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1. Introduction

LCCC workshops are organized in a 3-day for-
mat. About 20-25 speakers from academia and 
industry are invited for the workshop, selected 
for excellence and for an optimal coverage of 
the theme. The speakers are also encouraged 
to extend their stay beyond the workshop for 
further interaction with the local research en-
vironment. For each workshop, the research 
theme is chosen strategically to support the 
vision of a LCCC, usually with a cross-disciplinary 
perspective. An international scientific commit-
tee is responsible for the program.

1.1 WORKSHOP THEME
Equation-based object-oriented languages 
(EOOL), such as Modelica and VHDL-AMS, have 
become widely used in academia and industry 
during recent years. While these languages are 
mainly oriented towards dynamic simulation, 
they are well suited as a basis for solving a wider 
range of engineering design problems, making 
use of existing and new algorithms. Examples 
include sensitivity analysis, state and parameter 
estimation, optimal control and MPC, robust 
design, and model reduction. 

1.2 SCOPE 
The workshop focused on how EOOLs can be 
extended to support this wider range of pro-
blems in systems design. The following aspects 
are of primarily interest:

1. Extension examples: What kind of engine-
ering design problems could benefit from 
support through EOOLs, or extensions to an 
EOOL language? What existing or new al-
gorithms could be used for such extensions? 
An existing example for such an extension is 
Optimica which adds optimization capabili-
ties to Modelica.

2. Language extension design: How can such 

extensions be formulated as language ex-
tensions? What different techniques, e.g., 
annotations, syntactic extensions, semantic 
extensions, or embedded DSLs are appropri-
ate for different extensions? How can model 
execution standards, e.g., the Functional 
Mock-up Interface (FMI) be explored to link 
language extensions to algorithms? 

3. Language extension implementation: How 
can these extensions be implemented in 
supporting tools like compilers? How can 
modularity with respect to core languages 
be maintained? How can interactive tools like 
IDEs be extended to support the language 
extensions? Examples of new metacompila-
tion frameworks supporting language exten-
sions include JastAdd, Silver, and Kiama. 

4. Applications: What interesting industrial 
cases can be found that could benefit from 
such new developments?

Supporting such extensions to EOOL’s would 
answer the strong industrial need for integra-
ting existing EOOL models with systems design 
algorithms and on-line control systems.

The problems are cross disciplinary, and the 
aim of the workshop was therefore to bring to-
gether researchers and industrial practitioners 
in several fields, including engineering design 
(modeling, simulation, optimization, etc.), com-
puter science (languages and tools), numerical 
analysis (algorithms for solving design problems), 
and applications. 

The workshop supported the LCCC theme 
Modeling for design and verification. During the 
last few years, a local community has emerged, 
consisting of researchers at the departments of 
Mathematics, Computer Science and Automa-
tic Control, and companies, notably Modelon, 
Lund, and ABB, Malmö. The local community is 
oriented towards the two open source projects 
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JModelica.org (an open-source implementation 
of Modelica) and JastAdd (a meta-compilation 
tool supporting language extension). The theme 
of the workshop stemmed from this environ-
ment cross-disciplinary interactions between 
researchers at Lund university, local companies, 
and students are frequent. Such interactions 
include joint master’s thesis projects, joint sci-
entific publications, joint PhD student advising, 
all inspired by industral applications. 

1.3 ORGANIZATION AND VENUE
The workshop was initiated by Claus Führer 
(Center for Mathematical Sciences), Görel Hedin 
(Department of Computer Science) and Johan 
Åkesson (Department of Automatic Control). 

The scientific committee consisted of Johan 
Åkesson (chair), Moritz Diehl, Hilding Elmqvist, 
Claus Führer, Clas Jacobson and Eric van Wyk.

The local organization and interactions with 
workshop speakers and participants was hand-
led by Eva Westin. 

The workshop was held at the Pufendorf Insti-
tute at Lund University 19-21 September 2012.
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2. Panel discussion 

Participants: Albert Benveniste, Hilding 
Elmqvist, Carl D. Laird, Edward E. Lee, 
Clas Jacobson

Moderator: Karl Johan Åström

The panel discussion circled around three 
main themes; modeling and systems engine-
ering in eduction, employing equation-based 
languages in systems design, and formaliza-
tion of model representations.

2.1 MODELING AND SYSTEMS 
ENGINEERING IN EDUCATION
C. Jacobson put forward the observation 
that systems engineering is no longer taught 
by academic institutions. As a consequence, 
graduated engineers lack experience with 
systems design tools, which are widely used 
in industry. In cases where systems design 
courses are offered by universities, they are 
often taught by industrial practitioners that 
are brought in for the occasion. 

E. Lee suggested to introduce a new topic 
into program curricula: Model Engineering. 
While this topic would build on established 
disciplines, it would emphasize that the con-
cept of modeling as a key element in systems 
engineering. What is currently offered by 
universities in this area is generally weak. E. 
Lee made an analogy to software engine-
ering, which has a long-time tradition within 
academia, and which contains a number of 
structured concepts that are taught systema-
tically. Concepts suggested to be integrated 
into the topic model engineering include 
object-orientation, represented by languages 
such as Modelica, and refactoring of model 
code, which is a standard technique in soft-
ware engineering.

A. Benveniste noted that mathematics is 
and must remain a fundamental element of 
systems engineering – mathematics is every-

where! It was also noted that French software 
industry emphasizes systems engineering for 
this particular reason.

2.2 EMPLOYING EQUATION-BASED 
LANGUAGES IN SYSTEMS DESIGN
In his opening note, H. Elmqvist talked about 
recent directions in the development of the 
Modelica language. The latest version of 
Modelica supports synchronous constructs. 
State-machines have been added in order to 
promote modeling of clock and sequential 
control systems. H. Elmqvist stressed the need 
to continue to expand the scope of Modelica 
to cover areas such as requirements mana-
gement, integration with 3D modeling tools, 
Monte Carlo analysis, embedded optimization 
in physical models and systems design in ge-
neral. H. Elmqvist also took the opportunity to 
invite everybody to interact and to contribute 
to the further development of Modelica.

C. Jacobson commented that equation-
based languages are currently not used to 
their full potential. Given the languages and 
tools available today, we can move from ex-
perimentation based on simulation to compu-
tations in systems design. C. Jacobson men-
tioned Six Sigma and Monte Carlo techniques 
as targets for integration with computational 
frameworks based on physical models, and 
he highlighted rich opportunities for research 
in the area, for example in propagation of 
uncertainty.

C. Laird talked about the interplay between 
algorithm design and modeling, specifially in 
the context of dynamic optimization of large-
scale non-linear systems. In effect, the way 
models are constructed is affected by the ca-
pabilities of such algorithms. In addition, the 
need for exploitation of structure in models 
was stressed.
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2.3 FORMALIZATION OF MODELS
A. Benveniste used the fighter aircraft Rafale to 
exemplify the need for integrated and formal 
methods in requirements managment and veri-
fication. Approximately 250.000 requirements 
were considered in the design. The process was 
characterized by informal handling of the requi-
rements, multiple engaged sub-contractors, and 
often, requirements verification without mo-
dels. In other activities in the project, however, 
models were developed and used extensively, 
including system dimensioning, control design 
and Product Lifecycle Management (PLM). Typi-
cally, very different modeling tools were used for 
these purposes. Based on the example, A. Ben-
veniste put forward questions to be adressed in 
research and in industrial practice. How to fuse 
the model-based tools in order for models to 
become widely available in different processes? 
How does the V-model for product development 
come into play in this context? What is needed 
in terms of Modelica extensions in order to ac-
comodate the needs exemplified in the Rafale 
project?

In his remarks, E. Lee reasoned about what 
properties of models we should value. Three 
aspects were brought forward. Firstly, fidelity 
of models is a key property, that is to what de-
gree the models mimic a given system. Secondly, 
understandability of a model, something we 
are often eager to sacrifice, should be valued. 
E. Lee called for a cultural change in this respect 
– we should be proud of small models! Thirdly, 
analyzability of a model is important in order to 
perform model-based analyses such as model 
checking and verification. E. Lee stressed in this 
context the need for formal model description 
formats.
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3.1 IMPORTANT OBSERVATIONS
•	 Different approaches to modeling of hybrid 

systems were discussed during the work-
shop. This seems to be one of the core chal-
lenges in the area, i.e., to develop a rigorous 
mathematical formalism to describe the 
semantics of models encoded in languages 
such as Modelica, Ptolemy and VHDL-AMS, 
and in model exchange standards such as 
FMI.

•	 The interest in model exchange formats 
which are neutral with respect to physical 
domain, modeling language, and software 
tool is increasing. The Functional Mock-up 
Interface is rapidly being adopted in research 
and in industry, which was evident from se-
veral presentations. In addition, the CIF for-
mat which resulted from the MULTIFORMS 
project was presented.

•	 The interest in Modelica is broadening, and 
the scope of the language is expanding from 
primarily modeling of physical systems to 
control systems and systems design. Speci-
fically, synchronous extensions to Modelica 
and optimization based on Modelica models 
were discussed. Also, the potential of Mo-
delica in systems design was high-lighted 
during the panel discussion.

•	 The need for formal verification of require-
ments, and approaches to solving such pro-
blems was a strong theme during the work-
shop. This topic was high-lighted during the 
panel discussion in the context of aircraft 
control systems and in several presentations.

•	 Some speakers bore witness to difficulties in 
applying software for non-convex dynamic 
optimization to industrial problems. The level 
of maturity of existing algorithms for such 
problems seems to be significantly less than 

3. Summary and outlook

for simulation tools targeting the same class 
of systems.

•	 Extensible languages and compilers is beco-
ming feasible through research efforts in the 
computer science community. Two different 
approaches to compiler extensibility was dis-
cussed in the workshop presentations.

•	 Python holds a strong position in the scien-
tific computing field, which was underlined 
in a number of presentations.

3.2 OPEN PROBLEMS
•	 Modeling formalizms for hybrid systems. 

Several speakers touched upon modeling for-
malisms for hybrid systems. While there are 
different frameworks available for descrip-
tion of hybrid systems, consensus is yet to be 
reached upon the semantic behaviour and a 
unified mathematical theory.

•	 Robustness of numerical optimization 
algorithms for large-scale non-linear 
dnamic systems. The academic community 
has produced a large body of algorithms for 
optimization of large-scale non-linear dy-
namic systems. Still, industrial practitioners 
experiences significant challenges in apply-
ing such algorithms to problems relevant for 
their applications.

•	 Physical modeling languages for convex 
optimization. Current modeling languages 
such as VHDL-AMS and Modelica target con-
struction of non-linear and hybrid physical 
system models, which are not immediately 
useful as a basis for the large body of availa-
ble optimization algorithms for convex opti-
mization. Still, many physical systems can be 
modeled in order to fulfill the requirements 
of convex optimization. Accordingly, chal-
lenges remain in combining concepts from 
EOOL and convex optimization.
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3.3 ACTIONS
From the discussions during the workshop, it is 
clear that there are rich opportunities for cross 
fertilization between different fields represen-
ted by speakers and paricipants. Based on these 
discussions, the following actions are recom-
mended.

•	 More efforts are needed in terms of 
language support for optimization. 
Several presentations touched upon this 
topic and several interesting directions were 
mentioned, including convex optimization 
formulations based on physical modeling 
languages, challenges in application of 
state-of-the-art optimization algorithms to 
large-scale physical models, and industrial 
applications. 

•	 Increased interaction is needed between 
communities working with modeling for-
malisms for hybrid systems. It is clear that 
there are several research groups developing 
modeling formalisms for hybrid systems, as 
well as industrial initiatives such as FMI and 
Modelica. Interactions between these groups 
would be beneficial in order to develop a 
unified framework for modeling of hybrid sys-
tems. An initiative in this direction was taken 
by the Modelica community, represented by 
H. Elmqvist, who visited E. Lee’s group in the 
weeks following the workshop.

•	 Establishment of a repository of dy-
namic benchmark models of industrial 
grade to support research in systems 
design. Development of relevant industrial 
grade models requires a high level of exper-
tise, that this not always available in research 
projects targeting systems design. Such pro-
jects benefit from freely available dynamic 
models.
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Wednesday, September 19, 2012

08.30-09.00 Registration
09.00-09.10 Opening session
09:10-10:10 Non-standard semantics of hybrid systems modelers
 Albert Benveniste, IRISA/INRIA 
 Equations, Synchrony, Time, and Modes 
 Edward A. Lee, EECS, UC Berkeley
10:10-10:40 Coffee
10:40-12:10 Formal Modeling and Analysis of Software Systems with Lustre
 Mike Whalen, University of Minnesota
 Systems Engineering: Status of Industrial Use, Opportunities and Needs
 Clas Jacobson, United Technologies Systems & Controls Engineering
 The OpenModelica Environment including Static and Dynamic Debugging of
 Modelica Models and Systems Engineering / Design verification
 Peter Fritzson, Linköping University, PELAB
12:10-13:30 Lunch
13:30-15:00 The Dark Side of Object-Oriented Modelling: Numerical Problems, Existing 
 Solutions, Future Perspectives
 Francesco Casella, Politecnico di Milano
 Bridging between different modeling formalisms – results from the MULTIFORM 
 project
 Sebastian Engell, TU Dortmund
 Equation-based Modeling and Control of Industrial Processes
 Johan Sjöberg, ABB AB, Corporate Research and Linköping university
15:00-15:30 Coffee
15:30-16:30  FMI: Functional Mockup Interface for Model Exchange and Co-Simulation
 Torsten Blochwitz, ITI GmbH Dresden
 Vertical Integration in Tool Chains for Modeling, Simulation and Optimization of 
 Large-Scale Systems
 Johan Åkesson, Modelon AB and Lund University

Thursday, September 20, 2012

09:00-10:00  System Design – From Requirements to Implementation
 Alberto Ferrari, ALES S.r.l.
 Synchronous Control and State Machines in Modelica
 Hilding Elmqvist, Dassault Systèmes AB
10:00-10:30  Coffee

Appendix A 
 
PROGRAM



12 PANEL DISCUSSION

10:30-12:00  Extensible Programming and Modeling Languages
 Eric Van Wyk, University of Minnesota
 Extensible compiler architecture – examples from JModelica.org
 Görel Hedin, Lund University
 Constraint satisfaction methods in embedded system design
 Krzysztof Kuchcinski, Lund University
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09:15-10:00  Panel discussion
10:00-10:30  Coffee
10:30-12:00  Pyomo: Optimization Modeling in Python
 Carl Laird, Texas A&M University
 Efficient symbolical and numerical algorithms for nonlinear model predictive control 
 with OpenModelica
 Bernhard Bachmann, Fachhochschule Bielefeld University of Applied Sciences 
 Algorithmic differentiation: Sensitivity analysis and the computation of adjoints 
 Andrea Walther, Universität Paderborn
12:00-13:00  Lunch
13:00-14:30  CasADi: A Tool for Automatic Differentiation and Simulation-Based Nonlinear
 Programming
 Moritz Diehl, OPTEC KU Leuven
 Modeling Seen as Programming
 Klaus Havelund, Jet Propulsion Laboratory, California Institute of Technology
 Verification of Stiff Hybrid Systems by Modeling the Approximations of 
 Computational Semantics
 Pieter J. Mosterman, MathWorks
14:30-15:00  Coffee
15:00-16:00  Assimulo – a Python package for solving differential equation with interface to 
 equation based languages
 Claus Führer, Lund University
 Functional Development with Modelica
 Stefan-Alexander Schneider, Schneider System Consulting
16:00-16:05  Closing
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Appendix C 
 
PRESENTATIONS
NON-STANDARD SEMANTICS OF HYBRID SYSTEMS 
MODELERS
Albert Benveniste, IRISA/INRIA

Hybrid system modelers have become a corner stone of complex 
embedded system development. Embedded systems include not 
only control components and software, but also physical devices. 
In this area, Simulink is a de facto standard design framework, and 
Modelica a new player. However, such tools raise several issues 
related to the lack of reproducibility of simulations (sensitivity to 
simulation parameters and to the choice of a simulation engine). 
In this paper we propose using techniques from non-standard 
analysis to define a semantic domain for hybrid systems. Non-
standard analysis is an extension of classical analysis in which in-
finitesimal (the ε and η in the celebrated generic sentence ∀ε∃η… 
of college maths) can be manipulated as first class citizens. This 
approach allows us to define both a denotational semantics, a 
constructive semantics, and a Kahn Process Network semantics 
for hybrid systems, thus establishing simulation engines on a 
sound but flexible mathematical foundation. These semantics 
offer a clear distinction between the concerns of the numerical 
analyst (solving differential equations) and those of the computer 
scientist (generating execution schemes). We also discuss a num-
ber of practical and fundamental issues in hybrid system modelers 
that give rise to non-reproducibility of results, non-determinism, 
and undesirable side effects. Of particular importance are casca-
ded mode changes (also called “zero-crossings” in the context of 
hybrid systems modelers).
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ẏ

=
0

in
it

−
1

re
se

t[
1,
−

1]
ev

er
y

up
[x

,−
x]

ẋ
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ż

=
1

in
it

−
1

N
ot

e
th

at
z

is
ju

st
a

ph
ys

ic
al

cl
oc

k.
S

o,
su

ch
an

ex
am

pl
e

ca
n

ar
is

e
w

ith
“d

is
cr

et
e”

sy
st

em
s

fo
llo

w
in

g
th

e
di

sc
re

te
/h

yb
rid

cl
as

si
fic

at
io

n
in

fo
rc

e
in

th
e

co
m

m
un

ity
of

hy
br

id
sy

st
em

s
m

od
el

er
s.

yx

+
1

−
1

ε
2ε

3ε
4ε

5ε
6ε

1 he
re

an
d

su
bs

eq
ue

nt
ly

,ε
is

in
fin

ite
si

m
al

S
om

e
ex

am
pl

es
2:

sl
id

in
g

m
od

e


ẋ
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EQUATIONS, SYNCHRONY, TIME, AND MODES
Edward A. Lee, EECS, UC Berkeley

The key principle behind equation-based languages is that com-
ponents in a system interact with one another not by reacting to 
inputs to produce outputs, but rather by asserting relationships 
between the values of variables that they share. This principle is 
closely related to key principle behind synchronous-reactive (SR) 
languages, where the meaning of a composition of components 
is a fixed-point solution to a system of equations. In both cases, 
interactions between components is a dialog, with give and take, 
rather than a monolog. SR languages have been used to model 
discrete behaviors primarily, whereas equation-based languages, 
particularly Modelica, have been used to model continuous dy-
namics primarily. In this talk, I will show how to bridge the two.

Synchronous programs execute a sequence of (conceptually) 
simultaneous and instantaneous computations. Each step in the 
sequence is called a ”tick” of a conceptual clock that governs 
the execution. Distinctly lacking, however, is any notion of metric 
or measurable time in this clock, so there is no foundation in 
these languages for modeling continuous dynamics. The ticks 
form a sequence, not a time line. In fact, a correct execution of a 
synchronous program (conformant with the semantics) can take 
as much time as it likes between ticks. The intervals need not even 
be constant or defined.

In this talk, I will review the principles of synchronous semantics 
and show how they can be extended to provide a rigorous foun-
dation for timed systems that do have a metric notion of time. In 
particular, I will show how discrete-event (DE) and continuous-
time models can be built on top of synchronous semantics. I will 
also introduce a hierarchical multiform time that allows time 
progress at different rates in different parts of the system, and 
I will show how the underlying synchronous semantics ensures 
determinacy and preserves causality. This multiform model of time 
provides a foundation for modal behaviors and hybrid systems.
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FORMAL MODELING AND ANALYSIS OF SOFTWARE 
SYSTEMS WITH LUSTRE
Mike Whalen, University of Minnesota

Rockwell Collins and the University of Minnesota have used the 
synchronous dataflow language Lustre as a basis for a variety of 
analyses of industrial critical systems both for component level 
models written in Simulink and system architectural models writ-
ten in AADL. This talk describes the approach, several examples of 
analyzed models as well as several challenges to extend the scale 
and variety of systems that can be practically analyzed.



40 PRESENTATIONS

So
ftw

ar
e 

En
gi

ne
er

in
g 

C
en

te
r 

M
ik

e 
W

ha
le

n 
Pr

og
ra

m
 D

ire
ct

or
 

U
ni

ve
rs

ity
 o

f M
in

ne
so

ta
 S

of
tw

ar
e 

En
gi

ne
er

in
g 

C
en

te
r 

Sp
on

so
re

d 
by

 N
SF

 R
es

ea
rc

h 
G

ra
nt

 
C

N
S-

10
35

71
5 

 R
oc

kw
el

l C
ol

lin
s 

(D
ar

re
n 

C
of

er
, A

nd
re

w
 

G
ac

ek
, S

te
ve

n 
M

ill
er

, L
uc

as
 W

ag
ne

r)
 

 U
Pe

nn
: (

In
su

p 
Le

e,
 O

le
g 

So
ko

ls
ky

) 
 U

M
N

 (
M

at
s 

P. 
E.

 H
ei

m
da

hl
) 

 C
M

U
 S

EI
 (

Pe
te

r 
Fe

ile
r)

 

Se
pt

em
be

r, 
20

12
 

2 
LC

C
C

 2
01

2:
  M

ik
e 

W
ha

le
n 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
3 

Fe
br

ua
ry

, 2
01

2 
IF

IP
 2

01
2:

  M
ik

e 
W

ha
le

n 
4 

Sy
st

em
 d

es
ig

n 
&

 v
er

ifi
ca

tio
n 

th
ro

ug
h 

pa
tt

er
n 

ap
pl

ic
at

io
n 

an
d 

co
m

po
si

tio
na

l r
ea

so
ni

ng
 

C
O

M
PU

T
IN

G
 

R
ES

O
U

R
C

E 
SE

N
SO

R 

LR
U 

FA
IL

-S
IL

EN
T

 
N

O
D

E 
FR

O
M

 
R

EP
LI

C
A

S 

C
O

M
PU

T
IN

G
 

R
ES

O
U

R
C

E 
A 

C
O

M
PU

T
IN

G
 

R
ES

O
U

R
C

E 
B 

VO
T

E 
M

U
LT

IP
LE

 
D

AT
A 

SE
N

SO
R

 1 

SE
N

SO
R

 2 

SE
N

SO
R

 3 

V
ER

IF
IE

D 
AV

A
IL

A
BI

LI
T

Y 
V

ER
IF

IE
D 

IN
T

EG
R

IT
Y 

A
R

C
H

IT
EC

T
U

R
E 

M
O

D
EL

 

C
O

M
PO

SI
T

IO
N

A
L 

PR
O

O
F 

O
F 

C
O

R
R

EC
T

N
ES

S 
(A

SS
U

M
E 

– 
G

U
A

R
A

N
T

EE
) 

SA
FE

T
Y, 

BE
H

AV
IO

R
A

L,
 

PE
R

FO
R

M
A

N
C

E 
PR

O
PE

RT
IE

S 

ABSTRACTION 
VERIFICATION 

REUSE 

C
O

M
P

O
SI

T
IO

N
 

©
 C

op
yr

ig
ht

 2
01

1 
R
oc

kw
el

l C
ol

lin
s,

 I
nc

. 
 

A
ll 

ri
gh

ts
 r

es
er

ve
d.

 



41PRESENTATIONS

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
5 

PA
TT

ER
N

 &
 

C
O

M
P 

S
PE

C
 

LI
B
R
A
R
Y 

S
YS

TE
M

 
M

O
D

EL
IN

G
 

EN
V
IR

O
N

M
EN

T 

IN
S
TA

N
TI

AT
E 

A
R
C
H

IT
EC

TU
R
A
L 

PA
TT

ER
N

S
  

S
YS

TE
M

 
M

O
D

EL
 

A
U

TO
 

G
EN

ER
AT

E 

S
YS

TE
M

 
IM

PL
EM

EN
TA

TI
O

N
 

A
R
C
H

 
PA

TT
ER

N
 

M
O

D
EL

S
 

C
O

M
PO

N
EN

T 
M

O
D

EL
S
 

A
N

N
O

TA
TE

  
&

 V
ER

IF
Y 

M
O

D
EL

S
 

C
O

M
PO

N
EN

T 
LI

B
R
A
R
Y 

S
PE

C
IF

IC
AT

IO
N

 
S
YS

TE
M

 D
EV

EL
O

PM
EN

T 
FO

U
N

D
R
Y 

C
O

M
PO

S
IT

IO
N

A
L 

R
EA

S
O

N
IN

G
 &

 
A
N

A
LY

S
IS

 

O
D

EL
IN

G
 

IR
O

N
M

ENENEEEENEEEEENENENNEENEENEENNENNNEENN
T 

M
O

D
EL

 

C
O

M
PO

S
IT

IO
N

A
L

R
EA

S
O

N
IN

G
 &

A
N

A
LY

S
IS

In
st

a
n

ti
a
ti

o
n

: 
C
he

ck
 s

tr
uc

tu
ra

l c
on

st
ra

in
ts

, 
Em

be
d 

as
su

m
pt

io
ns

 &
 

gu
ar

an
te

es
 in

 s
ys

te
m

 m
od

el
 

L L
A
LL

A
LLLLLLLLL

&
 

C
o

m
p

o
si

ti
o

n
a
l 
V

e
ri

fi
ca

ti
o

n
: 

  
S
ys

te
m

 p
ro

pe
rt

ie
s 

ar
e 

ve
ri
fie

d 
by

 m
od

el
 c

he
ck

in
g 

us
in

g 
co

m
po

ne
nt

 &
 p

at
te

rn
 

co
nt

ra
ct

s 

LI
B
R
A
R
Y

CC
O

M
PPPPPPPPPPPPPPPPPPPPPPPPPP

CC
O

M
PPPPPPPPPPP

EN
T TTTTT

N
TTT

PPPPOOPPPPPOOPPOOOO
N

OO
NN

MM
OOOOOOOOOOOOOOOOOO

D
O

D
MM

OOOOOOOOOOOOOO
DD

LLSS
 

DD
E

DD
EELLELL

C
O

M
PO

N
EN

T 
LI

B
R
A
R
Y

R
e
u

sa
b

le
 V

e
ri

fi
ca

ti
o

n
: 

Pr
oo

f 
of

 c
om

po
ne

nt
 a

nd
 p

at
te

rn
 

re
qu

ir
em

en
ts

 (
gu

ar
an

te
es

) 
an

d 
sp

ec
ifi

ca
ti
on

 o
f 

co
nt

ex
t 

(a
ss

um
pt

io
ns

) 

©
 C

op
yr

ig
ht

 2
01

1 
R
oc

kw
el

l C
ol

lin
s,

 I
nc

. 
 

A
ll 

ri
gh

ts
 r

es
er

ve
d.

 

 A
vi

on
ic

s 
sy

st
em

 r
eq

  

re
qu

ire
m

en
t 

 R
el

ie
s 

up
on

 
◦ 

A
cc

ur
ac

y 
of

 a
ir

 d
at

a 
se

ns
or

s 
◦ 

C
on

tr
ol

 c
om

m
an

ds
 fr

om
 F

C
S 

 M
od

e 
of

 F
G

S 
 F

G
S 

co
nt

ro
l l

aw
 b

eh
av

io
r 

 F
ai

lo
ve

r 
be

ha
vi

or
 b

et
w

ee
n 

FG
S 

sy
st

em
s 

 …
.  

◦ 
R

es
po

ns
e 

of
 A

ct
ua

to
rs

 
◦ 

T
im

in
g/

La
g/

La
te

nc
y 

of
 

C
om

m
un

ic
at

io
ns

 
Se

pt
em

be
r, 

20
12

 
LC

C
C

 2
01

2:
  M

ik
e 

W
ha

le
n 

6 

FC
S 

A
vi

on
ic

s 
Sy

st
em

 
U

nd
er

 s
in

gl
e-

fa
ul

t 
as

su
m

pt
io

n,
  

G
C

 o
ut

pu
t 

tr
an

si
en

t 
re

sp
on

se
 is

 
bo

un
de

d 
in

 t
im

e 
an

d 
m

ag
ni

tu
de

 

A
ut

op
ilo

t 
FG

S_
L 

FG
S_

R
 

A
D

S_
L 

A
D

S_
R

 
…

 

…
 

Sy
st

em
 

M
od

es
 

C
on

tr
ol

 
La

w
s 

C
o-

or
d 

 
W

an
t 

to
 p

ro
ve

 a
 t

ra
ns

ie
nt

 
re

sp
on

se
 p

ro
pe

rt
y 

◦ 
T

he
 a

ut
op

ilo
t 

w
ill

 n
ot

 c
au

se
 a

 s
ha

rp
 

ch
an

ge
 in

 p
itc

h 
of

 a
irc

ra
ft.

 

◦ 
Ev

en
 w

he
n 

on
e 

FG
S 

fa
ils

 a
nd

 t
he

 
ot

he
r 

as
su

m
es

 c
on

tr
ol

 

 
G

iv
en

 a
ss

um
pt

io
ns

 a
bo

ut
 t

he
 

en
vi

ro
nm

en
t 

◦ 
T

he
 s

en
se

d 
ai

rc
ra

ft 
pi

tc
h 

fr
om

 t
he

 
ai

r 
da

ta
 s

ys
te

m
 is

 w
ith

in
 s

om
e 

ab
so

lu
te

 b
ou

nd
 a

nd
 d

oe
sn

’t 
ch

an
ge

 
to

o 
qu

ic
kl

y 

◦ 
T

he
 d

is
cr

ep
an

cy
 in

 s
en

se
d 

pi
tc

h 
be

tw
ee

n 
le

ft 
an

d 
ri

gh
t 

si
de

 s
en

so
rs

 is
 

bo
un

de
d.

 

 
an

d 
gu

ar
an

te
es

 p
ro

vi
de

d 
by

 
co

m
po

ne
nt

s 
◦ 

W
he

n 
a 

FG
S 

is
 a

ct
iv

e,
 it

 w
ill

 g
en

er
at

e 
an

 a
cc

ep
ta

bl
e 

pi
tc

h 
ra

te
 

 
A

s 
w

el
l a

s 
fa

ct
s 

pr
ov

id
ed

 b
y 

pa
tt

er
n 

ap
pl

ic
at

io
n 

◦ 
Le

ad
er

 s
el

ec
tio

n:
 a

t 
le

as
t 

on
e 

FG
S 

w
ill

 a
lw

ay
s 

be
 a

ct
iv

e 
(m

od
ul

o 
on

e 
“f

ai
lo

ve
r”

 s
te

p)
 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
7 

t
r
a
n
s
i
e
n
t
_
r
e
s
p
o
n
s
e
_
1
 
:
 
a
s
s
e
r
t
 
t
r
u
e
 
-
>
 
 

 
 
a
b
s
(
C
S
A
.
C
S
A
_
P
i
t
c
h
_
D
e
l
t
a
)
 
<
 
C
S
A
_
M
A
X
_
P
I
T
C
H
_
D
E
L
T
A
 
;
 

t
r
a
n
s
i
e
n
t
_
r
e
s
p
o
n
s
e
_
2
 
:
 
a
s
s
e
r
t
 
t
r
u
e
 
-
>
 
 

 
 
a
b
s
(
C
S
A
.
C
S
A
_
P
i
t
c
h
_
D
e
l
t
a
 
-
 
p
r
e
v
(
C
S
A
.
C
S
A
_
P
i
t
c
h
_
D
e
l
t
a
,
 
0
.
0
)
)
 
 
 

 
 
 
 
 
<
 
C
S
A
_
M
A
X
_
P
I
T
C
H
_
D
E
L
T
A
_
S
T
E
P
 
;
 

 
A

vi
on

ic
s 

sy
st

em
 r

eq
ui

re
m

en
t 

 
R

el
ie

s 
up

on
 

◦ 
G

ua
ra

nt
ee

s 
pr

ov
id

ed
 b

y 
pa

tt
er

ns
 a

nd
 c

om
po

ne
nt

s 
◦ 

St
ru

ct
ur

al
 p

ro
pe

rt
ie

s 
of

 
m

od
el

 
◦ 

R
es

ou
rc

e 
al

lo
ca

tio
n 

fe
as

ib
ili

ty
 

◦ 
Pr

ob
ab

ili
st

ic
 s

ys
te

m
-le

ve
l 

fa
ilu

re
 c

ha
ra

ct
er

is
tic

s 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
8 

LS
 

PA
LS

 
R

ep
 

P
la

tf
or

m
 

sy
nc

hr
on

ou
s 

co
m

m
un

ic
at

io
n 

on
e 

no
de

 
op

er
at

io
na

l 

tim
in

g 
co

ns
tr

ai
nt

s 
no

t 
co

-lo
ca

te
d 

A
vi

on
ic

s 
Sy

st
em

 le
ad

er
 t

ra
ns

iti
on

 
bo

un
de

d 

ASSUMPTIONS 
GUARANTEES 

U
nd

er
 s

in
gl

e-
fa

ul
t 

as
su

m
pt

io
n,

 
G

C
 o

ut
pu

t 
tr

an
si

en
t 

re
sp

on
se

 is
 

bo
un

de
d 

in
 t

im
e 

an
d 

m
ag

ni
tu

de
 

RT
 s

ch
ed

 
&

 la
te

nc
y 

Er
ro

r 
m

od
el

 

B
eh

av
io

r 

St
ru

ct
ur

e 

R
es

ou
rc

e 
P

ro
ba

bi
lis

ti
c 

Pr
in

ci
pl

ed
 m

ec
ha

ni
sm

 f
or

 
“p

as
si

ng
 t

he
 b

uc
k”

  

©
 C

op
yr

ig
ht

 2
01

1 
R
oc

kw
el

l C
ol

lin
s,

 I
nc

. 
 

A
ll 

ri
gh

ts
 r

es
er

ve
d.

 



42 PRESENTATIONS

 
D

er
iv

ed
 fr

om
 L

us
tr

e 
an

d 
Pr

op
er

ty
 S

pe
ci

fic
at

io
n 

La
ng

ua
ge

 (
PS

L)
 fo

rm
al

is
m

 
◦ 

IE
EE

 s
ta

nd
ar

d 
 

◦ 
In

 w
id

e 
us

e 
fo

r 
ha

rd
w

ar
e 

ve
ri

fic
at

io
n 

 
A

ss
um

e 
/ G

ua
ra

nt
ee

 s
ty

le
 

sp
ec

ifi
ca

tio
n 

◦ 
A

ss
um

pt
io

ns
:  “

U
nd

er
 t

he
se

 
co

nd
iti

on
s”

 

◦ 
Pr

om
is

es
 (

G
ua

ra
nt

ee
s)

: “
…

th
e 

sy
st

em
 w

ill
 d

o 
X

” 

 
Lo

ca
l d

ef
in

iti
on

s 
ca

n 
be

 
cr

ea
te

d 
to

 s
im

pl
ify

 
pr

op
er

tie
s 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
9 

C
o
n
t
r
a
c
t
:
 
 

f
u
n
 
a
b
s
(
x
:
 
r
e
a
l
)
 
:
 
r
e
a
l
 
=
 
i
f
 
(
x
 
>
 
0
)
 
t
h
e
n
 
x
 
e
l
s
e
 
-
x
 
;
 
 

c
o
n
s
t
 
A
D
S
_
M
A
X
_
P
I
T
C
H
_
D
E
L
T
A
:
 
r
e
a
l
 
=
 
3
.
0
 
;
 

c
o
n
s
t
 
F
C
S
_
M
A
X
_
P
I
T
C
H
_
S
I
D
E
_
D
E
L
T
A
:
 
r
e
a
l
 
=
 
2
.
0
 
;
 

…
 

p
r
o
p
e
r
t
y
 
A
D
_
L
_
P
i
t
c
h
_
S
t
e
p
_
D
e
l
t
a
_
V
a
l
i
d
 
=
 
 

 
 
t
r
u
e
 
-
>
 
 

 
 
 
 
a
b
s
(
A
D
_
L
.
p
i
t
c
h
.
v
a
l
 
-
 
p
r
e
v
(
A
D
_
L
.
p
i
t
c
h
.
v
a
l
,
 
0
.
0
)
)
 
<
 
 

 
 
 
 
 
 
 
 
A
D
S
_
M
A
X
_
P
I
T
C
H
_
D
E
L
T
A
 
;
 

…
 

a
c
t
i
v
e
_
a
s
s
u
m
p
t
i
o
n
:
 
a
s
s
u
m
e
 
s
o
m
e
_
f
g
s
_
a
c
t
i
v
e
 
;
 

 
 
 
 
 

t
r
a
n
s
i
e
n
t
_
a
s
s
u
m
p
t
i
o
n
 
:
 

 
 
a
s
s
u
m
e
 
A
D
_
L
_
P
i
t
c
h
_
S
t
e
p
_
D
e
l
t
a
_
V
a
l
i
d
 
a
n
d
 

 
 
 
 
 
 
 
 
 
A
D
_
R
_
P
i
t
c
h
_
S
t
e
p
_
D
e
l
t
a
_
V
a
l
i
d
 
a
n
d
 
P
i
t
c
h
_
l
r
_
o
k
 
;
 
 

 
 
 
 
 

t
r
a
n
s
i
e
n
t
_
r
e
s
p
o
n
s
e
_
1
 
:
 
 

 
 
a
s
s
e
r
t
 
t
r
u
e
 
-
>
 
a
b
s
(
C
S
A
.
C
S
A
_
P
i
t
c
h
_
D
e
l
t
a
)
 
<
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C
S
A
_
M
A
X
_
P
I
T
C
H
_
D
E
L
T
A
 
;
 

t
r
a
n
s
i
e
n
t
_
r
e
s
p
o
n
s
e
_
2
 
:
 
 

 
 
a
s
s
e
r
t
 
t
r
u
e
 
-
>
 
 

 
 
 
 
 
 
a
b
s
(
C
S
A
.
C
S
A
_
P
i
t
c
h
_
D
e
l
t
a
 
–
 
 

 
 
 
 
 
 
 
 
 
 
p
r
e
v
(
C
S
A
.
C
S
A
_
P
i
t
c
h
_
D
e
l
t
a
,
 
0
.
0
)
)
 
<
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C
S
A
_
M
A
X
_
P
I
T
C
H
_
D
E
L
T
A
_
S
T
E
P
 
;
 

©
 C

op
yr

ig
ht

 2
01

1 
R
oc

kw
el

l C
ol

lin
s,

 I
nc

. 
 

A
ll 

ri
gh

ts
 r

es
er

ve
d.

 

 N
ot

io
na

lly
:  

It 
is 

al
wa

ys
 th

e 
ca

se
 th

at
 if

 th
e 

co
m

po
ne

nt
 a

ss
um

pt
io

n 
is 

tru
e, 

th
en

 th
e 

co
m

po
ne

nt
 

w
ill 

en
su

re
 th

at
 th

e 
gu

ar
an

te
e 

is 
tru

e.
 

◦ 
G

(A
 ⇒

 P
); 

 

 A
n 

as
su

m
pt

io
n 

vi
ol

at
io

n 
in

 t
he

 p
as

t 
m

ay
 p

re
ve

nt
 

co
m

po
ne

nt
 fr

om
 s

at
is

fy
in

g 
cu

rr
en

t 
gu

ar
an

te
e,

 s
o 

w
e 

ne
ed

 t
o 

as
se

rt
 t

ha
t 

th
e 

as
su

m
pt

io
ns

 a
re

 t
ru

e 
up

 t
o 

th
e 

cu
rr

en
t 

st
ep

: 
◦ 

G
(H

(A
) 
⇒

 P
) 

;  

Se
pt

em
be

r, 
20

12
 

10
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 

 G
iv

en
 t

he
 s

et
 o

f c
om

po
ne

nt
 c

on
tr

ac
ts

: 
   

 =
 {

 G
(H

(A
c)

 ⇒
 P

c)
 | 

c 
 C

 }
 

 A
rc

hi
te

ct
ur

e 
ad

ds
 a

 s
et

 o
f o

bl
ig

at
io

ns
 t

ha
t 

tie
 t

he
 s

ys
te

m
 a

ss
um

pt
io

n 
to

 t
he

 
co

m
po

ne
nt

 a
ss

um
pt

io
ns

 

 T
hi

s 
pr

oc
es

s 
ca

n 
be

 r
ep

ea
te

d 
fo

r 
an

y 
nu

m
be

r 
of

 a
bs

tr
ac

tio
n 

le
ve

ls
 

Se
pt

em
be

r, 
20

12
 

11
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 

 S
up

po
se

 w
e 

ha
ve

 

 T
he

n 
if 

fo
r 

al
l q

 
 Q

 
◦ 

⇒
 G

((
Z

(H
(

q)
) 

^ 
q)

 ⇒
 q

) 

 T
he

n:
  

   
G

(q
) 

fo
r 

al
l q

 
 Q

 
 [A

da
pt

ed
 fr

om
 M

cM
ill

an
] 

Se
pt

em
be

r, 
20

12
 

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 



43PRESENTATIONS

 
O

rd
er

 o
f d

at
a 

flo
w

 t
hr

ou
gh

  
sy

st
em

 c
om

po
ne

nt
s 

is
  

co
m

pu
te

d 
by

 r
ea

so
ni

ng
 e

ng
in

e 
◦ 

{S
ys

te
m

 in
pu

ts
} 

  
{F

G
S_

L,
 F

G
S_

R
} 

◦ 
{F

G
S_

L,
 F

G
S_

R
} 

 {
A

P}
 

◦ 
{A

P}
 

 {
Sy

st
em

 o
ut

pu
ts

} 
 

 
Ba

se
d 

on
 fl

ow
, w

e 
es

ta
bl

is
h 

 
fo

ur
 p

ro
of

 o
bl

ig
at

io
ns

 
◦ 

Sy
st

em
 a

ss
um

pt
io

ns
 

  
FG

S_
L 

as
su

m
pt

io
ns

 

◦ 
Sy

st
em

 a
ss

um
pt

io
ns

 
 

FG
S_

R
 a

ss
um

pt
io

ns
 

◦ 
Sy

st
em

 a
ss

um
pt

io
ns

 +
  

FG
S_

L 
gu

ar
an

te
es

 +
  

FG
S_

R
 g

ua
ra

nt
ee

s 
  

A
P 

as
su

m
pt

io
ns

 

◦ 
Sy

st
em

 a
ss

um
pt

io
ns

 +
 {

FG
S_

L,
 F

G
S_

R
, A

P}
 g

ua
ra

nt
ee

s 
 S

ys
te

m
 g

ua
ra

nt
ee

s 

 
Sy

st
em

 c
an

 h
an

dl
e 

ci
rc

ul
ar

 fl
ow

s, 
bu

t 
us

er
 h

as
 t

o 
ch

oo
se

 w
he

re
 t

o 
br

ea
k 

cy
cl

e 
Se

pt
em

be
r, 

20
12

 
LC

C
C

 2
01

2:
  M

ik
e 

W
ha

le
n 

13
 

14
 

A
A

D
L 

Sy
sM

L-
A

A
D

L 
tr

an
sl

at
io

n 

ED
IC

T:
  

A
rc

hi
te

ct
ur

al
  

pa
tt

er
ns

 

Lu
te

:  
St

ru
ct

ur
al

  
ve

ri
fic

at
io

n 

A
G

R
EE

:  
C

om
po

si
tio

na
l b

eh
av

io
r 

ve
ri

fic
at

io
n 

O
SA

T
E:

  
A

A
D

L 
m

od
el

in
g 

E
nt

er
pr

is
e 

A
rc

hi
te

ct
 

E
cl

ip
se

 

K
IN

D
 

S
ys

M
L 

Lu
st

re
 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
15

 

 C
ur

re
nt

 b
ac

k-
en

d 
an

al
ys

is
 p

er
fo

rm
ed

 u
si

ng
 S

M
T-

ba
se

d 
k-

in
du

ct
io

n 
m

od
el

 c
he

ck
in

g 
te

ch
ni

qu
e 

[H
ag

en
 a

nd
 

T
in

el
li: 

FM
C

A
D

 2
00

8]
 

 V
er

y 
sc

al
ab

le
 if

 p
ro

pe
rt

ie
s 

ca
n 

be
 in

du
ct

iv
el

y 
pr

ov
en

 
 U

nf
or

tu
na

te
ly,

 In
du

ct
iv

e 
pr

oo
fs

 o
fte

n 
fa

il 
be

ca
us

e 
pr

op
er

tie
s 

ar
e 

to
o 

w
ea

k 
 L

ot
s 

of
 w

or
k 

on
 le

m
m

a/
in

va
ri

an
t 

di
sc

ov
er

y 
to

 s
tr

en
gt

he
n 

pr
op

er
tie

s 
 B

je
ss

e 
an

d 
C

la
es

se
n:

 S
AT

-b
as

ed
 v

er
ifi

ca
tio

n 
w

ith
ou

t S
ta

te
 S

pa
ce

 Tr
av

er
sa

l 
 B

ra
dl

ey
: S

AT
-b

as
ed

 M
od

el
 C

he
ck

in
g 

w
ith

ou
t U

nr
ol

lin
g 

 T
in

el
li:

 In
st

an
tia

tio
n-

Ba
se

d 
In

va
ria

nt
 D

isc
ov

er
y 

[N
FM

 2
01

1]
 

 T
he

se
 s

tr
en

gt
he

ni
ng

 m
et

ho
ds

 a
re

 n
ot

 t
ar

ge
te

d 
to

w
ar

ds
 o

ur
 

pr
ob

le
m

 
 O

nl
y 

su
pp

or
ts

 a
na

ly
si

s 
of

 li
ne

ar
 m

od
el

s 

Se
pt

em
be

r, 
20

12
 

16
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 



44 PRESENTATIONS

 W
ha

t 
do

 y
ou

 d
o 

w
he

n 
sy

st
em

s 
an

d 
su

bc
om

po
ne

nt
s 

ha
ve

 h
un

dr
ed

s 
of

 
re

qu
ire

m
en

ts
? 

◦ 
FG

S 
m

od
e 

lo
gi

c: 
28

0 
re

qu
ire

m
en

ts
  

◦ 
D

W
M

: >
60

0 
re

qu
ire

m
en

ts
 

 N
ee

d 
to

 c
re

at
e 

au
to

m
at

ed
 

sl
ic

in
g 

te
ch

ni
qu

es
 fo

r 
pr

ed
ic

at
es

 r
at

he
r 

th
an

 c
od

e.
 

◦ 
Pe

rh
ap

s 
th

is
 w

ill
 b

e 
in

 t
he

 fo
rm

 o
f 

co
un

te
re

xa
m

pl
e-

gu
id

ed
 

re
fin

em
en

t 

 
C

ou
nt

er
ex

am
pl

es
 a

re
 o

fte
n 

 
ha

rd
 t

o 
un

de
rs

ta
nd

 fo
r 

bi
g 

 
m

od
el

s 
 

It 
is

 m
uc

h 
w

or
se

 (
in

 m
y 

 
ex

pe
ri

en
ce

) 
fo

r 
pr

op
er

ty
- 

ba
se

d 
m

od
el

s 
 

G
iv

en
 a

 c
ou

nt
er

ex
am

pl
e,

  
ca

n 
yo

u 
au

to
m

at
ic

al
ly

 a
ss

ig
n 

 
bl

am
e 

to
 o

ne
 o

r 
m

or
e 

 
su

bc
om

po
ne

nt
s?

 
 

G
iv

en
 a

 “
bl

am
ed

” 
co

m
po

ne
nt

,  
ca

n 
yo

u 
au

to
m

at
ic

al
ly

 o
pe

n 
 

th
e 

bl
ac

k 
bo

x 
to

 s
tr

en
gt

he
n 

 
th

e 
co

m
po

ne
nt

 g
ua

ra
nt

ee
? 

Si
gn

al
 

St
ep

...
 

Se
pt

em
be

r, 
20

12
 

18
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 

 D
is

pa
ra

te
 k

in
ds

 o
f e

vi
de

nc
e 

th
ro

ug
ho

ut
 t

he
 

sy
st

em
 

◦ 
Pr

ob
ab

ili
st

ic
 

◦ 
R

es
ou

rc
e 

◦ 
St

ru
ct

ur
al

 p
ro

pe
rt

ie
s 

of
 m

od
el

 
◦ 

Be
ha

vi
or

al
 p

ro
pe

rt
ie

s 
of

 m
od

el
 

 H
ow

 d
o 

w
e 

tie
 t

he
se

 t
hi

ng
s 

to
ge

th
er

? 
 E

vi
de

nc
e 

gr
ap

h,
 s

im
ila

r 
to

 p
ro

of
 g

ra
ph

 in
 P

V
S 

◦ 
Sh

ow
s 

ev
id

en
tia

l o
bl

ig
at

io
ns

 t
ha

t 
ha

ve
 n

ot
 b

ee
n 

di
sc

ha
rg

ed
 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
19

 

 C
ur

re
nt

 a
na

ly
si

s 
is

 s
yn

ch
ro

no
us

 
◦ 

It 
as

su
m

es
 a

ll 
su

bc
om

po
ne

nt
s 

ru
n 

at
 t

he
 s

am
e 

ra
te

  
◦ 

It 
as

su
m

es
 s

in
gl

e-
st

ep
 d

el
ay

 b
et

w
ee

n 
su

bc
om

po
ne

nt
s 

 T
hi

s 
is

 n
ot

 h
ow

 t
he

 w
or

ld
 w

or
ks

! 
◦ 

…
un

le
ss

 y
ou

 u
se

 T
im

e-
Tr

ig
ge

re
d 

A
rc

hi
te

ct
ur

es
 o

r 
PA

LS
 

 A
dd

in
g 

m
or

e 
re

al
is

tic
 s

up
po

rt
 fo

r 
tim

e 
is

 c
ru

ci
al

 
to

 a
cc

ur
at

e 
an

al
ys

es
 

◦ 
T

im
e 

in
te

rv
al

s 
te

nd
 t

o 
di

ve
rg

e 
in

 h
ie

ra
rc

hi
ca

l v
er

ifi
ca

tio
n 

◦ 
E.

g. 
sy

nc
hr

on
iz

at
io

n.
 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
20

 



45PRESENTATIONS

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
21

 

W
e 

do
 n

ot
 y

et
 h

av
e 

a 
cl

ea
r 

id
ea

 o
f h

ow
 

to
 e

ffe
ct

iv
el

y 
pa

rt
it

io
n 

sy
st

em
 a

na
ly

se
s 

to
 p

er
fo

rm
 e

ffe
ct

iv
e 

co
m

po
si

ti
on

al
 

re
as

on
in

g 
ac

ro
ss

 d
om

ai
ns

 

T
he

 C
ol

lin
s/

U
M

N
 M

ET
A

 t
oo

ls
 a

re
 a

 fi
rs

t 
st

ep
 

to
w

ar
ds

 t
hi

s 
go

al
. 

W
e 

ne
ed

 r
es

ea
rc

h 
to

 c
om

bi
ne

 
an

al
ys

es
 t

o 
m

ak
e 

ov
er

al
l s

ys
te

m
 

an
al

ys
is

 m
or

e 
ef

fe
ct

iv
e.

 

 S
til

l e
ar

ly
 w

or
k…

 
◦ 

M
an

y 
A

A
D

L 
co

ns
tr

uc
ts

 le
ft 

to
 b

e 
m

ap
pe

d 
◦ 

M
an

y 
tim

in
g 

is
su

es
 n

ee
d 

to
 b

e 
re

so
lv

ed
 

◦ 
Be

tt
er

 s
up

po
rt

 fo
r 

pr
oo

f e
ng

in
ee

ri
ng

 n
ee

ds
 t

o 
be

 
fo

un
d 

 B
ut

 
◦ 

A
lre

ad
y 

ca
n 

do
 s

om
e 

in
te

re
st

in
g 

an
al

ys
is

 w
ith

 t
oo

ls
 

◦ 
Si

ts
 in

 a
 n

ic
e 

in
te

rs
ec

tio
n 

be
tw

ee
n 

re
qu

ire
m

en
ts

 
en

gi
ne

er
in

g 
an

d 
fo

rm
al

 m
et

ho
ds

 
◦ 

Lo
ts

 o
f w

or
k 

ye
t 

on
 h

ow
 b

es
t 

to
 s

pe
ci

fy
 r

eq
ui

re
m

en
ts

 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
22

 

Se
pt

em
be

r, 
20

12
 

LC
C

C
 2

01
2:

  M
ik

e 
W

ha
le

n 
23

 



46 PRESENTATIONS

SYSTEMS ENGINEERING: STATUS OF INDUSTRIAL USE, 
OPPORTUNITIES AND NEEDS
Clas Jacobson, United Technologies Systems & Controls 
Engineering

This talk will survey aspects of systems engineering and the re-
levance of equation based modeling in industrial design flows. 
The particular areas of requirements, architectures, model based 
design and design flow processes will be addressed. The current 
landscape in certain industrial areas will be presented along with 
opportunities and also research needs.
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THE OPENMODELICA ENVIRONMENT INCLUDING STATIC 
AND DYNAMIC DEBUGGING OF MODELICA MODELS AND 
SYSTEMS ENGINEERING/DESIGN VERIFICATION
Peter Fritzson, Linköping University, Department 
of Computer and Information Science, PELAB – 
Programming Environment Laboratory

This talk gives an overview of the OpenModelica environment, 
especially highlighting two aspects: 

1) model debugging and 2) systems engineering including design 
verification against requirements. 

The high abstraction level of equation-based object-oriented 
languages (EOO) such as Modelica has the drawback that pro-
gramming and modeling errors are often hard to find. In this 
paper we present static and dynamic debugging methods for 
Modelica models and a debugger prototype that addresses se-
veral of those problems. The goal is an integrated debugging 
framework that combines classical debugging techniques with 
special techniques for equation-based languages partly based on 
graph visualization and interaction. 

The static transformational debugging functionality addresses 
the problem that model compilers are optimized so heavily that it 
is hard to tell the origin of an equation during runtime. This work 
proposes and implements a prototype of a method that is efficient 
with less than one percent overhead, yet manages to keep track 
of all the transformations/operations that the compiler performs 
on the model. Modelica models often contain functions and algo-
rithm sections with algorithmic code. The fraction of algorithmic 
code is increasing since Modelica, in addition to equation-based 
modeling, is also used for embedded system control code as well 
as symbolic model transformations in applications using the Me-
taModelica language extension.

Our earlier work in debuggers for the algorithmic subset of 
Modelica used instrumentation-based techniques which are por-
table but turned out to have too much overhead for large applica-
tions. The new debugger is the first Modelica debugger that can 
operate without run-time information from instrumented code. 
Instead it communicates with a low-level C-language symbolic 
debugger to directly extract information from a running executa-
ble, set and remove break-points, etc. This is made possible by the 
new bootstrapped OpenModelica compiler which keeps track of 
a detailed mapping from the high level Modelica code down to 
the generated C code compiled to machine code. The debugger 
is operational, supports both standard Modelica data structures 
and tree/list data structures, and operates efficiently 
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on large applications such as the OpenModelica compiler with 
more than 100 000 lines of code. Moreover, an integrated de-
bugging approach is proposed that combines static and dynamic 
debugging. To our knowledge, this is the first Modelica debugger 
that supports transformational debugging and algorithmic code 
debugging.

The second aspect, systems engineering including design veri-
fication against requirements, is supported by the OpenModelica 
ModelicaML profile. This profile implements the vVDR (Virtual 
Verification of Designs against Requirements) method that ena-
bles a model-based design verification against requirements. In 
the vVDR method there are different kinds of models that are 
created independently and that will become dependent and need 
to be related to each other in some concrete verification usage. 
The aim is to reduce modeling errors and modeling effort by 
automatically generating composite verification models from their 
constituting sub-models based on data dependencies that are 
defined using so-called mediators, which allow expressing data 
dependencies between models without affecting, i.e., changing, 
the models themselves.
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THE DARK SIDE OF OBJECT-ORIENTED MODELLING: 
NUMERICAL PROBLEMS, EXISTING SOLUTIONS, FUTURE 
PERSPECTIVES
Francesco Casella, Politecnico di Milano, Dipartimento di 
Elettronica e Informazione

Object-Oriented Modelling languages allow to tackle the 
system-level modelling of engineering system in a modular and 
convenient way, ideally focusing on clarity and generality of the 
code rather than on numerical robustness and computational ef-
ficiency. Symbolic and numerical methods are now available to 
generate efficient simulation code from this models; however, 
there are still some problems (most notably initialization) that are 
far from being solved in a completely satisfactory way from the 
end-user perspective. O-O models are now also starting to be 
used for optimization, which has very different numerical require-
ments than simulation; numerical and symbolic methods similar in 
purpose to those already existing for simulation are badly needed 
in order to automatically turn high-level O-O models into low-
level equations that can be optimized reliably and efficiently, thus 
avoiding the manual tuning of the code for this purpose. The talk 
will present the current state of the art and point out the needs 
that haven’t been satisfied yet, making the case for new cross-
disciplinary research in the field.
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BRIDGING BETWEEN DIFFERENT MODELING FORMALISMS 
– RESULTS FROM THE MULTIFORM PROJECT
Sebastian Engell, Process Dynamics and Operations 
Group, Department of Biochemical and Chemical 
Engineering, TU Dortmund

The European project MULTIFORM that ended in May, 2012, had 
the goal to provide interoperability between different modeling, 
simulation, optimization and analysis tools for hybrid dynamic 
systems (systems with continuous dynamics modeled by DAE and 
switching logic). For this purpose, the Compositional Interchange 
Format (CIF) that was developed by a group at TU Eindhoven 
was employed. The CIF is a formally defined, automata-based 
modeling language for hybrid systems. Transformations between 
the CIF and Modelica, gPROMS, Uppaal (a tool for the analysis 
of timed-automata models), SpaceEx (a tool for the reachability 
analysis of hybrid automata) and other tools for logic controller 
design and synthesis and control software verification have been 
developed. Tool chains for the development and simulation of lo-
gic controllers interacting with continuous dynamic systems were 
demonstrated. The model transformations and results handling 
are supported by the MULTIFORM Design Framework in which 
supports (partly) model-based design processes. We illustrate the 
idea and the results of MULTIFORM by the design of a miniature 
pipeless plant for education and demonstration purposes and 
discuss the experience gained.
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EQUATION-BASED MODELING AND CONTROL OF 
INDUSTRIAL PROCESSES
Johan Sjöberg, ABB AB, Corporate Research and 
Linköping university

Control systems are used in a vast number of different applica-
tions. However, despite the differences, the objective is similar. 
That is, to control the application in the most efficient manner 
possible. In order to find out what is most efficient, models are 
an important tool. The models can be derived using more or less 
physical relations, but there is a trend towards using more and 
more physical insights since it has the advantage that the model 
can be used in an extrapolating way. That is, it is possible to draw 
conclusions based on the model without having measurements 
from the considered operating region. This is a strength when 
optimizing the process and the best possible operating condi-
tion might very well be significantly different compared to usual 
operating conditions for which data is available.

The model building is a very large share of the work and it is 
therefore imperative to be able to reuse models developed for 
earlier applications. This makes equation-based modeling very 
interesting for companies such as ABB that develop control strate-
gies for many different applications. ABB has therefore developed 
tools for equation-based modeling and control for a long time. 
These tools have also been successfully applied to many different 
processes, such as pulp and paper mills, power plants, cement 
industries, etc.

In this presentation, we focus on two different applications 
where equation-based modeling has been key in the process 
optimization. The first application is hot rolling mills, while the 
second application is harbor cranes.

Hot rolling mills are complicated industries where the overall 
model has to incorporate physical relations from many different 
domains, such as mechanics, thermodynamics and metallurgy. 
For hot rolling mills, ABB has developed a model that describes 
the material throughout the whole rolling including reheating, 
rolling and cooling. This model has been used to compute ope-
rating conditions that minimizes the energy consumption while 
maintaining the material properties.

For harbor cranes, ABB has developed a tool to improve the 
process of picking up coal from a ship and put it in a hopper 
at shore. In this context, process improvement normally means 
minimization of the cycle time, but today it is also important to 
limit the energy consumption.
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FMI: FUNCTIONAL MOCKUP INTERFACE FOR MODEL 
EXCHANGE AND CO-SIMULATION
Torsten Blochwitz, ITI GmbH Dresden, Germany

The Functional Mockup Interface (FMI) is a tool independent stan-
dard for the exchange of dynamic models and for co-simulation. 
The FMI was developed in a close collaboration between simula-
tion tool vendors, research institutes and industrial users within 
the European joint research project MODELISAR. It is continued 
as Modelica Association Project since 2012. More than 30 tools 
support FMI, and it is heavily used in industrial and scientific pro-
jects, not only in the automotive sector. The presentation explains 
the technical concepts of FMI and demonstrates some industrial 
applications. Additionally an overview about version 2.0 of FMI is 
given that combines the formerly separated interfaces for Model 
Exchange and Co-Simulation in one standard.
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VERTICAL INTEGRATION IN TOOL CHAINS FOR 
MODELING, SIMULATION AND OPTIMIZATION OF LARGE-
SCALE SYSTEMS
Johan Åkesson, Modelon AB and Lund University, Lund, 
Sweden

In recent years, languages such as Modelica and VHDL-AMS have 
emerged as intuitive user and application-oriented high-level 
description formats suitable for modeling of physical systems. 
This trend has been further strengthened by the availability of 
software tools for modeling, simulation and optimization, which 
enable engineers to rapidly develop detailed models of complex 
systems composed from sub-systems from different physical do-
mains. While the capabilities of such tools in terms of performance 
match the requirements in challenging industrial applications, tool 
interoperability has traditionally received little attention. Rather, 
tools have been designed as monolithic software environments, 
with dedicated interfaces to numerical algorithms. As a result, 
flexible creation of tool chains where several computational tools 
are assembled into a workflow tailored to a particular design 
process is often difficult. Driven by the observation that one single 
tool will not be able to provide the solution to the computational 
needs of the future, new challenges have emerged.

In order to meet these challenges, three aspects of computatio-
nal tool chains need considered. Firstly, modeling languages are 
critical to provide comprehensive environments for engineering 
practitioners, as well as for enabling formal analysis of model 
properties. In addition, language extensibility, both in terms of the 
language itself and in terms of tools supporting it, requires atten-
tion in order to enable flexible tailoring of existing languages to 
specific needs arising when formulating different systems design 
problems. Secondly, open interfaces plays a key role in achieving 
tool interoperability. A recent example is the Functional Mock-
up Interface (FMI), which has received considerable attention in 
the simulation tool community. Finally, symbolic and numerical 
algorithms designed to solve systems design problems need 
to be employed. In this presentation, challenges arising when 
integrating different tools into complete tools chains will be dis-
cussed. Particular attention will be given to the three mentioned 
aspects: languages, open interfaces and algorithms. Examples 
will be drawn from experiences from developing, integrating and 
using open source tools, notably CasADi and Jmodelica.org, in 
industrial projects where large-scale optimization techniques has 
been applied to Modelica models derived from first principles.
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SYSTEM DESIGN – FROM REQUIREMENTS TO 
IMPLEMENTATION
Alberto Ferrari, ALES S.r.l.

The design of cyber-physical systems by successive refinements 
starts from a set of requirements and incrementally adds design 
decisions till implementation is built. Equation based languages 
are essential to support with rigorousness these decisions and 
enable a formal exploration of the solution space.

For real industrial cases, none of the current equation based 
language is capable of covering the entire design flow and dif-
ferent languages must be used. In this talk some of the current 
gaps and challenges will be described and partially addressed.



110 PRESENTATIONS

A
dv

an
ce

d 
La

bo
ra

to
ry

 o
n 

Em
be

dd
ed

 S
ys

te
m

s 
S.

r.l
. 

A
 R

es
ea

rc
h 

an
d 

In
no

va
ti

on
 C

om
pa

ny
 

Sy
st

em
 D

es
ig

n:
 F

ro
m

 
Re

qu
ire

m
en

ts
 to

 Im
pl

em
en

ta
tio

n 
  

A
.F

er
ra

ri 
O

.F
er

ra
nt

e,
 L

.M
an

ge
ru

ca
 

M
ot

iv
at

io
ns

 
D

es
ig

n 
us

in
g 

su
cc

es
si

ve
 re

fin
em

en
t 

—
D

es
ig

n 
flo

w
 d

es
cr

ip
tio

n 
—

Fr
om

 re
qu

ire
m

en
ts

 to
 s

ub
-s

ys
te

m
s 

—
Fr

om
 s

ub
-s

ys
te

m
s 

to
 fu

nc
tio

na
l d

ec
om

po
si

tio
n 

—
Fr

om
 fu

nc
tio

na
l d

ec
om

po
si

tio
n 

to
 p

hy
si

ca
l 

im
pl

em
en

ta
tio

n 

O
ve

rv
ie

w
 o

f e
xi

st
in

g 
de

si
gn

 la
ng

ua
ge

s 
Co

nc
lu

si
on

s 
 

10
/1

5/
20

12
2

A
LE

S
S

r
l

O
ut

lin
e 

10
/1

5/
20

12
3

A
LE

S
S

r
l

Sy
st

em
 E

ng
in

ee
rin

g 
Ch

al
le

ng
es

 

EP
S 

EP
S

EP
S

EC
S CS

Fl
y-

by
-w

ire
 

En
gi

ne
s 

&
 

A
er

od
yn

am
ic

 

Th
ou

sa
nd

s 
of

 E
ng

in
ee

rs
 

So
ur

ce
: N

ew
 Y

or
k 

Ti
m

es
  (

ht
tp

://
w

w
w

.n
yt

im
es

.c
om

/2
00

6/
12

/1
1/

bu
si

ne
ss

/w
or

ld
bu

si
ne

ss
/1

1i
ht

-a
ir

bu
s.

38
60

19
8.

ht
m

l?
pa

ge
w

an
te

d=
2&

_r
=2

) 

4 
co

un
tr

ie
s 

16
 s

ite
s 

La
rg

e 
sy

st
em

s 

H
et

er
og

en
eo

us
 

D
is

tr
ib

ut
ed

 

Co
m

pl
ex

 

D
ev

el
op

ed
 c

on
cu

rr
en

tl
y 

D
ev

el
op

ed
co

nc
ur

re
nt

ly
l

d
l

D
es

cr
ib

ed
 u

si
ng

 n
at

ur
al

 
la

ng
ua

ge
 re

qu
ir

em
en

ts
 

H
ig

h 
Co

st
s 

Lo
ng

 ti
m

e-
to

-m
ar

ke
t 

M
ot

iv
at

io
ns

 
D

es
ig

n 
us

in
g 

su
cc

es
si

ve
 re

fin
em

en
t 

—
D

es
ig

n 
flo

w
 d

es
cr

ip
tio

n 
—

Fr
om

 re
qu

ire
m

en
ts

 to
 s

ub
-s

ys
te

m
s 

—
Fr

om
 s

ub
-s

ys
te

m
s 

to
 fu

nc
tio

na
l d

ec
om

po
si

tio
n 

—
Fr

om
 fu

nc
tio

na
l d

ec
om

po
si

tio
n 

to
 p

hy
si

ca
l 

im
pl

em
en

ta
tio

n 

O
ve

rv
ie

w
 o

f e
xi

st
in

g 
de

si
gn

 la
ng

ua
ge

s 
Co

nc
lu

si
on

s 
 

10
/1

5/
20

12
4

A
LE

S
S

r
l

O
ut

lin
e 



111PRESENTATIONS

Im
pl

em
en

ta
tio

n 

10
/1

5/
20

12
5

A
LE

S
S

r
l

D
es

ig
n 

us
in

g 
su

cc
es

si
ve

 re
fin

em
en

t 

Sy
st

em
 R

eq
ui

re
m

en
ts

 

Su
b-

Sy
st

em
s R

eq
ui

re
m

en
ts

 

Fu
nc

tio
na

l D
ec

om
po

si
tio

n 

A
rc

hi
te

ct
ur

e 
de

fin
iti

on
 &

 m
ap

pi
ng

 

U
se

r n
ee

ds
 

(F
or

m
al

),
 n

ot
-f

ul
ly

 
de

te
rm

in
is

ti
c 

sy
st

em
 

de
sc

rip
tio

n 

Fo
rm

al
 d

ef
in

it
io

n 
of

 d
et

ai
le

d 
fu

nc
ti

on
al

 c
om

pu
ta

ti
on

. M
ay

 b
e 

no
t f

ul
ly

 d
et

er
m

in
is

tic
 o

n 
so

m
e 

as
pe

ct
s 

(e
.g

., 
tim

e,
 …

) 

A
m

bi
gu

ou
s 

an
d 

in
co

m
pl

et
e 

sy
st

em
 s

pe
ci

fic
at

io
n 

Sy
st

em
’s

 d
et

ai
le

d 
im

pl
em

en
ta

ti
on

 

Su
b-

sy
st

em
 li

br
ar

y 

Fu
n

FF
n

Fu
nc

tio
ns

 li
br

ar
y 

ur
e

A
r

hch
ite

ct
uu

H
W

/S
W

 c
om

po
ne

nt
s 

Su
bs

ys
te

m
 d

ec
om

po
si

tio
n 

&
 re

qu
ire

m
en

ts
 re

fin
em

en
t 

Su
bs

ys
te

m
 fu

nc
tio

ns
 s

el
ec

tio
n 

H
W

/S
W

 a
rc

hi
te

ct
ur

e 
se

le
ct

io
n 

Fu
nc

tio
n 

to
 a

rc
hi

te
ct

ur
e 

m
ap

pi
ng

 

(F
or

m
al

),
 c

om
po

si
ti

on
al

ly
 

re
fin

ed
 a

nd
 n

ot
-f

ul
ly

 
de

te
rm

in
is

ti
c 

sy
st

em
 d

es
cr

ip
tio

n 

D
es

ig
n 

st
ep

 v
er

ifi
ca

tio
n 

Li
br

ar
y 

el
em

en
ts

 

6
A

LE
S

S
l

Fr
om

 S
ys

te
m

 R
eq

ui
re

m
en

ts
 to

 S
ub

-s
ys

te
m

 
Re

qu
ire

m
en

ts
 

qq D
es

ig
n 

st
ep

 a
ct

io
ns

  

6
S

SSSS
ll

Ta
rg

et
 le

ve
l m

od
el

 v
er

ifi
ca

tio
n 

(N
on

-)
D

et
er

m
in

is
m

 A
na

ly
si

s 

A
re

 m
ul

tip
le

 b
eh

av
io

rs
 (a

nd
 im

pl
em

en
ta

tio
ns

) e
xp

ec
te

d?
 

Fe
as

ib
ili

ty
 A

na
ly

si
s 

D
oe

s 
an

 im
pl

em
en

ta
tio

n 
ex

is
t?

 (n
o 

co
nf

lic
tin

g 
re

qu
ire

m
en

ts
) 

R
eq

ui
re

m
en

t A
na

ly
si

s 

Th
e 

su
b-

sy
st

em
 re

qu
ire

m
en

ts
 a

re
 a

 re
fin

em
en

t o
f t

he
 sy

st
em

’s
 

re
qu

ire
m

en
ts

? 

Su
b-

sy
st

em
s i

nt
er

fa
ce

s 
id

en
tif

ic
at

io
n 

R
es

po
ns

ib
ili

ty
 id

en
tif

ic
at

io
n 

(c
on

cu
rr

en
t d

ev
el

op
m

en
t)

 

R
eq

ui
re

m
en

ts
 d

ec
om

po
si

tio
n 

 
Su

b-
sy

st
em

 e
le

m
en

ts
 

Su
b-

sy
st

em
 in

te
rf

ac
e 

el
em

en
ts

 

Su
b-

sy
st

em
 li

br
ar

y 

Ta
rg

et
le

ve
lm

od
el

ve
rif

ic
at

io
n

Su
b-

Sy
st

em
s R

eq
ui

re
m

en
ts

 

Sy
st

em
 R

eq
ui

re
m

en
ts

 

10
/1

5/
20

12

7
A

LE
S

S
l

SP
RI

N
T 

AT
S 

us
e 

ca
se

 

A
ut

om
at

ed
 T

ow
in

g 
Sy

st
em

 (A
TS

) 

U
se

r v
eh

ic
le

 
C4

I*
 

To
w

bo
t 

Re
ce

iv
es

 d
is

pa
tc

h 
co

m
m

an
ds

 a
nd

 
au

to
no

m
ou

sl
y 

m
ov

es
 to

 th
e 

re
qu

es
te

d 
lo

ca
tio

n 

U
se

s 
an

 a
ut

om
at

ic
 c

ru
is

e 
co

nt
ro

l 
sy

st
em

 
Ce

nt
ra

liz
ed

 c
on

tr
ol

 fo
r t

he
 d

is
pa

tc
hi

ng
 o

f t
he

 
to

w
bo

t 

Sh
ou

ld
 c

oo
rd

in
at

e 
us

er
 v

eh
ic

le
s 

re
qu

es
ts

 a
nd

 th
e 

to
w

bo
t d

is
pa

tc
hi

ng
 

In
 c

as
e 

of
 e

m
er

ge
nc

y 
re

qu
es

ts
 a

 to
w

bo
t  

W
ai

ts
 u

nt
il 

a 
to

w
bo

t a
rr

iv
es

 

*C
om

m
an

d 
Co

nt
ro

l C
om

m
un

ic
at

io
ns

 C
om

pu
te

rs
, a

nd
 In

te
lli

ge
nc

e 

10
/1

5/
20

12

AS
SU

M
PT

IO
N

 
Ev

er
y 

tim
e 

a 
To

w
Bo

t d
isp

at
ch

 re
qu

es
t i

s 
se

nd
, t

he
 T

ow
Bo

t a
rr

iv
es

 a
t d

es
tin

at
io

n 

PR
O

M
IS

E 
Ev

er
y 

tim
e 

th
e 

To
w

Bo
t c

on
tr

ol
le

r r
ec

ei
ve

s 
a 

di
sp

at
ch

 re
qu

es
ts

, i
t s

en
ds

 a
 re

qu
es

t t
o 

th
e 

To
w

Bo
t i

n 
5m

s 

8
A

LE
S

S
l

Fr
om

 re
qu

ire
m

en
ts

 to
 su

b-
sy

st
em

 re
qu

ire
m

en
ts

 -  
Ex

am
pl

e 
Th

e 
C4

I h
an

dl
es

 th
e 

co
m

m
un

ic
at

io
n 

w
ith

 th
e 

to
w

 b
ot

s a
nd

 
im

pl
em

en
ts

 th
e 

to
w

-b
ot

 d
isp

at
ch

 a
lg

or
ith

m
 

W
he

n 
a 

re
qu

es
t a

rr
iv

es
 (r

eq
 e

ve
nt

) t
o 

th
e 

co
nt

ro
lle

r, 
it 

di
sp

at
ch

 a
n 

av
ai

la
bl

e 
to

w
-b

ot
 a

nd
 w

ai
ts

 u
nt

il 
it 

ar
riv

es
 a

t 
de

st
in

at
io

n 
(in

pu
t a

tD
es

tin
at

io
n)

 g
en

er
at

in
g 

a 
re

qC
on

fir
m

 e
ve

nt
 

Th
e 

us
er

 v
eh

ic
le

 p
os

iti
on

 is
 c

om
m

un
ic

at
ed

 to
 th

e 
co

nt
ro

lle
r 

us
in

g 
th

e 
ne

w
Po

sit
io

n 
ev

en
t o

f t
yp

e 
Po

sit
io

nT
yp

e 

C4
I S

ub
-s

ys
te

m
 d

ec
om

po
si

tio
n 

an
d 

re
qu

ire
m

en
ts

 fo
rm

al
iz

at
io

n 

Ev
er

yt
im

e 
[r

eq
] t

he
n 

[t
bR

eq
] h

ap
pe

ns
 

w
ith

in
 5

m
s 

Ev
er

yt
im

e 
[t

bR
eq

] t
he

n 
[a

tD
es

tin
at

io
n]

 
ev

en
tu

al
ly

 

A
 

G
 PR

O
M

IS
E 

Ev
er

y 
tim

e 
a 

us
er

 v
eh

ic
le

 re
qu

es
ts

 a
 T

ow
Bo

t, 
it 

w
ill

 b
e 

se
rv

ed
 in

 1
ho

ur
 

Ev
er

yt
im

e 
[u

vR
eq

] o
cc

ur
s 

im
pl

ie
s 

[u
vS

er
ve

d]
 w

ith
in

 1
ho

ur
 

AS
SU

M
PT

IO
N

 
Ev

er
y 

tim
e 

a 
To

w
Bo

t i
s r

eq
ue

st
ed

 , 
a 

To
w

Bo
t 

di
sp

ac
h 

co
nf

irm
at

io
n 

fo
llo

w
s  

Ev
er

yt
im

e 
[r

eq
To

w
Bo

t]
 th

en
 [r

eq
Se

rv
ed

] 
fo

llo
w

s 

10
/1

5/
20

12



112 PRESENTATIONS

9
A

LE
S

S
r

l

D
es

ig
n 

us
in

g 
su

cc
es

si
ve

 re
fin

em
en

t 

D
ef

in
it

io
n 

an
d 

se
le

ct
io

n 
of

 s
ys

te
m

 lo
gi

ca
l 

co
m

po
ne

nt
s 

Sy
st

em
s R

eq
ui

re
m

en
ts

 

Su
b-

sy
st

em
 R

eq
ui

re
m

en
ts

 
S

b
t

R
i

t
t

R
i

t
R

i

Su
b-

sy
st

em
s l

ib
ra

ry
 

Th
e 

ne
ed

 o
f a

 c
om

po
si

ti
on

al
 a

pp
ro

ac
h 

an
d 

co
m

po
ne

nt
-b

as
ed

 m
od

el
in

g 
la

ng
ua

ge
s 

A
 

B B
A

Re
qA

 

Re
qB

 
Sy

st
em

 
Re

q 

If 
A

 sa
tis

fie
s 

its
 re

qu
ire

m
en

ts
 a

nd
 B

 s
at

is
fie

s 
its

 
re

qu
ire

m
en

ts
, i

s 
th

is
 tr

ue
 a

ls
o 

fo
r t

he
ir 

co
m

po
si

tio
n?

 

A
re

 R
eq

A
 a

nd
 R

eq
B 

a 
va

lid
 d

ec
om

po
si

tio
n 

of
 S

ys
te

m
 

Re
qu

ire
m

en
ts

? 

If 
A

 sa
tis

fie
s 

its
 re

qu
ire

m
en

ts
 a

nd
 B

 s
at

is
fie

s 
its

 
re

qu
ire

m
en

ts
, i

s 
it 

tr
ue

 th
at

 th
ey

 a
ls

o 
sa

tis
fie

s 
th

e 
Sy

st
em

 
Re

qu
ire

m
en

ts
? 

ttt

Su
b-

sy
st

em
s i

nt
er

fa
ce

s 
id

en
tif

ic
at

io
n 

R
es

po
ns

ib
ili

ty
 id

en
tif

ic
at

io
n 

(c
on

cu
rr

en
t d

ev
el

op
m

en
t)

 

R
eq

ui
re

m
en

ts
 d

ec
om

po
si

tio
n 

 

10
/1

5/
20

12

G
ra

ph
ic

al
 e

di
to

r f
or

 s
ys

te
m

 
sp

ec
ifi

ca
tio

n 
—

G
ra

ph
 b

as
ic

 s
em

an
tic

s 
—

N
at

iv
e 

co
nc

ep
ts

: c
om

po
ne

nt
, p

or
t,

 
co

nn
ec

tio
n,

 p
ar

am
et

er
, v

ar
ia

bl
e 

—
Ec

lip
se

 &
 E

M
F 

un
de

rly
in

g 
te

ch
no

lo
gi

es
 

•
U

ni
qu

e 
fo

rm
al

iz
ed

 m
od

el
 fo

r c
ap

tu
rin

g 
de

si
gn

 

M
ul

ti
pl

e 
D

SL
s s

up
po

rt
 

—
E.

g.
, s

ys
te

m
 s

tr
uc

tu
re

, d
is

tr
ib

ut
ed

 
si

m
ul

at
io

n 
st

ru
ct

ur
e,

 e
tc

…
 

V
is

ua
l r

ep
re

se
nt

at
io

n 
of

 s
ta

te
 

—
Te

xt
ua

l (
di

sp
la

ys
/s

co
pe

s)
 o

r c
ha

ng
e 

of
 

im
ag

e/
sh

ap
e/

co
lo

r o
f c

om
po

ne
nt

s/
lin

es
 

D
ed

ic
at

ed
 p

ar
am

et
er

iz
at

io
n 

vi
ew

 
Co

nt
ra

ct
s 

sp
ec

ifi
ca

ti
on

 
—

P
at

te
rn

 b
as

ed
 s

pe
ci

fic
at

io
n 

—
Te

xt
ua

l l
an

gu
ag

e 

Pl
ug

-in
 b

as
ed

 fr
am

ew
or

k 
—

N
ew

 fu
nc

tio
na

lit
y 

ca
n 

be
 b

ui
lt 

us
in

g 
th

e 
ec

lip
se

 m
ec

ha
ni

sm
 

10
/1

5/
20

12
10

A
LE

S
S

r
l

AL
ES

 E
xp

er
ie

nc
e 

– R
eq

ui
re

m
en

ts
 fo

rm
al

iza
tio

n 
us

in
g 

th
e C

on
tr

ac
t 

Ed
ito

r t
oo

l 

s e 
Co

nt
ra

ct
 

sp
ec

ifi
ca

ti
on

 

P
ar

am
et

er
iz

at
io

n 
 

Sy
st

em
 

sp
ec

ifi
ca

ti
on

 

ttttttttttttttttttttttttttttt
tttttttttttttttttttttttttttttttttttttttttttt

nnnnnnnnnnnnnnnnnnnnnntttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrraaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

cttttttttttttttttttttttttttttttttttttttttttttttttttttt
nnnnnnnnnnnnnnnnnnnnnnnnnn

D
es

ig
n 

st
ep

 v
er

ifi
ca

tio
n 

Li
br

ar
y 

el
em

en
ts

 

11
A

LE
S

S
l

Fr
om

 R
eq

ui
re

m
en

ts
 to

 F
un

ct
io

na
l A

rc
hi

te
ct

ur
e 

D
es

ig
n 

st
ep

 a
ct

io
ns

  

111
S

SSSS
ll

Ta
rg

et
 le

ve
l m

od
el

 v
er

ifi
ca

tio
n 

Fo
r e

ac
h 

su
bs

ys
te

m
, i

s 
th

e 
fu

nc
tio

na
l n

et
w

or
k 

sa
ti

sf
yi

ng
 th

e 
su

bs
ys

te
m

’s
 

re
qu

ire
m

en
ts

? 

Fu
nc

ti
on

al
 li

br
ar

y 

Ta
rg

et
le

ve
lm

od
el

ve
rif

ic
at

io
n

Fu
nc

ti
on

al
 D

ec
om

po
si

ti
on

 

Su
b-

Sy
st

em
s R

eq
ui

re
m

en
ts

 

Co
m

m
un

ic
at

io
n 

pr
im

it
iv

es
 s

el
ec

tio
n 

Id
en

tif
ic

at
io

n 
of

 a
pp

ro
pr

ia
te

 M
oC

 fo
r e

ac
h 

fu
nc

tio
na

l c
om

po
ne

nt
 

Fu
nc

tio
na

l e
le

m
en

ts
 d

at
a-

ty
pe

s 
&

 in
te

rf
ac

es
 d

ef
in

iti
on

 
D

at
a 

ty
pe

 &
 In

te
rf

ac
e 

el
em

en
ts

 

Co
m

m
un

ic
at

io
n 

pr
im

it
iv

es
 li

br
ar

y 
(F

IF
O

, r
en

de
z-

vo
us

,, 
…

) 

M
oC

 li
br

ar
y 

(D
E,

 C
T,

 D
T,

 …
) 

A
re

 th
e 

in
te

rf
ac

es
 o

f c
on

ne
ct

ed
 fu

nc
tio

na
l e

le
m

en
ts

 c
om

pa
tib

le
? 

A
re

 d
at

a 
ty

pe
s 

w
el

l-d
ef

in
ed

? 

A
re

 c
ho

se
n 

M
oC

s a
nd

 c
om

m
un

ic
at

io
n 

pr
im

iti
ve

s 
co

m
pa

tib
le

? 

10
/1

5/
20

12
10

/1
5/

20
12

12
A

LE
S

S
r

l

Fr
om

 R
eq

ui
re

m
en

ts
 to

 F
un

ct
io

na
l A

rc
hi

te
ct

ur
e 

–
Ex

am
pl

e To
w

bo
tc

ru
is

e 
co

nt
ro

l s
ub

sy
st

em
 re

qu
ire

m
en

ts
 

y

If 
th

e 
ro

ad
 s

lo
pe

 c
ha

ng
es

 in
 th

e 
ra

ng
e 

-8
%

 
an

d 
8%

, t
he

 c
ru

is
e 

sp
ee

d 
is

 e
qu

al
s 

to
 th

e 
re

fe
re

nc
e 

sp
ee

d 
w

ith
 a

 m
ax

im
um

 e
rr

or
 o

f 
5.

5%
 

q

Th
e 

cr
ui

se
 c

on
tr

ol
 sh

al
l t

ol
er

at
e 

va
ria

tio
ns

 o
f t

he
 

w
in

d 
sp

ee
d 

be
tw

ee
n 

-1
5 

m
/s

 (h
ea

dw
in

d)
 a

nd
 +

15
 

m
/s

 (t
ai

lw
in

d)
 w

ith
 a

 m
ax

im
um

 v
ar

ia
tio

n 
of

 5
 m

/s
 

ev
er

y 
sa

m
pl

in
g 

pe
rio

d 
(T

=4
0 

m
s)

.  

Fu
nc

tio
na

l m
od

el
 

D
is

cr
et

e-
tim

e 
PI

 c
on

tr
ol

-la
w

 
fu

nc
tio

na
l d

es
cr

ip
tio

n 

D
is

cr
et

iz
ed

 m
od

el
 o

f t
he

  c
ru

is
e 

co
nt

ro
l s

ub
sy

st
em

  (
ro

ad
 s

lo
pe

, r
ol

lin
g 

fr
ic

tio
n,

 a
er

od
yn

am
ic

 d
ra

g)
 

Fo
rm

al
 s

ub
-s

ys
te

m
 re

qu
ire

m
en

ts
 

e 
PI

 c
on

tr
ol

-la
w

 

r
Fo

rm
al

 s
ub

sy
st

em
r

ub
-s

ys
te

m
r

Su
b-

sy
st

em
 fr

ee
 in

pu
ts

 
e

Su
b-

sy
st

em
fr

ee
b-

sy
st

em
fr

ee

A
LE

A
LE

A
LE

A
LE

S
S

S
S

S
S

S
S

rr
lllll

Ve
rif

ic
at

io
n 

of
 th

e 
fu

nc
tio

na
l n

et
w

or
k 



113PRESENTATIONS

Co
nt

ra
ct

 s
pe

ci
fic

at
io

n 
—

A
ss

um
pt

io
n 

is
 th

e 
co

nj
un

ct
io

n 
of

 th
re

e 
as

se
rt

io
ns

 
•

Th
e 

sl
op

e 
va

lu
e 

(s
lo

pe
 p

er
ce

nt
ag

e)
 is

 in
 {-

8,
 -4

, 0
, 4

, 8
} 

•
Th

e 
w

in
d 

gu
st

 v
al

ue
 is

 in
 {-

15
, 0

, 1
5}

 m
/s

 
•

Th
e 

w
in

d 
gu

st
, e

ve
ry

 4
0 

m
s,

 c
an

 c
ha

ng
e 

of
 a

 m
ax

im
um

 a
bs

ol
ut

e 
va

lu
e 

of
 1

5 
m

/s
 

—
P

ro
m

is
e:

  
•

th
e 

ac
tu

al
 s

pe
ed

 v
al

ue
 is

 
5.

5%
 o

f t
he

 re
fe

re
nc

e 
sp

ee
d 

va
lu

e 
 

13
A

LE
S

S
r

l

Cr
ui

se
 co

nt
ro

l c
on

tr
ac

ts
 

10
/1

5/
20

12

Fr
om

 re
qu

ire
m

en
ts

 to
 fu

nc
tio

na
l a

rc
hi

te
ct

ur
e 

– E
xa

m
pl

e 

10
/1

5/
20

12
14

A
LE

S
S

r
l

A
to

m
ic

 p
at

te
rn

s 

Co
m

po
si

tio
n 

bl
oc

ks
 

Th
is

 b
lo

ck
 c

on
st

ra
in

ts
 c

ur
re

nt
 

sp
ee

d 
va

lu
e 

to
 b

e 
5.

5%
 o

f t
he

 
re

fe
re

nc
e 

va
lu

e 

Th
is

 p
at

te
rn

 c
on

st
ra

in
t t

he
 

in
pu

t c
on

di
tio

n 
to

 b
e 

tr
ue

 a
t 

ev
er

y 
st

ep
 

Co
ns

tr
ai

nt
 o

n 
th

e 
po

ss
ib

le
 

va
lu

es
 o

f s
lo

pe
 a

nd
 w

in
d 

gu
st

 

10
/1

5/
20

12

Th
is

 b
lo

ck
 c

om
pu

te
s 

th
e 

de
riv

at
iv

e 
of

 
th

e 
gu

st
 (D

_G
U

ST
) a

nd
 it

 a
ss

er
t a

 
Bo

ol
ea

n 
si

gn
al

 if
 th

e 
sl

op
e 

gu
st

 v
al

ue
 

ha
s 

ch
an

ge
d 

A
LE

A
LE

AA
LE

A
LELE

A
LE

A
LE

A
LE

A
LE

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

rrrrrr
lllllllll

Th
e 

bl
oc

ks
 a

ss
er

t t
ha

t e
ve

ry
-

tim
e 

th
e 

gu
st

 v
al

ue
 c

ha
ng

es
, 

th
e 

de
riv

at
iv

e 
is

 le
ss

 th
an

 
 1

5 
m

/s
 

Fo
rm

al
Sp

ec
s V

er
ifi

er
 

AL
ES

 E
xp

er
ie

nc
e 

– R
eq

ui
re

m
en

t &
 F

un
ct

io
na

l a
rc

hi
te

ct
ur

e 
de

sc
rip

tio
n 

&
 fo

rm
al

 ve
rif

ica
tio

n 

10
/1

5/
20

12
15

A
LE

S
S

r
l

Fo
rm

al
 V

er
ifi

ca
tio

n 
Ba

ck
en

d 

H
ar

ne
ss

 M
od

el
 

Fu
nc

tio
na

l M
od

el
 

Pa
tt

er
n 

ba
se

d 
co

nt
ra

ct
 

sp
ec

ifi
ca

tio
n 

us
in

g 
th

e 
co

nt
ra

ct
 e

di
to

r &
 S

im
ul

in
k 

ex
po

rt
s 

of
 re

qu
ire

m
en

ts
 

A
ut

om
at

ic
 S

im
ul

in
k 

m
od

el
 tr

an
sf

or
m

at
io

n 
an

d 
pr

op
er

ty
 c

he
ck

 fo
r 

th
e 

fu
nc

tio
na

l a
rc

hi
te

ct
ur

e 

pe
cs

V

A
ut

om
at

ic
 g

en
er

at
io

n 
of

 
Si

m
ul

in
k 

ha
rn

es
s 

m
od

el
 

ex
po

si
ng

 re
qu

ire
m

en
t 

vi
ol

at
io

n 

ge
ne

ra
t

Re
qu

ire
m

en
ts

 

Pa
tt

e
ba

d
co

nt
ra

ct

Re
qu

ire
m

en
ts

er
n 

ba
se

d 
er

n
ba

se
d

M
od

el
 

Tr
an

sf
or

m
at

io
n 

Fo
rm

al
 R

eq
ui

re
m

en
t 

Pa
tt

er
ns

 

D
es

ig
n 

st
ep

 v
er

ifi
ca

tio
n 

Li
br

ar
y 

el
em

en
ts

 

16
A

LE
S

S
l

Fr
om

 fu
nc

tio
na

l a
rc

hi
te

ct
ur

e 
to

 p
hy

sic
al

 im
pl

em
en

ta
tio

n 

D
es

ig
n 

st
ep

 a
ct

io
ns

  

1161
S

SSSS
ll

Ta
rg

et
 le

ve
l m

od
el

 v
er

ifi
ca

tio
n 

A
re

 s
af

et
y 

re
qu

ire
m

en
ts

 m
et

? A
rc

hi
te

ct
ur

e 
de

fin
it

io
n 

&
 m

ap
pi

ng

Ta
rg

et
le

ve
lm

od
el

ve
rif

ic
at

io
n

H
W

/S
W

 c
om

po
ne

nt
s 

Fu
nc

ti
on

al
 D

ec
om

po
si

ti
on

 

Id
en

tif
ic

at
io

n 
of

 p
hy

si
ca

l a
rc

hi
te

ct
ur

e 

A
ut

om
at

ic
 C

od
e 

G
en

er
at

io
n 

fo
r C

U
s 

Se
le

ct
io

n 
of

  a
 s

et
 o

f p
hy

si
ca

l c
om

po
ne

nt
s 

an
d 

ar
ch

ite
ct

ur
e 

w
ith

 
pr

ed
ic

ta
bl

e 
pe

rf
or

m
an

ce
 

N
on

-f
un

ct
io

na
l c

on
st

ra
in

ts
  &

  M
ea

su
re

s 
of

 E
ff

ec
tiv

en
es

s 

Co
m

pu
ta

ti
on

 a
nd

 C
om

m
un

ic
at

io
n 

el
em

en
ts

 

Le
ga

cy
 c

od
e 

A
re

 th
e 

in
te

rf
ac

es
 o

f H
W

/S
W

 c
om

po
ne

nt
s c

om
pa

tib
le

? 

CO
TS

 

Id
en

tif
ic

at
io

n 
of

 le
ga

cy
 c

od
e 

an
d 

ar
ch

ite
ct

ur
al

 C
O

TS
 

Fo
r e

ac
h 

co
m

po
ne

nt
 a

nd
 su

bs
ys

te
m

, i
s 

its
 a

rc
hi

te
ct

ur
al

 re
pr

es
en

ta
tio

n 
sa

ti
sf

yi
ng

 th
e 

re
qu

ir
em

en
ts

 ta
ki

ng
 in

to
 a

cc
ou

nt
 a

ls
o 

no
n 

fu
nc

ti
on

al
 

co
ns

tr
ai

nt
s 

(t
im

in
g,

 p
er

fo
rm

an
ce

, p
ow

er
 c

on
su

m
pt

io
n,

 w
ei

gh
t,

 …
 )?

  

Is
 s

of
tw

ar
e 

co
de

 b
ug

gy
? 

(o
ve

r-
/u

nd
er

flo
w

, d
iv

is
io

n 
by

 z
er

o,
 n

ul
l p

oi
nt

er
s,

 …
) 

A
re

 s
am

pl
in

g 
re

qu
ire

m
en

ts
 m

et
? 

A
re

 c
ho

se
n 

M
oC

s a
nd

 c
om

m
un

ic
at

io
n 

pr
im

iti
ve

s 
pr

es
er

ve
d?

 

10
/1

5/
20

12



114 PRESENTATIONS

M
ot

iv
at

io
ns

 
D

es
ig

n 
us

in
g 

su
cc

es
si

ve
 re

fin
em

en
t 

—
D

es
ig

n 
flo

w
 d

es
cr

ip
tio

n 
—

Fr
om

 re
qu

ire
m

en
ts

 to
 s

ub
-s

ys
te

m
s 

—
Fr

om
 s

ub
-s

ys
te

m
s 

to
 fu

nc
tio

na
l d

ec
om

po
si

tio
n 

—
Fr

om
 fu

nc
tio

na
l d

ec
om

po
si

tio
n 

to
 p

hy
si

ca
l 

im
pl

em
en

ta
tio

n 

O
ve

rv
ie

w
 o

f e
xi

st
in

g 
de

si
gn

 la
ng

ua
ge

s 
Co

nc
lu

si
on

s 
 

10
/1

5/
20

12
17

A
LE

S
S

r
l

O
ut

lin
e 

10
/1

5/
20

12
18

A
LE

S
S

r
l

W
he

re
 L

an
gu

ag
es

 M
ap

 ? 

System  
Requirements 

Sub-System  
Requirements 

Functional 
Decomposition 

Architecture 
definition & 

mapping 

l
8

La
ck

 o
f f

or
m

al
 s

em
an

ti
cs

 

P
oo

r s
yn

ta
ct

ic
 a

nd
 

se
m

an
ti

cs
 s

up
po

rt
 fo

r 
m

ap
pi

ng
 

Su
pp

or
t f

or
 c

on
st

ra
in

t-
or

ie
nt

ed
 s

pe
ci

fic
at

io
ns

 

Su
pp

or
t f

or
 c

on
st

ra
in

t-
or

ie
nt

ed
 s

pe
ci

fic
at

io
ns

 
La

ck
 o

f s
up

po
rt

 fo
r 

co
ns

tr
ai

nt
-o

ri
en

te
d 

sp
ec

ifi
ca

ti
on

 

Su
pp

or
t f

or
 a

ut
om

at
ic

 s
yn

th
es

is
 o

f c
on

tr
ol

le
r c

od
e 

st
ar

ti
ng

 fr
om

 fu
nc

ti
on

al
 s

pe
ci

fic
at

io
n 

W
el

l d
ef

in
ed

 s
em

an
ti

cs
 

La
ck

 o
f s

up
po

rt
 fo

r 
co

ns
tr

ai
nt

-o
ri

en
te

d 
sp

ec
ifi

ca
ti

on
 

P
oo

r s
up

po
rt

 fo
r m

ap
pi

ng
 

P
oo

r s
up

po
rt

 fo
r m

ap
pi

ng
 

Sy
sM

L
 

Do
DA

F
 

IB
M

 
Ra

tio
na

l 
Rh

ap
so

dy
 

IB
M

 
Sy

st
em

 
Ar

ch
ite

ct
 

C
om

m
on

 La
ng

ua
ge

 

Re
ad

/W
rit

e
 

M
od

el
ic

a
 

M
at

h-
M

od
el

ic
a

 

Si
m

ul
in

k
 M

AT
LA

B/
Si

m
ul

in
k

 

M
od

el
lin

g
 La

ng
ua

ge
 

S
of

tw
ar

e
 

To
ol

/A
pp

lic
at

io
n

 

O
SL

C 
(O

pe
n 

Se
rv

ic
es

 fo
r L

ife
cy

cl
e 

Co
lla

bo
ra

tio
n)

 

Se
m

an
tic

s 
R

D
F

 
S

em
an

tic
 M

ed
ia

tio
n

 SP
RI

NT
 A

pp
ro

ac
h!

 

SP
RI

N
T 

Pl
at

fo
rm

 

10
/1

5/
20

12
20

A
LE

S
S

r
l

D
es

ig
n 

us
in

g 
su

cc
es

siv
e 

re
fin

em
en

t –
  t

he
 id

ea
l la

ng
ua

ge
 

Sy
st

em
 R

eq
ui

re
m

en
ts

 

Su
b-

Sy
st

em
s 

Re
qu

ire
m

en
ts

 

Fu
nc

tio
na

l D
ec

om
po

si
tio

n 

A
rc

hi
te

ct
ur

e 
de

fin
iti

on
 &

 m
ap

pi
ng

 

La
ng

ua
ge

 X
 

? 
G

ra
ph

ic
al

 a
nd

 te
xt

ua
l r

ep
re

se
nt

at
io

n 

•
Su

pp
or

t f
or

 o
pe

ra
ti

on
al

 d
es

cr
ip

ti
on

 o
f r

eq
ui

re
m

en
ts

  
•

Su
pp

or
t f

or
 c

on
st

ra
in

t-
ba

se
d 

de
sc

ri
pt

io
n 

of
 re

qu
ir

em
en

ts
 

•
W

el
l d

ef
in

ed
 s

em
an

ti
cs

 
•

Co
m

po
sa

bl
e 

in
te

gr
at

io
n 

of
 h

et
er

og
en

eo
us

 M
oC

Cs
 

•
Su

pp
or

t f
or

 n
on

-d
et

er
m

in
is

ti
c 

sp
ec

ifi
ca

ti
on

 
•

Ca
pa

bi
lit

y 
of

 c
ap

tu
ri

ng
 s

af
et

y/
ti

m
in

g 
co

ns
tr

ai
nt

s 

•
Fo

rm
al

 a
nd

 c
om

po
si

ti
on

al
 d

es
cr

ip
ti

on
 o

f s
tr

uc
tu

re
 a

nd
 b

eh
av

io
rs

 
of

 fu
nc

ti
on

al
 a

nd
 a

rc
hi

te
ct

ur
al

 n
et

w
or

k 
•

Su
pp

or
t f

or
 e

ff
ic

ie
nt

 a
nd

 fo
rm

al
 d

es
cr

ip
ti

on
 o

f m
ap

pi
ng

 b
et

w
ee

n 
fu

nc
ti

on
 a

nd
 a

rc
hi

te
ct

ur
al

 e
le

m
en

ts
 

•
A

ut
om

at
ic

 s
yn

th
es

is
 o

f c
on

tr
ol

le
r c

od
e 

st
ar

in
g 

fr
om

 fu
nc

ti
on

al
 

sp
ec

ifi
ca

ti
on

 &
 a

rc
hi

te
ct

ur
al

 c
on

st
ra

in
ts

 

U
se

d 
in

 a
ca

de
m

y 
an

d 
in

du
st

ry
 

Su
pp

or
t f

or
 th

e 
co

m
po

si
tio

na
l d

es
cr

ip
tio

n 
of

  d
iff

er
en

t m
od

el
 

of
 c

om
pu

ta
tio

ns
 



115PRESENTATIONS

Su
m

m
ar

y 
—

 D
es

ig
n 

flo
w

 u
si

ng
 s

uc
ce

ss
iv

e 
re

fin
em

en
t 

•
Fr

om
 re

qu
ire

m
en

ts
 to

 s
ub

-s
ys

te
m

 
•

Fr
om

 su
b-

sy
st

em
 to

 fu
nc

tio
na

l a
rc

hi
te

ct
ur

e 
•

Fr
om

 fu
nc

tio
na

l a
rc

hi
te

ct
ur

e 
to

 p
hy

si
ca

l i
m

pl
em

en
ta

tio
n 

—
 E

qu
at

io
n-

ba
se

d 
la

ng
ua

ge
  

•
O

ve
rv

ie
w

 
•

Li
m

ita
tio

ns
 

 

10
/1

5/
20

12
21

A
LE

S
S

r
l

Co
nc

lu
si

on
 



116 PRESENTATIONS

SYNCHRONOUS CONTROL AND STATE MACHINES IN 
MODELICA
Hilding Elmqvist, Dassault Systèmes AB

The scope of Modelica has been extended from a language pri-
marily intended for physical systems modeling to modeling of 
complete systems by allowing the modeling of control systems 
and by enabling automatic code generation for embedded sys-
tems. Much focus has been given to safe constructs and intuitive 
and well-defined semantics.

The presentation will describe the fundamental synchronous 
language primitives introduced for increased correctness of con-
trol systems implementation. The approach is based on associa-
ting clocks to the variable types. Special operators are needed 
when accessing variables of another clock. This enables clock 
inference and increased correctness of the code since many more 
checks can be done during translation. Furthermore, the sampling 
period of a clocked partition needs to be defined only at one place 
(either in absolute time or relatively to other clocked partitions). 
The principles of partitioning a system model into different clocks 
(continuous, periodic, non-periodic, multi-rate) will be explained.

The new language elements follow the synchronous approach. 
They are based on the clock calculus and inference system of 
Lucid Synchrone. However, the Modelica approach also uses 
multi-rate periodic clocks based on rational arithmetic and also 
non-periodic and event based clocks are supported.

Parallel and hierarchical state machines will be introduced in-
cluding submodels within states. The supporting Modelica library 
will also be introduced.
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pl
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lo
ck
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  /
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co
nt

ro
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d
  u

=
K

*(
vr

ef
-v

d)
;

  /
/f

or
ce

ac
tu

at
or

  f
=

ho
ld

(u
);
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 p
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l p
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p
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c
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p
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 p
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r m
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at
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p
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p
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c
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 p
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 c
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t c
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c
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 c
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 c
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 c
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I c
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 c
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ra
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;
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t c
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 d
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bS
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f C
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 b
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 c
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=
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 d
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 c
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 c
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 d
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ar
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M

od
el
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C
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C
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;
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 c
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 d
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 m
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t d
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m
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p 
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 c
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.
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so
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at
e

a
so

lv
er

M
et

ho
d

w
ith
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e 

C
lo

ck
.

m
od

el
D

is
cr

et
iz

ed
  R

ea
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st

ar
t=

0,
fix

ed
=t

ru
e)
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  R

ea
lx
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st

ar
t=

0,
fix

ed
=t

ru
e)

;
eq

ua
tio

n
  d

er
(x

1)
=

-x
1

+
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  d
er
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=
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2
+

sa
m

pl
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1,
C

lo
ck
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er
M

et
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en

d
D
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ed
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e 
M

ac
hi

ne
s

•
M

od
el

ic
a 

ex
te

nd
ed
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 a

llo
w

 m
od

el
in
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of

 c
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te
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s

•
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y 
bl

oc
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w
ith

ou
t c

on
tin
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us

-ti
m

e 
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ua
tio
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or
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m
s 
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n 

be
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 s
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te
of

 
a 

st
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e 
m

ac
hi

ne
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•
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an
si

tio
ns

 b
et

w
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n 
su

ch
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lo
ck

s 
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e 
re

pr
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en
te
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by

 a
 n

ew
 k
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d 

of
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te
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n 
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m

pl
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e 
se

m
an
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s 
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 d
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ed

 u
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od
el
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a 
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.
•

A 
cl

us
te

r o
f b

lo
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st

an
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s 
at

 th
e 
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m

e 
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er
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ch
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al
 le
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hi
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 c
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pl
ed
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 tr
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si
tio

n
eq
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tio
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 c
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itu
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a 
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e 
m
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ne
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l p
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 m
us
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e 
th
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m
e 

cl
oc
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W
e 

w
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w
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k 
on
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m
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in
g 
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 re
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n 
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w

in
g 

m
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in
g 

cl
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 a
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w

in
g 
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in
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tio
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tu
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od
el

ic
a 
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•

O
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y 
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e 
in
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an

ce
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 e
ac

h 
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at
e 

m
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ne
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t b
e 

m
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d 
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 in
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al

 
by
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n 
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at
e
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A
 S

im
pl

e 
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at
e 

M
ac

hi
ne

–
M

od
el

ic
a 

Te
xt

 R
ep

re
se

nt
at

io
n

m
od

el
S

ta
te

M
ac

hi
ne

1
  i

nn
er

In
te

ge
ri

(s
ta

rt=
0)

;
  b

lo
ck

S
ta

te
1

   
 o

ut
er

ou
tp

ut
In

te
ge

ri
;

  e
qu

at
io

n
   

 i
=

pr
ev

io
us

(i)
+

2;
  e

nd
S

ta
te

1;
  S

ta
te

1
st

at
e1

;

  b
lo

ck
S

ta
te

2
   

 o
ut

er
ou

tp
ut

In
te

ge
ri

;
  e

qu
at

io
n

   
 i

=
pr

ev
io

us
(i)

-1
;

  e
nd

S
ta

te
2;

  S
ta

te
2

st
at

e2
;

eq
ua

tio
n

  i
ni

tia
lS

ta
te
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ta

te
1)

;
  t

ra
ns

iti
on
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ta
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1,

 s
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m
m
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);
  t

ra
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 s
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d
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M
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M
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gi
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 V
ar

ia
bl
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D

ef
in

iti
on

s

•
An

 o
ut

er
 o

ut
pu
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ec

la
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tio
n 
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ns
 th

at
 th

e 
eq

ua
tio

ns
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e 
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e 
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ng
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e 
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ed
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ne
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N
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d 
to

 m
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e 
si

ng
le
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en
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M
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 d

ef
in
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of

 s
uc
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ou

te
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bl
es
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 d
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en
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ne
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 b
e 
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r o
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pu
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ed
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j) 
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r 
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 s
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:
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 e
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ls

ei
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al

 s
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an
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r r
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in

pu
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 m
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r t
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g 
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t b
e 
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ve
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 c
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 b
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 c
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, p
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r d
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 b
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 c
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 c
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 s
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 re
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r s
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 d
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EXTENSIBLE PROGRAMMING AND MODELING 
LANGUAGES
Eric Van Wyk, University of Minnesota

Extensible programming and modeling languages allow their 
users to import new features into their language. These may be 
new syntax (notations), new semantics (e.g. analysis for additional 
error checking), new optimizations, and new translations packa-
ged as language extensions. Ideally, programmers and engineers 
with no knowledge of language design or implementation can di-
rect tools to compose a ”host” language with their chosen set of 
language extensions resulting in a custom translator or compiler 
for their extended language. To achieve this goal, languages and 
extensions are specified declaratively using context free grammars 
and attribute grammars. We describe a set of tools for generating 
translators and compilers from these specifications and a set of 
analyses that language extensions designers can use to verify that 
the composition of their extension and other similarly verified, 
independently developed, extensions will work as desired with 
the host language. These analyses ensure that the generated LR 
parser will be deterministic with no conflicts and that the attri-
bute grammar will be complete, that is, has equations defining 
all needed attributes. Thus, the user is assured that their chosen 
language extensions will all work together. Example extensions 
to Java, C, Lustre, and Modelica will be discussed.
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d
p
ar
se
r
u
si
n
g
S
ab
le
C
C

�
ab
le
P
—

m
id
d
le
w
ei
gh

t
ap
pr
oa
ch
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A
n
ex
am

pl
e

A
n
al
ti
tu
d
e
sw

it
ch

m
o
d
el

th
at

u
se
s

�
en
h
an
ce
d
s
e
l
e
c
t
st
at
em

en
ts

�
D
T
S
P
IN
-l
ik
e
co
n
st
ru
ct
s

�
ta
b
u
la
r
B
o
ol
ea
n
ex
pr
es
si
on

s
(à

la
R
S
M
L
an
d
S
C
R
)

A
n
in
st
an
ce

of
ab
le
P
p
ar
se
s
an
d
an
al
yz
es

th
e
m
o
d
el
,
th
en

ge
n
er
at
es

it
s
tr
an
sl
at
io
n
to

p
u
re

P
ro
m
el
a.

%
j
a
v
a
-
j
a
r
a
b
l
e
P
.
a
v
i
a
t
i
o
n
.
j
a
r
A
l
t
S
w
i
t
c
h
.
x
p
m
l

%
s
p
i
n
-
a
A
l
t
S
w
i
t
c
h
.
p
m
l

O
ur

ap
pr
oa
ch
:

�
U
se
rs

ch
o
os
e
(i
n
d
ep
en
d
en
tl
y
d
ev
el
op

ed
)
ex
te
n
si
on

s.

�
T
o
ol
s
co
m
p
os
e
th
e
ex
te
n
si
on

s
an
d
P
ro
m
el
a
h
os
t
la
n
gu

ag
e.

�
D
is
ti
n
gu

is
h

1.
ex
te
n
si
on

u
se
r

�
h
as

n
o
kn

ow
le
d
g
e
o
f
la
n
g
u
ag

e
d
es
ig
n
or

im
p
le
m
en
ta
ti
o
n
s

2.
ex
te
n
si
on

d
ev
el
op

er
�

m
u
st

kn
ow

ab
o
u
t
la
n
g
u
ag

e
d
es
ig
n
an

d
im

p
le
m
en
ta
ti
o
n

1.
T
o
ol
s
an
d
fo
rm

al
is
m
s
su
p
p
or
t
au
to
m
at
ic

co
m
p
os
it
io
n
.

2.
M
o
d
u
la
r
an
al
ys
es

en
su
re

th
e
co
m
p
os
it
io
n
re
su
lt
s
in

a
w
or
ki
n
g

tr
an
sl
at
or
.

�
V
al
u
e
ea
sy

co
m
p
os
it
io
n
ov
er

ex
pr
es
si
vi
ty
,
ac
ce
p
t
so
m
e

re
st
ri
ct
io
n
s

�
on

sy
n
ta
x

�
n
ew

co
n
st
ru
ct
s
ar
e
tr
an
sl
at
ed

to
“p

u
re
”
P
ro
m
el
a

�
ab
le
P
“i
n
st
an
ce
s”

ar
e
sm

ar
t
pr
e-
pr
o
ce
ss
or
s

E
xt
en
di
ng

ab
le
P
w
it
h
in
de
p
en
de
nt
ly

de
ve
lo
p
ed

ex
te
ns
io
ns

�
E
xt
en
si
on

u
se
r
d
ir
ec
ts

u
n
d
er
ly
in
g
to
ol
s
to

�
co
m
p
os
e
ch
os
en

ex
te
n
si
on

s
an
d
th
e
h
os
t
la
n
gu

ag
e

�
an
d
th
en

cr
ea
te

a
cu
st
om

tr
an
sl
at
or

fo
r
th
e
ex
te
n
d
ed

la
n
gu

ag
e

�
S
ilv
er

gr
am

m
ar

m
o
d
u
le
s
d
efi
n
e
se
ts

of
sp
ec
ifi
ca
ti
on

s
�

co
m
p
os
it
io
n
is
se
t
u
n
io
n
,
or
d
er

d
o
es

n
ot

m
at
te
r

�
C
on

si
d
er

th
e
S
ilv
er

sp
ec
ifi
ca
ti
on

fo
r
th
is
co
m
p
os
it
io
n
.

D
ev
el
op
in
g
la
ng
ua
ge

ex
te
ns
io
ns

T
w
o
pr
im

ar
y
ch
al
le
n
ge
s:

1.
co
m
p
os
ab
le

sy
n
ta
x
—

en
ab
le
s
b
u
ild
in
g
a
sc
an
n
er

an
d
p
ar
se
r

�
co
n
te
xt
-a
w
ar
e
sc
an
n
in
g
[G
P
C
E
07

]
�

m
o
d
u
la
r
d
et
er
m
in
is
m

an
al
ys
is
[P
L
D
I0
9]

�
C
op

p
er

2.
co
m
p
os
ab
le

se
m
an
ti
cs

—
an
al
ys
is
an
d
tr
an
sl
at
io
n
s

�
at
tr
ib
u
te

gr
am

m
ar
s
w
it
h
fo
rw
ar
d
in
g,

co
lle
ct
io
n
s
an
d

h
ig
h
er
-o
rd
er

at
tr
ib
u
te
s

�
se
t
u
n
io
n
of

sp
ec
ifi
ca
ti
on

co
m
p
on

en
ts

�
se
ts

o
f
pr
o
d
u
ct
io
n
s,

n
o
n
-t
er
m
in
al
s,

at
tr
ib
u
te
s

�
se
ts

o
f
at
tr
ib
u
te

d
efi

n
in
g
eq
u
at
io
n
s,

o
n
a
pr
o
d
u
ct
io
n

�
se
ts

o
f
eq
u
at
io
n
s
co
n
tr
ib
u
ti
n
g
va
lu
es

to
a
si
n
g
le

at
tr
ib
u
te

�
m
o
d
u
la
r
w
el
l-
d
efi
n
ed
n
es
s
an
al
ys
is
[S
L
E
12

]
�

m
on

ol
it
h
ic

te
rm

in
at
io
n
an
al
ys
is
[S
L
E
12

]
�

S
ilv
er
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C
on
te
xt

aw
ar
e
sc
an
ni
ng

�
S
ca
n
n
er

re
co
gn

iz
es

on
ly

to
ke
n
s
va
lid

fo
r
cu
rr
en
t
“c
on

te
xt
”

�
ke
ep
s
em

b
ed
d
ed

su
b
-l
an
gu

ag
es
,
in

a
se
n
se
,
se
p
ar
at
e

�
C
on

si
d
er
:

�
c
h
a
n

i
n
,

o
u
t
;

f
o
r
i
i
n
a
{
a
[
i
]
=
i
*
i
;
}

�
T
w
o
te
rm

in
al

sy
m
b
ol
s
th
at

m
at
ch

“i
n
”.

�
t
e
r
m
i
n
a
l

I
N
’
i
n
’
;

�
t
e
r
m
i
n
a
l

I
D
/
[
a
-
z
A
-
Z
]
[
a
-
z
A
-
Z
0
-
9
]
*
/

s
u
b
m
i
t
s

t
o
{
p
r
o
m
e
l
a
k
w
d
}
;

�
t
e
r
m
i
n
a
l

F
O
R

’
f
o
r
’

l
e
x
e
r

c
l
a
s
s
e
s

{
p
r
o
m
e
l
a
k
w
d
}
;

A
llo
w
s
pa
rs
in
g
of

em
b
ed
de
d
C
co
de

c
_
d
e
c
l

{

t
y
p
e
d
e
f

s
t
r
u
c
t

C
o
o
r
d

{

i
n
t

x
,
y
;
}
C
o
o
r
d
;

}

c
_
s
t
a
t
e

"
C
o
o
r
d

p
t
"

"
G
l
o
b
a
l
"

/
*
g
o
e
s
i
n
s
t
a
t
e
v
e
c
t
o
r
*
/

i
n
t

z
=
3
;

/
*
s
t
a
n
d
a
r
d
g
l
o
b
a
l
d
e
c
l
*
/

a
c
t
i
v
e

p
r
o
c
t
y
p
e

e
x
a
m
p
l
e
(
)

{
c
_
c
o
d
e
{
n
o
w
.
p
t
.
x
=
n
o
w
.
p
t
.
y
=
0
;
}
;

d
o
:
:
c
_
e
x
p
r
{
n
o
w
.
p
t
.
x
=
=
n
o
w
.
p
t
.
y
}

-
>
c
_
c
o
d
e
{
n
o
w
.
p
t
.
y
+
+
;
}

:
:
e
l
s
e
-
>
b
r
e
a
k

o
d
;

c
_
c
o
d
e

{
p
r
i
n
t
f
(
"
v
a
l
u
e
s
%
d
:
%
d
,
%
d
,
%
d
\
n
"
,

P
e
x
a
m
p
l
e
-
>
_
p
i
d
,

n
o
w
.
z
,

n
o
w
.
p
t
.
x
,

n
o
w
.
p
t
.
y
)
;

}
;

}

S
em

an
ti
cs

fo
r
ho
st

la
ng
ua
ge

as
si
gn
m
en
t
co
ns
tr
uc
ts

g
r
a
m
m
a
r
e
d
u
:
u
m
n
:
c
s
:
m
e
l
t
:
a
b
l
e
P
:
h
o
s
t
:
c
o
r
e
:
a
b
s
t
r
a
c
t
s
y
n
t
a
x
;

a
b
s
t
r
a
c
t
p
r
o
d
u
c
t
i
o
n
d
e
f
a
u
l
t
A
s
s
i
g
n

s
:
:
S
t
m
t
:
:
=
l
h
s
:
:
E
x
p
r
r
h
s
:
:
E
x
p
r

{
s
.
p
p
=
l
h
s
.
p
p
+
+
"
=
"
+
+
r
h
s
.
p
p
+
+
"
;
\
n
"
;

l
h
s
.
e
n
v
=
s
.
e
n
v
;

r
h
s
.
e
n
v
=
s
.
e
n
v
;

s
.
d
e
f
s
=
e
m
p
t
y
D
e
f
s
(
)
;

s
.
e
r
r
o
r
s
:
=
l
h
s
.
e
r
r
o
r
s
+
+
r
h
s
.
e
r
r
o
r
s
;

} A
d
d
in
g
ex
te
n
si
on

co
n
st
ru
ct
s
in
vo
lv
es

w
ri
ti
n
g
si
m
ila
r
pr
o
d
u
ct
io
n
s.

A
dd

in
g
E
T
C
H
-l
ik
e
se
m
an
ti
c
an
al
ys
is
.

g
r
a
m
m
a
r
e
d
u
:
u
m
n
:
c
s
:
m
e
l
t
:
a
b
l
e
P
:
e
x
t
e
n
s
i
o
n
s
:
t
y
p
e
C
h
e
c
k
i
n
g

;

s
y
n
t
h
e
s
i
z
e
d
a
t
t
r
i
b
u
t
e
t
y
p
e
r
e
p
:
:
T
y
p
e
R
e
p

o
c
c
u
r
s
o
n
E
x
p
r
,
D
e
c
l
s
;

a
s
p
e
c
t
p
r
o
d
u
c
t
i
o
n
v
a
r
R
e
f

e
:
:
E
x
p
r
:
:
=
i
d
:
:
I
D

{
e
.
t
y
p
e
r
e
p
=
.
.
.
r
e
t
r
i
e
v
e
f
r
o
m
d
e
c
l
a
r
a
t
i
o
n

f
o
u
n
d
i
n
e
.
e
n
v
.
.
.
;

}

a
s
p
e
c
t
p
r
o
d
u
c
t
i
o
n
d
e
f
a
u
l
t
A
s
s
i
g
n

s
:
:
S
t
m
t
:
:
=
l
h
s
:
:
E
x
p
r
r
h
s
:
:
E
x
p
r

{
s
.
e
r
r
o
r
s
<
-
i
f
i
s
C
o
m
p
a
t
i
b
l
e
(
l
h
s
.
t
y
p
e
r
e
p
,
r
h
s
.
t
y
p
e
r
e
p
)

t
h
e
n
[
]

e
l
s
e
[
m
k
E
r
r
o
r
(
"
I
n
c
o
m
p
a
t
i
b
l
e
t
y
p
e
s
.
.
.
"
)
]
;

}
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E
xt
en
si
bi
lit
y:

sa
fe

co
m
p
os
ab
ili
ty

E
xt
en
si
bi
lit
y:

sa
fe

co
m
p
os
ab
ili
ty

E
xt
en
si
on
s
ge
t
un

de
fi
ne
d
se
m
an
ti
cs

fr
om

ho
st

tr
an
sl
at
io
n.

g
r
a
m
m
a
r
e
d
u
:
u
m
n
:
c
s
:
m
e
l
t
:
a
b
l
e
P
:
e
x
t
e
n
s
i
o
n
s
:
e
n
h
a
n
c
e
d
S
e
l
e
c
t
;

a
b
s
t
r
a
c
t
p
r
o
d
u
c
t
i
o
n
s
e
l
e
c
t
F
r
o
m

s
:
:
S
t
m
t
:
:
=
s
l
:
:
’
s
e
l
e
c
t
’
v
:
:
E
x
p
r
e
s
:
:
E
x
p
r
s

{

s
.
p
p
=
"
s
e
l
e
c
t
(
"
+
+
v
.
p
p
+
+
"
:
"
+
+
e
s
.
p
p
+
+
"
)
;
\
n
"
;

s
.
e
r
r
o
r
s
:
=
v
.
e
r
r
o
r
s
+
+
e
s
.
e
r
r
o
r
s
+
+

i
f

.
.
.
c
h
e
c
k
t
h
a
t
a
l
l
e
x
p
r
e
s
s
i
o
n
s
i
n
’
e
s
’
h
a
v
e

s
a
m
e
t
y
p
e
a
s
’
v
’
.
.
.

t
h
e
n
[
m
k
E
r
r
o
r
(
"
E
r
r
o
r
:
s
e
l
e
c
t
s
t
a
t
e
m
e
n
t
"
+
+

"
r
e
q
u
i
r
e
s
s
a
m
e
t
y
p
e
.
.
.
"
)
]

e
l
s
e
[
]
;

f
o
r
w
a
r
d
s
t
o
i
f
S
t
m
t
(
m
k
O
p
t
i
o
n
s
(
v
,
e
s
)
)
;

}

M
o
du

la
r
an
al
ys
is

E
n
su
ri
n
g
th
at

th
e
co
m
p
os
it
io
n
w
ill

b
e
su
cc
es
sf
u
l.
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C
on
te
xt

fr
ee

gr
am

m
ar
s

G
H

∪
G

1 E
∪

G
2 E

∪
..
.
G

i E

�
∪
of

se
ts

of
n
on

te
rm

in
al
s,
te
rm

in
al
s,
pr
o
d
u
ct
io
n
s

�
C
om

p
os
it
io
n
of

al
l
is
an

co
n
te
xt

fr
ee

gr
am

m
ar
.

�
Is
it
n
on

-a
m
b
ig
u
ou

s,
u
se
fu
l
fo
r
d
et
er
m
in
is
ti
c
(L
R
)
p
ar
si
n
g?

�
co
n
fl
ic
tF
re
e
(G

H
∪
G

1 E
)
h
ol
d
s

�
co
n
fl
ic
tF
re
e
(G

H
∪
G

2 E
)
h
ol
d
s

�
co
n
fl
ic
tF
re
e
(G

H
∪
G

i E
)
h
ol
d
s

�
co
n
fl
ic
tF
re
e
(G

H
∪
G

1 E
∪
G

2 E
∪

..
.
∪
G

i E
)
m
ay

n
ot

h
ol
d

A
tt
ri
bu

te
gr
am

m
ar
s

A
G
H

∪
A
G

1 E
∪

A
G

2 E
∪

..
.
A
G

i E

�
∪
of

se
ts

of
at
tr
ib
u
te
s,
at
tr
ib
u
te

eq
u
at
io
n
s,
o
cc
u
rs
-o
n

d
ec
la
ra
ti
on

s

�
C
om

p
os
it
io
n
of

al
l
is
an

at
tr
ib
u
te

gr
am

m
ar
.

�
C
om

p
le
te
n
es
s:

∀
pr
o
d
u
ct
io
n
,
∀
at
tr
ib
u
te
,
∃
an

eq
u
at
io
n

�
co
m
p
le
te
(A

G
H
∪
A
G

1 E
)
h
ol
d
s

�
co
m
p
le
te
(A

G
H
∪
A
G

2 E
)
h
ol
d
s

�
co
m
p
le
te
(A

G
H
∪
A
G

i E
)
h
ol
d
s

�
co
m
p
le
te
(A

G
H
∪
A
G

1 E
∪
A
G

2 E
∪

..
.
∪
A
G

i E
)
m
ay

n
ot

h
ol
d

�
si
m
ila
rl
y
fo
r
n
on

-c
ir
cu
la
ri
ty

of
th
e
A
G

D
et
ec
ti
ng

pr
ob
le
m
s,
en
su
ri
ng

co
m
p
os
it
io
n

W
h
en

ca
n
so
m
e
an
al
ys
is
of

th
e
la
n
gu

ag
e
sp
ec
ifi
ca
ti
on

b
e
ap
p
lie
d
?

W
h
en

..
.

1.
th
e
h
os
t
la
n
gu

ag
e
is
d
ev
el
op

ed
?

2.
a
la
n
gu

ag
e
ex
te
n
si
on

s
is
d
ev
el
op

ed
?

3.
w
h
en

th
e
h
os
t
an
d
ex
te
n
si
on

s
ar
e
co
m
p
os
ed

?

4.
w
h
en

th
e
re
su
lt
in
g
la
n
gu

ag
e
to
ol
s
ar
e
ru
n
?

L
ib
ra
ri
es
,
an
d
m
o
du

la
r
ty
p
e
ch
ec
ki
ng

�
L
ib
ra
ri
es

“j
u
st

w
or
k”

�
T
yp

e
ch
ec
ki
n
g
is
d
on

e
by

th
e
lib
ra
ry

w
ri
te
r,
m
o
d
u
la
rl
y.

�
L
an
gu

ag
e
ex
te
n
si
on

s
sh
ou

ld
b
e
lik
e
lib
ra
ri
es
,
co
m
p
os
it
io
n
of

“v
er
ifi
ed
”
ex
te
n
si
on

s
sh
ou

ld
“j
u
st

w
or
k.
”
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M
o
du

la
r
de
te
rm

in
is
m

an
al
ys
is
fo
r
gr
am

m
ar
s,
20
09

G
H

∪
G

1 E
∪

G
2 E

∪
..
.
G

i E

�
is
C
om

p
os
ab
le
(G

H
,G

1 E
)
∧
co
n
fl
ic
tF
re
e
(G

H
∪
G

1 E
)
h
ol
d
s

�
is
C
om

p
os
ab
le
(G

H
,G

2 E
)
∧
co
n
fl
ic
tF
re
e
(G

H
∪
G

2 E
)
h
ol
d
s

�
is
C
om

p
os
ab
le
(G

H
,G

i E
)
∧
co
n
fl
ic
tF
re
e
(G

H
∪
G

i E
)
h
ol
d
s

�
th
es
e
im

p
ly

co
n
fl
ic
tF
re
e
(G

H
∪
G

1 E
∪
G

2 E
∪

..
.)
h
ol
d
s

�
(
∀i

∈
[1
,n
].
is
C
om

p
os
ab
le
(G

H
,G

i E
)
∧

co
nfl

ic
tF
re
e
(G

H
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EXTENSIBLE COMPILER ARCHITECTURE – EXAMPLES 
FROM JMODELICA.ORG
Görel Hedin, Dept of Computer Science, Lund University, 
Sweden

The JModelica.org platform is built around an extensible compiler, 
implemented in reference attribute grammars (RAGs) using the 
JastAdd metacompiler. In this talk, I will give an overview of how 
extensible compiler architectures can be built using JastAdd and 
RAGs. Examples from the JModelica.org platform will be used 
for illustration
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CONSTRAINT SATISFACTION METHODS IN EMBEDDED 
SYSTEM DESIGN
Krzysztof Kuchcinski, Dept. of Computer Science, Lund 
University

Constraints can be used to define embedded systems parameters, 
requirements and specific design problem restrictions. They can 
be further formalized using Constraint Programming (CP) mo-
dels. These models represent instances of Constraint Satisfaction 
Problem (CSP) and can be solved using CP solvers. CP is relatively 
young area that gains attention because of its flexibility to define 
different problems and possibility of using both complete and 
heuristic methods for their solving. Moreover, CP offers global 
constraint, such as scheduling constraints, that implement specific 
algorithms for efficient handling of a given class of problems. 
This provides an easy way to use several advanced algorithms in 
one problem that is difficult or time consuming in pure heuristic 
solutions. In this talk, we will concentrate on finite domain con-
straints and the related constraint programming framework. We 
will illustrate it with classical examples from embedded systems, 
such as scheduling, design mapping, register and memory alloca-
tion. Bandwidth auctions and their parallels to power.
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148 PRESENTATIONS

DYNAMICAL MODELS FOR INDUSTRIAL CONTROLS:  
USE CASES AND CHALLENGES
Fernando D’Amato, GE Global Research Center

This presentation will introduce a few cases of industrial model-
based controls in which model development has been critical for 
implementation success. Then, a brief description will be given of 
desired model properties for advanced controls, especially when 
dealing with formal optimization processes. Finally, a sample of 
the main challenges faced by modelling practices for industrial 
controls will be discussed.
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ORIGINS OF EQUATION-BASED MODELING LANGUAGES
Karl Johan Åström, Department of Automatic Control, 
LTH, Lund University Lund, Sweden

Modeling and simulation are indispensable tools for design and 
operation of complex engineered systems. Models are used in the 
design phase to select system architecture and configuration and 
for optimization of the design. Simulation is used to investigate 
dynamic behavior and to explore control architecture and con-
trol design. Simulation can be combined with real hardware in 
hardware-in-the-loop simulation for system testing. Models are 
also integral parts of feedback systems. Dynamic models are used 
during operation for control, dynamic optimization, supervision 
and fault diagnosis. They are also used in simulators for operator 
training. Models and simulation can also be used for decision 
support systems. Modeling is a rich field. It covers large parts 
of natural science and engineering. Statistics, design of experi-
ments and parameter estimation are also essential ingredients. 
Numerical mathematics is important for simulation of a model 
and for optimization. Computer algebra is indispensable for safe 
transformation of models and for dealing with models of com-
plex systems. Concepts and tools from computer science and 
software engineering are necessary to deal with large systems. 
Development of modeling and simulation worked hand in hand 
with emergence of computing starting with analog computers. 
The paper presents some of the ideas that lead to equation-based 
languages like Modelica.
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ASSIMULO – A PYTHON PACKAGE FOR SOLVING 
DIFFERENTIAL EQUATION WITH INTERFACE TO EQUATION 
BASED LANGUAGES
Claus Führer, Centre of Mathematical Sciences,  
Lund University

We present a Python package which gives access to state-of-the 
art industrial differential equation algorithms in C or FORTRAN 
and which is open for experimental methods in Python. The 
interesting feature of Assimula is that it comes with a specially 
designed problem class to import models (=differential equations) 
from JMODELICA. Such an equation based modeling language 
can provide much more information to the solver than just the 
problem description itself. Equation coupling information, infor-
mation about equation type, discontinuities and others can be 
used to improve and control efficiently the solution process. The 
talk includes even a wish-list for additional language construc-
tions.
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CASADI: A TOOL FOR AUTOMATIC DIFFERENTIATION AND 
SIMULATION-BASED NONLINEAR PROGRAMMING
Moritz Diehl, Electrical Engineering Department and 
Optimization in Engineering Center OPTEC KU Leuven

We present CasADi, an open-source symbolic environment for 
simulation based nonlinear programming and automatic differen-
tiation (AD). Casadi offers a level of abstraction that is higher than 
conventional AD tools and is in particular designed to enable calls 
to solvers of initial-value problems in differential-algebraic equa-
tions (DAE) within nonlinear programming formulations, with 
derivative information efficiently calculated through automatic 
formulation of the corresponding forward and adjoint sensitivity 
equations.

In this talk, we give an overview of the tool, with a focus on 
the AD approach and the symbolic environment. This environ-
ment allows users to formulate problems in a high-level language 
such as Python, but solve it with the speed of optimized C-code 
thanks to fast interpreters and just-in-time compilation. We also 
show how optimal control problems formulated in the physical 
modelling language Modelica can be imported into the symbolic 
environment. Joint work with Joel Andersson, Joris Gillis, and 
Johan Akesson.
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PYOMO: OPTIMIZATION MODELING IN PYTHON
Carl Laird, Artie McFerrin Department of Chemical 
Engineering, Texas A&M University

Mathematical programming has proven to be an efficient tool for 
design, optimization, and online operation of complex engineered 
systems. Algebraic modeling languages provide a convenient 
mechanism for the user to formulate mathematical models and 
optimization formulations in a language that is similar to the mat-
hematical description of the problem, including constructs for 
defining sets, expressions, constraints, and objectives. In addition 
these tools must provide reasonable interface functionality for 
solvers, for example, first (and possibly second) order derivative 
information.

Pyomo (Python Optimization Modeling Objects) is a new open-
source algebraic optimization language. Pyomo is implemented 
in Python, and allows the user to make use of extensive scripting 
capabilities within a familiar, exhaustive, and well-documented 
programming environment. Pyomo provides general functionality 
to formulate and solve optimization problems with little or no 
programming knowledge, but also provides the flexibility to im-
plement high-level language constructs. In this presentation, I will 
discuss the design and implementation of the Pyomo framework, 
and give examples of several language extensions including PySP, 
an extension that supports parallel programming for solution of 
difficult stochastic programming problems.
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EFFICIENT SYMBOLICAL AND NUMERICAL ALGORITHMS 
FOR NONLINEAR MODEL PREDICTIVE CONTROL WITH 
OPENMODELICA
Bernhard Bachmann, Fachhochschule Bielefeld University 
of Applied Sciences

During the last decade nonlinear model predictive control (NMPC) 
has become increasingly important for today’s control engine-
ers. In order to apply NMPC a nonlinear optimal control problem 
(NOCP) must be solved, which needs a very high computational 
effort. Nowadays, corresponding modeling of the system dyna-
mics and formulation of the optimization problem can be done 
in Modelica and Optimica, respectively.

State-of-the-art NOCP solution algorithms are based on multip-
le shooting and/or collocation algorithms. Only parallelizing these 
time-consuming algorithms can give reasonable performance 
appropriate for online-applications. In addition, efficient symbo-
lical and numerical treatment of the underlying model formulation 
(e.g. matching, sorting, and tearing) are necessary, when solving 
NOCP involving complex system. Furthermore, for performance 
and stability reasons NOCP corresponding symbolically derived 
Jacobian and Hessian matrices and their efficient computation 
(e.g. identify and utilize the sparsity pattern of Jacobian matrices) 
are needed. This talk will discuss these mathematical aspects of 
NMPC as well as the current and future implementation of ef-
ficient, partly parallelized symbolical and numerical algorithms 
available in and with OpenModelica.
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/
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P
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.
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MODELING SEEN AS PROGRAMMING
Klaus Havelund, Jet Propulsion Laboratory, California 
Institute of Technology

Code generation often requires the model to be concrete, at 
which point the distinction between model and code disappears 
from a philosophical point of view, and we are back in the situa-
tion where there is only code. If the purpose of the model is to 
be an alternative statement of the solution, which the code can 
be checked against, this approach fails to deliver that. Verification 
of code against model is challenging and suffers from computa-
tional complexity. Models can, however, be used for monitoring 
program execution. In this approach, often referred to as runtime 
verification, code is instrumented to emit events when executed. 
The generated execution trace (a sequence of events) is then 
monitored against the model, and if a discrepancy is detected 
according to the model, an error can be reported. Runtime ve-
rification can be performed during testing, either as the system 
executes, or post-mortem, by analyzing generated logs; or it can 
be performed during the actual operation of the software. We 
shall demonstrate an RV system called TraceContract, which in 
essence is an API in the high-level Scala programming language. 
The API offers a range of methods for writing models that are 
suited for trace analysis. This includes data parameterized state 
machines, temporal logic, and rule-based programming. Common 
for these techniques is the reliance on rewriting as the basis for 
the implementation. We argue that for certain forms of trace 
analysis, and modeling in general, the best weapon is a high level 
programming language augmented with constructs for temporal 
reasoning.



211PRESENTATIONS

M
od
el
in
g
S
ee
n
as

P
ro
gr
am

m
in
g

K
la
u
s
H
av
el
u
n
d

N
A
S
A
JP

L
,
C
al
if
or
n
ia

In
st
.
of

T
ec
h
n
ol
og
y,
U
S
A

S
ys
te
m

D
es
ig
n
m
ee
ts

E
q
u
at
io
n
-b
as
ed

L
an
gu

ag
es

S
ep
te
m
b
er

21
,
20
12

A
ck
no
w
le
dg
em

en
ts

P
ar
t
of

th
e
w
or
k
d
es
cr
ib
ed

in
th
is
p
u
b
lic
at
io
n
w
as

ca
rr
ie
d
ou

t
at

Je
t

P
ro
p
u
ls
io
n
L
ab

or
at
or
y,
C
al
if
or
n
ia

In
st
it
u
te

of
T
ec
h
n
ol
og

y,
u
n
d
er

a
co
n
tr
ac
t

w
it
h
th
e
N
at
io
n
al

A
er
on

au
ti
cs

an
d
S
p
ac
e
A
d
m
in
is
tr
at
io
n
.

C
op
yr
ig
h
t
20

12
.
A
ll
ri
gh

ts
re
se
rv
ed
.

M
S
L

L
an
di
ng



212 PRESENTATIONS

3.
5
m
ill
io
n
lin
es

of
C
co
de

T
er
m
in
ol
og
y

m
o
d
el

en
gi
n
ee
ri
n
g
=

en
gi
n
ee
ri
n
g
m
o
d
el
s

m
o
d
el
-b
as
ed

en
gi
n
ee
ri
n
g

m
o
d
e-
b
as
ed

pr
og

ra
m
m
in
g

m
o
d
el
s,
sp
ec
ifi
ca
ti
on

s
u
se
d
in

so
ft
w
ar
e
en
gi
n
ee
ri
n
g
(f
or
m
al

m
et
h
o
d
s)

T
er
m
in
ol
og
y

m
o
d
el

en
gi
n
ee
ri
n
g

=
en
gi
n
ee
ri
n
g
m
o
d
el
s

m
o
d
el
-b
as
ed

en
gi
n
ee
ri
n
g

m
o
d
e-
b
as
ed

pr
og

ra
m
m
in
g

m
o
d
el
s,
sp
ec
ifi
ca
ti
on

s
u
se
d
in

so
ft
w
ar
e
en
gi
n
ee
ri
n
g
(f
or
m
al

m
et
h
o
d
s)

T
er
m
in
ol
og
y

m
o
d
el

en
gi
n
ee
ri
n
g
=

en
gi
n
ee
ri
n
g
m
o
d
el
s

m
o
d
el
-b
as
ed

en
gi
n
ee
ri
n
g

m
o
d
e-
b
as
ed

pr
og

ra
m
m
in
g

m
o
d
el
s,
sp
ec
ifi
ca
ti
on

s
u
se
d
in

so
ft
w
ar
e
en
gi
n
ee
ri
n
g
(f
or
m
al

m
et
h
o
d
s)



213PRESENTATIONS

T
er
m
in
ol
og
y

m
o
d
el

en
gi
n
ee
ri
n
g
=

en
gi
n
ee
ri
n
g
m
o
d
el
s

m
o
d
el
-b
as
ed

en
gi
n
ee
ri
n
g

m
o
d
e-
b
as
ed

pr
og

ra
m
m
in
g

m
o
d
el
s,
sp
ec
ifi
ca
ti
on

s
u
se
d
in

so
ft
w
ar
e
en
gi
n
ee
ri
n
g
(f
or
m
al

m
et
h
o
d
s)

T
er
m
in
ol
og
y

m
o
d
el

en
gi
n
ee
ri
n
g
=

en
gi
n
ee
ri
n
g
m
o
d
el
s

m
o
d
el
-b
as
ed

en
gi
n
ee
ri
n
g

m
o
d
e-
b
as
ed

pr
og

ra
m
m
in
g

m
o
d
el
s,
sp
ec
ifi
ca
ti
on

s
u
se
d
in

so
ft
w
ar
e
en
gi
n
ee
ri
n
g
(f
or
m
al

m
et
h
o
d
s)

T
er
m
in
ol
og
y

m
o
d
el

en
gi
n
ee
ri
n
g
=

en
gi
n
ee
ri
n
g
m
o
d
el
s

m
o
d
el
-b
as
ed

en
gi
n
ee
ri
n
g

m
o
d
e-
b
as
ed

pr
og

ra
m
m
in
g

m
o
d
el
s,
sp
ec
ifi
ca
ti
on

s
u
se
d
in

so
ft
w
ar
e
en
gi
n
ee
ri
n
g
(f
or
m
al

m
et
h
o
d
s)

R
un

ti
m
e
ve
ri
fi
ca
ti
on

S
ta
rt

w
it
h
a
sy
st
em

to
m
on

it
or
.

sy
st
em

	  



214 PRESENTATIONS

R
un

ti
m
e
ve
ri
fi
ca
ti
on

In
st
ru
m
en
t
th
e
sy
st
em

to
re
co
rd

re
le
va
n
t
ev
en
ts
.

sy
st
em

	  

in
st
ru
m
en

ta
,o

n	  

R
un

ti
m
e
ve
ri
fi
ca
ti
on

P
ro
vi
d
e
a
m
on

it
or
.

sy
st
em

	  

in
st
ru
m
en

ta
,o

n	  

m
on

ito
r	  

R
un

ti
m
e
ve
ri
fi
ca
ti
on

D
is
p
at
ch

ea
ch

re
ce
iv
ed

ev
en
t
to

th
e
m
on

it
or
.

sy
st
em

	  

in
st
ru
m
en

ta
,o

n	  

m
on

ito
r	  

ob
se
rv
e	  

R
un

ti
m
e
ve
ri
fi
ca
ti
on

C
om

p
u
te

a
ve
rd
ic
t
fo
r
th
e
tr
ac
e
re
ce
iv
ed

so
fa
r.

sy
st
em

	  

in
st
ru
m
en

ta
,o

n	  

m
on

ito
r	  

ob
se
rv
e	  

ve
rd
ic
t	  



215PRESENTATIONS

R
un

ti
m
e
ve
ri
fi
ca
ti
on

P
os
si
b
ly

ge
n
er
at
e
fe
ed
b
ac
k
to

th
e
sy
st
em

.

sy
st
em

	  

in
st
ru
m
en

ta
,o

n	  

m
on

ito
r	  

ob
se
rv
e	  

ve
rd
ic
t	  

fe
ed

ba
ck
	  

R
un

ti
m
e
ve
ri
fi
ca
ti
on

W
e
m
ig
h
t
p
os
si
b
ly

h
av
e
sy
n
th
es
iz
ed

m
on

it
or

fr
om

a
pr
op

er
ty
.

sy
st
em

	  

in
st
ru
m
en

ta
,o

n	  

m
on

ito
r	  

ob
se
rv
e	  

ve
rd
ic
t	  

fe
ed

ba
ck
	  

pr
op

er
ty
	  

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.



216 PRESENTATIONS

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.



217PRESENTATIONS

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e

�
an

al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.



218 PRESENTATIONS

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly

�
pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.



219PRESENTATIONS

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay

�
al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

E
xt
er
na
l
ve
rs
us

in
te
rn
al

D
S
L

E
xt
er
n
al

D
S
L
:
L
og

S
co
p
e

�
sm

al
l
la
n
gu

ag
e
ty
p
ic
al
ly

w
it
h
ve
ry

fo
cu
se
d
fu
n
ct
io
n
al
it
y

�
sp
ec
ia
liz
ed

p
ar
se
r

�
pr
os
:

�
ca
n
b
e
o
p
ti
m
al
ly

su
cc
in
ct

�
“
ea
sy
”
to

le
ar
n
fo
r
p
er
so
n
n
o
t
fa
m
ili
ar

w
it
h
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
�

an
al
yz
ab

le
:
a
sp
ec

ca
n
b
e
an

al
yz
ed

ea
si
ly
,
vi
su
al
iz
ed
,
et
c.

In
te
rn
al

D
S
L
:
T
ra
ce
C
on

tr
ac
t

�
an

ex
te
n
si
on

of
an

ex
is
ti
n
g
pr
og
ra
m
m
in
g
la
n
gu

ag
e

�
ty
p
ic
al
ly

an
A
P
I
-
u
si
n
g
b
as
e
la
n
gu

ag
e’
s
fe
at
u
re
s
on

ly
�

pr
os
:

�
ea
si
er

to
d
ev
el
o
p
an

d
la
te
r
ad

ap
t

�
ex
pr
es
si
ve
,
th
e
pr
o
g
ra
m
m
in
g
la
n
g
u
ag

e
is
n
ev
er

fa
r
aw

ay
�

al
lo
w
s
u
se

o
f
ex
is
ti
n
g
to
o
ls
su
ch

as
ty
p
e
ch
ec
ke
rs
,
ID

E
s,

et
c.

L
og
S
co
p
e
V
1
sy
nt
ax



220 PRESENTATIONS

L
og
S
co
p
e
V
2
sy
nt
ax

Q
uo
te

H
em

m
in
gw

ay
&

H
ot
ch
ne
r,
19
20
ie
s:

If
yo
u
ar
e
lu
ck
y
en
ou

gh
to

h
av
e
liv
ed

in
P
ar
is
as

a
yo
u
n
g
m
an
,
th
en

w
h
er
ev
er

yo
u
go

fo
r
th
e
re
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b
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u
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re
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b
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at
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ra
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at
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at
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b
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b
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c
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b
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c
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ol
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n
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n
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b
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(N
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.
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m
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b
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ra
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p
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p
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ra
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m
m
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om
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at
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.
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b
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p
ar
is
on

w
e
fi
rs
t
sh
ow

sp
ec

in
th
e
ex
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p
e
.

a
h
o
t
st
at
e
m
u
st

b
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b
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>
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b
er
)
{

F
ai
l(
n
am

e,
n
u
m
b
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b
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p
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c
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u
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>
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ra
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b
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b
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p
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at
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b
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t
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t
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ra
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p
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al
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d
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at
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at
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d
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d
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R
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u
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u
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d
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re
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re
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th
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C
om
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M
u
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S
u
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ee
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ex

te
n
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ve
n
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d
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u
ir
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cc
es
s(
n
,
x)

} d
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eq
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ir
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u
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n
u
m
b
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b
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b
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ra
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p
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d
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at
te
rn

m
at
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d
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d
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re
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re
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re
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} d
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b
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b
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In
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S
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ir
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b
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ra
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ra
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at
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h
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p
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w
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at
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M
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re
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>
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}
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c
e
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p
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at
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p
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M
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u
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re
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>
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u
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}
}

n
ot
e
m
ix

of
S
c
a
l
a
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at
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at
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c
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p
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at
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p
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u
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u
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re
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u
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at
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at
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m
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{: d
ef

w
it
h
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m
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:} p
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er
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h
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ra
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c
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at
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d
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m
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m
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re
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}
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u
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u
st
S
u
cc
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n
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d
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at
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b
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at
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b
et
w
ee
n
d
is
p
at
ch

an
d
su
cc
es
s.

P
ro
p
er
ty

in
L
og
S
co
p
e

U
si
n
g
L
o
g
S
c
o
p
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>
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at
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at
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ra
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c
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n
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re
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at
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at
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VERIFICATION OF STIFF HYBRID SYSTEMS BY MODELING 
THE APPROXIMATIONS OF COMPUTATIONAL SEMANTICS
Pieter J. Mosterman, MathWorks

With the seemingly unbounded proliferation of computing power 
into most any engineered artifact, ever more ’smart’ systems are 
being created. This increase of available smarts in engineered 
systems has given rise to a new field of innovation where unique 
value is derived from having intelligent systems interact in novel 
and unforeseen manners. With the physical world an intrinsic part 
of the interaction and the smarts being implemented in a net-
worked information modality, also called cyber space, these inno-
vative systems are referred to as Cyber-Physical Systems. Modeling 
cyber aspects, physics, and their nexus then plays a crucial role in 
the design of Cyber-Physical Systems. A pick-and-place machine 
is presented as a paradigmatic example of such Cyber-Physical 
Systems to illustrates the intricate interplay between cyber space 
and physics, which serves to motivate the importance of integra-
ted heterogeneous modeling paradigms that support modeling, 
simulation, and analysis of combined physics, geometry, signal 
processing, and control aspects. At a macroscopic level, physics 
models often comprise differential and algebraic equations and 
these equations typically require computational approaches to 
derive solutions. Approximations introduced by the solvers that 
derive these solutions to a large extent determine the meaning of 
the models, in particular when continuous-time behavior interacts 
with discontinuities such as in so-called hybrid dynamic systems. 
In reasoning about models that are solved computationally it is 
therefore imperative to also model the solvers. This presentation 
outlines an approach to modeling numerical solver approxima-
tions to help reason about approximations and to enable verifica-
tion of stiff hybrid dynamic systems.



233PRESENTATIONS

1
©

 2
01

2 
Th

e 
M

at
hW

or
ks

, I
nc

.

M
od

el
in

g 
Ap

pr
ox

im
at

io
n 

of
 

C
om

pu
ta

tio
na

l S
em

an
tic

s 
fo

r C
yb

er
-

Ph
ys

ic
al

 S
ys

te
m

 D
es

ig
n

Pi
et

er
 J

. M
os

te
rm

an
S

en
io

r 
R

es
ea

rc
h 

S
ci

en
tis

t
D

es
ig

n 
A

ut
om

at
io

n 
D

ep
ar

tm
en

t
Ad

ju
nc

t P
ro

fe
ss

or
S

ch
oo

l o
f C

om
pu

te
r 

S
ci

en
ce

2

In
 y

ou
r o

pi
ni

on
, w

ha
t l

as
tin

g 
le

ga
cy

 h
as

 Y
A

C
C

 b
ro

ug
ht

 
to

 la
ng

ua
ge

 d
ev

el
op

m
en

t?

YA
C

C
 m

ad
e 

it 
po

ss
ib

le
 fo

r m
an

y 
pe

op
le

 w
ho

 w
er

e 
no

t 
la

ng
ua

ge
 e

xp
er

ts
 to

 m
ak

e 
lit

tle
 la

ng
ua

ge
s 

(a
ls

o 
ca

lle
d 

do
m

ai
n-

sp
ec

ifi
c 

la
ng

ua
ge

s)
 to

 im
pr

ov
e 

th
ei

r 
pr

od
uc

tiv
ity

. A
ls

o,
 th

e 
de

si
gn

 s
ty

le
 o

f Y
A

C
C

 -
ba

se
 th

e 
pr

og
ra

m
 o

n 
so

lid
 th

eo
ry

, i
m

pl
em

en
t t

he
 th

eo
ry

 w
el

l, 
an

d 
le

av
e 

lo
ts

 o
f e

sc
ap

e 
ha

tc
he

s 
fo

r t
he

 th
in

gs
 y

ou
 w

an
t t

o 
do

 th
at

 d
on

’t 
fit

 th
e 

th
eo

ry
 -

w
as

 s
om

et
hi

ng
 m

an
y 

U
ni

x 
ut

ilit
ie

s 
em

bo
di

ed
. I

t w
as

 p
ar

t o
f t

he
 a

tm
os

ph
er

e 
in

 
th

os
e 

da
ys

, a
nd

 th
is

 d
es

ig
n 

st
yl

e 
ha

s 
pe

rs
is

te
d 

in
 m

os
t 

of
 m

y 
w

or
k 

si
nc

e 
th

en
.

In
te

rv
ie

w
 w

ith
 S

te
ph

en
 C

. J
oh

ns
on

 in
 “

Th
e 

A-
Z 

of
 p

ro
gr

am
m

in
g 

la
ng

ua
ge

s:
 Y

AC
C

,” 
C

om
pu

te
rw

or
ld

, 0
9.

07
.2

00
8

ht
tp

://
ne

w
s.

id
g.

no
/c

w
/a

rt.
cf

m
?i

d=
09

4E
3B

6E
-1

7A
4-

0F
78

-3
11

50
96

93
E

8E
95

C
1

3
©

 2
01

2 
Th

e 
M

at
hW

or
ks

, I
nc

.

M
od

el
in

g 
Ap

pr
ox

im
at

io
n 

of
 

C
om

pu
ta

tio
na

l S
em

an
tic

s 
fo

r C
yb

er
-

Ph
ys

ic
al

 S
ys

te
m

 D
es

ig
n

Pi
et

er
 J

. M
os

te
rm

an
S

en
io

r 
R

es
ea

rc
h 

S
ci

en
tis

t
D

es
ig

n 
A

ut
om

at
io

n 
D

ep
ar

tm
en

t
Ad

ju
nc

t P
ro

fe
ss

or
S

ch
oo

l o
f C

om
pu

te
r 

S
ci

en
ce

4

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

5

C
om

pu
ta

tio
n 

as
 m

ai
n 

fe
at

ur
e 

di
ffe

re
nt

ia
to

r

6

C
om

pu
ta

tio
n 

as
 m

ai
n 

fe
at

ur
e 

di
ffe

re
nt

ia
to

r



234 PRESENTATIONS

1
©

 2
01

2 
Th

e 
M

at
hW

or
ks

, I
nc

.

M
od

el
in

g 
Ap

pr
ox

im
at

io
n 

of
 

C
om

pu
ta

tio
na

l S
em

an
tic

s 
fo

r C
yb

er
-

Ph
ys

ic
al

 S
ys

te
m

 D
es

ig
n

Pi
et

er
 J

. M
os

te
rm

an
S

en
io

r 
R

es
ea

rc
h 

S
ci

en
tis

t
D

es
ig

n 
A

ut
om

at
io

n 
D

ep
ar

tm
en

t
Ad

ju
nc

t P
ro

fe
ss

or
S

ch
oo

l o
f C

om
pu

te
r 

S
ci

en
ce

2

In
 y

ou
r o

pi
ni

on
, w

ha
t l

as
tin

g 
le

ga
cy

 h
as

 Y
A

C
C

 b
ro

ug
ht

 
to

 la
ng

ua
ge

 d
ev

el
op

m
en

t?

YA
C

C
 m

ad
e 

it 
po

ss
ib

le
 fo

r m
an

y 
pe

op
le

 w
ho

 w
er

e 
no

t 
la

ng
ua

ge
 e

xp
er

ts
 to

 m
ak

e 
lit

tle
 la

ng
ua

ge
s 

(a
ls

o 
ca

lle
d 

do
m

ai
n-

sp
ec

ifi
c 

la
ng

ua
ge

s)
 to

 im
pr

ov
e 

th
ei

r 
pr

od
uc

tiv
ity

. A
ls

o,
 th

e 
de

si
gn

 s
ty

le
 o

f Y
A

C
C

 -
ba

se
 th

e 
pr

og
ra

m
 o

n 
so

lid
 th

eo
ry

, i
m

pl
em

en
t t

he
 th

eo
ry

 w
el

l, 
an

d 
le

av
e 

lo
ts

 o
f e

sc
ap

e 
ha

tc
he

s 
fo

r t
he

 th
in

gs
 y

ou
 w

an
t t

o 
do

 th
at

 d
on

’t 
fit

 th
e 

th
eo

ry
 -

w
as

 s
om

et
hi

ng
 m

an
y 

U
ni

x 
ut

ilit
ie

s 
em

bo
di

ed
. I

t w
as

 p
ar

t o
f t

he
 a

tm
os

ph
er

e 
in

 
th

os
e 

da
ys

, a
nd

 th
is

 d
es

ig
n 

st
yl

e 
ha

s 
pe

rs
is

te
d 

in
 m

os
t 

of
 m

y 
w

or
k 

si
nc

e 
th

en
.

In
te

rv
ie

w
 w

ith
 S

te
ph

en
 C

. J
oh

ns
on

 in
 “

Th
e 

A-
Z 

of
 p

ro
gr

am
m

in
g 

la
ng

ua
ge

s:
 Y

AC
C

,” 
C

om
pu

te
rw

or
ld

, 0
9.

07
.2

00
8

ht
tp

://
ne

w
s.

id
g.

no
/c

w
/a

rt.
cf

m
?i

d=
09

4E
3B

6E
-1

7A
4-

0F
78

-3
11

50
96

93
E

8E
95

C
1

3
©

 2
01

2 
Th

e 
M

at
hW

or
ks

, I
nc

.

M
od

el
in

g 
Ap

pr
ox

im
at

io
n 

of
 

C
om

pu
ta

tio
na

l S
em

an
tic

s 
fo

r C
yb

er
-

Ph
ys

ic
al

 S
ys

te
m

 D
es

ig
n

Pi
et

er
 J

. M
os

te
rm

an
S

en
io

r 
R

es
ea

rc
h 

S
ci

en
tis

t
D

es
ig

n 
A

ut
om

at
io

n 
D

ep
ar

tm
en

t
Ad

ju
nc

t P
ro

fe
ss

or
S

ch
oo

l o
f C

om
pu

te
r 

S
ci

en
ce

4

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

5

C
om

pu
ta

tio
n 

as
 m

ai
n 

fe
at

ur
e 

di
ffe

re
nt

ia
to

r

6

C
om

pu
ta

tio
n 

as
 m

ai
n 

fe
at

ur
e 

di
ffe

re
nt

ia
to

r

7

C
om

pu
ta

tio
n 

as
 m

ai
n 

fe
at

ur
e 

di
ffe

re
nt

ia
to

r

8

Sy
st

em
 in

te
gr

at
io

n

Sy
st

em
 In

te
gr

at
io

n
Ti

m
in

g
C

on
cu

rre
nc

y
In

te
rfa

ce
s

S
ha

re
d 

re
so

ur
ce

s
…

9

Sy
st

em
 in

te
gr

at
io

n

10

Sy
st

em
 in

te
gr

at
io

n

11

Sy
st

em
 in

te
gr

at
io

n

12

Sy
st

em
 in

te
gr

at
io

n



235PRESENTATIONS

7

C
om

pu
ta

tio
n 

as
 m

ai
n 

fe
at

ur
e 

di
ffe

re
nt

ia
to

r

8

Sy
st

em
 in

te
gr

at
io

n

Sy
st

em
 In

te
gr

at
io

n
Ti

m
in

g
C

on
cu

rre
nc

y
In

te
rfa

ce
s

S
ha

re
d 

re
so

ur
ce

s
…

9

Sy
st

em
 in

te
gr

at
io

n

10

Sy
st

em
 in

te
gr

at
io

n

11

Sy
st

em
 in

te
gr

at
io

n

12

Sy
st

em
 in

te
gr

at
io

n



236 PRESENTATIONS

13
14

15
16

17

C
yb

er
-P

hy
si

ca
l S

ys
te

m
s

O
pe

n
R

ob
us

t
N

at
ur

al

18



237PRESENTATIONS

13
14

15
16

17

C
yb

er
-P

hy
si

ca
l S

ys
te

m
s

O
pe

n
R

ob
us

t
N

at
ur

al

18

19
20

N
et

w
or

k

N
et

w
or

k

21

P
hy

si
cs

N
et

w
or

k

Ph
ys

ic
s

22

In
fo

rm
at

io
n

N
et

w
or

k

Ph
ys

ic
s

In
fo

rm
at

io
n

23

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

In
fo

rm
at

io
n

N
et

w
or

k

Ph
ys

ic
s

24

In
fo

rm
at

io
n

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

Ph
ys

ic
s

In
fo

rm
at

io
n

N
et

w
or

k

El
ec

tr
on

ic
s

N
et

w
or

k

Ph
ys

ic
s



238 PRESENTATIONS

19
20

N
et

w
or

k

N
et

w
or

k

21

P
hy

si
cs

N
et

w
or

k

Ph
ys

ic
s

22

In
fo

rm
at

io
n

N
et

w
or

k

Ph
ys

ic
s

In
fo

rm
at

io
n

23

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

In
fo

rm
at

io
n

N
et

w
or

k

Ph
ys

ic
s

24

In
fo

rm
at

io
n

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

Ph
ys

ic
s

In
fo

rm
at

io
n

N
et

w
or

k

El
ec

tr
on

ic
s

N
et

w
or

k

Ph
ys

ic
s



239PRESENTATIONS

25

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

sy
st

em
s

M
od

el
in

g 
ap

pr
ox

im
at

io
ns

A 
so

lv
er

 m
od

el
 fo

r c
on

tro
l s

yn
th

es
is

C
on

cl
us

io
ns

26

sy
st

em

m
od

el

m
od

el

sy
st

em
un

de
r 

st
ud

y

Je
an

 B
éz

iv
in

“E
ve

ry
th

in
g

is
 a

 m
od

el
”

Je
an

-M
ar

ie
 F

av
re

“N
ot

hi
ng

is
 a

 m
od

el
”

P
ie

te
r J

. M
os

te
rm

an

“N
ot

hi
ng

is
 n

ot
a 

m
od

el
”

sy
st

em
m

od
el

sy
st

em
 u

nd
er

 s
tu

dy

m
od

el

sy
st

em

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

W
ha

t i
s 

a 
m

od
el

 a
ny

w
ay

?

27

sy
st

em

m
od

el

m
od

el

sy
st

em
un

de
r 

st
ud

y

W
ith

 th
e 

m
os

t a
pp

ro
pr

ia
te

 fo
rm

al
is

m

At
 th

e 
m

os
t a

pp
ro

pr
ia

te
 le

ve
l o

f 
ab

st
ra

ct
io

n

Je
an

 B
éz

iv
in

“E
ve

ry
th

in
g

is
 a

 m
od

el
”

Je
an

-M
ar

ie
 F

av
re

“N
ot

hi
ng

is
 a

 m
od

el
”

P
ie

te
r J

. M
os

te
rm

an

“N
ot

hi
ng

is
 n

ot
a 

m
od

el
”

H
an

s 
Va

ng
he

lu
w

e

“M
od

el
 e

ve
ry

th
in

g”

sy
st

em
m

od
el

sy
st

em
 u

nd
er

 s
tu

dy

m
od

el

sy
st

em

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

W
ha

t i
s 

a 
m

od
el

 a
ny

w
ay

?

28

sy
st

em

m
od

el

m
od

el

sy
st

em
un

de
r 

st
ud

y

Je
an

 B
éz

iv
in

“E
ve

ry
th

in
g

is
 a

 m
od

el
”

Je
an

-M
ar

ie
 F

av
re

“N
ot

hi
ng

is
 a

 m
od

el
”

P
ie

te
r J

. M
os

te
rm

an

“N
ot

hi
ng

is
 n

ot
a 

m
od

el
”

H
an

s 
Va

ng
he

lu
w

e

“M
od

el
 e

ve
ry

th
in

g”

sy
st

em
m

od
el

sy
st

em
 u

nd
er

 s
tu

dy

m
od

el

sy
st

em

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

W
ha

t i
s 

a 
m

od
el

 a
ny

w
ay

?

C
om

pu
te

r A
ut

om
at

ed
 M

ul
tip

ar
ad

ig
m

M
od

el
in

g
(C

AM
Pa

M
)

29

M
od

el
in

g 
a 

ph
ys

ic
al

 s
ys

te
m

C
L

Cq
V

=

Lp
I

=
dt

t
dp

t
v

dt
t

dq
ti

)
(

)
(

)
(

)
(

==

v

i

C
ap

ac
ito

r:

In
du

ct
or

:

A
n 

id
ea

l o
sc

ill
at

or
:

dtt
di

L
t

v

dt
t

dv
C

ti

)
(

)
(

)
(

)
(

==

M
ax

w
el

l:

30

N
um

er
ic

al
 in

te
gr

at
io

n

kt

kx

1+kε

1+kt

1+kx

)
,

(
t

x
f

x
=

k
k

k
k

e
h

t
x

t
x

t
x

)
(

)
(

)
(

ˆ
1

+
=

+

E
ul

er
:s

te
p 

h
in

 ti
m

e 
al

on
g

kx
1

ˆ
+kx



240 PRESENTATIONS

25

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

sy
st

em
s

M
od

el
in

g 
ap

pr
ox

im
at

io
ns

A 
so

lv
er

 m
od

el
 fo

r c
on

tro
l s

yn
th

es
is

C
on

cl
us

io
ns

26

sy
st

em

m
od

el

m
od

el

sy
st

em
un

de
r 

st
ud

y

Je
an

 B
éz

iv
in

“E
ve

ry
th

in
g

is
 a

 m
od

el
”

Je
an

-M
ar

ie
 F

av
re

“N
ot

hi
ng

is
 a

 m
od

el
”

P
ie

te
r J

. M
os

te
rm

an

“N
ot

hi
ng

is
 n

ot
a 

m
od

el
”

sy
st

em
m

od
el

sy
st

em
 u

nd
er

 s
tu

dy

m
od

el

sy
st

em

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

W
ha

t i
s 

a 
m

od
el

 a
ny

w
ay

?

27

sy
st

em

m
od

el

m
od

el

sy
st

em
un

de
r 

st
ud

y

W
ith

 th
e 

m
os

t a
pp

ro
pr

ia
te

 fo
rm

al
is

m

At
 th

e 
m

os
t a

pp
ro

pr
ia

te
 le

ve
l o

f 
ab

st
ra

ct
io

n

Je
an

 B
éz

iv
in

“E
ve

ry
th

in
g

is
 a

 m
od

el
”

Je
an

-M
ar

ie
 F

av
re

“N
ot

hi
ng

is
 a

 m
od

el
”

P
ie

te
r J

. M
os

te
rm

an

“N
ot

hi
ng

is
 n

ot
a 

m
od

el
”

H
an

s 
Va

ng
he

lu
w

e

“M
od

el
 e

ve
ry

th
in

g”

sy
st

em
m

od
el

sy
st

em
 u

nd
er

 s
tu

dy

m
od

el

sy
st

em

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

W
ha

t i
s 

a 
m

od
el

 a
ny

w
ay

?

28

sy
st

em

m
od

el

m
od

el

sy
st

em
un

de
r 

st
ud

y

Je
an

 B
éz

iv
in

“E
ve

ry
th

in
g

is
 a

 m
od

el
”

Je
an

-M
ar

ie
 F

av
re

“N
ot

hi
ng

is
 a

 m
od

el
”

P
ie

te
r J

. M
os

te
rm

an

“N
ot

hi
ng

is
 n

ot
a 

m
od

el
”

H
an

s 
Va

ng
he

lu
w

e

“M
od

el
 e

ve
ry

th
in

g”

sy
st

em
m

od
el

sy
st

em
 u

nd
er

 s
tu

dy

m
od

el

sy
st

em

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

W
ha

t i
s 

a 
m

od
el

 a
ny

w
ay

?

C
om

pu
te

r A
ut

om
at

ed
 M

ul
tip

ar
ad

ig
m

M
od

el
in

g
(C

AM
Pa

M
)

29

M
od

el
in

g 
a 

ph
ys

ic
al

 s
ys

te
m

C
L

Cq
V

=

Lp
I

=
dt

t
dp

t
v

dt
t

dq
ti

)
(

)
(

)
(

)
(

==

v

i

C
ap

ac
ito

r:

In
du

ct
or

:

A
n 

id
ea

l o
sc

ill
at

or
:

dtt
di

L
t

v

dt
t

dv
C

ti

)
(

)
(

)
(

)
(

==

M
ax

w
el

l:

30

N
um

er
ic

al
 in

te
gr

at
io

n

kt

kx

1+kε

1+kt

1+kx

)
,

(
t

x
f

x
=

k
k

k
k

e
h

t
x

t
x

t
x

)
(

)
(

)
(

ˆ
1

+
=

+

E
ul

er
:s

te
p 

h
in

 ti
m

e 
al

on
g

kx
1

ˆ
+kx

31

N
um

er
ic

al
 in

te
gr

at
io

n

kt

kx
1+kε

1+kt1+kx

k
k

k
k

k
t

h
t

x
t

x
t

x
t

x
2

)
(

)
(

)
(

)
(

ˆ
1

1
+

+
=

+
+

Tr
ap

ez
oi

da
l:

av
er

ag
e 

th
e 

en
d 

po
in

ts

Ta
yl

or
 s

er
ie

s 
ex

pa
ns

io
n 

fo
r e

rr
or

 a
na

ly
si

s

)
(

!2
)

(
!1

)
(

)
(

)
(

3
2

1
k

k
k

k
k

k
k

h
O

h
t

x
h

t
x

t
x

t
x

+
+

+
=

+

)
(

1+k
t

t
ε)

,
(

t
x

f
x

=

k
k

k
k

e
h

t
x

t
x

t
x

)
(

)
(

)
(

ˆ
1

+
=

+

E
ul

er
:s

te
p 

h
in

 ti
m

e 
al

on
g

kx
1

ˆ
+kx

)
(

1+k
e

t
ε

W
he

n 
x(

t)
ch

an
ge

s 
lit

tle
, h

k
ca

n 
be

 la
rg

e!

32

N
um

er
ic

al
 in

te
gr

at
io

n

kt

kx
1+kε

1+kt1+kx

k
k

k
k

k
t

h
t

x
t

x
t

x
t

x
2

)
(

)
(

)
(

)
(

ˆ
1

1
+

+
=

+
+

Tr
ap

ez
oi

da
l:

av
er

ag
e 

th
e 

en
d 

po
in

ts

Ta
yl

or
 s

er
ie

s 
ex

pa
ns

io
n 

fo
r e

rr
or

 a
na

ly
si

s

)
(

!2
)

(
!1

)
(

)
(

)
(

3
2

1
k

k
k

k
k

k
k

h
O

h
t

x
h

t
x

t
x

t
x

+
+

+
=

+

)
(

1+k
t

t
ε)

,
(

t
x

f
x

=

k
k

k
k

e
h

t
x

t
x

t
x

)
(

)
(

)
(

ˆ
1

+
=

+

E
ul

er
:s

te
p 

h
in

 ti
m

e 
al

on
g

kx
1

ˆ
+kx

)
(

1+k
e

t
ε

C
ha

ng
e 

st
ep

 s
iz

e 
ba

se
d 

on
 e

st
im

at
e:

2
1

1
!2

)
(

)
(

ˆ
)

(
ˆ

k
k

k
t

k
e

h
t

x
t

x
t

x
≈

−
+

+

33

So
ph

is
tic

at
ed

 s
ol

ve
r …

 ?

v

i
C

L

Le
t’s

 c
om

pu
te

 a
 s

ol
ut

io
n 

to
 a

n 
id

ea
l o

sc
ill

at
or

34

So
ph

is
tic

at
ed

 s
ol

ve
r …

 ?

Le
t’s

 c
om

pu
te

 a
 s

ol
ut

io
n 

to
 a

n 
id

ea
l o

sc
ill

at
or

W
e 

ca
n 

m
ak

e 
th

e 
er

ro
r s

m
al

l …
 b

ut
 o

nl
y 

lo
ca

lly
!

It 
ac

cu
m

ul
at

es
 fo

r l
on

g 
tim

e 
be

ha
vi

or
So

, …
 h

ow
 c

om
e 

w
e 

ca
n 

en
gi

ne
er

 to
da

y’
s 

co
m

pl
ex

 
sy

st
em

s?
! 

v

i
C

L

35

Th
e 

m
od

el
s 

in
 e

ng
in

ee
rin

g 
an

 e
m

be
dd

ed
 

sy
st

em

ph
ys

ic
al

th
eo

re
tic

al
co

m
pu

ta
tio

na
l

dt
t

dv
m

t
F

)
(

)(
=

ve
rif

y
va

lid
at

e

v
o
i
d
 
m
a
i
n
 
(
)
 
{

i
n
t
i
;

}

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

36

Th
e 

m
od

el
s 

in
 e

ng
in

ee
rin

g 
an

 e
m

be
dd

ed
 

sy
st

em

ph
ys

ic
al

th
eo

re
tic

al
co

m
pu

ta
tio

na
l

dt
t

dv
m

t
F

)
(

)(
=

va
lid

at
e

ve
rif

y
va

lid
at

e

re
fin

e

v
o
i
d
 
m
a
i
n
 
(
)
 
{

i
n
t
i
;

}

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity



241PRESENTATIONS

31

N
um

er
ic

al
 in

te
gr

at
io

n

kt

kx
1+kε

1+kt1+kx

k
k

k
k

k
t

h
t

x
t

x
t

x
t

x
2

)
(

)
(

)
(

)
(

ˆ
1

1
+

+
=

+
+

Tr
ap

ez
oi

da
l:

av
er

ag
e 

th
e 

en
d 

po
in

ts

Ta
yl

or
 s

er
ie

s 
ex

pa
ns

io
n 

fo
r e

rr
or

 a
na

ly
si

s

)
(

!2
)

(
!1

)
(

)
(

)
(

3
2

1
k

k
k

k
k

k
k

h
O

h
t

x
h

t
x

t
x

t
x

+
+

+
=

+

)
(

1+k
t

t
ε)

,
(

t
x

f
x

=

k
k

k
k

e
h

t
x

t
x

t
x

)
(

)
(

)
(

ˆ
1

+
=

+

E
ul

er
:s

te
p 

h
in

 ti
m

e 
al

on
g

kx
1

ˆ
+kx

)
(

1+k
e

t
ε

W
he

n 
x(

t)
ch

an
ge

s 
lit

tle
, h

k
ca

n 
be

 la
rg

e!

32

N
um

er
ic

al
 in

te
gr

at
io

n

kt

kx
1+kε

1+kt1+kx

k
k

k
k

k
t

h
t

x
t

x
t

x
t

x
2

)
(

)
(

)
(

)
(

ˆ
1

1
+

+
=

+
+

Tr
ap

ez
oi

da
l:

av
er

ag
e 

th
e 

en
d 

po
in

ts

Ta
yl

or
 s

er
ie

s 
ex

pa
ns

io
n 

fo
r e

rr
or

 a
na

ly
si

s

)
(

!2
)

(
!1

)
(

)
(

)
(

3
2

1
k

k
k

k
k

k
k

h
O

h
t

x
h

t
x

t
x

t
x

+
+

+
=

+

)
(

1+k
t

t
ε)

,
(

t
x

f
x

=

k
k

k
k

e
h

t
x

t
x

t
x

)
(

)
(

)
(

ˆ
1

+
=

+

E
ul

er
:s

te
p 

h
in

 ti
m

e 
al

on
g

kx
1

ˆ
+kx

)
(

1+k
e

t
ε

C
ha

ng
e 

st
ep

 s
iz

e 
ba

se
d 

on
 e

st
im

at
e:

2
1

1
!2

)
(

)
(

ˆ
)

(
ˆ

k
k

k
t

k
e

h
t

x
t

x
t

x
≈

−
+

+

33

So
ph

is
tic

at
ed

 s
ol

ve
r …

 ?

v

i
C

L

Le
t’s

 c
om

pu
te

 a
 s

ol
ut

io
n 

to
 a

n 
id

ea
l o

sc
ill

at
or

34

So
ph

is
tic

at
ed

 s
ol

ve
r …

 ?

Le
t’s

 c
om

pu
te

 a
 s

ol
ut

io
n 

to
 a

n 
id

ea
l o

sc
ill

at
or

W
e 

ca
n 

m
ak

e 
th

e 
er

ro
r s

m
al

l …
 b

ut
 o

nl
y 

lo
ca

lly
!

It 
ac

cu
m

ul
at

es
 fo

r l
on

g 
tim

e 
be

ha
vi

or
So

, …
 h

ow
 c

om
e 

w
e 

ca
n 

en
gi

ne
er

 to
da

y’
s 

co
m

pl
ex

 
sy

st
em

s?
! 

v

i
C

L

35

Th
e 

m
od

el
s 

in
 e

ng
in

ee
rin

g 
an

 e
m

be
dd

ed
 

sy
st

em

ph
ys

ic
al

th
eo

re
tic

al
co

m
pu

ta
tio

na
l

dt
t

dv
m

t
F

)
(

)(
=

ve
rif

y
va

lid
at

e

v
o
i
d
 
m
a
i
n
 
(
)
 
{

i
n
t
i
;

}

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity

36

Th
e 

m
od

el
s 

in
 e

ng
in

ee
rin

g 
an

 e
m

be
dd

ed
 

sy
st

em

ph
ys

ic
al

th
eo

re
tic

al
co

m
pu

ta
tio

na
l

dt
t

dv
m

t
F

)
(

)(
=

va
lid

at
e

ve
rif

y
va

lid
at

e

re
fin

e

v
o
i
d
 
m
a
i
n
 
(
)
 
{

i
n
t
i
;

}

In
 c

ol
la

bo
ra

tio
n 

wi
th

 H
an

s V
an

gh
el

uw
e,

 M
cG

ill
 U

ni
ve

rs
ity



242 PRESENTATIONS

37

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

38

D
es

id
er

at
a 

of
 a

n 
ex

ec
ut

io
n 

en
gi

ne
 m

od
el

 

D
ec

la
ra

tiv
e

–
N

o 
im

pl
em

en
ta

tio
n 

de
ta

ils

St
at

el
es

s
–

S
ta

te
 e

xp
lic

itl
y 

fo
rm

ul
at

ed
 (e

.g
., 

as
 in

pu
t)

Fu
nc

tio
n 

co
m

po
si

tio
n

39

–
R

ep
ea

te
d 

ap
pl

ic
at

io
n 

of
 a

 m
on

ot
on

ic
al

ly
 in

cr
ea

si
ng

 p
ar

tia
l 

fu
nc

tio
n 

co
nv

er
ge

s 
to

 a
 fi

xe
d 

po
in

t

A 
de

cl
ar

at
iv

e 
fo

rm
al

is
m

 w
ith

 fi
x-

po
in

t 
se

m
an

tic
s

1/
z

2
1

C
on

st
an

t
G

ai
n

D
el

ay
S

co
pe

1
5

5

40

–
R

ep
ea

te
d 

ap
pl

ic
at

io
n 

of
 a

 m
on

ot
on

ic
al

ly
 in

cr
ea

si
ng

 p
ar

tia
l 

fu
nc

tio
n 

co
nv

er
ge

s 
to

 a
 fi

xe
d 

po
in

t

–
O

ne
 im

pl
em

en
ta

tio
n 

is
 a

 d
at

a 
de

pe
nd

en
cy

 s
ch

ed
ul

e

A 
de

cl
ar

at
iv

e 
fo

rm
al

is
m

 w
ith

 fi
x-

po
in

t 
se

m
an

tic
s

1/
z

2
1

C
on

st
an

t
G

ai
n

D
el

ay
S

co
pe

1
6

5
12

5

1
6

5
12

1/
z

2
1

C
on

st
an

t
G

ai
n

D
el

ay
S

co
pe

5

0:
2

0:
0

0:
3

0:
4

0:
1

41

C
on

st
an

t
G

ai
n

S
co

pe

Ti
m

e 
as

 a
 p

ot
en

tia
lly

 in
fin

ite
 s

tr
ea

m
 o

f v
al

ue
s

St
re

am
(T

yp
e)

 =
 T

yp
e 

: S
tre

am
(T

yp
e)

Bl
oc

ks
 a

s 
a 

fu
nc

tio
n 

ap
pl

ic
at

io
n

–
D

el
ay

 x
0 

u 
= 

x0
 : 

u

R
es

ul
tin

g 
fo

rm
al

is
m

–
C

au
sa

l b
lo

ck
 d

ia
gr

am
s

–
S

tre
am

-b
as

ed
 s

em
an

tic
s

1/
z

2
1

D
el

ay

{1
2,

 4
, 7

, …
}

{5
, 1

2,
 4

, …
}

{5
, 5

, 5
, …

}

42

C
an

 w
e 

us
e 

th
is

 fr
am

ew
or

k 
to

 d
ef

in
e 

a 
va

ria
bl

e-
st

ep
 s

ol
ve

r?

Se
pa

ra
te

–
Ti

m
e 

(e
xp

lic
it)

–
E

va
lu

at
io

ns
 (o

rd
er

ed
)

Ti
m

e 
as

 a
 fu

nc
tio

n 
of

 
ev

al
ua

tio
ns

T
T

T
T

T
T

T

Ts



243PRESENTATIONS

37

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

38

D
es

id
er

at
a 

of
 a

n 
ex

ec
ut

io
n 

en
gi

ne
 m

od
el

 

D
ec

la
ra

tiv
e

–
N

o 
im

pl
em

en
ta

tio
n 

de
ta

ils

St
at

el
es

s
–

S
ta

te
 e

xp
lic

itl
y 

fo
rm

ul
at

ed
 (e

.g
., 

as
 in

pu
t)

Fu
nc

tio
n 

co
m

po
si

tio
n

39

–
R

ep
ea

te
d 

ap
pl

ic
at

io
n 

of
 a

 m
on

ot
on

ic
al

ly
 in

cr
ea

si
ng

 p
ar

tia
l 

fu
nc

tio
n 

co
nv

er
ge

s 
to

 a
 fi

xe
d 

po
in

t

A 
de

cl
ar

at
iv

e 
fo

rm
al

is
m

 w
ith

 fi
x-

po
in

t 
se

m
an

tic
s

1/
z

2
1

C
on

st
an

t
G

ai
n

D
el

ay
S

co
pe

1
5

5

40

–
R

ep
ea

te
d 

ap
pl

ic
at

io
n 

of
 a

 m
on

ot
on

ic
al

ly
 in

cr
ea

si
ng

 p
ar

tia
l 

fu
nc

tio
n 

co
nv

er
ge

s 
to

 a
 fi

xe
d 

po
in

t

–
O

ne
 im

pl
em

en
ta

tio
n 

is
 a

 d
at

a 
de

pe
nd

en
cy

 s
ch

ed
ul

e

A 
de

cl
ar

at
iv

e 
fo

rm
al

is
m

 w
ith

 fi
x-

po
in

t 
se

m
an

tic
s

1/
z

2
1

C
on

st
an

t
G

ai
n

D
el

ay
S

co
pe

1
6

5
12

5

1
6

5
12

1/
z

2
1

C
on

st
an

t
G

ai
n

D
el

ay
S

co
pe

5

0:
2

0:
0

0:
3

0:
4

0:
1

41

C
on

st
an

t
G

ai
n

S
co

pe

Ti
m

e 
as

 a
 p

ot
en

tia
lly

 in
fin

ite
 s

tr
ea

m
 o

f v
al

ue
s

St
re

am
(T

yp
e)

 =
 T

yp
e 

: S
tre

am
(T

yp
e)

Bl
oc

ks
 a

s 
a 

fu
nc

tio
n 

ap
pl

ic
at

io
n

–
D

el
ay

 x
0 

u 
= 

x0
 : 

u

R
es

ul
tin

g 
fo

rm
al

is
m

–
C

au
sa

l b
lo

ck
 d

ia
gr

am
s

–
S

tre
am

-b
as

ed
 s

em
an

tic
s

1/
z

2
1

D
el

ay

{1
2,

 4
, 7

, …
}

{5
, 1

2,
 4

, …
}

{5
, 5

, 5
, …

}

42

C
an

 w
e 

us
e 

th
is

 fr
am

ew
or

k 
to

 d
ef

in
e 

a 
va

ria
bl

e-
st

ep
 s

ol
ve

r?

Se
pa

ra
te

–
Ti

m
e 

(e
xp

lic
it)

–
E

va
lu

at
io

ns
 (o

rd
er

ed
)

Ti
m

e 
as

 a
 fu

nc
tio

n 
of

 
ev

al
ua

tio
ns

T
T

T
T

T
T

T

Ts

43

C
an

 w
e 

us
e 

th
is

 fr
am

ew
or

k 
to

 d
ef

in
e 

a 
va

ria
bl

e-
st

ep
 s

ol
ve

r?

Se
pa

ra
te

–
Ti

m
e 

(e
xp

lic
it)

–
E

va
lu

at
io

ns
 (o

rd
er

ed
)

Ti
m

e 
as

 a
 fu

nc
tio

n 
of

 
ev

al
ua

tio
ns

Ts
2*

Ts

time

ev
al

ua
tio

n

44

t(0
)

ev
al

ua
tio

n

t(1
)

t(2
)

t(3
) t(4

)

t(5
)

C
an

 w
e 

us
e 

th
is

 fr
am

ew
or

k 
to

 d
ef

in
e 

a 
va

ria
bl

e-
st

ep
 s

ol
ve

r?

Se
pa

ra
te

–
Ti

m
e 

(e
xp

lic
it)

–
E

va
lu

at
io

ns
 (o

rd
er

ed
)

Ti
m

e 
as

 a
 fu

nc
tio

n 
of

 
ev

al
ua

tio
ns

–
S

te
p 

is
 v

ar
ia

bl
e

–
S

te
p 

m
ay

 b
e 

0
–

S
te

p 
m

ay
 b

e 
ne

ga
tiv

e
Ti

m
e 

m
ay

 re
ce

de

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

, "
To

w
ar

ds
 C

om
pu

ta
tio

na
l 

H
yb

ri
d 

Sy
st

em
 S

em
an

tic
s 

fo
r 

Ti
m

e-
B

as
ed

 B
lo

ck
 D

ia
gr

am
s,"

 in
 P

ro
ce

ed
in

gs
 o

f t
he

 3
rd

IF
AC

 
C

on
fe

re
nc

e 
on

 A
na

ly
si

s 
an

d 
D

es
ig

n 
of

 H
yb

ri
d 

Sy
st

em
s, 

pp
. 3

76
-3

85
, Z

ar
ag

oz
a,

 S
pa

in
, 2

00
9

45

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er   

−
=

∑
=

ot
he

rw
is

ee
od

d
if

e
y

i
h

i
u

e
y

e

e i
e

)
(

)1
(

)(
)(

)
(

1 (
)

∑
=

−
+

−
=

e i
t

i
h

i
u

i
u

e
y

1
2

)1
(

)(
)1

(
)

(

E
ul

er
 in

te
gr

at
io

n

Tr
ap

ez
oi

da
l i

nt
eg

ra
tio

n

46

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er   

−
=

∑
=

ot
he

rw
is

ee
od

d
if

e
y

i
h

i
u

e
y

e

e i
e

)
(

)1
(

)(
)(

)
(

1 (
)

∑
=

−
+

−
=

e i
t

i
h

i
u

i
u

e
y

1
2

)1
(

)(
)1

(
)

(

(
)

to
l

e
h

e
u

e
h

e
u

e
u

e
d

<
−

−
−

−
−

+
−

=
)2

(
)2

(
2

)3
(

)2
(

)3
(

)
(

E
ul

er
 in

te
gr

at
io

n

Tr
ap

ez
oi

da
l i

nt
eg

ra
tio

n

E
rr

or
 c

om
pu

ta
tio

n

in
cr

em
en

t

in
cr

em
en

t

47

pr
ev

io
us

 in
cr

em
en

t

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er   

−
−

−
−

=
∑

=
ot

he
rw

is
ee

od
d

if
e

y
i

p
i

h
i

u
i

h
i

u
e

y
e

e i
e

)
(

)1
(

)(
)2

(
)2

(
)(

)(
)

(
1 (

)
(

)
∑

=
−

−
−

+
−

−
−

+
−

=
e i

t
i

p
i

h
i

u
i

u
i

h
i

u
i

u
e

y
1

)1
(

2
)3

(
)2

(
)3

(
2

)1
(

)(
)1

(
)

(

(
)

to
l

e
h

e
u

e
h

e
u

e
u

e
d

<
−

−
−

−
−

+
−

=
)2

(
)2

(
2

)3
(

)2
(

)3
(

)
(

pr
ev

io
us

 in
cr

em
en

t

E
ul

er
 in

te
gr

at
io

n

Tr
ap

ez
oi

da
l i

nt
eg

ra
tio

n

E
rr

or
 c

om
pu

ta
tio

n

in
cr

em
en

t

in
cr

em
en

t

48

pr
ev

io
us

 in
cr

em
en

t

  

−
−

−
−

=
∑

=
ot

he
rw

is
ee

od
d

if
e

y
i

p
i

h
i

u
i

hi
u

e
y

e

e i
e

)
(

)1
(

)(
)2

(
)2

(
)(

)(
)

(
1 (

)
(

)
∑

=
−

−
−

+
−

−
−

+
−

=
e i

t
i

p
i

h
i

u
i

u
i

h
i

u
i

u
e

y
1

)1
(

2
)3

(
)2

(
)3

(
2

)1
(

)(
)1

(
)

(

(
)

to
l

e
h

e
u

e
h

e
u

e
u

e
d

<
−

−
−

−
−

+
−

=
)2

(
)2

(
2

)3
(

)2
(

)3
(

)
(

pr
ev

io
us

 in
cr

em
en

t

Eu
le

r i
nt

eg
ra

tio
n

Tr
ap

ez
oi

da
l in

te
gr

at
io

n

Er
ro

r c
om

pu
ta

tio
n

in
cr

em
en

t

in
cr

em
en

t

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er



244 PRESENTATIONS

43

C
an

 w
e 

us
e 

th
is

 fr
am

ew
or

k 
to

 d
ef

in
e 

a 
va

ria
bl

e-
st

ep
 s

ol
ve

r?

Se
pa

ra
te

–
Ti

m
e 

(e
xp

lic
it)

–
E

va
lu

at
io

ns
 (o

rd
er

ed
)

Ti
m

e 
as

 a
 fu

nc
tio

n 
of

 
ev

al
ua

tio
ns

Ts
2*

Ts

time

ev
al

ua
tio

n

44

t(0
)

ev
al

ua
tio

n

t(1
)

t(2
)

t(3
) t(4

)

t(5
)

C
an

 w
e 

us
e 

th
is

 fr
am

ew
or

k 
to

 d
ef

in
e 

a 
va

ria
bl

e-
st

ep
 s

ol
ve

r?

Se
pa

ra
te

–
Ti

m
e 

(e
xp

lic
it)

–
E

va
lu

at
io

ns
 (o

rd
er

ed
)

Ti
m

e 
as

 a
 fu

nc
tio

n 
of

 
ev

al
ua

tio
ns

–
S

te
p 

is
 v

ar
ia

bl
e

–
S

te
p 

m
ay

 b
e 

0
–

S
te

p 
m

ay
 b

e 
ne

ga
tiv

e
Ti

m
e 

m
ay

 re
ce

de

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

, "
To

w
ar

ds
 C

om
pu

ta
tio

na
l 

H
yb

ri
d 

Sy
st

em
 S

em
an

tic
s 

fo
r 

Ti
m

e-
B

as
ed

 B
lo

ck
 D

ia
gr

am
s,"

 in
 P

ro
ce

ed
in

gs
 o

f t
he

 3
rd

IF
AC

 
C

on
fe

re
nc

e 
on

 A
na

ly
si

s 
an

d 
D

es
ig

n 
of

 H
yb

ri
d 

Sy
st

em
s, 

pp
. 3

76
-3

85
, Z

ar
ag

oz
a,

 S
pa

in
, 2

00
9

45

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er   

−
=

∑
=

ot
he

rw
is

ee
od

d
if

e
y

i
h

i
u

e
y

e

e i
e

)
(

)1
(

)(
)(

)
(

1 (
)

∑
=

−
+

−
=

e i
t

i
h

i
u

i
u

e
y

1
2

)1
(

)(
)1

(
)

(

E
ul

er
 in

te
gr

at
io

n

Tr
ap

ez
oi

da
l i

nt
eg

ra
tio

n

46

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er   

−
=

∑
=

ot
he

rw
is

ee
od

d
if

e
y

i
h

i
u

e
y

e

e i
e

)
(

)1
(

)(
)(

)
(

1 (
)

∑
=

−
+

−
=

e i
t

i
h

i
u

i
u

e
y

1
2

)1
(

)(
)1

(
)

(

(
)

to
l

e
h

e
u

e
h

e
u

e
u

e
d

<
−

−
−

−
−

+
−

=
)2

(
)2

(
2

)3
(

)2
(

)3
(

)
(

E
ul

er
 in

te
gr

at
io

n

Tr
ap

ez
oi

da
l i

nt
eg

ra
tio

n

E
rr

or
 c

om
pu

ta
tio

n

in
cr

em
en

t

in
cr

em
en

t

47

pr
ev

io
us

 in
cr

em
en

t

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er   

−
−

−
−

=
∑

=
ot

he
rw

is
ee

od
d

if
e

y
i

p
i

h
i

u
i

h
i

u
e

y
e

e i
e

)
(

)1
(

)(
)2

(
)2

(
)(

)(
)

(
1 (

)
(

)
∑

=
−

−
−

+
−

−
−

+
−

=
e i

t
i

p
i

h
i

u
i

u
i

h
i

u
i

u
e

y
1

)1
(

2
)3

(
)2

(
)3

(
2

)1
(

)(
)1

(
)

(

(
)

to
l

e
h

e
u

e
h

e
u

e
u

e
d

<
−

−
−

−
−

+
−

=
)2

(
)2

(
2

)3
(

)2
(

)3
(

)
(

pr
ev

io
us

 in
cr

em
en

t

E
ul

er
 in

te
gr

at
io

n

Tr
ap

ez
oi

da
l i

nt
eg

ra
tio

n

E
rr

or
 c

om
pu

ta
tio

n

in
cr

em
en

t

in
cr

em
en

t

48

pr
ev

io
us

 in
cr

em
en

t

  

−
−

−
−

=
∑

=
ot

he
rw

is
ee

od
d

if
e

y
i

p
i

h
i

u
i

hi
u

e
y

e

e i
e

)
(

)1
(

)(
)2

(
)2

(
)(

)(
)

(
1 (

)
(

)
∑

=
−

−
−

+
−

−
−

+
−

=
e i

t
i

p
i

h
i

u
i

u
i

h
i

u
i

u
e

y
1

)1
(

2
)3

(
)2

(
)3

(
2

)1
(

)(
)1

(
)

(

(
)

to
l

e
h

e
u

e
h

e
u

e
u

e
d

<
−

−
−

−
−

+
−

=
)2

(
)2

(
2

)3
(

)2
(

)3
(

)
(

pr
ev

io
us

 in
cr

em
en

t

Eu
le

r i
nt

eg
ra

tio
n

Tr
ap

ez
oi

da
l in

te
gr

at
io

n

Er
ro

r c
om

pu
ta

tio
n

in
cr

em
en

t

in
cr

em
en

t

Th
e 

tw
o 

st
ag

es
 o

f a
 s

tr
ea

m
 b

as
ed

 fu
nc

tio
na

l 
so

lv
er



245PRESENTATIONS

49

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

To
w

er
s 

of
 H

an
oi

A 
C

yb
er

-P
hy

si
ca

l S
ys

te
m

?

A 
C

yb
er

-P
hy

si
ca

l S
ys

te
m

!

Ju
sty

na
 Z

an
de

r a
nd

 P
ie

te
r J

. M
os

te
rm

an
,  

“T
ec

hn
ic

al
 E

ng
in

e f
or

 D
em

oc
ra

tiz
in

g 
M

od
el

in
g,

 S
im

ul
at

io
n,

 a
nd

 P
re

di
ct

io
n,

" i
n 

W
in

te
r S

im
ul

at
io

n C
on

fe
re

nc
e, 

D
ec

em
be

r, 
20

12



246 PRESENTATIONS

49

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

To
w

er
s 

of
 H

an
oi

A 
C

yb
er

-P
hy

si
ca

l S
ys

te
m

?

A 
C

yb
er

-P
hy

si
ca

l S
ys

te
m

!

Ju
sty

na
 Z

an
de

r a
nd

 P
ie

te
r J

. M
os

te
rm

an
,  

“T
ec

hn
ic

al
 E

ng
in

e f
or

 D
em

oc
ra

tiz
in

g 
M

od
el

in
g,

 S
im

ul
at

io
n,

 a
nd

 P
re

di
ct

io
n,

" i
n 

W
in

te
r S

im
ul

at
io

n C
on

fe
re

nc
e, 

D
ec

em
be

r, 
20

12

55

Lo
ca

l c
on

tr
ol

 la
w

s

G
re

en
 b

lo
ck

–
S

ho
ul

d 
be

 o
n 

to
p

–
If 

it 
is

 o
n 

to
p,

 m
ov

e 
on

e 
sp

ot
 o

ve
r a

nd
 th

en
 m

ov
e 

on
e 

sp
ot

 o
ve

r
–

If 
it 

is
 a

t b
ot

to
m

, m
ov

e 
tw

o 
sp

ot
s 

ov
er

R
ed

 b
lo

ck
–

S
ho

ul
d 

be
 o

n 
bo

tto
m

–
If 

it 
is

 o
n 

to
p,

 m
ov

e 
tw

o 
sp

ot
s 

ov
er

–
If 

it 
is

 o
n 

bo
tto

m
, m

ov
e 

tw
o 

sp
ot

s 
ov

er
–

S
ho

ul
d 

ha
ve

 th
e 

hi
gh

es
t p

rio
rit

y

G
re

en
 b

lo
ck

56
ht

tp
://

w
w

w
.m

at
hw

or
ks

.c
om

/m
at

la
bc

en
tra

l/f
ile

ex
ch

an
ge

/3
85

15

57

St
er

eo
sc

op
ic

 a
na

ly
si

s 
to

 fi
nd

 th
e 

st
ac

k 
of

 
bl

oc
ks

M
ul

tip
le

 v
al

ue
s 

at
 o

ne
 ti

m
e 

st
ep

le
ft 

vi
de

o 
fra

m
e

rig
ht

 v
id

eo
 fr

am
e

58

St
er

eo
sc

op
ic

 a
na

ly
si

s 
to

 fi
nd

 th
e 

st
ac

k 
of

 
bl

oc
ks

M
ul

tip
le

 v
al

ue
s 

at
 o

ne
 ti

m
e 

st
ep

XO
R

le
ft 

vi
de

o 
fra

m
e

rig
ht

 v
id

eo
 fr

am
e

59

St
er

eo
sc

op
ic

 a
na

ly
si

s 
to

 fi
nd

 th
e 

st
ac

k 
of

 
bl

oc
ks

M
ul

tip
le

 v
al

ue
s 

at
 o

ne
 ti

m
e 

st
ep

XO
R

le
ft 

vi
de

o 
fra

m
e

rig
ht

 v
id

eo
 fr

am
e

m
ea

n(
XO

R
)



247PRESENTATIONS

55

Lo
ca

l c
on

tr
ol

 la
w

s

G
re

en
 b

lo
ck

–
S

ho
ul

d 
be

 o
n 

to
p

–
If 

it 
is

 o
n 

to
p,

 m
ov

e 
on

e 
sp

ot
 o

ve
r a

nd
 th

en
 m

ov
e 

on
e 

sp
ot

 o
ve

r
–

If 
it 

is
 a

t b
ot

to
m

, m
ov

e 
tw

o 
sp

ot
s 

ov
er

R
ed

 b
lo

ck
–

S
ho

ul
d 

be
 o

n 
bo

tto
m

–
If 

it 
is

 o
n 

to
p,

 m
ov

e 
tw

o 
sp

ot
s 

ov
er

–
If 

it 
is

 o
n 

bo
tto

m
, m

ov
e 

tw
o 

sp
ot

s 
ov

er
–

S
ho

ul
d 

ha
ve

 th
e 

hi
gh

es
t p

rio
rit

y

G
re

en
 b

lo
ck

56
ht

tp
://

w
w

w
.m

at
hw

or
ks

.c
om

/m
at

la
bc

en
tra

l/f
ile

ex
ch

an
ge

/3
85

15

57

St
er

eo
sc

op
ic

 a
na

ly
si

s 
to

 fi
nd

 th
e 

st
ac

k 
of

 
bl

oc
ks

M
ul

tip
le

 v
al

ue
s 

at
 o

ne
 ti

m
e 

st
ep

le
ft 

vi
de

o 
fra

m
e

rig
ht

 v
id

eo
 fr

am
e

58

St
er

eo
sc

op
ic

 a
na

ly
si

s 
to

 fi
nd

 th
e 

st
ac

k 
of

 
bl

oc
ks

M
ul

tip
le

 v
al

ue
s 

at
 o

ne
 ti

m
e 

st
ep

XO
R

le
ft 

vi
de

o 
fra

m
e

rig
ht

 v
id

eo
 fr

am
e

59

St
er

eo
sc

op
ic

 a
na

ly
si

s 
to

 fi
nd

 th
e 

st
ac

k 
of

 
bl

oc
ks

M
ul

tip
le

 v
al

ue
s 

at
 o

ne
 ti

m
e 

st
ep

XO
R

le
ft 

vi
de

o 
fra

m
e

rig
ht

 v
id

eo
 fr

am
e

m
ea

n(
XO

R
)



248 PRESENTATIONS

sl
id

er

no
zz

le

ra
ils

bl
oc

k 
R

bl
oc

k 
B

no
zz

le
 m

ot
or

sl
id

er
 m

ot
or

bl
oc

k 
G

ai
r p

um
p

gr
av

ity

R
,C

R

I

R
,C

c
o
m
p
o
n
e
n
t

h
a
r
d
s
t
o
p
_
e
x
t
e
r
n
a
l
_
i
n
i

<
 
f
o
u
n
d
a
t
i
o
n
.
m
e
c
h
a
n
i
c
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
.
b
r
a
n
c
h

%
 
T
r
a
n
s
l
a
t
i
o
n
a
l
 
H
a
r
d
 
S
t
o
p
 
W
i
t
h
 
E
x
t
e
r
n
a
l
 
I
n
i
t
i
a
l
 
P
o
s
i
t
i
o
n

p
a
r
a
m
e
t
e
r
s

s
t
i
f
f
_
u
p

=
 
{
 
1
e
6
,
 
’
N
/
m
’

}
;
 
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
s
t
i
f
f
n
e
s
s
 
a
t
 
u
p
p
e
r
 
b
o
u
n
d

s
t
i
f
f
_
l
o
w

=
 
{
 
1
e
6
,
 
’
N
/
m
’

}
;
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
s
t
i
f
f
n
e
s
s
 
a
t
 
l
o
w
e
r
 
b
o
u
n
d

D
_
u
p

=
 
{
 
1
5
0
,
 
’
N
*
s
/
m
’
}
;
 
 
 
 
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
d
a
m
p
i
n
g
 
a
t
 
u
p
p
e
r
 
b
o
u
n
d

D
_
l
o
w

=
 
{
 
1
5
0
,
 
’
N
*
s
/
m
’
}
;
 
 
 
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
d
a
m
p
i
n
g
 
a
t
 
l
o
w
e
r
 
b
o
u
n
d

e
n
d

i
n
p
u
t
s

u
p
p
e
r
_
b
n
d

=
 
{
 
0
.
1
,
 
’
m
’

}
;
 
 
 
 
 
 
 
%
 
U
:
r
i
g
h
t

l
o
w
e
r
_
b
n
d

=
 
{
 
-
0
.
1
,
 
’
m
’

}
;
 
 
 
 
 
 
%
 
L
:
l
e
f
t

x
_
i
n
i
t
i
a
l

=
 
{
 
0
.
0
,
 
’
m
’

}
;
 
 
 
 
 
 
 
%
 
I
:
l
e
f
t

e
n
d

v
a
r
i
a
b
l
e
s

x
 
=
 
{
 
0
,
 
’
m
’
}
;

e
n
d

f
u
n
c
t
i
o
n

s
e
t
u
p

i
f

s
t
i
f
f
_
u
p

<
=
 
0

p
m
_
e
r
r
o
r
(
’
s
i
m
s
c
a
p
e
:
G
r
e
a
t
e
r
T
h
a
n
Z
e
r
o
’
,
‘
S
t
i
f
f
n
e
s
s
'
)

e
n
d

x
 
=
 
0
.
0
;

e
n
d

e
q
u
a
t
i
o
n
s

i
f

(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
>
 
u
p
p
e
r
_
b
n
d
)

%
 
S
l
i
d
e
r
 
h
i
t
s
 
u
p
p
e
r
 
b
o
u
n
d

f
 
=
=
 
s
t
i
f
f
_
u
p

*
 
(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
-
u
p
p
e
r
_
b
n
d
)
 
+
 
D
_
u
p

*
 
v
;

e
l
s
e
i
f

(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
<
 
l
o
w
e
r
_
b
n
d
)

%
 
S
l
i
d
e
r
 
h
i
t
s
 
l
o
w
e
r
 
b
o
u
n
d

f
 
=
=
 
s
t
i
f
f
_
l
o
w

*
 
(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
-
l
o
w
e
r
_
b
n
d
)
 
+
 
D
_
l
o
w

*
 
v
;

e
l
s
e
%
 
S
l
i
d
e
r
 
i
s
 
b
e
t
w
e
e
n
 
h
a
r
d
s
t
o
p
s

f
 
=
=
 
{
0
 
'
N
'
}
;
 

e
n
d

x
.
d
e
r

=
=
 
v
;

e
n
d

e
n
d

R
,C

c
o
m
p
o
n
e
n
t
(
H
i
d
d
e
n
=
t
r
u
e
)
 
b
r
a
n
c
h

%
 
T
r
a
n
s
l
a
t
i
o
n
a
l
 
B
r
a
n
c
h

%
 
D
e
f
i
n
e
s
 
a
 
t
r
a
n
s
l
a
t
i
o
n
a
l
 
b
r
a
n
c
h
 
w
i
t
h
 
R
 
a
n
d
 
C
 
e
x
t
e
r
n
a
l
 
n
o
d
e
s
.

%
 
A
l
s
o
 
d
e
f
i
n
e
s
 
a
s
s
o
c
i
a
t
e
d
 
t
h
r
o
u
g
h
 
a
n
d
 
a
c
r
o
s
s
 
v
a
r
i
a
b
l
e
s
.

n
o
d
e
s

R
 
=
 
f
o
u
n
d
a
t
i
o
n
.
m
e
c
h
a
n
i
c
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
;
 
%
 
R
:
l
e
f
t

C
 
=
 
f
o
u
n
d
a
t
i
o
n
.
m
e
c
h
a
n
i
c
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
;
 
%
 
C
:
r
i
g
h
t

e
n
d

v
a
r
i
a
b
l
e
s

f
 
=
 
{
 
0
,
 
'
N
'

}
;

v
 
=
 
{
 
0
,
 
'
m
/
s
'

}
;

e
n
d

f
u
n
c
t
i
o
n

s
e
t
u
p

t
h
r
o
u
g
h
(
 
f
,
 
R
.
f
,
 
C
.
f

)
;

a
c
r
o
s
s
(
 
v
,
 
R
.
v
,
 
C
.
v

)
;

e
n
d

e
n
d

ai
r p

um
p

R
,C R

,C
R

,C
R

R
I



249PRESENTATIONS

sl
id

er

no
zz

le

ra
ils

bl
oc

k 
R

bl
oc

k 
B

no
zz

le
 m

ot
or

sl
id

er
 m

ot
or

bl
oc

k 
G

ai
r p

um
p

gr
av

ity

R
,C

R

I

R
,C

c
o
m
p
o
n
e
n
t

h
a
r
d
s
t
o
p
_
e
x
t
e
r
n
a
l
_
i
n
i

<
 
f
o
u
n
d
a
t
i
o
n
.
m
e
c
h
a
n
i
c
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
.
b
r
a
n
c
h

%
 
T
r
a
n
s
l
a
t
i
o
n
a
l
 
H
a
r
d
 
S
t
o
p
 
W
i
t
h
 
E
x
t
e
r
n
a
l
 
I
n
i
t
i
a
l
 
P
o
s
i
t
i
o
n

p
a
r
a
m
e
t
e
r
s

s
t
i
f
f
_
u
p

=
 
{
 
1
e
6
,
 
’
N
/
m
’

}
;
 
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
s
t
i
f
f
n
e
s
s
 
a
t
 
u
p
p
e
r
 
b
o
u
n
d

s
t
i
f
f
_
l
o
w

=
 
{
 
1
e
6
,
 
’
N
/
m
’

}
;
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
s
t
i
f
f
n
e
s
s
 
a
t
 
l
o
w
e
r
 
b
o
u
n
d

D
_
u
p

=
 
{
 
1
5
0
,
 
’
N
*
s
/
m
’
}
;
 
 
 
 
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
d
a
m
p
i
n
g
 
a
t
 
u
p
p
e
r
 
b
o
u
n
d

D
_
l
o
w

=
 
{
 
1
5
0
,
 
’
N
*
s
/
m
’
}
;
 
 
 
 
 
 
 
 
%
 
C
o
n
t
a
c
t
 
d
a
m
p
i
n
g
 
a
t
 
l
o
w
e
r
 
b
o
u
n
d

e
n
d

i
n
p
u
t
s

u
p
p
e
r
_
b
n
d

=
 
{
 
0
.
1
,
 
’
m
’

}
;
 
 
 
 
 
 
 
%
 
U
:
r
i
g
h
t

l
o
w
e
r
_
b
n
d

=
 
{
 
-
0
.
1
,
 
’
m
’

}
;
 
 
 
 
 
 
%
 
L
:
l
e
f
t

x
_
i
n
i
t
i
a
l

=
 
{
 
0
.
0
,
 
’
m
’

}
;
 
 
 
 
 
 
 
%
 
I
:
l
e
f
t

e
n
d

v
a
r
i
a
b
l
e
s

x
 
=
 
{
 
0
,
 
’
m
’
}
;

e
n
d

f
u
n
c
t
i
o
n

s
e
t
u
p

i
f

s
t
i
f
f
_
u
p

<
=
 
0

p
m
_
e
r
r
o
r
(
’
s
i
m
s
c
a
p
e
:
G
r
e
a
t
e
r
T
h
a
n
Z
e
r
o
’
,
‘
S
t
i
f
f
n
e
s
s
'
)

e
n
d

x
 
=
 
0
.
0
;

e
n
d

e
q
u
a
t
i
o
n
s

i
f

(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
>
 
u
p
p
e
r
_
b
n
d
)

%
 
S
l
i
d
e
r
 
h
i
t
s
 
u
p
p
e
r
 
b
o
u
n
d

f
 
=
=
 
s
t
i
f
f
_
u
p

*
 
(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
-
u
p
p
e
r
_
b
n
d
)
 
+
 
D
_
u
p

*
 
v
;

e
l
s
e
i
f

(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
<
 
l
o
w
e
r
_
b
n
d
)

%
 
S
l
i
d
e
r
 
h
i
t
s
 
l
o
w
e
r
 
b
o
u
n
d

f
 
=
=
 
s
t
i
f
f
_
l
o
w

*
 
(
(
x
 
+
 
x
_
i
n
i
t
i
a
l
)
 
-
l
o
w
e
r
_
b
n
d
)
 
+
 
D
_
l
o
w

*
 
v
;

e
l
s
e
%
 
S
l
i
d
e
r
 
i
s
 
b
e
t
w
e
e
n
 
h
a
r
d
s
t
o
p
s

f
 
=
=
 
{
0
 
'
N
'
}
;
 

e
n
d

x
.
d
e
r

=
=
 
v
;

e
n
d

e
n
d

R
,C

c
o
m
p
o
n
e
n
t
(
H
i
d
d
e
n
=
t
r
u
e
)
 
b
r
a
n
c
h

%
 
T
r
a
n
s
l
a
t
i
o
n
a
l
 
B
r
a
n
c
h

%
 
D
e
f
i
n
e
s
 
a
 
t
r
a
n
s
l
a
t
i
o
n
a
l
 
b
r
a
n
c
h
 
w
i
t
h
 
R
 
a
n
d
 
C
 
e
x
t
e
r
n
a
l
 
n
o
d
e
s
.

%
 
A
l
s
o
 
d
e
f
i
n
e
s
 
a
s
s
o
c
i
a
t
e
d
 
t
h
r
o
u
g
h
 
a
n
d
 
a
c
r
o
s
s
 
v
a
r
i
a
b
l
e
s
.

n
o
d
e
s

R
 
=
 
f
o
u
n
d
a
t
i
o
n
.
m
e
c
h
a
n
i
c
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
;
 
%
 
R
:
l
e
f
t

C
 
=
 
f
o
u
n
d
a
t
i
o
n
.
m
e
c
h
a
n
i
c
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
.
t
r
a
n
s
l
a
t
i
o
n
a
l
;
 
%
 
C
:
r
i
g
h
t

e
n
d

v
a
r
i
a
b
l
e
s

f
 
=
 
{
 
0
,
 
'
N
'

}
;

v
 
=
 
{
 
0
,
 
'
m
/
s
'

}
;

e
n
d

f
u
n
c
t
i
o
n

s
e
t
u
p

t
h
r
o
u
g
h
(
 
f
,
 
R
.
f
,
 
C
.
f

)
;

a
c
r
o
s
s
(
 
v
,
 
R
.
v
,
 
C
.
v

)
;

e
n
d

e
n
d

ai
r p

um
p

R
,C R

,C
R

,C
R

R
I

67

Ex
pl

ic
itl

y 
m

od
el

in
g 

th
e 

ex
ec

ut
io

n 
en

gi
ne

C
om

pl
et

el
y 

m
od

el
ed

 s
ol

ve
r a

nd
 ra

te
 

tra
ns

iti
on

 w
ith

 th
e 

di
sc

on
tin

uo
us

 w
or

ld
 …

…
 a

ll 
w

ith
 tw

o 
ba

si
c 

‘s
eq

ue
nt

ia
l’ 

bl
oc

ks

68

C
on

tr
ol

 s
yn

th
es

is
 fo

r a
 s

ur
fa

ce
 m

ou
nt

 d
ev

ic
e 

us
in

g 
m

od
el

 c
he

ck
in

g

ht
tp

://
w

w
w

.m
at

hw
or

ks
.c

om
/m

at
la

bc
en

tra
l/f

ile
ex

ch
an

ge
/a

ut
ho

rs
/4

44
9

69
ht

tp
://

w
w

w
.m

at
hw

or
ks

.c
om

/m
at

la
bc

en
tra

l/f
ile

ex
ch

an
ge

/a
ut

ho
rs

/4
44

9

C
on

tr
ol

 s
yn

th
es

is
 fo

r a
 s

ur
fa

ce
 m

ou
nt

 d
ev

ic
e 

us
in

g 
m

od
el

 c
he

ck
in

g

70

M
od

el
 c

he
ck

in
g 

to
 g

en
er

at
e 

a 
co

un
te

re
xa

m
pl

e

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

,  
"A

 C
om

pu
ta

tio
na

l M
od

el
 o

f 
Ti

m
e 

fo
r 

St
iff

 H
yb

ri
d 

Sy
st

em
s 

A
pp

lie
d 

to
 C

on
tr

ol
 S

yn
th

es
is,

" 
in

 C
on

tro
l E

ng
in

ee
ri

ng
 P

ra
ct

ic
e,

 , 
vo

l. 
20

, n
r. 

1,
 p

p.
 2

-1
3,

 J
an

ua
ry

 2
01

2

71

M
od

el
 c

he
ck

in
g 

to
 g

en
er

at
e 

a 
co

un
te

re
xa

m
pl

e

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

,  
"A

 C
om

pu
ta

tio
na

l M
od

el
 o

f 
Ti

m
e 

fo
r 

St
iff

 H
yb

ri
d 

Sy
st

em
s 

A
pp

lie
d 

to
 C

on
tr

ol
 S

yn
th

es
is,

" 
in

 C
on

tro
l E

ng
in

ee
ri

ng
 P

ra
ct

ic
e,

 , 
vo

l. 
20

, n
r. 

1,
 p

p.
 2

-1
3,

 J
an

ua
ry

 2
01

2
72

C
ha

ra
ct

er
is

tic
s 

of
 th

e 
se

m
an

tic
 d

om
ai

n

D
ec

la
ra

tiv
e

–
P

ur
el

y 
fu

nc
tio

na
l (

no
 s

id
e 

ef
fe

ct
s)

O
rd

er
ed

 e
va

lu
at

io
ns

U
nt

im
ed

–
Ti

m
e 

as
 e

xp
lic

it 
fu

nc
tio

n,
 t(

e)
–

Ti
m

e 
is

 n
ot

 s
tri

ct
ly

 in
cr

ea
si

ng

Br
oa

dl
y 

ap
pl

ic
ab

le
 to

 d
yn

am
ic

 s
ys

te
m

s
–

D
iff

er
en

tia
l e

qu
at

io
ns

, d
iff

er
en

ce
 e

qu
at

io
ns

, d
is

cr
et

e 
ev

en
ts

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

,  
"T

ow
ar

ds
 C

om
pu

ta
tio

na
l 

H
yb

ri
d 

Sy
st

em
 S

em
an

tic
s 

fo
r 

Ti
m

e-
B

as
ed

 B
lo

ck
 D

ia
gr

am
s,"

 in
 3

rd
 IF

AC
 C

on
fe

re
nc

e 
on

 
An

al
ys

is
 a

nd
 D

es
ig

n 
of

 H
yb

ri
d 

Sy
st

em
s 

(A
D

H
S'

09
), 

A
. G

iu
a,

 C
. M

ah
ul

ea
, M

. S
ilv

a,
 a

nd
 J

. Z
ay

to
on

 
(e

ds
.),

 p
p.

 3
76

-3
85

, Z
ar

ag
oz

a,
 S

pa
in

, S
ep

te
m

be
r 

16
-1

8,
 2

00
9,

 p
le

na
ry

 p
ap

er
.



250 PRESENTATIONS

67

Ex
pl

ic
itl

y 
m

od
el

in
g 

th
e 

ex
ec

ut
io

n 
en

gi
ne

C
om

pl
et

el
y 

m
od

el
ed

 s
ol

ve
r a

nd
 ra

te
 

tra
ns

iti
on

 w
ith

 th
e 

di
sc

on
tin

uo
us

 w
or

ld
 …

…
 a

ll 
w

ith
 tw

o 
ba

si
c 

‘s
eq

ue
nt

ia
l’ 

bl
oc

ks

68

C
on

tr
ol

 s
yn

th
es

is
 fo

r a
 s

ur
fa

ce
 m

ou
nt

 d
ev

ic
e 

us
in

g 
m

od
el

 c
he

ck
in

g

ht
tp

://
w

w
w

.m
at

hw
or

ks
.c

om
/m

at
la

bc
en

tra
l/f

ile
ex

ch
an

ge
/a

ut
ho

rs
/4

44
9

69
ht

tp
://

w
w

w
.m

at
hw

or
ks

.c
om

/m
at

la
bc

en
tra

l/f
ile

ex
ch

an
ge

/a
ut

ho
rs

/4
44

9

C
on

tr
ol

 s
yn

th
es

is
 fo

r a
 s

ur
fa

ce
 m

ou
nt

 d
ev

ic
e 

us
in

g 
m

od
el

 c
he

ck
in

g

70

M
od

el
 c

he
ck

in
g 

to
 g

en
er

at
e 

a 
co

un
te

re
xa

m
pl

e

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

,  
"A

 C
om

pu
ta

tio
na

l M
od

el
 o

f 
Ti

m
e 

fo
r 

St
iff

 H
yb

ri
d 

Sy
st

em
s 

A
pp

lie
d 

to
 C

on
tr

ol
 S

yn
th

es
is,

" 
in

 C
on

tro
l E

ng
in

ee
ri

ng
 P

ra
ct

ic
e,

 , 
vo

l. 
20

, n
r. 

1,
 p

p.
 2

-1
3,

 J
an

ua
ry

 2
01

2

71

M
od

el
 c

he
ck

in
g 

to
 g

en
er

at
e 

a 
co

un
te

re
xa

m
pl

e

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

,  
"A

 C
om

pu
ta

tio
na

l M
od

el
 o

f 
Ti

m
e 

fo
r 

St
iff

 H
yb

ri
d 

Sy
st

em
s 

A
pp

lie
d 

to
 C

on
tr

ol
 S

yn
th

es
is,

" 
in

 C
on

tro
l E

ng
in

ee
ri

ng
 P

ra
ct

ic
e,

 , 
vo

l. 
20

, n
r. 

1,
 p

p.
 2

-1
3,

 J
an

ua
ry

 2
01

2
72

C
ha

ra
ct

er
is

tic
s 

of
 th

e 
se

m
an

tic
 d

om
ai

n

D
ec

la
ra

tiv
e

–
P

ur
el

y 
fu

nc
tio

na
l (

no
 s

id
e 

ef
fe

ct
s)

O
rd

er
ed

 e
va

lu
at

io
ns

U
nt

im
ed

–
Ti

m
e 

as
 e

xp
lic

it 
fu

nc
tio

n,
 t(

e)
–

Ti
m

e 
is

 n
ot

 s
tri

ct
ly

 in
cr

ea
si

ng

Br
oa

dl
y 

ap
pl

ic
ab

le
 to

 d
yn

am
ic

 s
ys

te
m

s
–

D
iff

er
en

tia
l e

qu
at

io
ns

, d
iff

er
en

ce
 e

qu
at

io
ns

, d
is

cr
et

e 
ev

en
ts

Pi
et

er
 J

. M
os

te
rm

an
, J

us
ty

na
 Z

an
de

r, 
G

ré
go

ire
H

am
on

, a
nd

 B
en

 D
en

ck
la

,  
"T

ow
ar

ds
 C

om
pu

ta
tio

na
l 

H
yb

ri
d 

Sy
st

em
 S

em
an

tic
s 

fo
r 

Ti
m

e-
B

as
ed

 B
lo

ck
 D

ia
gr

am
s,"

 in
 3

rd
 IF

AC
 C

on
fe

re
nc

e 
on

 
An

al
ys

is
 a

nd
 D

es
ig

n 
of

 H
yb

ri
d 

Sy
st

em
s 

(A
D

H
S'

09
), 

A
. G

iu
a,

 C
. M

ah
ul

ea
, M

. S
ilv

a,
 a

nd
 J

. Z
ay

to
on

 
(e

ds
.),

 p
p.

 3
76

-3
85

, Z
ar

ag
oz

a,
 S

pa
in

, S
ep

te
m

be
r 

16
-1

8,
 2

00
9,

 p
le

na
ry

 p
ap

er
.



251PRESENTATIONS

73

Sc
en

ar
io

s—
em

er
gi

ng
 b

eh
av

io
r

74

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

75

C
on

cl
us

io
ns

To
da

y’
s 

sy
st

em
s 

ar
e 

op
en

–
In

te
ra

ct
 a

cr
os

s 
va

rio
us

 m
od

al
iti

es

C
om

pu
ta

tio
na

l m
od

el
s 

in
cl

ud
e 

a 
va

rie
ty

 o
f s

em
an

tic
s

–
M

an
y 

in
te

ra
ct

in
g 

ap
pr

ox
im

at
io

ns

W
e 

sh
ou

ld
 u

nd
er

st
an

d 
ou

r c
om

pu
ta

tio
na

l m
et

ho
ds

M
od

el
 s

ol
ve

rs
 

–
A 

fu
nc

tio
na

l s
tre

am
-b

as
ed

 a
pp

ro
ac

h
–

Fo
rm

al
iz

e 
co

m
pu

ta
tio

na
l s

em
an

tic
s 

of
 th

e 
ex

ec
ut

io
n 

en
gi

ne

Ex
pl

oi
t t

he
 a

bs
tra

ct
io

n
–

C
om

pu
ta

tio
na

l m
et

ho
ds

 fo
r a

na
ly

si
s,

 d
es

ig
n,

 a
nd

 s
yn

th
es

is

Br
in

g 
di

sc
ip

lin
es

 to
ge

th
er

–
E

ng
in

ee
rin

g,
 C

om
pu

te
r S

ci
en

ce
, P

hy
si

cs
, M

at
he

m
at

ic
s

76

Ac
kn

ow
le

dg
m

en
ts Ju

st
yn

a 
Za

nd
er

 
H

ar
va

rd
 U

ni
ve

rs
ity

Si
m

ul
at

ed
W

ay
, B

er
lin

H
an

s 
Va

ng
he

lu
w

e
U

ni
ve

rs
ity

 o
f A

nt
w

er
p

M
cG

ill 
U

ni
ve

rs
ity

M
an

y 
th

an
ks

 fo
r t

he
ir 

co
nt

in
ui

ng
 c

ol
la

bo
ra

tio
n!

77

®



252 PRESENTATIONS

73

Sc
en

ar
io

s—
em

er
gi

ng
 b

eh
av

io
r

74

Ag
en

da

C
yb

er
-p

hy
si

ca
l s

ys
te

m
s

M
od

el
in

g 
cy

be
r-

ph
ys

ic
al

 s
ys

te
m

s
M

od
el

in
g 

ap
pr

ox
im

at
io

ns
A 

so
lv

er
 m

od
el

 fo
r c

on
tro

l s
yn

th
es

is
C

on
cl

us
io

ns

75

C
on

cl
us

io
ns

To
da

y’
s 

sy
st

em
s 

ar
e 

op
en

–
In

te
ra

ct
 a

cr
os

s 
va

rio
us

 m
od

al
iti

es

C
om

pu
ta

tio
na

l m
od

el
s 

in
cl

ud
e 

a 
va

rie
ty

 o
f s

em
an

tic
s

–
M

an
y 

in
te

ra
ct

in
g 

ap
pr

ox
im

at
io

ns

W
e 

sh
ou

ld
 u

nd
er

st
an

d 
ou

r c
om

pu
ta

tio
na

l m
et

ho
ds

M
od

el
 s

ol
ve

rs
 

–
A 

fu
nc

tio
na

l s
tre

am
-b

as
ed

 a
pp

ro
ac

h
–

Fo
rm

al
iz

e 
co

m
pu

ta
tio

na
l s

em
an

tic
s 

of
 th

e 
ex

ec
ut

io
n 

en
gi

ne

Ex
pl

oi
t t

he
 a

bs
tra

ct
io

n
–

C
om

pu
ta

tio
na

l m
et

ho
ds

 fo
r a

na
ly

si
s,

 d
es

ig
n,

 a
nd

 s
yn

th
es

is

Br
in

g 
di

sc
ip

lin
es

 to
ge

th
er

–
E

ng
in

ee
rin

g,
 C

om
pu

te
r S

ci
en

ce
, P

hy
si

cs
, M

at
he

m
at

ic
s

76

Ac
kn

ow
le

dg
m

en
ts Ju

st
yn

a 
Za

nd
er

 
H

ar
va

rd
 U

ni
ve

rs
ity

Si
m

ul
at

ed
W

ay
, B

er
lin

H
an

s 
Va

ng
he

lu
w

e
U

ni
ve

rs
ity

 o
f A

nt
w

er
p

M
cG

ill 
U

ni
ve

rs
ity

M
an

y 
th

an
ks

 fo
r t

he
ir 

co
nt

in
ui

ng
 c

ol
la

bo
ra

tio
n!

77

®



253PRESENTATIONS

ALGORITHMIC DIFFERENTIATION: SENSITIVITY ANALYSIS 
AND THE COMPUTATION OF ADJOINTS
Andrea Walther, Institut fur Mathematik Universität 
Paderborn

Algorithmic differentiation: Sensitivity analysis and the computa-
tion of adjoints The provision of exact and consistent derivative 
information is important for numerous applications arising from 
optimisation purposes as for example optimal control problems. 
However, even the pure simulation of complex systems may re-
quire the computation of derivative information. Implicit integra-
tion methods are prominent examples for this case. The talk will 
present the technique of algorithmic (or automatic) differentiation 
(AD) to compute exact derivative information for function evalua-
tions given as computer programs. This includes a short overview 
of the history of AD and a description of the main variants of AD, 
namely the forward mode to compute sensitivities and the reverse 
mode for the provision of adjoints. A discussion of complexity 
estimates follows yielding the important cheap gradient result. 
Then several aspects closely connected with the computation of 
sensitivity and adjoint information are emphasised. This covers 
also the structure exploitation in time and space. Some examples 
stemming optimal flow control problems illustrate the presented 
aspects.
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c
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p
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c
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c
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c
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c
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ẋ
F



259PRESENTATIONS

B
as

ic
s

of
A

lg
or

ith
m

ic
D

iff
er

en
tia

tio
n

Th
e

Fo
rw

ar
d

M
od

e

Fo
rw

ar
d

M
od

e
of

A
D

x(
t)

y(
t)

ẋ
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ẋ 3
v 0

=
x 4

=
t

v̇ 0
≡
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ȳ
� F (

x)
=

c

ȳ
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FUNCTIONAL DEVELOPMENT WITH MODELICA
Stefan-Alexander Schneider, Schneider System 
Consulting

In the early phase of the product development, it is crucial to 
quickly and accurately evaluate a systems overall performance in 
order to fully define and optimize viable system and functional 
architectures. The presentation explains the development steps 
for an embedded controller. Typically, the behavior of a dynamic 
system (plant and controller) is in general to complex to treat by 
theory or formulas. Several simulation methods has established 
for analyzing such systems.

The presented virtual integration method allows to model and 
simulate the entire system, and thus the validation of the design 
decisions in an early phase of the development. This approach 
is conducted on a model in equation based languages to gain 
knowledge about the (intended) real system behabior. Such an 
abstraction typically allows to focus on the main properties and 
their effects of the studied multi-domain system.

The new approach of virtual integration is demonstrated for the 
development of a control algorithm for an embedded controller. 
The entire system – both the plant and the control components – 
is designed with the modeling language Modelica. All necessary 
activities are presented for the role of the function developer 
and explained for the example traffic light controller for a simple 
intersection.

The virtual integration method usualy combines components 
that require specific domain solvers for mechanical, electrical, etc. 
components, and, consequently, is based on the co-simulations, 
described in [1, 4]. There is a rather hugh literature on the Vee-
Model and systems engineering, see e.g. [5, 3, 2]. For more ge-
neral introduction see, e.g., [6, 7].

[1] Stefan-Alexander Schneider Andreas Maier. Grundlagen, Methoden und An-
wendungen in Modellbildung und Simulation. Tagungsband ASIM 2011, 2011.
[2] R. Haberfellner, Olivier L. de Weck, E. Fricke, and S. Vössner. Systems Engine-
ering – Grundlagen und Anwendungen. Orell Füssli Verlag, Zurich, 12th edition 
edition, January 2012. ISBN 978-3-85743-998-8.
[3] Richard Harwell. Systems Engineering, A Way of Thinking, A Way of Doing 
Business, Enabling Organized Transition from Need to Product, 1997. [Online; 
August 1997].
[4] H. Palm Stefan-Alexander Schneider, B. Schick. Virtualization, Integration and 
Simulation in the Context of Vehicle Systems Engineering. In Embedded World 
2012 Exhibition & Conference Proceedings. Weka Fachmedien, 2012.
[5] Tim Weilkiens. Die Rolle des Systems Engineerings.
[6] Wikipedia. Systems Engineering – Wikipedia, the free encyclopedia, 2012. 
[Online; Status 13 May 2012].
[7] Wikipedia. V-Modell – Wikipedia, Die freie Enzyklopädie, 2012. [Online; Stand 
29. März 2012].
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