Laboratory




The Weakest Environment

A ' °
a _
L] 6 =36 _ 56
o A = A 4 GG
aG
' 2
OOv :
cG cA

m Swiss Federal 6 Computer Engineering
Institute of Technology 51 and Networks Laboratory



A Simple Example

! A

: 'O

A 4 ]
o0 ~ -
] & =pC —g¢

o gA — A 4 4G

; X

AR &

! A
: o)

v 1

o0 - ~

] & =p¢ —aC¢
---» EA=EA—I—EEG

o0 ! i

v .

m Swiss Federal Computer Engineering
Institute of Technology 5717 and Networks Laboratory




A Simple Example

‘o
D] 56 =36 _ ;¢
GA — 3G _ A
- jA — A 4 56
! %
P>
, 0
4-—-<c—x-)— E{;:BG—ELG
| GA=5C_zA
-5-*-"* BA=EA_|_aG

v
m Swiss Federal

8 Computer Engineering :
Institute of Technology 51 and Networks Laboratory




A Simple Example

o0 ~ _
X ¢ _ 36 _ 4G

B BA _ =A _I_ aG

i A
Q0 | !
Y >
A
VT 5
h 4
00 e
P EG — EJG ELG
F- - - T - ~
5 pA =4 + a’
: A
w | :
v |
m Swiss Federal Computer Engineering
Institute of Technology 5-19

and Networks Laboratory



A Simple Example

2

«- - ﬁ:bc_ac
a ="‘G_EA

B ‘BA='AA+&-G

< - - ¢ - - E{;:BG_aG
< |gd=p¢ &

m Swiss Federal

Computer Engineering
Institute of Technology 5-20

and Networks Laboratory




A Simple Example

& =% — ¢
a ="‘G_EA
BA=*A_I_aG

m Swiss Federal Computer Engineering
Institute of Technology 5-21 and Networks Laboratory




A Simple Example

€ --—¢-=- —

oM pA _ A + ~(

m Swiss Federal Computer Engineering
Institute of Technology 5-22 and Networks Laboratory




A Simple Example

- - —¢- -

F- - - -

- - € - -

F——p—— -

m Swiss Federal Computer Engineering
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Foundations of Real-Time Interfaces

Real-Time Interfaces

/N

Interface-Based Design
(Assume/Guarantee Interfaces)

Henzinger, de Alfaro, et al.

m Swiss Federal
Institute of Technology 5-24

Real-Time Calculus

Thiele, et al.

Computer Engineering &

and Networks Laboratory




Three Steps to Real-Time Interfaces

- Step 1: Abstract Components
- Step 2: Interface Variables and Predicates

- Step 3: Internal Interface Relations

m Swiss Federal
Institute of Technology 5-25




Step 1: Abstract Component

| B'(A) = RT (B, a)
EL_'_'I:E i dmazr = Def(ﬁj )

m Swiss Federal 6
Institute of Technology 5-2




Step 2: Interface Variable & Predicates

p
\l/

B'(A) = RT(B,a)
dmaz = Def(ﬁ, ﬂ')

!
B!

o, d >

m Swiss Federal Computer Engineering #
Institute of Technology 527 and Networks Laboratory




Step 2: Interface Variable & Predicates

BGE B‘A

~ A i
Q ------------ P 6"(&) = RT(ﬁia)
. ] dmar = Dﬂf(ﬁa ﬂ-’)

m Swiss Federal 3 Computer Engineering
Institute of Technology 5-2 and Networks Laboratory



Step 3: Internal Interface Relations

~G < Qe
aG =" >
(zG_?:_fii__i'.';

m Swiss Federal
Institute of Technology

BGE BA

B'(A) = RT(B,a)
dmaz = DEE(H, ﬂ')

5-29

Fixed Priority Scheduling

RT(B%,a%)
max {a®(a — d%), RT~P(54,a%)}
min {BG(A +d9), RT_a(BIA, BG)}
Del(B%, &%)

Computer Engineering
and Networks Laboratory




Applications

Interface-Based Design of RT Systems

— Find minimum processor speed for complex systems with mixed
hierarchical scheduling.

— Find optimal TDMA slot and cycle length allocations.
— Specify maximum allowable input stream rates.

Answering of design questions, e.g. resource dimensioning
On-Line Load Adaptation

On-Line Service Adaptation

On-Line Admission Tests

m Swiss Federal Computer Engineering
Institute of Technology 5730 and Networks Laboratory



A Simple System with FP Scheduling...

CPU: Fully Available

CPU
load1: p=3,d=6 L1 =® T WCET =1
load2: p=6,d=7 L2 =@ T2: WCET =1

m Swiss Federal Computer Engineering
Institute of Technology 5731 and Networks Laboratory



... and its Real-Time Interface Model

CPU

Swiss Federal
Institute of Technology

5-32

CPU

L1

>

L2

>

Computer Engineering
and Networks Laboratory




Schedulability Analysis

) dA=1 ’
— d6=6

CPU

L1@ T1

0 5 10 15 20 0 5 10 15 20
15 r Y 15
L2 @ T2
10 ‘.c---' g 10F
s o 1 5
41—'_|7 0
dG_
0 _7 0
0 5 10 15 20 0

m Swiss Federal Computer Engineering #
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Applications

Interface-Based Design of RT Systems

— Find minimum processor speed for complex systems with mixed
hierarchical scheduling.

— Find optimal TDMA slot and cycle length allocations.
— Specify maximum allowable input stream rates.

Answering of design questions, e.qg. resource dimensioning
On-Line Load Adaption

On-Line Service Adaption

On-Line Admission Tests

m Swiss Federal Computer Engineering #
Institute of Technology 534 and Networks Laboratory




Resource Dimensioning

15

CPU

10

L1 = T

G Lyl To Different options:

1. Full CPU with min frequency

2. CPU with bounded delay

3. CPU with TDMA, and others

m Swiss Federal Computer Engineering #
Institute of Technology 5735 and Networks Laboratory



Applications

Interface-Based Design of RT Systems

— Find minimum processor speed for complex systems with mixed
hierarchical scheduling.

— Find optimal TDMA slot and cycle length allocations.
— Specify maximum allowable input stream rates.

Answering of design questions, e.g. resource dimensioning

On-Line Load Adaption

On-Line Service Adaption
On-Line Admission Tests

m Swiss Federal 6 Computer Engineering #
Institute of Technology 53 and Networks Laboratory




1. Check

On-Line Load Adaption (Burstiness) ; Update

! dA:1 15
' dG:6

10 : J 10 Fressssnssnannannt

CPU

0 5 10 15 20 0 5 10 15 20

m Swiss Federal Computer Engineering
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1. Check
2. Admit
3. Update

On-Line Load Adaption (Delay)

15

10

dA=1
db=6 d¢=2?

15

CPU

5\

XL ,
L1 T1
-
0 : : 4] _ : :
0 5 10 15 20 0 10 15 20
15 Y 15
L2 T2
10 10
5
1]
0 5 10 15 20 0 10 15 20

m Swiss Federal
Institute of Technology

8 Computer Engineering
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1. Check

. o . 2. Admit
On-Line Service Adaption 3. Update

15

dA=1.25
de=2

10 : 10 fuannnansarnnsnnst

—
n
—
(%) ]

L2 @ T2
10 |

0 5 10 15 20 0 5 10 15 20
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Institute of Technology 539 and Networks Laboratory




Outline

- Real-Time Interfaces / Interface-Based Design

- IBD Case Study
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A System with Complex Scheduling...

Full Processor

FP
T SPS EDF T4
T2 || T3 | | DPS
e | o
Ts || T6 T7 || T8 || Tg ||T10
Swiss Federal 51

Institute of Technology

10 Tasks

- with jitter

- with bursts

- deadline = period
- deadline < period
- deadline > period

3 Scheduling Policies
- Rate Monotonic

- Earliest Deadline First

- Fixed Priority

Hierarchical Scheduling
Static & Dynamic Polling Servers

Total Utilization: 98.5%

Computer Engineering .
and Networks Laboratory




... and its Real-Time Interface Model

Swiss Federal

Service
e :
| FP < T |
R ¥
SPS g
LI —
Ts «— DPS
; EDF T
1.T6 EDF («{ T2 |\
' < RM
<113 Ji17-T1o
""""""""""" \é.’/ 0
A
\él)j ____________
Cose and Networks Lagoratory

Institute of Technology




Schedulability Analysis

300

250
200
[
£ 150
Y]

100

Service
| P T
e
SPS g
| | @ J—
50 100 A [::12] 200 _< i ; D PS
’ R
LT EDF [«{ T2 |ii—=
I —— | RM

Swiss Federal
Institute of Technology

____________
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Schedulability Analysis

. Service
in il e k] T
: 9
4 SPS
2 | | | | | | _E E \AI)J N ——
: cor || g
| T6 > | EDF k] T2 |l
| \éu)/ L il RM
<1713 1i77-T1o
---------------- \éu)/ X o
P« Tg i
e s
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System Adaption I: Burstiness of T2

20 T

20
181 18
16 Service 10
14 /';@ _________ 14
12 : 12 c.ai_l,-‘l
HE N EASIEE 12
s E é 3 ol |
: S o . S5 : (10,30,1)
\ SPS al
B ,
2 | o Y 2 &%, : (10,5,0)
o — —— | o e
0 2 4 i} 8 10 12 14 16 18 20 .
Ams] : : _<% 0 2 4 6 a 3[:.‘251 12 14 16 18 20
LuUr S
T6 EDF (T2 T
5 RM
LT3 i 19-Tvo
_____________________ \él)J X \(|5/
P T4
3
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System Adaption Il: Deadline of T2

20 T T T T 20

18 18

16 | Service 16

141 1 REbl o S SEEEEEEEE 14
v 7 ' //@ v 7 dd = 3.2ms]
I T !

d¥ = 10ms

8

[~ 1
6 i . 6
JA | SPS ol
2 o 2
0 0

T — I d® = 3.2ms
0 2 4 i) a8 10 12 14 16 18 20 : : % 0 2 4 6 8 10 12 14 16 18 20
A [ms] N -< A [ms]
Cur | ™ S

b ™| | eor rma) =2
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System Analysis Time

+ <1second
— Pentium Mobile 1.6 GHz
— Matlab 7 SP2
— RTC Toolbox



m Swiss Federal Computer Engineering
Institute of Technology and Networks Laboratory

Thank you!

www.mpa.ethz.ch/rtctoolbox

Nikolay Stoimenov

nikolays@tik.ee.ethz.ch
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Modular Performance Analysis with
Real-Time Calculus

6. Comparison with other analysis approaches
Simon Perathoner

ARTIST2 PhD Course on Automated Formal Methods for Embedded Systems
DTU - Lyngby, Denmark - June 11, 2007
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Eidgendssische Technische Hochschule Zirich 2 : . 2 i —_ by
Swiss Federal Institute of Technelogy Zurich 4 . " A - — — iy 1"‘-1\; s
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Outline

= Motivation
= Abstractions
= Benchmarks

= Conclusions
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Eidgendssische Technische Hochschule Zirich
Swiss Federal Institute of Technelogy Zurich

|,||l-'.1[ilni|,5a:nm:r;“_,;.§; Recs Lo
X 2

= e e AP
S .
AT i

System level performance analysis

Max.
CPU load?

CPU2

AN
\ 4

o))

B
€

CPU3

7
L —X
)
[HEEN

A 4

A A
5
AN

\ 4

AND

»

4
1
1
1
1
I
1
1
1
1
1
I
1
|

v

A
®
(N
A

end-to-end
delay?

Bufferspace?
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Eidgendssische Technische Hochschule Zirich S R A L o o,
Swiss Federal Institute of Technelogy Zurich = e A A = =] e - Sy ol

T e T

| — |

Formal analysis methods

Distributed system Abstraction 3

CPU3

Y, l[[}—’@ [oD I::> Tz:Cz_i_ Z |-/r’L-| C]

:C:ﬁ %»@ vichp(i) 1
W
ol

Performance values \H/

Analysis method 3
—

Computer Engineering and Networks Laboratory (TIK) 4




Eldgendssische Technische Hochschule Zirich
Swiss Federal Institute of Technelogy Zurich

Motivating questions

= What is the influence of the different models on
the analysis accuracy ?

= Does abstraction matter ?

= Which abstraction is best suited for a given system ?

Evaluation and comparison of abstractions is needed !

Computer Engineering and Networks Laboratory (TIK) 5



Eldgendssische Technische Hochschule Zirich
Swiss Federal Institute of Technelogy Zurich

modular .
modeling performance metrics

effort

correctness scope

scalability

usability analysis time

exact efficient
implementation

accuracy

compositional

holistic stepwise refinement
tool support

learning curve

easy to use

Computer Engineering and Networks Laboratory (TIK) 6



Eidgendssische Technische Hochschule Zirich
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What makes a direct comparison difficult?

= Many aspects can not be quantified

= Models cover different scenarios:

Computer Engineering and Networks Laboratory (TIK)
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Intention

Compare models and methods that analyze the timing
properties of distributed systems:

SymTA/S [Richter et al.]
MPA-RTC [Thiele et al.]
MAST [Gonzalez Harbour et al.]

Timed automata based analysis [Yi et al.]

Computer Engineering and Networks Laboratory (TIK) 8
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Approach

= Leiden Workshop on Distributed Embedded Systems:
http://www.tik.ee.ethz.ch/~leidenos/

= Define a set of benchmark examples
that cover common area

= Define benchmark examples
that show the power of each
method

Computer Engineering and Networks Laboratory (TIK)
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Expected (long term) results

= Understand the modeling power of different methods

= Understand the relation between models and analysis
accuracy

= Improve methods by combining ideas and abstractions

Computer Engineering and Networks Laboratory (TIK) 10
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Contributions

= We define a set of benchmark systems aimed at the
evaluation of performance analysis techniques

= We apply different analysis methods to the benchmark
systems and compare the results obtained in terms of
accuracy and analysis times

= We point out several analysis difficulties and investigate
the causes for deviating results

Computer Engineering and Networks Laboratory (TIK) 11
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Basic concept: extend concepts of classical scheduling
theory to distributed systems

Holistic scheduling

FP + data

FP CPUs + FP + control

TDMA bus dependencies dependencies
[Tindell et al.] [Yenetal] [Pop et al.]
1994 Mixed TT/ET 1995

2000

[;ZSt:;r;] EDF offset based
P ) [Gonzalez et al.]

2002
2003

CAN
[Tindell et al.]

1995
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Holistic scheduling — MAST tool

MAST - The Modeling and Analysis Suite for Real-Time
Applications [Gonzalez Harbour et al.]

MAST

Sy St e m ] | Modeling and Analysis Sulte for Real-Time Applications Re S u Its
TXT TXT

™ verbose
Tool lHuIistic - I [T cale. Ceilings & Levels
[T Assign Parameters  Technique|Default -

I source Dest, Fils I

Diractory [D:iasterarbeit Siman Perathoner i
Input File [p3_AND et File... I Caleulate Slacks
[T cale. Gperation Slack I
Results File IpS_AND‘Dut Default | Blank.
¥ View Results

of GOI X cancel E]HOPA Parame! tersl Annealing Paramatersl ﬂelpl
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Abstraction 2 — The SymTA/S approach

Basic concept:  Application of classical scheduling techniques at

resource level and propagation of results to next
component

Problem: The local analysis techniques require the input
event streams to fit given standard event models

EMIF | EAF

[
-t
=
-~
£

=
L
b
3
=
3
@]

Ouiput EM

Solution: Use appropriate interfaces: EMIFs & EAFs

Computer Engineering and Networks Laboratory (TIK) 15
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SYMTA VISION

=181 x|

=

Edt Wiew Insert Window Tools Help
NEEEEEIEIEIEIED AE @ @ el [E3)

EE

&

[

Tasks

e a o nD/ = a |io on/
co T3
CPU1L
2 / b0 0| & S|
c1
Bus0,
CPUD
Task: |T1 |'|Cnlors: blockingTitmeColor "‘ & B ﬂg I T ]

T 2 |
Priority 1
P (10} ]
S0 offs. O 1

1
T
Priority 2 I
P10y 1 F T WECRTS
S0 offs. 11
wert 5 : : I

1 1 1

[} 1 2 3 4 5 t

6

Task List @B |11 [~ [crun [=] [ unmapt |

[‘Main [ Mappings [ Porte | Modes | Context | interaction |
Min: |4 1o = 4

Core Task Time:

Activating Event Model: P (10}
Response Time: 4 Max: S
Output Event Model: P {10} + T (1)

Max. Execution Backlog: 1
Total Buffer Size: 1
Scheduling: Static Priority Preemptive

Task Speed: 1.0

Scheduling Parameters...

@ Resources

Resource List __CPUU

Speed factor: 1.0 [ ] individual task speeds
Scheduling: ‘Static Priority Preemptive ‘ v ‘
Requirements: any
Utlisation: C
Scheduling Overhead: _
Task CET Input Ehd | Friority | hax Load | Resp.Time| Output EM
o 22 P 1 20% 2,21 P
T 4 4] P 2 0% 14,51 P+J

Output

Console

1
1
121001
12400
12100
1200
12100
12100m
12100
12000
12100
12100
1
1210
12100

(1000ms)

i : i : i
Global analysis step started on [CPUO, CPLM, Bus0] —

Analysis on CPUD started ...

Performing Global Offset Sensitive Analysis

Critical instart determined by T0O

W resp time for activation 1 of TO: 2

Critical instart determined by TO

WiZ resp time for activation 1 of T1: 5

Critical instart determined by T1

W resp time for activation 1 of T1: 4

Global Offzet Senstive Analysis complete (125ms).
Analysis on CPUD finished

Global analysis step finished.
EvertModel-propaaation started on [CPUO]
EvertModel-propagation finished

Global Analysis successtully finished after 7 updates and 5 iterations

Welcome to Textual SYMTA, | textual user interface for SymTAsS

Type help' for a list of avaitable commands

Computer Engineering and Networks Laboratory (TIK)

Event Streams - i i 2
Event Stream List
Output Assertion P o(10) + T (1)
Actual Input B o(10) + T (1)
Target Requirement o
Interfacing
@) unbuffered ) Adaptation () Shaper
Min ) User
) Max
) periodic
Specification:
Buffer Size: Delay:
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Abstraction 3 — MPA-RTC

events availability
A

Mttt :

@ Load model ﬂ Service model

u
X events ol A Service B
. p
> A > A

Arrival curves Service curves

t
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Abstraction 4 - TA based performance analysis

Verification of performance

reqts 0 properties by model
X checking (UPPAAL)
@ req++, x:=0 g
b < Exact performance values

periodic stream
x<D x==D
y:=0 PN D=0, req T2--. x:=0

¥

req T1=0 req T2>0 and req T1==0 req T1=0
hurry! hurry! hurry!
fixed pr|or|ty x:=0, D:=WCET T2 x:=0
scheduling - -
pre T1 %WCETH x<=WCET _T1
x==WCET T1
y==WCET _TI req T1--
req_Tl--.
D+=WCET T1
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Benchmarks

= Pay burst only once

= Complex activation pattern
= Variable feedback

= Cyclic dependencies

= AND/OR task activation

= |ntra-context information
= Workload correlation

= Data dependencies

Computer Engineering and Networks Laboratory (TIK) 21
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Benchmark 1 — Complex activation pattern

periodic CPUI WCRT T3 ?

P =60 _ (FP)

periodic

P=5 c=2" | C=4

|12 )— T2) - ™ - 02)
periodic C = A

. - } . "[ T4 | > 03 |

N NH_/

period

[4]
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Benchmark 1— Analysis results

Lh
wn

—— MPA-RTC == Timed automata (exact)
—o— SymTA/S —k— Simulation [10s]

=01

CPU2
M .
.| * - = T3 o
I

(M T4 0 ow)
H h

Worst-case response time T3 [ms]

3 5 T I 1

60 65 70 75 80 85 90 95 100 105 110

Period 13 [ms]
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300 —
41
250 delay -
MPA-RTC
200 -
150 -
]
100 L — B B
u
— OyparrC
50 u
50 N\ — Olsymrass
delay
SymTA/S
O | | | | | | |
0 50 100 150 200 250 300 350 400
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80
—8— MPA-RTC —o— SymTA/S (path)
4 —4&— SymTA/S (add) === Timed automata (exact)
757 —%— Simulation [10s]
- 107 \
3
EI 65 n 1l 1T} HOn)
= cPz
- [z *1 g [T+ T3 o
7 60
35 i) ST T4 ——on)
= 55-
4
50
45 T T T T T T T T T
60 65 70 75 80 85 90 95 100 105 110
Period I3 [ms]
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Benchmark 2 — Variable feedback

Exec. time C
n K

CPU2
periodic P)
P=100]11) > | »|01)
CPU1
(FP)
periodic C=1
P=5 @—» > — T4
Max

delay ? I c
(o2« T2 «

I
N
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1

J—)

—— MPA-RTC —8— MAST
35 4 —&— SymTA/S (add) === Timed automata (exact)
—o— SymTA/S (path) —¥— Simulation [10s]

CPU2

oD

CPU1

e

Worst case delay 12-O2 [ms]

5 I I I I I I I I I
2 4 6 8 10 12 14 16 18 20 22

Execution time T3 [ms]
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Benchmark 3 - Analy5|s results

CPU1 CPU2

Scenario 1: priority T1 = high .@%@
priority T3 = low (7 Fm

—— MPA-RTC —8— MAST
—A— SymTA/S (add) === Timed automata (exact)
—o— SymTA/S (path) —%— Simulation [10s]

Worst case delay [1-O1 [ms]

0 5 10 15 20 25 30 35 40 45 50

Worst-case jitter 11 [ms]
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Scenario 2: priority T1 = low
priority T3 = high

Benchmark 3 - Iyss results

{7 -1 72)
@

CPU2

R—
W Y
. .

175
—— MPA-RTC —8— MAST

150 - —&— SymTA/S (add) === Timed automata (exact) X
_ —o— SymTA/S (path) —¥— Simulation [10s] A 3
E 125 1 =
Q A 0"0"
=100 - A5 e
5]
g /X .(

.
% 75 A A py
= 0‘0{
o) &
S o :
.=
25 - v
VG =
O ?
0 I I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50
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Analysis times [s]

B1 B2 B3 (sc.1) | B3 (sc.2) B4

min 0.60 | 0.03 0.01 0.04 0.03

MPA-RTC med 1.06 | 0.04 0.01 0.15 0.05
max | 19.72 | 0.08 0.04 0.30 0.20

min 0.05 | 0.03 0.03 0.03 0.06

SymTA/S med | 0.09 0.05 0.06 0.34 0.09
max | 150 | 0.23 0.09 0.80 0.31

min - <0.5 <0.5 <0.5 <0.5

MAST med ) <05 <05 <05 <05
max - <0.5 <0.5 <0.5 <0.5

_ min 180 | <05 <05 <05 <05
Timed aut. med | 345 | <05 1.0 <05 <05
max | 605 | <05 52.0 5.5 <05

. . min 1.0 <0.5 0.5 0.5 <0.5
Simulation med 1.0 <05 0.5 0.5 <05
max 1.0 <05 0.5 0.5 <05

Computer Engineering and Networks Laboratory (TIK) 31



£ A b K ¥ -
w——— e L T o By SRS —— - L

Eidgendssische Technische Hochschule Zirich 2 : . 2 i —_ by
Swiss Federal Institute of Technelogy Zurich 4 . " A - — — iy 1"‘-1\; s

R

Outline

= Motivation
= Abstractions
= Benchmarks

= Conclusions

Computer Engineering and Networks Laboratory (TIK) 32



Eldgendssische Technische Hochschule Zirich
Swiss Federal Institute of Technelogy Zurich

Conclusions

= The analysis accuracy and the analysis time depend highly
on the specific system characteristics

= None of the analysis methods performed best in all
benchmarks

= The analysis results of the different approaches are
remarkable different even for apparently basic systems

The choice of an appropriate analysis abstraction matters

= The problem to provide accurate performance predictions
for general systems is still far from solved
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Discussion

= Approximation of complex event streams with standard
event models can lead to poor performance predictions at
local level

= Holistic approaches better in the presence of correlations
among task activations (e.g. data dependencies)

= Cyclic dependencies represent a serious pitfall for the
accuracy of compositional analysis methods

= Holistic methods less appropriate for timing properties
referred to the actual release time of an event within a
large jitter interval
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Thank you!

Simon Perathoner

perathoner@tik.ee.ethz.ch
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