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For years| ntegratedevelopmenEnvironments have demonstrated their usefulness in ordade
the development of software. High-level security or safstgtems require proofs of compliance to
standards, based on analyses such as code review and,singtganowadays, formal proofs of
conformance to specifications. This implies mixing compateal and logical aspects all along the
development, which naturally raises the need for a notiofoofal IDE. This paper examines the
FoCalLize environment and explores the implementation issues réigele decision to provide a
single language to express specification properties, sagde and machine-checked proofs while
allowing incremental development and code reusabilitychSieatures create strong dependencies
between functions, properties and proofs, and impose dicplar compilation scheme, which is
described here. The compilation results are runn@tlaml code and a checkab{@oq term. All
these points are illustrated through a running example.

1 Introduction

Thanks to Wikipedia, an Integrated Development Environiniea “software application that provides
comprehensive facilities to computer programmers forvgfe development”. Such environments do
not provide in general all the necessary tools for criticéiveare developments as safety, security and pri-
vacy standards require the use of formal methods all aloagl¢irelopment cycle to achieve high levels
of assurance. Every critical system must be submitted tesesament process before commissioning. It
consists in a rigorous examination of the demonstratiorergby the developer, that the implementation
complies with the specification requirements. SpecificstiGcource and object codes, automated veri-
fications and mechanically-checked (or not) proofs aretsized and, if needed, validation is re-done
with other tools. This assessment process takes a lot ofditdés expensive.

The Foc environment was created ten years ago ([6]) by T. Hardin anRi6boo as a laboratory
language to study “how to provide comprehensive facilitteslevelopers of critical systems, complying
to high-level rates of standards like [15,] 14, 7]. At this nesr) only B, Z and some tools based on
algebraic data types were used in such developments. Taeviaeto couple the programming facilities
of OCaml with the capabilities of the theorem prov€og while avoiding the use of some complex
features of these languages. The help provided to devaldyyesbject-oriented features like inheritance
and late-binding, by abstraction features like modulespasametrisation features like functors was
already widely recognized in the software development dvo8uch features were required in thec
specification to manage not only source code but also rageimes and proofs. Their possible codings in
Coq were studied[5] and some possibilities of logical incotesisies brought by mixing these features
were identified. Some of them were avoided by using a dedicedamcrete syntax. The remaining
ones require a dedicated static analysis to be eliminatat Was the first version of the “dependency
calculus”, studied by V. Prevosto[10], who also designexfitst compiler of the language (which name
evolved inFoCaliZe). At that time, the programming language was a pure funatistrongly typed
kernel, proofs were done directly @oqg. Then, a language for proofs was introduced to enable the use
of the automated theorem provgenon[1] and automatically translate them into proof term<Caoiq.

Dubois C., Giannakopoulou D., Mry D. (Eds): Formal Integtht © F. Pessaux
Development Environment 2014 (F-IDE 2014) This work is licensed under the
EPTCS 149, 2014, pp. 64378, doi:10.4204/EPTCS.149.7 Creative Commoris Attribution License.


http://dx.doi.org/10.4204/EPTCS.149.7
http://creativecommons.org
http://creativecommons.org/licenses/by/3.0/

F. Pessaux 65

FoCaliZe is the current version ofoc. It provides a logical language to express requirements
as first-order formulas depending on identifiers presertiencbntext, powerful data-types and pattern-
matching, object-oriented and modular features, a largudgproofs done by Zenon, which may use
unfolding of functions defined by pattern-matching. From Whole development, the compiler issues
a source file written irOCaml and a proof term submitted ©©oq. The two files are kept close to the
FoCalLiZe source to ease traceability and the compiler guarantegsftti@e FoCaliZe source can be
compiled, then it©©Caml translation will be runnable and iGoq translation will be checkable. This is
a way to avoid returning errors from target languages, whichld be unacceptable for the user.

In this paper, we present the main features of the compiigng to explain why they permit to
improve the adaptability dfFoCaliZe to the needs of formal developments. More returns on user-exp
rience using-oCaLliZe and help provided by this environment can been foundlin/[42B,

The first specificity ofFoCaLiZe is the mixing of logical and computational aspects whiclatae
a lot of dependencies between elements of a developmentnifizefs are considered as terms of the
logical language, properties can embed names of functieing lunfolded in proofs. Late-binding allows
to change definitions thus altering proofs done with the elgion. The second specificity of the current
version of FoCaliZe is the maximizing of sharing between computational andclagcodes, at the
source level, through the use of inheritance, late-bindimg modularity which also adds dependencies.
To keep this maximal sharing at object levels, a rather neagei®f lambda-lifting relying on a static
analysis of dependencies is used by the compiler and pezkbate.

The first section presents the paradighteCal.iZe is based on and introduces a running example
to support further discussions. In the next section, th@naif dependency is introduced, followed by
the formal description of their computation. The last setsketches the code generation model on the
basis of the example.

2 From the FoCalLiZe Point of View

2.1 Semantical Framework

Specification requirements and implementations shoulddpether expressible in any FIDE, the first one
by logical language, the second one by a programming larguathese two languages can be related
through a single semantical framework, then the demormtratf the conformance of developments
to requirements can be facilitated. Choosing an imperatiyke related to a Hoare logical language
leads to some difficulties when composing specificationsuafidlding function bodies, due to the lack
of referential transparency. $@CaliZe is built upon a pure functional language. Then, whatever is
the logic, functions can be consistently unfolded in praaisl thus, can be used without restriction to
express requirements (called herepertieg and proofs.

Side-effects are however possible but they have to be cahiitie dedicated modules, separated
from the rest of the development. Properties of functionkingaside-effects can be separately demons-
trated and rendered as contracts.

Static strong typing, rich data-types and pattern-matglgase source coding and error detection.
This is why theFoCaliZe programming (sub-)language is very close to a functionahddeof the
OCaml language. The logical sub-language offers first-order tiiens and the ability to use iden-
tifiers present in the context in formulas. So formulas cantaia free variables, which however are
bound in the development context. These formulas are infigedilas of a dependent type theory and
are translated as such@oq, relying on the Curry-Howard isomorphism : data types aedlated onto
types, properties onto types and functions on terms. Haaim@wn logical syntax instead of the one of a



66 FoCalizZe: Inside an F-IDE

dependent theory lik€oq allows (not only) to restrict formation rules of terms. Faample, properties
can use function names but functions cannot use propertgsiam

2.2 Incremental Specification and Development through a Rumng Example

To support further discussions, this section will graduatitroduce a running example. It represents
a “monitor” which inputs a value and outputs a validity flaglizating the position of the value with
regards to two thresholds, and this value or a default on@ade of problem. A fleshed-out version of
this example was used to develop a generic voter used inatritoftware([4].

Object-oriented features are often offered by IDE as the llae reputation to help software deve-
lopment. Here, assessment also should be helped and soheseffeatures like complex rules of visi-
bility (tags private, friend, etc.) and possibilities ohtime late-binding can weight down this process.
FoCaliZe proposes two object-oriented features: inheritance areebiading. We call hersheritance
the ability of introducing, at any stage of the developmenbperties, functions and proofs (callete-
thodsin FoCaliZe) that these new items contribute to fulfill previously sthtequirements. As usual,
late-bindingis the possibility of introducing the name, and here the tybe function while deferring
its definition. This allows to adapt definitions along thedritance tree and enhances reusability.

species OrdData =

species Data = inherit Data ;
P e signature It : Self -> Self > bool ;
let id = "default ) X !
signature  fromint  : int -> Self ; signature  eq : Se~|f -> Self > boolw,
end - ' let gt (x,y) = (It (x, y)) && ™ (eq (x, )
" property  ltNotGt : all x vy : Self , It (x, y) > 7 gt ()

end ;;

The componentspecie} Data simply says that the input is coded by an integer, converied b
from _int to a value of the internal representation, which is denote8dif . The specie©rdData
inherits fromData , it declares two functiondt( andeq), defines a derived functiogt and states a
propertyltNotGt  using both declared and defined methods.

As function types are parts of specifications, late-bindiagnot change them. But late-binding can
invalidate proofs done with an “old” definition and the cotepimust manage this point. Late-binding
also allows stating properties and delay their proofs, evtiie former are already usable to write other
proofs. Restricting the access to some elements is needdubadled at theomponentevel.

A FoCaliZe component collects not only types, declarations and defivstbut also related proper-
ties and proofs. Inside a component, the manipulated gipsthave a double role: a programming one
used in type verification, a logical one when translate@aq| (this double view has to be managed by
the compiler and it is not always straightforward as seethéu). To simplify theFoCalLiZe model, all
data-types introduced in a component are grouped (by theofvaoduct and union types) into a single
data-type calledepresentatioh It gives to this notion of component a flavor of Algebraict®dype, a
notion which has proven its usefulness in several IDE (€24). [The representation can be just a type
variable (i.e. be not yet given an effective implementgtiovhose name serves in declarations. It can be
instantiated by inheritance (but not redefined) to allowrtgpf definitions.

species Thelnt =

inherit OrdData ;

representation = int

let id = "native _int" ;

let fromint (x) : Self = x

let It (x, y) =x <0xvy ;

let eq (x,y) =x =0xvy ;

proof of ItNotGt = by definition of gt property int_ltNotGt

end ;;

The specie§helnt defines the representatioimt( ) and functions already declared, then proves
the property by unfoldingit and using a property found in the fibmsics of the standard library (this
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proof, which could be done i@rdData , will be used later).

Functors allow parametrisation by components. Here a caemanay not only use functions pro-
vided by other components, but also their properties anoréimes. Parametrisation by values of these
parameter components is of course needed. The link betwparameterised component and its para-
meters will be reflected i€oq via the notion ofCoq dependencies.

type statut_t = | In_range | Too_low | Too_high ;;

species Isin (V is OrdData, minv in V, maxv in V) =
representation = (V = statut_t)
let getValue (x : Self ) = fst (x)
let getStatus (x : Self ) = snd (x)

let filter (x) : Self =
if VIt (x, minv) then (minv, Too_low)
else
if Vgt (x, maxv) then (maxv, Too_high)
else (x, In_range) ;

theorem lowMin : all x : V, getStatus (filter (x)) = Too_low -> " Vlgt(x, minv)
proof =
<1>1 assume x : V,
hypothesis H: snd (filter (x)) = Too_low,
prove © Vgt (x, minv)
<2>1 prove VIt (x, minv) by definition of filter type statut_t hypothesis H
<2>2 ged by step <2>1 property  V!tNotGt

d<1>2 ged by step <1>1 definition of getStatus

The speciessin  has a collection parametsrand two value parametemsiny andmaxv from V.

It mainly shows a proof decomposition into several steps[&8), including a step of induction (here a
simple case split) on the union tygtatut  t .

Should the definition of the representation be exposed @putated by the modularity mechanism?
Inheritance and late-binding require its exposure, as &rteapsulation can cumbersome the develop-
ment task. On the contrary parametrisation asks for itgatigin. Indeed, a component seeing the data
representation of its parameters can manipulate this diltewt using the provided functions, hence
breaking invariants and structural assumptions made bgnpeters and invalidating the theorems they
provide. Abstract definitions of types is not sufficient aggarties can still reveal the exact definition of
a type (a bad point when security properties are considefédullsFoCaliZe has two notions of compo-
nents.Speciesvhich expose their representation are only used alongitahee and late-binding during
design and refinemenCollectionswhich encapsulate the representation are used as spea@sgbars
during the integration process.

To avoid link-time errors, any call of an effective speciesgmeter must be ensured that all functions
exported by this parameter are really defined. To presermsistency, all exported properties must
have already received proofs. Thus collections can onlyrbated by encapsulation of species, called
complete speciesn which all declarations have received a definition andoediperties have a proof.
Encapsulation builds ainterfaceexposing only the name of the representation, declaratibssible)
functions and (visible) properties of this species. The [iten guarantees that all exposed definitions
and theorems have been checked and that the interface isltheay to access collection items.

collection IntC = implement Thelnt ; end ;;
collection In_5_10 = implement IsIn (IntC, IntC!fromInt (5), IntC!fromint (10)) ;end ;;
collection In_1_8 = implement Isin (IntC, IntC!fromint (1), IntC!fromint (8)) ;end ;;

The specieShelnt beingcomplete it is submitted to encapsulationm(plement ) to create the
collectionIntC . This latter is then candidate to be effective argumensbf ’'s parameteV and to
apply its methodromiInt  to provide effective values for thinv andmax parameters. Hence it can
used to create other collectiorig, .5_.10 andIn _1_8.

From a developer’s point of view, species serve to make aetinental development. Collections,
mostly used as effective parameters of species, are usegemale separate parts of the development.
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As writing species also needs some primitive notions likel&ans, integers;0CaliZe has a standard
library which provides these low-level bricks, possiblpray with proved properties but without encap-
sulation. The absence of encapsulation is wanted in suclseaad allows manipulating basic data-
structures as native constructs while however having ptigge As long as the considered datatypes
(i.e. type definitions here) do not have any invariant to @mnes, there is no risk of inconsistency by
revealing their effective structure. The standard libi@gsists in source files that can be accessed by an
opening mechanism and is not concerned by the speciestimiie mechanism. From the development
and assessment points of view, files of the standard libnaryust on-the-shelf components granted by
the system (or their provider).

2.3 Properties and Proofs

A proof, intended to be mechanically checked, must be deosetbinto small enough steps to be chec-
kable by the prover. Our first tryFpc) to directly use the script language Gbq, revealed several
drawbacks. First, it required the user to have a deep kngelediCoq to powerfully use it and to un-
derstand error messages. Second, the user had to be awlaeecontpilation ofFoCaliZe elements to
Coq. Third, the proofs too deeply depended ©ng. In FoCaLiZe an intermediate step to do proofs
has been introduced. It is based on natural deduction whiging reminiscent of mathematical rea-
soning, is accessible to a non-specialist without too mdicrte It uses the automated theorem prover
Zenon. A proof is a hierarchical decomposition into intermedisteps[9] unfolding definitions, intro-
ducing subgoals and assumptions in the context until ragchileaf, that is, a subgoal which can be
automatically handled b¥enon. When all the leaves have received proofs, the compileslates the
whole proof toCoq and builds the context needed for checking this proof. Theviing example shows
this decomposition into a list of steps, always ended bgé step, whose goal is the parent goal.

theorem t :all abc: booba -> (@ ->b) > (b ->c¢) ->c
proof =
<1>1 assume a b ¢ : bool,
hypothesis hl: a, hypothesis h2: a -> b, hypothesis h3: b -> ¢,
prove ¢
<2>1 prove b by hypothesis h1, h2
<2>2 ged by step <2>1 hypothesis h3
<1>2 ged by step <1>1

The proof has two outer stegd>1 and<1>2. Step<1>1 introduces hypothesdsl, h2, h3 and
the subgoat. It is proved by a 2-step subproof. Step>1 useshl andh2 to proveb. Step<2>2 uses
<2>1 andh3 in order to provec. Step<1>2 ends the whole proof.

Proofs done in a given species are shared by all speciestingehis one. As late-binding allows
redefinition of functions, proofs using the “old” definiti@re no longer correct, must be detected as
soon as the redefinition is compiled, reverted to the prgpstetus and should be done again. This
link between proofs and definitions is a particular caséegendenciebetween elements of the user
development. The sectién 8.1 intuitively introduces tlisaept while the sectidn 3.2 formally describes
the related calculus.

Specification requirements such as the safety/security came be split into finer ones (sée [3]) and
proved under the hypotheses that these finer propertiefl@pldThus,FoCaLiZe allows to do proofs
just in timeusing not already proved properties and guarantees thawtlide proved later in a derived
complete species. This can help early detection of spetiificarrors. Moreover, some properties can be
granted by other means (contracts, verification tools).eltiey can be considered as theorems by giving
them a proof reduced to the keywoadmitted . This is a needed but dangerous feature as admitted
properties can lead to logical inconsistencies. The ushistkeyword is recorded in the automatically
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done documentation file provided by the compilation procd$se assessment process must ultimately
check that any occurrence of this keyword is harmless.

2.4 The Compilation Process

In a nutshell, the compilation process guarantees that titendevelopment leads to a runnable code
satisfying the requirements. kk®de generatioltranslates user code to a source code (called here simply
computational coden OCaml and to a term (called hetegical codg of Coq. Data types and properties
are translated t€oq types while definitions and proofs are translated as terragglitational code only
contains declarations and definitions since they are thermaterial contributing to an executable.

The translations of the user code are type-checke@®gml andCoq. But these checkings arrive
too late and error diagnostics may be difficult to convey toubker. Thus the compiler has its own typing
mechanism, to early detect typing errors and emit compfeniagnostics.

First preliminary tries were done to translate inheritaand late-binding using oriented-object fea-
tures of OCaml([6]). But, asCoq does not propose these features, a different way of conqpilatas
needed to produce logical code (see€l[10]). These two diffexempilation schemes jeopardize trace-
ability as the object codes differ a lot. The current conrpilges a single method of compilation to both
target languages, inspired by Prevosto’s work and predentthe next section. It resolves inheritance
and late-binding before code generation while controllimgacts of redefinitions onto proofs.

2.5 Zenon

The automatic theorem provéenon is based on a sequent calculus for first-order logic and-b&sa-
Lize-specific features such as unfolding of definitions and itideidypes. Boolean values and logical
propositions are strictly distinct notions oq but this complexity is hidden to theoCaliZe user:
explicit conversions (done bis _true ) betweenbool andProp are inserted in the formula sent
to Zenon. They could be axiomatized but this would blow up the seamdce; insteadZenon has
inference rules dedicated to these conversions.

A proof written in FoCaliZe is compiled into a tree o€oq sections which translates the natural
deduction style into a natural deduction proofdng. Each section first introduces the hypotheses of its
corresponding step, then includes the sections of its spbsind ends with the proof of its goal, which
is generated b¥enon from the facts of thejed step. Each leaf proof is just temporarily compiled into
a “hole” later filled with aZenon proof by invocation ofZvToV. This tool translates each leaf of the
user’s proof into &enon input file that contains the goal and assumptions and deifigitisted by the
user. TherZenon outputs aCoq proof which fits right in the correspondingoq section because every
assumption it was given is available at this point in @ file. Once all “holes” are filled, the whole
Coq source file is sent t€oq for verification.

The only acceptable errors frodenon are simple:*out of memory”, “time out”, “no proof found”.
They mean thaZenon didn't find any proof, either because some hypotheses wesgimgi (in this case
the user may add lemmas to split the proof) or because th@gitam is false. If a proof is found;oq
must raise no error when checking it otherwise there is atdgnon or FoCaliZe.

3 Toward Effective Code

This section begins by an informal presentation of the matiodependencies since they strongly impact
the form of the target codes generated byRFo€aliZe compiler. Next comes the formal computation
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of these dependencies. Finally, the code generation medeficted on the basis of the above example.

3.1 Dependencies in User Code

A methoddependingon the definition of another methanlis said to have def-dependencgn m Some
def-dependencies are eliminated by a good choice of syR@ixexample, function bodies cannot con-
tain property names nor keywords for proofs, thus a funcatiamnot def-depend on a proof. There are
only two possibilities of def-dependencies. First, proefth aby definition of m step (which
unfolds the definition ofM) def-depend om If mis redefined, these proofs must be invalidated. Second,
functions and proofs can def-depend on the represent®iaperties must not def-depend on the repre-
sentation, as explained by the following example. The cetepspecie$Vrong may be encapsulated
into a collection, whose interface contains the statertteat . This one should be well-typed in the lo-
gical code. But typingk + 1 intheo requires to identify (unifySelf with int . The encapsulation

of the representation prevents it. Thus the spediesng must be rejected by the compiler.

species Wrong = Bad ...bad interface

representation = int

let incr (x) Self = x+ 1 ;

theorem theo : all x : Self , incr (x) =x+1;
end ;;
collection Bad = implement Wrong ;;

representation : self
incr (x) : Self -> int
theorem theo :
all  x : Self , incr (x) =x+1;

Note that function calls do not create def-dependenciestatedncapsulation of collections prevents
any def-dependency on methods of collection parameterss &halysis of def-dependencies must en-
sure that proofs remain consistent despite redefinitiodstzat properties have no def-dependencies on
the representation (in other words, interfaces of colbestishould not reveal encapsulated information).

Apart from the def-dependencies of proofs on definitions @maroperties on representations, there
are other dependencies calléecl-dependenciedRoughly speaking, a methadldecl-depends on the
methodm2if m1ldepends on the declaration w2 The following example gives a first motivation for
their analysis.

species S = species T =

signature odd : int -> bool ; inherit S ;

let even (n) = let odd (n) =
if n = 0 then true else odd (n - 1) ; if n = 0 then false else even (n - 1)
end ;; end ;;

In' S, even is at once declared and defined, so its type can be inferreaeltype-checker, using the
type ofodd. Thuseven decl-depends ondd butodd does not depend oeven . In T, definingodd
creates a decl-dependencyarfd on even and an implicit recursion between them. To keep logical
consistency, such an implicit recursion must be rejectegicuRsion between entities must be declared
(keywordrec ). The compiler has to detect any cycle in dependencies ghrthe inheritance hierarchy.

More generally, a functioom decl-depends op if mcalls p, a propertym decl-depends op if
typing of min the logical theory requirep’s type, a proof decl-depends @nif it contains a stefby
property p  or an expression whose typing negdand, recursivelymdecl-depends on any method
upon whichp decl-depends and so on. Def-dependencies are also demtdies. These cases are
not the only cases of decl-dependencies. The first versitimo€alculus is described in11].

3.2 Dependencies Computation

To support generation of well-formed code, the notion ofatejencies must be reinforced and formally
studied. The theoreriNotGt syntactically decl-depends at , It , rep and def-depends ogt .
Thus, its proof is ultimately compiled to@oq term, wheregt is unfolded, making arising the identifier
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eq. The type ofeq is needed t&Cog-typecheckgt and must be provided through thelift abst _eq
of eq. Only A-lifting syntactic def- and decl- dependencies would lead generated code looking like:

Theorem ItNotGt (abst_T : Set) (abst_It = It) (abst_gt = OrdData.gt abst_T abst_eq abst_lt)

forall X 'y : abst T, Is_true ((@bst_It x y)) -> “lIs_true ((abst_gt x y)).
apply "Large Coq term generated by Zerion
where the= construct binds def-dependencies, and wiadst _eq is unbound ! Moreover, raisingg
also exhibits a def-dependency on the carrier through tleeobaq. Dependecies over collection para-
meters methods suffer from the same incompleteness. Hapcecess of “completion” of syntactically
found dependencies has to be applied belotifting.

It requires to compute thésible universef a methodmwhich is the set of methods &elf needed
to analyzem Then, the minimalCoq) typing environment ofnis built by deciding, for each method
p of its visible universe if only its type must be kept (issuehtlift of p) or if its body is also needed
(hence “= -binding” of p). Finding the minimal set is especially important since tilows to reduce the
amount ofA -liftings of method and collection generators. A last coatipin of the set of dependencies
for parameter methods achieves the building.

In the following, we assume that inheritance has been psecedeading to aormal formof a
species in which all its methods are present, in their mastmieversion and well-typed. Although this
process is not trivial ([11, 13]), it is out of the scope oftpaper.

3.2.1 On Methods ofSelf

Let Sbe a species. We denote byfs (resp. { x[s) the set of methods db on which the methoc
decl-depends (resp. def-depends). This set is obtainedaliyng the Abstract Syntax Tree looking for
apparition of methods names in expressions (respyotlefinition in proofs). Only dependencies
on the carrier have to be checked differently, by typechegkiAs proofs and properties names are
syntactically forbidden inside property expressions amtfion bodies, typechecking of properties and
functions requires only the types of the function names appeg in them (i.e. appearing if).
Considering theorems proofs (i.e. bodies), def-dependgsman arise forcing the need to keep some
definitions (not only types) to be able to typecheck. Them also needs to make sure that these def-
initions can themselves be typechecked. Moreover, proafg imvolve decl-dependencies on logical
methods, whose types are logical statements (i.e. exprelsiMethods appearing in such types must
also be typechecked. For all these reasons, the contexs te&dep trace of the methods belonging to

the transitive closure of the def-dependency relatiors e methods on which these latter decl-depend.
This context is called theisible universeof a methodk and is noted x|. In the same spirit than in [10],
| x| is defined as follows:
yels  y<@'x  z<¥'x yelgds  zex|  yelTs(@)s
yelx| yelx| yelx| yelx|
y stands fory def-depends o by transitivity and7s(x) stands for the type af in the

wherex <3¢

speciesS.

From the notion of visible universe, it is possible to defiioe,a methodx of a species, what are the
other methods needed to havevell-typed.

* Methods not present in the visible universe are not reduire
» Methods present in the visible universe on whiatioesn't def-depend are required but only their
type is needed.
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» Methods present in the visible universe on whictief-depends are required with both their type
and body.
Let Sbe a species containing the set of methfys 1, = g }. Letx being one of thej;, the minimal

typing environment ok is defined as follows:
yi[x|  {yi:ti=e}mx=Z

FMX=J
{y:T=e;y:Ti=a}mx=X
yelx|  y<®'x  {y:n=elmx=% yelx|  y<€'x  {yin=elmx=3
{y:t=e;yi:t=a}mx={y:T=e; 2} {y:1=e;yi:ti=atmx={y:17; 2}

Using the minimal typing environment it is possible to gextterthe method generators for non-
parametrised species only since collection parametersaréaken into accountA fortiori it is not
possible to generate collection generators.

3.2.2 On Methods from Parameters

Following the same principle than in the previous sectioanate the direct dependencies of an expres-
sionein a specie$on a parametet by DoPexpr) (S C)[€e] and define it by a simple search on the AST
(looking for occurrences of the for@!x for anyx). In the coming rule£(S) stands for the parameters
of the speciess and Bs(x) returns the body of the methodin the speciesS (i.e. an expression for a
let -definition and a proof for a theorem).

The challenge is to find the minimal set of parameters metheglsired to typecheck a method. We
now present the five first rules driving the calculus sincg tienot have any order of application. A last
one will be exposed after.

DoPigoov] (S,C)[X] = DoPiexer] (S,C)[Bs(X)] DoPyrvee) (S C)[X] = DOPexer) (S C)[Ts(X) ]
DoPiper (S,C)[X] = DoPiexer) (S C)[Bs(z)] Vzsuch asz<d58fx DoPiunivi (SC)[X] = DoPlexer] (SC)[Ts(2)] Vze|X|
E(9)=(....Cpis",....Cy i8S (....Cp,...))  E(S)=(....CLis If,...)

z& DOPrveg) (SCp)[X] v 26 DOP[Boovi (SCp)[X]  (¥:Ty) € DoPrveg (S, G)[2]
(v: y[C < Cp]) € DoPipru) (S,Cp) [X]

The rule [BoDY] (resp. [TyPE]) takes into account dependencies on a method explicitedtin
the body (resp. type) of a definition.

The rules [DEF] and [UNIV] serve to collect dependencies on a parameter induced byejben-
dencies a method has inside its hosting species. Note thtabdwz introduced by the rule [BF] are
obviously included in those introduced by fiw/]. In effect, the visible universe is wider than only
transitive def-dependencies and their related decl-digraries: if there is no def-dependencies then the
relation <gef will be empty although decl-dependencies may lead to a mgoievisible universe. The
rule [DeF] allows to inspect bodies. The rule Nwv] allows to inspect types. Hence, amyntroduced
by [DeF] will also has its type inspected by fuv].

Finally, the rule [/RM] applies to take into account dependencies of a method ceviopis parameter
Cp used as argument to build the current parant@erlt differs from the previous rules, since the result
of the calculus is not only a set of names: types are explidits is because the type of the methods of
this set differs from the one computed during the typecherkif the species used as parameter.

If C is an entity parameter, we seD0Pxxx] = {C}, i.e. that the identifier of the parameter is
considered as it's only method.

None of these rules took into account decl-dependenci¢snisttaods of parameters have inside their
own species and that are visible through types. The follgweixample show that usirig!thO to prove
thl which only deals wittP!f however needs to hawlg in the context.
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species A =

signature f : Self -> int ;

signature g : Self -> int ;

property thO : all x : Self, f (x) =0N g =1;
end ;;

Note that because of the encapsulation process appliedléztoan parameters, def-dependencies

are never possible and only types are visible. Hence thewioig rule serves to complete an initial set
of dependencie®.

species B (P is A) =
theorem thl :all x : P, PIf (x) =0
proof = by property Pith0

end ;;

E(9=(..Coislp..) 2zeDSCX  (v:) €T, (D)

Ip
1 [5e1% < Cp]) e D (D.S G CLose

Note that new dependencies brought by this rule cannot thleassrequire applying this rule again
to make them typecheckable. In effect, only logical methmats introduce new dependencies and they
only can depend on computational methods whose types areli®dl ones, hence cannot introduce
methods names.

3.3 Code generation

Providing detailed algorithms implementing code generais out of the scope of this paper. Instead,
we illustrate their expected behaviour by showing the autbtained by compiling our above example.

Code generation starts after resolution of inheritancdaeebinding, typing and dependency analy-
ses. Note that issuing very similar target codes should &ssessment. Thus the code generation phase
should be common to the two targets until concrete syntasegr@duced. Moreover a good sharing
of code alleviates the assessment task and eases controli®fsze and reuse. Therefore we try to
maximize sharing.

As inheritance and late-binding must be resolved at contjpile to ensure proof validity, it would
be possible to generate code for collections only, but tresgnts any sharing as shown below. Code
generation ofn _.5_10 andIn _1_8 use the last definition of methods I#ln  but they do not share
their bodies. Some possible sharing of the methods of thenpeterintC  are also lost. Not only code
size increases but assessment takes longer since anyioallgitould be checkeid extenso Thus, code
has to be generated for all species.

Method Generators|In the following example, the speci¢sinE redefinedilter
species IsInE (X is OrdData, low in X, high in X) =

inherit Isin (X, low, high)
let filter = ..

end ;;
collection Extin_3_8 = implement ISInE (...) ;end ;;

lowMin def-depends ofilter . Its body, that is, the proof dbwMin inIsIn , can be shared
by all species inheritingsin , if they do not redefindlter . But it cannot be shared wilBInE as
the proof must be re-done. Thus, redefinitions cancel shafinef-dependencies.

Assume that a metholdIin!m decl-depends ofilter . Then all species inheritingsIn!m
and not redefiningncan share its body, up to the callsfifer . Similarly the collectiongn 510,
In .18 andExtIn _1_8 can share the methods WitC , up to the calls of methods on whi¢htC
decl-depends Thus, the body of a definitiom (function or proof) of a specieS can be shared along
inheritance, up to the calls to methods®fnd of its parameters upon whichdecl-depends (thanks
to the absence of cycles in decl-dependencies). The shiridgne by abstracting, imis body, the
names of these decl-dependencies, using the standardoeetof A -lifting[8]. The result of thisA-
lifting is called themethod generatoof m To obtain the final code af this generator will have to be
applied to the most recent values of its decl-dependenpresjded by the species (or its descendants)
(spec-argumenjsor by the effective parameterggram-argumenis



74 FoCalizZe: Inside an F-IDE

Moreover, if the logical target language (lik®q) requires explicit polymorphism, representations of
Self and of parameters on whichmaethoddecl-depends are aldolifted (leading to parameters of type
Set in Cog and named withT in the example below). As the methods and representatiorspéeies
can depend on representations and methods of collecti@maders A -liftings of decl-dependencies
upon parameters must be the outermost abstractions.

The generated codes for species are grouped into modulég tdrget languages, to enforce mo-
dularity and to benefit of a convenient namespace mechaniéow either these modules contain all
the inherited and non-redefined method generators of thaespébut this leads to code duplication) or
a method generator is created once, when a method is (redefimd appears only in the species that
defines it. We use the latter solution.

Example continued. The example of sectidn 2.2 is pursued, usingaa-like syntax. OCaml files
are just obtained by removing some types, properties andfg@nd are not listed here. In method
generators, any occurrence of the name of a decl-dependeisaeplaced byabst_m and abstracted.
If by adding a definition, this decl-dependency is turned midef-dependency, thast m is bound
to the definition ofmby the construcabst m := Coqterm

Generating code for speci€3ata : The defined method has no dependencies, hence trivially leads
to a simple definition.

Module Data.

Definition id : basics.string__t = "default".
End Data.

Generating code for speci€rdData : The body ofgt decl-depends oaq, It and the representation
asits inferred type iSelf — Self — bool. Note that this body remains close to the source one. Imdukrit
and only declared methods induce no code.

Module OrdData.

Definition gt (abst_T : Set) (abst_eq : abst. T -> abst. T -> basics.bool__t)
(abst_lt : abst. T -> abst T -> basics.bool__t) (x :abst. T) (y : abst. T) : basics.bool__t =
basics.not (abst_It x y) && basics.not (abst_eq x vy)
End OrdData.

Generating code for specidhelnt : This species redefinéd and definegq, fromint andlt . id
has no dependencies whereags from _int andlt only have a def-dependency on the representation,
whose value (the built-in typit ) is bound (= construct) toabst _T in the corresponding method
generators.

The proof ofltNotGt  decl-depends on the representation. It def-dependg drecause it unfolds
its definition. Note thatt andeq do not appear in this proof : unfolding gf does not unfold them
recursively. But typindtNotGt  requires typinggt and thus typindt andeq. Hence,|ltNotGt
has decl-dependencies tin andeq, coming from the def-dependency gh. So,lt andeq must be
A-lifted in ltNotGt  , to build the value ofibst _gt by applying the method generatgt found in the
moduleOrdData to its three arguments. Note that only the typek ofandeq are used bytNotGt
these methods can be redefined without impacting this theore

Module Thelnt.
Definition id : basics.string__t = "native _int".
Definition eq (abst_T := basics.int_t) (x : abst. T) (y : abst.T) : basics.bool__t = (basics._equal_0x X vy).
Definition fromint (abst_T = basics.int__t) (x : basics.int__t) :oabst T = x.
Definition It (abst_T = basics.int__t) (x : abst. T) (y : abst.T) : basics.bool__t = (basics._It_0x x y).
Theorem [tNotGt (abst_T : Set) (abst_eq : abst. T -> abst T -> basics.bool__t)
(abst_lIt : abst. T -> abst T -> basics.bool__t) (abst_gt = OrdData.gt abst_T abst_eq abst_lt)
forall X y @ abst T, Is_true ((abst_It x y)) -> “lIs_true ((abst_gt x y)).
apply "Large Coq term generated by Zerion
End Theint.

As illustrated by this example, the dependency calculusi@abe reduced to a simple “grep”. For
any method, the analysis must compute the sets of methotie apecies and of the parameters which
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are needed to elaborate the type and the value of its logick nCoq, they are called visible universe
and minimal typing environment). This is the price to payHawving no errors in target codes.

Collection generatorsCode generation for collections must create computatiamalable code and
checkable logical code. Suppose that a collec@as built by encapsulating a complete specged he
code of a metho&!m is obtained by applying its method generator, &y to its effective arguments.
The right version of this method generat@mmcomes from the last definition ehin the inheritance
path ending or8. The effective spec-arguments @fmcan be retrieved from the species having created
G.mand from the instantiations of formal parameters done dunheritance. These applications can
be safely done as the speci®$s complete and as the dependency analysis provides arirmyaer all
methods of a species, such that ti& method depends only on th@—- 1) first ones. The effective
param-arguments @ mcome from the application of the speci®so effective collection parameters.

Thus a simple solution to generate collection code is to dwthod by method, by applying method
generators to their effective arguments. These applitatese computed at runtime in the target lan-
guages. This solution allows us to generate only the neegplications for a given method. But a
possibility of sharing is lost, when collections are issfrern the same parameterized species, applied
to different effective collection parameters (casémf5_10 andIin _1_8). Then the applications of the
method generators to the spec-arguments can be sharecehetWhese collections. Regarding mem-
ory use, the gain is small. But regarding assessment pesessch an intermediate step of applications
represents a large gain as it avoids having to review segepas of the same code, applied to different
param-arguments. We retain this solution. To ease codewegthe applications to the spec-arguments
are grouped into a record (we assume that target languafmsretords) calleatollection generator
while the A-liftings of all parameters decl-dependencies are movesidel the record body. Thus the
material coming from the species is found in the body whitedfiective parameters contribution appears
in the applications of the body.

It is possible to go further by replacing the bunchXdiftings of parameter dependencies with
a uniqueA-lifting abstracting the collection parameter. Then theyéa modules should be first-class
values of the target languages with a certain kind of subtyjgis interfaces inclusion provides a simple
but useful subtyping. Even if our target languages have semmiures, it seems better to leave the code
generation model open to a wide range of potential targets.

Example endedWe continue the example bf 2.2 by completing the modthelnt with the col-
lection generator and its record type.

Record me_as_species = Definition collection_create =
mk_record { let local_rep := basics.int__t in
T : Set ; let local_id id in
rf_id @ basics.string__t ; let local_eq eq in
rfeq : rf.T -> rf_.T -> basics.bool_t ; let local_fromint = fromint in
rf_fromint : basics.int__t > ff.T let local_lt It in
rf_It :ff. T -> rf.T -> basics.bool__t ; let local_gt OrdData.gt local_rep local_eq local_lt in
rfgt : rf.T -> rf_.T -> basics.bool__t ; let local_ltNotGt = [|tNotGt local_rep local_eq local_lt in
rf_ItNotGt : forall x y : rf.T, Is_true (rf_It x y) -> mk_record
“Is_true (rf_gt x y) local_rep local_id local_eq local_fromint local_lt
} local_gt local_ltNotGt.

The type of each method of the species is recorded into addietd labeledf _ its valuelocal _
(obtained by a future application of the collection germrad all the param-arguments) has no more
A-lift. Here, as this collection has no parameter, there i flifting on the record itself. The value of
local _gt forexample is obtained by applying the method generatotimgpfmom OrdData to its spec-
arguments, whose values have already been generateds tigathie absence of cycles in dependencies.
The functionmk record builds the record out of these values.

Generating code for specidsin . The types of the fields are translations of the types of thénoukst
of the collection. The dependency calculus shows that tt@rdedepends on the carrier of the parameter
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V, on the two value parametemsinv and maxv and on the metho®!gt . These decl-dependencies
are A-lifted. For example, the type af _lowMin is the translation of the propertpwMin , which
decl-depends oW'!gt . The abstraction oN'!gt needed fotowMin is also done on the other fields.

Module IsIn.
Record me_as_species (V_T : Set) (_p_minv_minv  V_T) (p_maxv_maxv : V_T)

(p_V_gt : V_T -> V_T -> basics.bool__t) : Type =

mk_record {

. T : Set ;

rf_filter VT > T

rf_getStatus T > statut t t

rf_getValue T > V.T;

rf_lowMin
forall x : V_T, Is_true (basics._equal_ _ (rf_getStatus (rf_filter x )) Too_low) -> “Is_true (_p_V_gt x _p_minv_minv)

)

Next, methods generators are created for methods defiristhin.

Definition getValue (p_V_.T : Set) (abst_T = (p_V_T = statut_t_t)) (x :abst. T) : _p_V.T := basics.fst _ _ x.
Definition getStatus (_p_V_T : Set) (abst. T = (p_V_T = statut_t_t)) (x : abst. T) : statut t t = basics.snd _ _ x.
Definition filter (_p_V_T : Set) (p_V_It : _p.V.T -> _p_V.T -> basics.bool__t)
(p_Vgt : _pV.T-> _p V_T -> basics.bool__t) (_p_minv_minv :_p_V_T) (p_maxv_maxv : _p_V_T)
(@bst. T = ((p_V.T =* statut_t t)) (x D _p_V.T) : abst T =
(if  (p_V_It x _p_minv_minv) then (_p_minv_minv, Too_low)
else (if (_p_V_gt x _p_maxv_maxv) then (_p_maxv_maxv, Too_high) else (x, In_range))).
Theorem lowMin (_p_V_.T : Set) (_p_V_It : _p_V_.T -> _p_V_T -> basics.bool__t)
(p. Vgt : _pV.T-> _p_V.T -> basics.bool__t)
(_p_V_ltNotGt : forall X y : _p_V_T, Is_true ((_p_V_It x y)) -> “Is_true ((_p_V_gt x Vy)))
(p_minv_minv.  : _p_V_T) (_p_maxv_maxv : _p_V_T) (abst_ T = ((p_V_T = statut_t_t))
(abst_filter = filter _p_V_T _p_V_It _p_V_gt _p_minv_minv _p_maxv_maxv) (abst_getStatus = getStatus _p_V_T)
forall X : V_T,
Is_true ((basics._equal_ _ (abst_getStatus (abst_filter X)) Too_low)) -> “Is_true ((_p_V_gt x _p_minv_minv)).

apply "Large Coq term generated by Zerion

Methods have no decl-dependencies on methodsliof , exceptiowMin which has a def-depen-
dency orfilter . The other decl-dependencies are on the representatihnof (and through it, on
the one ofV), onV's methods and on valugrinv andmaxv. The def-dependency ddwMin leads
to the binding (=) of abst _filter to the application of the method generafiier to all its
arguments, represented by abstracted variables in thextont

The body of the collection generattsin!collection create are the applications of the
method generators to their param-arguments (no spec-argarhere). Then these param-arguments
areA-lifted.

Definition collection_create (_p_V_T : Set) _p_minv_minv _p_maxv_maxv _p_V_It _p_V_gt _p_V_ItNo tGt =

let local_rep = ((p_V_T = statut t_t) in

let local_filter = filter _p_V_.T _p_V_It _p_V_gt _p_minv_minv _p_maxv_maxv i n

let local_getStatus = getStatus _p_V_T in

let local_getValue = getValue _p V_T in

let local_lowMin = lowMin _p_ V.T _p_V_It _p_V_gt _p_V_ItNotGt _p_minv_minv _ p_maxv_maxv in

mk_record

(p_V_T : Set) _p_minv_minv _p_maxv_maxv _p_V_gt local_rep local_f ilter local_getStatus local_getValue local_lowMin.

End IsIn.

Generating code for collectiomtC : The module generated frommtC contains all the definitions
obtained by just extracting the fields of the collection gatw Thelnt.collection create as
there are no parameters.

Module IntC.
Let effective_collection = Thelnt.collection_create.
Definition me_as_carrier = basics.int__t.
Definition id := effective_collection.(Thelnt.rf_id).
Definition eq := effective_collection.(Thelnt.rf_eq).
Definition fromint = effective_collection.(Thelnt.rf_fromiInt).
Definition It = effective_collection.(Thelnt.rf_lt).
Definition gt = effective_collection.(Thelnt.rf_gt).
Definition ItNotGt ~ := effective_collection.(Thelnt.rf_ItNotGt).
End IntC.
Generating code for collectiom _5_10: Here,lsIn.collection create is applied to effective

arguments found in the moduletC and definitions are extracted as above. The four underseoees
just arguments inferred bgoq, which denote the four parameters of the record.
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Module In_5_10.
Let effective_collection =
IsIn.collection_create IntC.me_as_carrier (IntC.froml nt 5) (IntC.fromint 10) IntC.It IntC.gt IntC.ItNotGt.
Definition filter := effective_collection.(IsIn.rf_filter _ _ _ _ ).
Definition getStatus = effective_collection.(IsIn.rf_getStatus _ _ _ _).
Definition getValue := effective_collection.(IsIn.rf_getvalue _ _ _ ).
Definition lowMin := effective_collection.(IsIn.rf_lowMin _ _ _
End In_5_10.

3.4 Summarizing Dependencies Usage ilifting

As previously introduced, dependencies are subject #o-liiged to define record types, method genera-
tors and collection generators. In a symmetrical fashiogy tletermine the effective methods to provide
to these generators, which can only be achieved taking ¢#éine instantiations of formal collection and
entity parameters by effective arguments along the irdnes#. The detailed mechanism of this is out of
the scope of the present paper. Instead, we summarize leeredterial toA -lift for each category of
code generated element, in order of apparition for a species

» Parameters carriers For record type and collection generator: all those of theupaters. For
method generators: per method, only those of the used ptene
» Parameters methods
— Forrecord type: “union” of all the dependencies of all theimoes got by [COSE] ([T YPE]).
— For method generators: the dependencies of the relatedbchetitained by rules: [BDY]
+ [TYPE] + [CLOSE] ([DEF] + [UNIV] + [PRM]).
— For collection generator: “union” of methods dependenalestracted in each of the method
generators.
» Methods of Self Only needed for method generators: those belonging to tiémal typing
environment that are only declared.

Note that because of relative dependencies between mathpdsameters inside their own species,
A-lifts of methods must be ordered for a same parameter taetisey only refer to previoush-lifted
elements. Moreover, parameters are processed in ordempafiaipn in the species: this way, all the
methods of a same parameter Aréifted in sequence.

4 Conclusion

Building FoCalL.iZe, a lot of questions, choice points, etc. arose from the wilivoid dissociating the
computational and logical aspects in a formal developmdrlevkeeping the FIDE palatable. The mix
of inheritance, late binding, encapsulation, inductivéadgipes and unfolding of definitions in proofs
creates complex dependencies, which have to be analyzeduoeedevelopment correctness. This ana-
lysis gives the basis of the compilation process througmttens of method and collection generators,
that we introduced to allow code sharing. The code generatiodel producing computable and logical
target codes is outlined through an example. The formal coatipn of dependencies was presented
with an short summary of their usage in thdifting process.

Several other FIDEs mentioned in the introduction haveofedld other choices. It should be very
interesting to compare their compilation models with opesticularly on the method used to establish
correspondence between runnable and logical code and iosen&-automation of proofs.

Zenon greatly contributes té-oCaliZe since it brings proof automation. This point is especially
crucial to keep proofs simpler. We plan to extend it to hameléirsion termination, arithmetic, temporal
properties and, as it targets other provers tGanq, to experiment with other target type theories.
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A huge amount of work remains to do in order to enhaRc€aliZe. But, with all its weaknesses,
it has already proved to be efficient in non-trivial devel@gmis. While safety domains already have a
large number of good tools, security domains are much ledisewdowed, and the recent interest in
combining safety and security requirements will increas@aind for such tools.
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