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Points of Discussion

1. Unification/generalization of Approaches to Information

2. The rigorous approach uses

—  category theory to achieve independence from any particular choice

of representation
— Institutions to achieve independence from any particular choice of
logic
3. Correlations and colimits provide a general formalization of
information integration

4. Applications include: modular programming, Curry-Howard
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Is any particular representation essential?
Is any particular choice of logic significant?



Motivation

«  WWW has made unprecedented volumes of information

* The problem of finding several collections of relevant data and

integrated has received little attention

- Ontologies has been suggested as an approach, but difficulties in
— Connect ontologies to data
— Ontology creation and maintenance
— Existence of multiple ontologies for single domains

— The use of multiple languages to express ontologies
— Multiple logics on which the languages are based

— Deep philosophical problems



Philosophical Argument

« “Triads” of “satisfaction”, “denotation”, or “classification” connect
concepts and percepts, or logical and geometrical entities.

— particularly appropriate models for many situations in cognitive science.

« The philosophical stance rejects reductionist and realist views of
information

— Mathematical models are just models, useful to varying extends for various

applications
« The use of triads for parameterizing satisfaction is against the dyadic
theories of meaning, and in favor of meaning being triadic

— The 3 ingredient between signs and meanings is the “interpretant” that

supplies a context in which the interpretation is given



Institutions and their Morphisms

1. FOL, EQL, HCL, Modal logic and higher order logic
2. Tarski’s semantics, e.g. the semantics for the logical “and”
M = (PandQ)iff (M EP) & (ME Q)
— “and” is the syntactic conjunction, “&” is the semantic conjunction
— Misamodel, and P, @ are formulas

— Institution generalize by parameterizing = by “context”, i.e. a vocabulary

— Vocabulary and sentences can change, but truth is invariant under changes of
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Institutions Formalization

the notion of “context” as a signature >

« atranslation between two signatures as a signature morphism

« all signatures forms a category Sign.

 each % is assignedto a set Sen(X) of sentences, and to class Mod(%) of

models,

« each signature morphism ¢:% - ¥ is assigned to

- A translation Sen(¢) from Sen(Z) to Sen(2) and

Sen Set )3 Mod(z) ks  Sen(y)
nslation Mod(¢) from Mod (%) to Mad(% ) 1
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Definition of Institution

An institution consists of

 an abstract category Sign, the objects of which are called signatures,

 a functor Sen : Sign — Set, and

» a functor Mod : Signcr —» Set



Modelling and Modelling Methods

Modelling:
* Trinity of the model, thing being modelled, modelling theory

* Support abstraction & refinement, rigorous analysis, verification,
manipulation and transformation of models

Modelling method:
* a modelling language for representation of models,
« modelling/semantics theories
* techniques for model construction, analysis, refinement..., and
* tool Support

The thing are often modelled from different viewpoints

* Orthogonal or but often interrelated

 Different viewpoints maybe modelled different with different
notations and paradigms

* Models of different views of the thing need to be integrated to form
a “whole” model of the thing

Specification Languages: describe properties of models
ML and SL can be different or the same, e.g. TLA



Modelling Methods for Separation of Concerns

Event-Based - Trace Models:
= CCS and CPS-like languages abstract data away
= Automata-based models (I/0 automata)
* Data State-Based with an Operational Semantic Model
* TLA, Action Systems, B , Alloy - State Transition Systems
* They are also declarative
= Declarative and State-Based: VDM, Z, JML (Hoare-Logic Based)
= Combination:
* Value-passing CCS and CSP (limited)
* Occam, Circus, Event-B
* Labelled Transition Systems
= Multi-view modelling: UML-like, Simulink, rCOS
= Timed, probabilistic, Stochastic, hybrid extensions

= Each forms an Modelling Institution, and

* many models in different institutions are the ““same”, “extensions”,
or “refine” each other



ystems

Background: Theory of Concurrent o

« petri Nets (Carl Adam Petfi, ...)

» Concurrent programs. shared variables, critical regions, semaphors
(Dijkstra, Hoare, Gries, Owicki, id

+ Data flow (Dennis, Kahn, Park; o

¢ Lustre (Caspi, Halbwachs ...)
%

» Perfect Synchrony: Esterel (Berry, ...)
(Hoare, Milner, 2 06‘»

¢ Synchronous communication = CSP, CCS
+ Process algebras (Bergstra, ...)

o Esterel (Berry, ...)

» Temporal Logics (Krdger, Pnuleli, ...)

* Predicative Programming (Hehner, ...)
* Unity (Chandy, Misra, ...)

* Temporal Logic of Action (Lamport, ...)
* Interface Automata (Henzinger, ...)

—
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From Mathematics to Computer Science
+ Studied Math in university [1978-82]

Favorite subject was algebra - abstraction and structure,

— An algebraic structure A = <S,,..S, opy,...0p,, P>, a family of carrier
sets S; and a number of operations op;, with some axioms P

— Mapping/morphisms/transformations, isomorphism, homomorphism,
functors

m: A; ---> A, such that ....

— Data types/structures, programs, computer systems, networks, etc.
are algebras, and mappings between them ..

* MSc Study formal semantics and specifications of programs
— Algebraic semantic and specifications

— Institutions (Joseph Goguen and Rod Burstall 1984) - putting
modelling and specification theories together

* PhD research on Formal Techniques in Fault-Tolerant and
Rea;-Time Systems

— Fault-tolerant programming and scheduling by model
transformations

+ 00, CB, SO and CPS architecture modelling -
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Mathematical models - models of programs and their transformations


http://dblp.uni-trier.de/db/conf/compsac/compsac2001.html#LiLH01

My Favorite Program Modelling Method

Action systems/labelled state transition systems

— A program is a set of (atomic) actions on state variables with an
initial state

P = ( Var, Init, A)
— Each a in A is a relation on the states over Var
— Behavior/execution/run of P is sy s; .....

Specification in TLA or UNITY
Spec = Init A [] (a,V... V a,)
Fault assumption as a set of actions and fault-affected program
¥ (P, F) = (Var, Init, AUF),
Spec(¥ (P, F))=Init A [] (a,V.. Va, VvV ..f)
Fault-tolerant program: if (Var, Init, AUF UR) refinesP, R(P)
= (Var, Init, AUR) istolerant of F
Theorem: If R(P) is tolerant of F, it is tolerant of any subset of F



Modelling Method for RT

« Timed action systems/labelled state transition systems

— A program is a set of (atomic) actions on state variables with an
initial state

pPT = ( Var, Init, A, L, U) - L(a) and U(a) for each a

|
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Requirements Engineering?

« System requirements (pacemaker)
— H: model of a healthy heart — abstract and observable behavior, e.g.
ECG, even [50, 90] b/m, or more realistic models [e.g. Z.

Jiang, et al]
— FH: unhealthy heart — observable derivations from H
— HE FH+PM (i.e. FH+PM is healthy)

* Refinement by decomposition, e.g.
H E AV, FH E FA||FV

* Further refinement by adding information about “causes”
of “errors”, called fault events

FH = F(H, faults), FA= F(A,faults), FV = (V,faults)
Fault-Tolerance and Real-Time [Liu91, LJ-TOPLA99]



Software Architecture Modelling

* Need notations and methods for architects to produce
abstractions of
1. valid requirements and well-deigned architecture, with
2. good comprehensibility and understandability, and

3. manage the complexity
* These are not well addressed in SE methods,

— FM in particular, and especially the 2nd & 3 points
- rCOS proposes an architecture model approach

- But need systematic support to traceability and management



Experience from HCPS Architecture

Human-Cyber-Physical Systems, HCPS

—  Primitive Systems/Unit Level
— Integrated System Level
— Integrations of systems — systems of systems level
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David J. Wheeler
“All Problems in Computer Science can be Solved by Another Layer of Indirection.”



Understandability of Mathematical Models

A objection to FM is that “it is not understandable by ordinary project

stakeholders do not have advanced mathematical skills”.

Mathematical notation forces precision: dedicating system properties is
a useful step, if only for the requirements engineers themselves.

— Issues in representation, description, analysis, design and validation, etc., are

raised and initially understood informally.

— But staying at the level of intuition and informal and ad hoc discussion, complex

problem cannot be solved properly or completely.
— Consider show that one cannot think more than three steps further only in
intuition and natural language discussion.
Properties and deep insight obtained through formalisation should be
deformalized as knowledge and communicate to the other stakeholders in a

natural language



Software Architecture

- Fred Book in “The Mythical Man-Month” [1975]

a critical need of large projects is ‘the conceptual integrity’

conceptual integrity can be achieved throughout by chief architects,

and
implementation is achieved through well-managed effort

the architects should develop an idea of what the system should do

and make sure that this vision is understood by the rest of the team



Formal requirement specification Process
- Bertrand Meyer

 Start with informal natural language documents/discussion

1. Formalisation process — Formal Picnic: an excursion into mathematics
. Raise and answer key questions about the system’s properties
« Using mathematics helps raise the right questions and obtain precise answers

* No need to apply the mathematical picnic to the entire system: even if the
overall specification remains informal, some particularly delicate aspects may

benefit from a more rigorous analysis.
2. Back to natural language

« thinking of the non-formalist stakeholders back home

« translate the mathematical descriptions into a new natural-language version.



Require to Engineer Formal Methods

« Definition, management and tool support to development processes
1. Define when to use what models, theories and tools
2. Understand what problems/applications that certain FMs are effective
3. Decide in which levels of abstraction/phases certain FMs are effective

4. Decide the level of formality when a model/theory is used
 Models, verification and proofs, etc. needs to be managed as

resources

— their attributes, quality, use and manipulation in software development

should be controlled and coordinated.

 The role of refinement and composition/decomposition are significant

to link the informal and formal development activities

This is different from the so called “Formal Engineering Methods”



Platform of Technique Integration

Allows definition of models software engineering processes/SD workflows

— Take a model driven approach, i.e. building, simulation, verification,

transformation and compositions/operations of models

Define “attributes”, and “references/linkages” among models
— For tractability and reuse of verified properties

— For checking, defining and programing operations
Define APIs of models

— Define and implement operations, compositions and orchestrations of models
Develop a platform for model management and service platform

— Models as programmable infrastructures and Tools as services

Theoretical foundation: UTP & Institutions
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RUP Development Process with rCOS

1.  Aninitial set of initial use cases are described in a natural language
. Involve actions/operations, concepts, objects and data
2. Identify concepts and objects, with their relations, to form the conceptual model

. Mapping from concepts in use case descriptions to those in diagrammatic

structures or declarative specification (record the mapping relation)
3. Identify operations and to make an interaction model and a behavior model
. Mapping from concepts of actions and operations to symbolic/interface operations
4.  Specification of the functionality of the interface operations as contracts

. Mapping from concepts in conceptual models to programming variables

5. Design is to decompose and assign functionalities to domain classes

. Conceptual classes are transformed to digital classes

Software development: a process to transform a physical model to a digital model



Concept Mapping
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Architecture Components in rCOS

1.

w

Services providers, including computing devices realise
functions, procedures and modules

Reactive processes or threads

Connectors

Components are composed and orchestrated and interact
through interfaces

® The different types of component are useful in software

architecture design

rCOS jointly developed with HE Jifeng, LI Xiaoshan, ZHAO Liang, et al (2000--



Example Models of Components

=  Service component

Component M1 {
Z d;
provided interface MIF {
W(Z v){d:=v}; R(;v){v:=d}

b
b
. W()
= Reactive component
Component M { w
Z d; Bool w = true R()

provided interface MIF {
W(Z v){w&d:=v;w:=not v
R(;v){not w&v:=d; w:i=n__ |
¥
¥

26



Linking Theories — UTP/Institutions

Component M {
Z d;
provided interface MIF {
W(Z v){d:=v}; R(;v){v:=d};
b
protocol {(WR)*+(WR)*W}
by

Component M require M1IF {
Z d; Bool w = true
provided interface MIF {
W(Z v){M1IF.W(v)} R(;Vv){MIIF.R(;Vv)}

b
protocol {(WR)*+(WR)*W}
b

¥

W0

O

R()

O

-O—
-O—

M

« CSP and formalised UML sequence diagrams and state diagrams

can also be used consistently

27



General Components and Composition

Component fM {
Z d;
provided interface MIF {
W(Z v){d:=v}; R(;v){v:=d}

b
actions {fault {true |- d’<> d} // fault models memory corruption
} M W() MiLR()
protocol {(WR)*+(WR)*W}
b

« Renaming as built-in architecture operator

fMi = FM[fMi.W/W,fMi.R/R]

. But it can be built by a connector component J\ i

M.W()  fMR(

28
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Z vl,v2,v3;
provided interface VIF {
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)

protocol {WR)*+(WR)*W}
b
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Model-Driven Development with rCOS
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Model Transformations in rCOS

1. model a use case as a
component

2. refine use case operations by
design patterns to generate an
OO interaction model

3. generate design class model

4. transform the OO interaction
model to a component
interaction model

5. generate the component
diagram
6. transform OO interfaces to

specific middlewares, e.g.
RMI, CORBA etc.

7. integrate use cases

Code generation performed after
3 and/or 6
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Conclusions

* Architecture modelling is promising to
— address management of models and development processes
— master complexity and allow multiple modelling paradigms
— improve good comprehensibility and understandability

— support extension and evolution

« Layered SoS architecture of networked systems reflects the technical

architecture and Tool integration

* Institution provides foundation for integration of concepts,

representations and logics

« UTP provides semantic unification at the programming level

Transform Physical Models to Digital Models and backward



