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ABSTRACT:

In this paper, we present the framework of evolving spec-
ifications (especs), implementing, in the categorical setting
of algebraic specifications, a logical view of state, known
from Hoare logic to abstract state machines (evolving al-
gebras). The categorical support for both top-down and
bottom-up development is thus extended from the refine-
ment and composition of the structure of programs, to the
refinement and composition of their behaviors.

While they were originally defined as specifications car-
rying state machines, especs can aso be viewed from an-
other angle, as software components carrying their specifi-
cations. As first-class citizens of software systems, speci-
fications are thus made available both statically, as gener-
alized interfaces, and dynamically, as the carriers of adapt-
ability. From this point of view, especs seem particularly
suitable for capturing and analyzing the dynamic aspects of
architectural composition. In this expository note, we shall
survey the main ideas, and outline some examples, includ-
ing asummary of amethod for analysis and transformation
of security protocols, where runtime architectural changes
result from the internal dynamics of connectors, or com-
ponents. In such cases, an architectural view with the ab-
straction level predetermined by the features of the chosen
architecture description language, may conced the essence,
whereas the practical application requires versatility.

I. INTRODUCTION
A. “Software Philosophy”

Software has become an essentia part of the mental tis-
sue of western society. The global market of goods and
informations is now implemented as a global network of
software systems and agents, pervading our homes and of-
fices. They interact with us, and depend on human guidance
as much as our science, communication, banking, even our
ability to movein space, essentially depend on them.

As carriers of our evolution, software systems and agents
have been evolving together with our society. However,
their adaptability to new tasks and new environments (of-
ten created by their own modifications) has been a fact of
life before it became a subject of science. While genera-
tions of software systems lived and died in front of every
computer user, computer scientists patiently analyzed some
static mathematical models of programming structures. Be-

sides the various technical reasons, a possible conceptual
reason of this may be that the software evolution did not
have anintrinsic carrier, " software DNA”, but was imposed
from outside, by the devel opers, reluctantly passing to each
other the evol utionary invariants embedded in ” project doc-
umentation”.

The research agenda outlined in the present paper pur-
sues a semantically based approach to dynamics, evolution
and adaptability of software. An obvious prerequisite is
a mathematical model of software components, and their
composition, that should display their evolution and adapt-
ability as a process and a property intrinsic to software it-
self, asit playsits role of afundamental carrier of everyday
life — rather than just an aspect of software devel opment
and maintenance, or a factor in its economy. We contend
that the technical and conceptual prerequisites, necessary
for studying the complex and natural processes of software
evolution and adaptation as acrucial aspect of modern com-
putation, have become available through recent technical
advances in semantics of computation, software science,
and engineering.

B. “Software Engineering”

In recent years, software engineering has largely aban-
doned the long-standing waterfall model of the develop-
ment of software systems, obeying the strict rhythm of
analysis-design-implementation-maintenance. Nowadays,
the main challenge is to find the methods that would help
us comprehend and support the multifaceted dynamics of
the software systems, always open to change, whether they
have been long deployed, or are still under development;
to accommodate, rather than try to dam the evolutionary
changesin thereal systems, old and young.

In the traditional approach, the formalization of the re-
quirements has been seen as the hardest problem of soft-
ware development for along time; a view being most con-
vincingly propounded by David Parnas [12]. The require-
ments hardly ever exists as a static entity: formal or not,
they change during the lifetime of the system. This shift
of focus is also reflected in some newer publications in
software development approaches, for instance the contin-
uous software engineering approach by H. Weber et. al.
in [21], [19] and [22]. In this approach, the devel opment
of a piece of software is seen as a continuous circle of
engineering/reverse-engineering steps triggered by chang-



ing requirements.

The relation between requirements and the software re-
alizing them is somewhat more complex than a simple de-
pendency in one or in the other direction, because the re-
quirements interact and dynamically change with their re-
alizations. In our view, requirement specifications and the
implementations are inseparabl e as the constituents of soft-
ware systems. They interact with the environment through
each other, and evolve supporting and carrying each other.

Changing software during its lifetime precludes all soft-
ware development approaches that don’'t provide means for
accessing at least some internal structure of the system, be-
cause then it would be impossible to change or extend its
functionality. A prominent reason for the recent triumphal
procession of component-based approaches across many
fields of software engineering is mainly based on the fact,
that this paradigm provided a framework for providing this
kind of information without revealing implementation de-
tails. Moreover, in many approaches, components are run-
time artifacts that can be assembled dynamically.

C. Specification Carrying Software

However, the use of components alone doesn't solve the
problem of correctly (re-)constructing software systems. In
most cases, the quantity and quality of information avail-
able for the components is not enough to assure satisfaction
of the desirable, or even essential functionality, safety, re-
liability, performance, security, or other system properties.
Also, the specification of a component — even if it exists
and is expressive enough to be used in a meaningful way
while composing software — is often not accessible when
it is actually needed, because it resides in some document
that has not been shipped with the component itself for one
or the other reason, leave alone those cases, where a com-
ponent specification doesn’'t exist at al.

The general approach to this problem, that we shall
present in this paper, is based on the idea of of specifica-
tion carrying software. Very roughly, software components
should carry the specifications they implement, just like or-
ganisms carry the genes that they embody, and are carried
by them; just like genes and organisms, specifications and
components should evolve together. The main point of this
metaphor is that the compatibility of components needs to
be resolved on their specifications, just like the compatibil -
ity of organismsis resolved on their genes. Specifications,
as the first class citizens of software, available at runtime,
are the carriers of both the preservation and the variation
in a population of components, just like the genes arein a
population of organisms.

In the dynamic world of the Web, data are used in al-
ways different, unpredictable ways, and therefore cannot
be structured in advance. The need for semistructured, self-
describing datg[1] is addressed by markup languages like
XML.

In the same dynamic world, software components are

aso used in aways different, unpredictable ways. Theidea
of structuring modules in advance has become unfeasible.
The OO-development, with prefabricated class templates
spawning all objects that constitute systems, has become
too rigid. Whichever form the solution may take, it will
have to be based on semi-structured, self-describing soft-
ware components, carrying their mutabl e specificationslike
XML data carry theirs.

In this way, software adaptation, as the precondition of
software composition, and the essence of the paradigm of
components [11], is hoped to extend beyond COTS reuse,
based on glue and system designers’ interventions, and to
enable runtime reconfigurations, possibly even involving
on-the-fly source code regeneration and recompilation [17].

D. Outline

In Section I, we will present especs, aformal framework
of evolving specifications implementing a logical view of
state known from Hoare local to Abstract State Machines
(Evolving Algebras). Section 111 contains adescription how
we represent refinements in our framework. Section 1V in-
troduces the colimit algorithm which is used to model com-
position of specifications. Section V gives an example ex-
plaining some of the concepts presented in the paper; Sec-
tion VI contains final remarks and provides and outlook on
future work.

1. EVOLVING SPECIFICATIONS

In this section, we introduce especs as a convenient
framework for describing, refining, adapting and compos-
ing specification carrying components.

A. From ASMs to especs

The shortest description of especs (evolving specifica
tions) is probably that they are a version of Gurevich's ab-
stract state machines (evolving algebras) — deployed in a
categorical framework. The point of such a framework is
that it supports
o refinement, or top-down development, in the form of
morphisms between specifications,

« effective, automated composition operations, for bottom-
up development, in the form of colimits,

« rich encapsulation and stratification mechanisms, for ab-
straction, and building and transforming systems, and sys-
tems of systems, in the form of diagrams and hereditary
diagrams.

A bit more formally, an espec is a particular sort of dia-
gram in a suitable category of algebraic specifications. Its
states are specs, and its transitions are the interpretations
between the specs, but in the opposite direction. This s,
of course, based on the view of abstract state machines
as programming language based on algebraic specifications
and function updates. The advantages and disadvantages
of programming in such a framework, as compared with
the OO and structured programming, have been thoroughly



analyzed in [10], [11]. The function updates of algebraic
specs provide the combined power of references and assign-
ments, the convenience of jumps and mutable state, while
minimizing the familiar practica and semantical dangers,
arising from combining the two.

To all this, especs are adding just the simple observa-
tion that fuction updates are in fact morphisms between al-
gebraic specifications. In a sense, algebraic specifications
with function updates between them are nothing but the ca-
tegory of algebraic specifications. While a function update
f(u) :=t, asaruntime operation, is fairly unusua among
the lanugages from Lisp to C++, reinterpreting a function
by aterm f(u) — t isthe basic operation in specification
development, just an item in the definition of a spec mor-
phism.!

B. State machines

State machines consist of states and transitions. They
have been studied as abstract models of computation ever
since Turing [20], [9]. Nowadays, though, they are of-
ten encountered as useful tools of engineering practices:
several state machine based languages and frameworks,
such as Statecharts [8], Esterel [2], abstract state machines
(ASMS9)[7] etc., have found many practical applications.

Thetransitions correspond to the computational steps be-
tween the states of the computer. In a way, programming
generdly consists of specifying transitions, while the states
are usually left implicit, or recorded as comments. The se-
mantical analyses of programs often consist of reconstruct-
ing states generated in the execution. E.g., in the Floyd-
Hoarelogic, and axiomatic semantics based on it, the states
are annotated by some predicates, recognized as valid at
each of them. Starting from this paradigm of states as
predicates, Dijkstra[5] has then analyzed transitions (com-
mands) as predicate transformers. Programming by state
machines goes far back and deep into the roots of semantics
of computation [16], [4]. From this angle, perpendicular to
the categorical view, especs can be construed as
« Dijkstra’slanguage of guarded commands, with
« explicit Floyd-Hoare annotations?, and
« procedural encapsulation.

B.1 States (modes) as specs

Intuitively, a state is a snapshot of a process. For a com-
putational process, the idea is that you “freeze” the com-
puter at some point. In that snapshot, each variable of
computation has some value; all together, they constitute
a mathematica structure, consisting of the operations and
constants involved in the computation. This structure is
surely amodel of any specification, viz logical theory spec-
ifying the requirements of computation.

L An update of afinite number of values, typical for ASMs, corresponds
to reinterpreting the function by a case-expression.
2not the weakest preconditions

A state of computation can thus be viewed as a model
of the specification of that computation. Since this speci-
fication is satisfied at all states, it displays some set of the
invariants of computation.

Besides the conditions invariant under the computational
steps, some of which are displayed in the specification, each
state-as-model satisfies some conditions that are not pre-
served under the computational steps, and are thus not sat-
isfied at other states. In order to capture a state in a specifi-
cation tool, we can display some such particular conditions,
only satisfed at that state. While we cannot capture state-
as-model in the world of specifications, viz logical theories
describing models, we can approximate a state by specify-
ing some of the conditions satisfied at that state, and not at
others.

A state of computation can thus be viewed as a specifica-
tion of which itisamodel. This local specification extends
the global specification, consisting of some conditions sat-
isfied throughout computation.

Soundness of this approximation is underlined by the full

and faithful embedding of the category Mod(T") of models
of the spec A in category T'/Spec of therefinementsof 7. It
maps each model M of T' to theory © 5, spanned by all for-
mulas satisfied by M. Obviously, thefact that M isamodel
of T"impliesthat thereisaninclusion 7" — © ;. Thisisthe
image of M € Mod(A) in T'/Spec. In fact, models of T
can beidentified with the maximal refinementsof 7', i.e. the
interpretations 7' — © which cannot be nontrivialy re-
fined. This corresponds to the well known correspondence
of models of atheory with the maximal filters® containing
that theory.
Procedures. Specsjust APPROXIMATE states/models. To
support our view of computation as a path from state to
state, we idealize stads, and imagine that they are actual
states, ignoring the fact that they are not really snapshots,
but can extend in time, and hide alot of action.

An orthogonal view of stadsis that they are the basic en-
capsulation mechanism in especs. a way to subdivide an
undetermined program into procedures. If we don't ignore,
but emphasize the fact that stads are extended in time, then
they become a natural subdivision of program into proce-
dures.

A mode can thusbe construed as a state, or asa procedure
template.

Espec refinement becomes procedural refinement.

B.2 Transitions as reverse intepretations

Let M and N betwo statesin computation. A computa-

tionstep M —> N derives the values of the variables at
N from the values of the variables at M. In other words,
the specification of IV is assigned an interpretation in terms

of the specification of M. A transition A/ —> N isan

3classically, thisis ultrafilters; intuitionistically, it's perfect filters



interpretation O, <— Oy .

So the idea that states and transitions are specs and
interpretations®? suggests that state machines are diagrams
in Spec®?. But, as explained above, if we recognize a
theory T'4, describing some conditions invariant under all
state changes in computations of a state machine A, then
the states of this state machine will not be just any specs,
but will come as refinements of T4. In other words, each
state M of A comeswith an interpretation 7y — M. So
a state of A is not a mere object of Spec, but an object of
the co-dice category T'4 /Spec, of arrowsfrom T4 in Spec.
Global spec: immutable data

A spec of arecursive function is not the same thing as
the corresponding program, e.g. presented as espec.

p
spec Mult

import Nat

op multOp: Nat,Nat — Nat

ax multOp(0,n) =0

ax multOp(m+1,n) = multOp(m,n) + n
;7 (vm,n) implicit

end—spec

espec multProc (in m,n:Nat) (out z:Nat)
import Nat

prog

step
z:=0

cond
m=20

end—step

step

z := multProc(m-1,n) + n
cond

(3M’) m=m+1
end—step

end—prog
end—espec

The main point of the difference is that the operation
multOp is immutable, together with all of the signature
displayed in the spec, whereas the procedure (function)
multProc is mutable: each recursive call updates some
of its values: the procedure call in the step is replaced by a
copy of the state machine of the same espec mult, initialized
with (m-1,n).

B.3 Guards as instantiations

If states are models, a transition between the specs
S —> T should thus correspond to afunctor Mod(S) —

Mod(T'). This functor should, moreover, be effectively
computable, by updating the terms of 7" in terms of S.
When § 57 isaninterpretation §<— T, thisisin-
deed the case: the interpretation induces the functor ¢* :
Mod(S) — Mod(T") which does the job: if ¢ interprets
exhtemof f € T by sometermt = ¢(f) € S, we can
take the meaning of ¢ to be the meaning of f. The result
will be amodel of T" because of the requirement that ¢ pre-
serves theorems: all properties of f provablein 7" must be
provableabout ¢ = ¢(f) in S.
So we have the correspondence

S<—T

Mod(S) ~~= Mod(T)

S-5T
But what if the transition is guarded? The intended

meaning of a guarded update S "¢ 7 isthat it should be
executed only if the condition I' € S is sdatisfied. More
precisely, if we are a the state S, i.e. given a model
M € Mod(S), we should

» execute ¢ if M dso satisfiesT, i.e. M € Mod(S A T),
and

« do nothing otherwise.

This means that a transition from S to 7', guarded by T,
actually correspondsto afunctor Mod(SAT') — Mod(T).
The correspondence is now

S—=SAT<—T

Mod(S) <— Mod(S A T) —<> Mod(T)

gt

The category Spec, of specs and guarded transitions
consists of
objects: arespecs S, T...

morphisms: amorphism S e isan opspan

S—=SAT<—T

in the category Spec, where the first component
S —> S AT isidentity onthe signature;
The composition is

R™s s5T

®Ad(T)+doc

Theidentities are the identity opspans.
This category, and the genera construction onwhichitis
based, are described in[14].



ESpec:GCD 0

B.4 Summary
A state machine A is thus a diagram in the category import GCD base
(T'a/Spec)??, which fully embeds, and in a fundamental spec -
sense generalizes the category Mod(T'4) of T'4-models. theorem fa x:PosNat
Thus, the basic ideas of especs can be summarized by the ged (x,%x) = x
following statments: end-spec
states (modes) =  specs (theories)
transitions (updates) =  (interpretations)°? X _in:PosNat
guards (conditions) = instantiations Y in:PosNat
state machine =  diagram of specs and guarded updates |
C. Example ¢
As a simple introductory example, we will present the Out: . .
greatest-common-denominator using especs. One Z := gcd(X_in,Y in)
The following espec GCD _base defines the basic opera-
tors and axioms that form the basis for subsequent refine-
ments of the gcd specification.
(espec GCD_base is K Two :
axiom

spec
op divides: PosNat x PosNat — Boolean
axiom gcd_spec is
ged(x,y) = z
= (divides(z,x)A divides(z,y)
A Yw:PosNat
(divides(w,x)A divides(w,y)
=>w< z))
end—spec
end—espec

The espec in this case only consists of the “spec” part,
the logical specification. The state machine itself isin this
case trivial, with a one state and one transition.

The espec GCD _0 definesthe ged of two natural numbers
and the state machine specifies the required behavior of a
greatest-common-denominator computation.

GCD_0 isshown in agraphical notation where the white
box on top represents the spec-part, the grey boxes the
stads, and the arrows the steps. The oval nodes contain
input and output parameters; an arrow from a parameter
node p to a stad node s expresses two things: the parame-
ters contained in p are input parameters, and s is an initial
stad. Anaogously, an arrow from a stad node s to a pa-
rameter node p expresses that s is afina stad and that the
parameters defined in p are output parameters of the espec.
The contents of the stad boxes arethelocal specs, thelabels
of the arrows are the update rules representing the transfor-
mation from one stad to its successor. In general, a guard
term can also be part of a step label specifying the condi-
tion under which the step is activated in agiven state. Initial
states are represented by node with no incoming step edges;
final state by nodes with no outgoing edges.

ESpec GCD_1, below, refines GCD_0. The state graph
expresses the classical GCD algorithm, which might have

Z = gcd(X in,Y in)
|

been generated by a design tactic. GCD _1 extends the log-
ical spec of GCD_0 with an axiom that serves as the key
loop invariant of the program: X and Y change under the
transitions, but always so that their GCD is the same as the
GCD of theinput values X_in and Y _in.

The correctness of this refinement essentially amounts to
showing that the GCD_0 axiom in stad Two translates to a
theorem in the GCD_1 Stad Two. Note that the possible
behaviors of GCD_1 are a proper subset of the possible be-
haviors of GCD_0.

D. Especs defined

Towards a formal definition of especs, we begin from a
category Spec of specifications, e.g. as developed through
(31, [6], [18].

An evolving specification A consists of

« astatic, global specification spec 4, capturing the glob-
ally visible immutable structure,
« aprogram, or state machine prog ,, represented as adia-
gram of local specifications, or state descriptions, capturing
the structure and properties visible at some states and not at
others.

Definition 11.1: A graph s consists of two setsedge ; and
nodeg, and two functions, dom, and cod, from edge, to



ESpec:GCD_1

import GCD_base
spec
var X:PosNat
var Y:PosNat

end-spec

X in:PosNat
Y in:PosNat

intitialize:

X:=X in
Y: =Y_in

Loopl:
Y>X |-
Y:=Y-X

X>Y |- Loop
X:=X-Y

node,.
A shape isagraph s, which is moreover
o reflexive, in the sense that there is a function id,
node;, — edge,, which assigns a distinguished loop to
each node;
« distinguished initial node ¢, and aset O of final nodes o;
Together with the morphisms preserving all displayed
structure, shapes form the category Shape.
Definition 11.2: Given aspec T', the category Ext 7 isde-
fined as follows:
objects are the extensions of T', i.e. the morphisms out of
T inthe category Spec;
morphisms are the guarded transitions preserving T
Given extensons k : T — Kand /¢ : T — L an

Ext7-morphism is a guarded transition K s, making
the following diagram commute.

KAT

Remark. Equivalently, Exty could be defined as the full
subcategory, spanned in the slice category Spec, /T by the
unguarded transitionsinto 7. Recall that Spec,_ isthe cate-
gory of specs and guarded transitions, described in section
11-B.3, and in more detail in [14]. The unguarded transi-
tionsinto T' are, of course, just the Spec-morphisms out of
T,i.e. theinterpretations of 7.
Definition 11.3: Anevolving spec, or espec A consists of

e aspecspec,, and
 aprogram prog 4, presented by

— ashapeshape 4;

— areflexive graph morphism (diagram)

sta : shape, — Exta = Extgpec,

Comments, conventions and notations. The last itemis,
of course, based on the obvious fact that every category can
be viewed as a reflexive graph, with the identities as the
distinguished self-loops.

If n isanode of shape 4, the codomain of st 4(n) iswrit-
ten asstad4(n). If u : m — n isan edge of shape 4, its
image st 4 (u) is usualy written asstep 4 (u). In summary,

« stad assigns to each shape-node n a state description
stad(n), which comes with the interpretation st 4(n)
spec, — stad(n);
o step assignsto each shape-edgew : m — n

— the guard cond(u), which is aformulain the signature
of stad(m), and

— the interpretation step(u)
stad(n)
which together make the following diagram commute.

stad(m)
l step(u)

stad(m) A end(u)

: stad(m) A cond(m) <«

spec,

wi

stad(n)

In order to make especsinto a usable devel opment frame-
work, alot of syntactic sugar needs to be added, to abbre-
viate the various frequently used structures and patterns.
The first such addition are the input and output interfaces,



presented as parameter subtheories* Xi—sstad (i) and
Xo—stad (o), of theinitial and the final states, respec-
tively. Theinput and the output interfaces are usually writ-
ten stad (name) init[Xi] and stad (name) fin[Xo].

I1l. REFINEMENTS

If an espec consists of a spec and a program, then an
espec refinement must consist of a spec refinement and a
program refinement.

Spec refinement isafairly simple concept: it intepretsthe
terms of the source spec in terms of the target spec, making
sure that it has at least as much structure as the former, and
possibly more.

But what is program refinement? In practice, program-
mers refine to running code some abstract templates, which
specify structures and components that will be used. E.g.,
avirtual function, a class template, or a module with some
unimplemented components, are all abstract programs, that
need to berefined. Program refinement is the further imple-
mentation of unimplemented components.

Typicaly, an abstract program encapsulates unimple-
mented parts into a module template; the corresponding
description specifies computation that needs to be subse-
guently implemented.

In especs the encapsulation mechanism is realized by
MODES. They approximate states, but also encapsulate
modules, or procedures.

The refinement “opens up” our abstract state, as a black
box where the unimplemented computation was hidden,
and replaces it by a state machine, which performs the
needed computation. Of course, some details of this new
state machine may still be unimplemented, and some of its
states may need to be further refined.

State is here thus better understood as a procedure tem-
plate. Espec refinement is procedural refinement.

Definition 111.1: Given especs A and B, arefinement f :
A — B consists of:

A = (spec,, shape, —* - Ext?)
f fo f N fo
B = (specy, shapep — —— Ext®)

« astructure map (or trandation) fo
« abehavior map (or simulation) foog = (f1, f2), where

— f1 isareflexive graph morphism, preserving the initial
and the final nodes,

— fo isspec4-preserving natura transformation; this nat-
urality and preservation amount to the commutativity of
Figure 1 for every v : k — £ in shapeg (see notes

4By definition, the parameter X C S of aparametric specification S[X]

can be freely instantiated, without causing any inconsistencies in the pa-
rameterized specification [15]. This also captures the idea of interface.

below), where we have used the following abbreviations:
filk) =K', fi(v) =o', and f1 () = ¢'.

o Together, fo and fprg Must also satisfy the guard con-
dition: for every edge v : £ — £ in shapeg and edge
v' = fi(v) inshape 4

stadg(k) A condp(v) & fo(conda(v'))

» Theinverse-image functor f acts on the category of ex-
tensions: fg(e) = €0 fspec-

Clearly, especs and refinements form a category, which we
shall denote ESpec.

Intuition. The last diagram tells that the components of
f2 coherently extend f, from the global specs spec 4, and
specp to their extensions stad 4 and stad . Just like specg
refines spec 4, because it proves all formulas in the image
fo[spec,], each stadg(n) refines stad 4(f1(n)) because it
proves al formulasin theimage f2(n)[stad4(f1(n))]. The
structural refinement is thus extended from fo : spec, —
specg t0 fo : stady — stadp. Its naturaity ensures
that each transition stepz(v) of B extends the transition
step , (f1(v)) of A.

The guard condition ensures that every behavior of B
maps to a behavior of A. There are stronger versions of
the guard condition that also ensure that B simulates all of
A’s behaviors, and others that eliminate nondeterminism.
Rather than commit to one such definition, we use severa,
but the guard condition above is sufficient for the purposes
of this paper.

Let us return to the example in Section 2. In the refine-
ment from GCD-0 to GCD-1, fy isasimpleinclusion, and
f1 isgiven by the stad map

One — One
Loop — One
Two +— Two

and the step map
initialize —  idone
Loopl +—  idope
Loop2 +—  idope
Out +— QOut

Three of the steps map to the identity step on stad One
in GCD- 0 because they only change the local variables x
and Y, corresponding to identity steps in GCD-0 (some-
times called stuttering steps). Checking the components
of the naturd transformation is straightforward — the proof
obligations include showing that f»(k) is a translation for
al nodes k in shape 4; eg. that the axioms of stad One
in GCD-0 trandate to theorems in stad Loop in GCD-1.
Checking the guard condition is also straightforward; e.g.
for step Loop1 in GCD- 1, the guard condition instantiates
to

Loop AN X >Y F true

inGCD-0.



stad 4 (k') A cond 4 (v")

step 4 (v')

stad 4 (k') stad 4 (¢')
YM 4
specy

f2(k) f2(k) l/fo f2(0)

specg

y w

stadg (k) stadg (£)

stepp (v)

stadg(k) A condp(v)

Fig. 1. Naturality Condition of a Refinement

V. CoLIMITS ing pushout of specs and the pullback of shapes.
Composition of especsis carried out by the colimit oper- fo SPeCa 9
ation. Colimitsin ESpec are constructed from the colimits / \

spec
in Spec, the limits in Shape, plus some wiring to connect Pech \ /
themin Cat. First of all, recall that all colimits can be de- 50 spec to

rived from the initial object and the pushouts. Of course,

speco

theinitial espec consists of the empty spec, and aone-state- shape 4

one-step program (with the state represented by the empty f/17 X

SpeEC). shapep shape,
To describe the pushout of especs, suppose we are given x /

aspan of especs shapep, !

Itiseasy to seethat M : Spec®” — Cat maps the upper

; spec pushout to the pullback at the bottom of the induced cube.
0 g0
specp \ specq f shape 4 \&
/
shapep shape,

; shape , , o T— A 7
1 1 shapep
/ \ "

shapeg shapec, fzd \vz

st
sta B

stg fZ/ Nz stc el E*thp \

op
Extg

> A
/fo*7 X YX Ext?) fo

op
Ext~

ste

op
Exts

Exty
If fo and go were identities, i.e. if the two back faces of

the cube were commutative, the fact that the bottom face
To compute the pushout, we first compute the correspond- is a pullback would induce a functor st, : shape, —



(specp/Spec)°?. Since they are not, this functor must
be constructed taking f» and g» into account. The image
stp (k) of anode k of shape , isnow obtained as the unique
arrow from the pushout at the top to the pushout at the bot-
tom of the following cube.

f specy x
specg specq
specp,
sta (f) I
sts (i) : ste (7)
|
|
stadg (7) | stadc(4)
CTT— Ve
52 (k) stadp(k) 2

Since shape, is the pullback of f; and g;, the node k& cor-
responds to a pair (i, j) of the nodes from shape z and
shape, identified in shape, asthenode ¢ = f,(i) =
g1(j). Of course, i = sy (k) and j = t1 (k).

This construction gives the node part stadp of stp :
shape;, — Ext}}, as well as the components of s, and
t2. The arrow part step, is induced by the fact that the
bottom of the cube is a pushout, using the naturality of f,
and g,. Thisalso yields the naturality of s, and ¢,. Finaly
we construct the guards for the edges of shape . Given an
edgew : k — k' of shape, define

condp(w) = so(condp(si(w)))
A to(condc (t1 (w)))

A proof that this construction yields an espec with the de-
sired universal properties may be found in [13].
Explanation. The pushout of specs is clear enough: the
languages get joined together, and identified along the com-
mon part. The pullback of shapes produces the parallel
composition of the behaviors they present. Thisis particu-
larly easy to see for products, i.e. pullbacks over the triv-
ial shape, with a single node. For example, a product of
any shape with the two-node shape ¢ — e consists of
the cylinder, with the two copies of shape, and each two of
their corresponding nodes connected by an edge. A product
with the three-node shape e — ¢ — o consists of three
copies, similarly connected.

In general, the product of any two shapes shape 5 and
shape can be envisaged by putting a copy S,, of shapep
at each node n of shape.,, and then expanding each edge
m % n of shape,, into a cylinder from S,,, to S, i.e. a
set of parallel edges, connecting the corresponding nodes.
The initial node is the pair of the initial nodes of shape
and shape,, whereas the final nodes are the pairs of final
nodes.

In the resulting shape shapez x shape., each edge ei-
ther comes from a copy of shape placed on a node of
shape., or from an edge of shape copied to connect two
particular copies of a node of shapep; s0 it is either in
the form (node of shape, edge of shapeg), or in the form
(node of shape g, edge of shape). A moment of thought
showsthat each path through shape 5 x shape., corresponds
to a shuffle of a path through shape 5, and a path through
shape; and that every such path comes about as a unique
path inshapep x shape. Inthissense, shapey x shape,
is the parallel composition of shape 5 and shape,.

A pullback extracts apart of such product, identified by a
pair of shapemorphismsshape ; — shape 4, <— shape,.
Since theinitial node must be preserved, the initial node of
the product will surely be contained in the pullback. The
set of final nodes may be empty in generd.

For each pair of nodes (i, j), contained in the pullback
shape, as the node k, the corresponding state description
is constructed as the pushout stad (k) of stadg(i) and
stadc(j) on the above diagram. As a theory, this state
description may be inconsistent. Indeed, if B and C are
not independent, but have a shared part A, their parallel
composition may be globally inconsistent, in the sense that
spec, may be inconsistent; or some of the pairs of states
that may come about in shuffling their computation paths
may be inconsistent, which makes such paths computation-
aly impossible. Inference tools can be used to eliminate
inconsi stent/unreachabl e stads from the colimit espec.

Despite the apparent complexity of the description of the
colimit, the actual computation is relatively simple. There
arejust three steps:

« pullback of shapes,

« pushout of specs; (the guards can be directly computed at
this point)

« the pushout extensions of stads and steps.

The first two steps are simple and well known. The third
one amounts to computing a pushout of theories for each
stad, and using the universality of each such pushout to gen-
erate the steps from it — Espec’s colimit algorithm returns
both the cocone and a generator of translations that witness
the universality of the apex.

V. EXAMPLE: AN ELEVATOR SPECIFICATION

In this section, we will illustrate some of the conceptsin-
troduced above using an example of asimple elevator sys-
tem.

The spec " Floor” contains an abstraction of the represen-
tation of floors in the elevator system; the axioms describe
the meaning of the declared operators.®

spec Floor is
sort Floor
op firstFloor : Floor

5For the sake of brevity, the obvious axioms specifying the meaning of
the infix operators have been omitted.



op uppermostFloor : Floor
op lowermostFloor : Floor
op succFloor: Floor — Floor
op predFloor: Floor — Floor

op > : Floor x Floor — Boolean
op < : Floor x Floor — Boolean
op > : Floor x Floor — Boolean
op < : Floor x Floor — Boolean
axiom

uppermostFloor > lowermostFloor
axiom

(firstFloor < uppermostFloor)A
(firstFloor > lowermostFloor)
axiom
V(fl:Floor,f2:Floor)
(succFloor(fl) = f2) = (f1 < f2)
axiom
V(fl:Floor,f2:Floor)
(predFloor(f1) = f2) = (f1 > f2)
axiom
V(f:Floor) (f > lowermostFloor)A
(f < uppermostFloor)

end—spec
J

The following espec represents the common data used
in the different parts of the model. It contains basic sorts,
ops and constant definitions that are used throughout the
specification. The meaning should be self-explanatory.

e - )
espec elevData is
spec
import Floor
sort Direction = | NotMoving | GoingUp | GoingDown

sort Request = | NoRequest | FloorRequest Floor

op currentFloor : Floor
op nextFloor : Floor

op nextRequest : Request

op direction : Direction
end—spec
end—espec

J

The "elevMovement” espec contains the logic determin-
ing the behavior of the elevator depending on the stop re-
quests.

espec elevMovement is
import elevData

The spec-part of the ”elevMovement” espec defines two
auxiliary operators for determining whether the next re-
quest is arequest for going up or for going down.

spec (x of espec elevMovement x)
op isGoingUpRequest: Request — Boolean
def isGoingUpRequest(req) =
case req of
| NoRequest — false
| FloorRequest n— (n > currentFloor)
op isGoingDownRequest: Request — Boolean
def isGoingDownRequest(req) =
case req of

| NoRequest — false
| FloorRequest n— (n < currentFloor)
end —spec
It is assumed that initially the elevator is at the first floor
and is not moving. The following mode is entered initially
and the values of " currentFloor” and "direction” are set ac-
cordingly.
initial stad InitElevator (x of espec elevMovement x)
is
step Initialize : — AtFloor do

currentFloor := firstFloor
direction := NotMoving
end—step
end—stad

The stad " AtFloor” described the state in which the ele-
vator is not moving and standing at the floor ” currentFloor” .
The stad will be changed to "Moving”, if arequest event is
detected, which is modeled by the (external) variable " nex-
tRequest”. In this espec, we do not specify the concrete
representation of the "nextRequest” function; this will be
done by a separate espec. Depending on whether the next
request —whichisusually triggered by either pressing a but-
ton inside the elevator or outside on a certain floor — sends
the elevator to a floor above or below the current position,
the direction is set to " GoingUp” or " GoingDown” accord-
ingly.

stad AtFloor (x of espec elevMovement x)

1S

axiom direction = NotMoving

step StartGoingUp: — Moving
when isGoingUpRequest(nextRequest) do

nextFloor := succFloor(currentFloor),
direction := GoingUp
end—step

step StartGoingDown: — Moving
when isGoingDownRequest (nextRequest) do

nextFloor := predFloor(currentFloor),
direction := GoingDown
end—step
end—stad

The stad "Moving” describesthe behavior of the elevator
when it is moving from one floor to the other. The stad will
only be changed back to ”AtFloor”, if a floor is reached
that matches the next request. Otherwise the next floor is
set according to the current direction.

stad Moving (*x of espec elevMovement x)
is
axiom
((direction = GoingUp)
V(direction = GoingDown))
A (nextRequest # NoRequest)

op getFloor: Request — Floor
def getFloor(FloorRequest n) = n

step Stop: — AtFloor
when getFloor(nextRequest) = nextFloor do
currentFloor := nextFloor

end—step

step GoUp: — Moving



when direction = GoingUp do
nextFloor := succFloor(nextFloor)
end—step

step GoDown: — Moving
when direction = GoingDown do
nextFloor := predFloor(nextFloor)
end—step

end—stad

Lendfespec (* elevMovement x)

J

Refinement

The refinement of the above specification adds the mod-
eling of opening and closing the elevator door when it
stops at a floor responding to a request. The refined
espec "elevMovementRefined” imports the espec "elev-
Movement” meaning that both the spec part and the state-
machine part isimported.

( . .
espec elevMovementRefined is
import elevMovement

In the spec part of the refined espec the sort and variable
used to model the elevator door actions are declared:

spec (x of espec elevMovementRefined x)

sort DoorStatus = | Open | Closed
op door : DoorStatus
end—spec

The refined espec doesn't introduce new modes, but it
refines the imported ones. The following stad description
adds new conditions to the step guards of the steps ” Start-
GoingUp” and ” StartGoingDown”: these steps only "fire”,
if the door is closed. The additional step takes care of the
state when the door is actually closed and sets the vari-
able”door” accordingly. In subsequent refinement stepsthe
guard of this step might be augmented with predi cates mod-
eling thefact that the door hasto stay open for acertaintime
period.

stad AtFloor (x of espec elevMovementRefined x)

1S
step StartGoingUp: when door = Closed
end—step

step StartGoingDown: when door = Closed
end—step

step CloseDoor: — AtFloor when door = Open do
door := Closed
end—step
end—stad

Analogously, the guards of the steps leaving stad "Mov-
ing” are extended with the conditions; the stad " AtFloor” is
only reached from step " Stop”, if the door is open, which
has been done in the newly introduced step " OpenDoor”.

stad Moving

is
step GoUp: when door = Closed
end—step
step GoDown: when door = Closed

(x of espec elevMovementRefined x)

end—step

step Stop: when door = Open
end—step

step OpenDoor: — Moving
when (getFloor(nextRequest) = currentFloor)
A (door = Closed) do
door := Open
end—step
end—stad

Lendfespec (x espec elevMovementRefined x)

J

The refinement morphism is then given by the following
stad map:

InitElevator +— InitElevator
AtFloor +— AtFloor
Moving +— Moving
and the step map
Initialize +— Initialize
StartGoingUp +—  StartGoingUp
StartGoingDown +—  StartGoingDown
GoingUp +—  GoingUp
GoingDown +— GoingDown
OpenDoor +—  idpyoving
CloseDoor +— idaiFioor

Further refinements could be introduced by composi-
tion, i.e. using the espec colimits. For instance, to take
into account the possibility that, while the elevator is go-
ing up, a request comes in for it to go down, one could
write a one-state espec, connecting the " nextRequest” vari-
able with newly introduced " button” variables. The colimit
construction would then combine the new espec with the
"elevMovementRefined” espec.

VI. CONCLUSION

Component-based software development is a widely
used technique, which has proven to be useful and efficient
in many different settings. However, most of the existing
component-based approaches have decisive shortcomings:
they only handle implementation components, so that com-
position is defined only in terms of external compatibility;
abstract specifications — if they exist — are not taken into
account. Architectural approaches address this issue and
define composition not on the implementation but on the
design level. They usualy define their own architectural
description language, which represent compositionin terms
of signature matching of the import/export services of the
components. In most cases, only syntactic information is
used to decide, whether a given configuration is valid or
not. The behavior of particular componentsis usually not a
part of such frameworks, but deferred to the extensions.

Especs go a step further: they define aformal framework
for specifying structure and behavior of components, for
refining, composing and transforming them. Specifications



are expressed in a categorical framework based on the well-
known category of specifications. Functionality and behav-
ior of a component can be specified using algebraic spec-
ifications and/or control flow graphs. Refinement is for-
mally expressed in the automatically supported categorical
framework. Component composition is captured by the cat-
egorical colimits of especs, thus extending the well-known
correspondence of specification composition and colimits.

Especs thus provide a formal framework to express all
relevant aspects of component-based software develop-
ment. When sufficiently determined, composite compo-
nents and systems can be automatically calculated, rather
than put together by hand. This opens a new perspective on
how software components can be used to develop safety-
critical systems, as safety properties of the composite can
be derived from the safety properties of the components.
On the other hand, dealing with the noncompositional prop-
erties, that may emerge or vanish in development, is also
facilitated by the provided semantical and forma support.
Basic transformation techniques can be used to automati-
cally generate executable code for the composed system.
The concept of specification-carrying-components is thus
resurrected by especsin its original meaning, because com-
ponents carrying their (e)specifications along can be com-
bined with a greater confidence, and less effort.
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