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Résumé 
 

With the massive use of computing and communicating devices at all scale, software failures have 

major impacts: security breaches, catastrophic failures of critical systems, but also a systematic bug 

hunt, organised by software developers, with an obvious cost. To increase software reliability, the 

thesis aims at providing techniques and tools to construct software systems that respect their 

specifications. Solutions have already emerged for this major challenge: Domain-Specific 

Modelling, based on high-level abstractions well-suited to the domain and Deep Specification, 

based on a strong correspondence between formal specifications and software code. However, 

each solution in isolation has limitations: domain-specific  modelling  lacks  formal  specification,  

and  deep  specification  lacks high-level domain abstractions. With this thesis project, we 

propose to overcome these limitations by leveraging deep specification for domain-specific 

modelling: both solutions should converge to deep specification applied from models to code, 

related by certified code generation. This is our long-term objective. Its fulfilment could bring several 

benefits: 
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the  highest degree  of  confidence  in  the  ecosystem  for  domain-specific modelling,  a smooth 

and safe path from specifications at the domain level, with good abstractions, to specifications at the 

code level. 

 
Contexte 

 
With the massive use of computing and communicating devices at all scale, software failures have 

major impacts. Some are directly visible: security breaches, catastrophic failures  of  critical  

systems.  Others  are  behind  the  scene:  the  systematic  bug  hunt, organised by software 

developers, that spend fifty percent of their programming time finding and fixing bugs, has an 

estimated cost around ten percent of the global software and services industry revenue, according to 

Cambridge University's study [Bug2013]. 

 
To tackle the reliability problem, several solutions have been proposed. 

 
Domain Specific Languages (DSLs) are now widespread. The casual user sees the top of the 

iceberg (for instance pdf, html, xml, sql) but numerous DSLs work backstage in all domains (for 

instance matrix computation: Mathlab, finance: Risla by CapGemini, telecom: Erlang OTP, 

Photoshop: FilterMeister, graphics: Dot in Graphviz, software architecture: UML, hardware 

architecture: VHDL, music: CSound, video game: Lua, Bayesian model: Stan, and so on). DSLs 

offer the right abstraction for each domain. This promotes faster and safer development by 

experts of the domain (instead of generic programmers). 

 
Another trend is software verification, with mechanised proofs. The proof assistant Coq is 

currently the leading tool, as shown by the 2013 ACM Software System Award, and gets more and 

more success stories both in the academic world (e.g. the proof of the theorem of the four 

colours) and in the industrial worlds (e.g. Compcert a certified compiler for C used for instance by 

Airbus). In general, mechanised proofs require proof experts, but they can be highly automatised 

when the domain of the proof is specialised: for instance, specific Coq tactics automatically prove 

propositional logic theorems, solve nonlinear equation systems, or deal with equations over real 

numbers. 

 
This thesis proposes to merge both worlds, so that domain-specific developments could come with 

formal certifications. Thus it stands at the crossroad of several initiatives that are being carried on 

by academic and industrial research groups. Among the most prominent ones, the DeepSpec 

project [DeepSpec], recently funded by the NSA (USA), involves leading academic groups in 

software verification (Princeton, MIT, Yale, U. Pennsylvania) with the objective of enabling the 

certification of complete end-to-end systems with respect to their specification. DeepSpec aims at 

providing a stack of formal specifications in correspondence to a stack of software modules, and at 

proving that implementations are correct w.r.t. these specifications. Specifications in DeepSpec 

are required to be deep, a short qualifier indicating the sum of four characteristics: they need to be 

formal, rich (to describe the software behaviour), two-sided (to be stackable), and live (formally 

connected to the running code). The proof assistant Coq is used as a common formal underpinning 

of the project, with the positive side effect of expanding the Coq user base in the area of program 

verification (for example, the first DeepSpec summer school was attended by 150 participants from 

around the world, limited by capacity, not interest). 

 
The stack of DeepSpec specifications ranges from hardware (e.g., x86-ISA specified in Bluespec) 

to different software layers, operating systems (e.g., on CertiKOS) and programming  languages  

(mainly  C  on  CompCert,  and  Haskell).  However,  complete end-to-end certification requires 

developers to write for the application layer their own deep specifications describing the high-

level abstractions that are used in their programs. But  there  is  a  gap  between  code,  that  is  

often  under-specified,  and  the  logical formalisation used to specify its semantic interpretation. 

Code typically specifies the behaviour by a coarse type abstraction, letting the associated informal 

documentation explain  the  semantic  behaviours.  Thus the formalisation initially performed at  



the application layer requires an abstraction effort without an effective guidance: it can become a 

daunting task for application developers. 

 
However, in the application layer, as shown by the introductory examples, an effective solution for 

the production of reliable software is Domain-Specific Modelling (DSM), that advocates the explicit 

definition of high-level abstractions in domain-specific modelling languages (DSLs), and the 

automatic generation of code. Users describe their application as a model written in the DSL, and 

an implementation is automatically produced by code generators, typically provided with the DSL 

itself. Reliability is improved by the possibility of  analyzing  and  simulating  the  domain-specific  

model  (and  by  its  sheer understandability). In the state of the practice, DSL semantics is only 

informally defined, and code generators are not certified. 

 
The modelling community recognizes the need of standard means for describing the formal 

semantics of DSLs. The Object Management Group (OMG) is in the process of formalizing parts 

of the UML semantics, named Foundational UML [fUML]. fUML includes a subset of Class and 

Activity diagram, very recently extended to State Machines (PSSM) and Composite Structures 

(PSCS). In particular, the OMG proposes fUML as a standard language to define DSLs, especially 

in order to simplify the creation of analysis and simulation tools. In practice, Class Diagrams are 

used to define the abstract syntax of the DSL and the execution state of the model. The 

operational semantics is represented as state transformations, defined again in fUML by Activity 

Diagrams, or by using model transformation languages (e.g. ATL). The standard is being rapidly 

accepted by researchers and practitioners, with one leading implementation [xMOF]. 

 
Positionnement scientifique du sujet de thèse vis à vis des travaux des équipes 

 

● Pass (IRISA, Brest). In our ever changing technological ecosystem, software faces 

constant evolution of their environment, like, for example, changes in their requirements, 

execution platform, and resources. Adjustments must be constantly made to pervasive 

software in a non disruptive way. Producing such adaptive software is complex because of 

the variability and unpredictability of the change needed for correct adaptation. The 

“Processes for Adaptive Systems” team aims at defining methods and tools to help on 

the development of safe and secure by design  adaptive  software.  The  certification  of  

software  developments  is  an important requirement with respect to this goal. Using 

proof assistants to develop is one way to ease the confidence and help in certification. 
 

● NaoMod (DAPI, Nantes).  In model-driven engineering, model and transformation 

(M&T) verification is essential for reliably generating software artefacts, that fulfil strong 

safety and security requirements. While recent advancements have enabled automatic 

verification for non-trivial M&Ts, there are several verification tasks (e.g. induction)  that  are  

intrinsically  difficult  to  automate.  Thus,  the  integration  of state-of-the-art tools in the 

modelling ecosystem with proof assistants becomes a necessity. The translation of M&Ts 

into machine-checkable logical specifications constitutes also a fundamental workbench for 

other kinds of analysis. For instance, while different execution semantics for M&T languages 

have higher performances in specific scenarios, it has not yet been possible to formally prove 

their equivalence. 
 

● Gallinette  (DAPI-INRIA, Nantes). The development of tools to construct software 

systems that respect a given specification is a major challenge of current and future research 

in computer science. Certified programming with dependent types has recently attracted a 

lot of interest, and Coq is the de facto standard for such endeavours,  with  an  increasing  

number  of  users,  pedagogical  resources,  and large-scale projects. Nevertheless, 

significant work remains to be done to make Coq more usable from a software engineering 

point of view. In its Inria project proposal, the Gallinette team has proposed to make 

progress on several lines of work, including the extension of Coq with an object-oriented 

layer. Domain-Specific Modelling  is  a  good  starting  point  to  develop  a  proof  of  

concept,  with  its object-oriented tradition that can be traced back to UML (Unified 

Modelling Language) used to defined models and MOF (Meta-Object Facility) used to 

define meta-models. 



  

Encadrement 
 

● Fabien  Dagnat  is contributor of the PASS team from IRISA. He works in the Brest 

campus on software engineering and more precisely on methods, theory and tools to help 

in the production of safe and secure software. He collaborates closely in the teaching area 

with Hervé Grall and shares some of its interest in proof assistants. This  thesis  would  be  

a  way  to  start  concrete  activities  across  the  two  main campuses of IMT Atlantique. 

Furthermore, he is really interested in bridging the gap between formal tools and current 

engineering needs that this thesis addresses, especially in the domain of “secure by design” 

developments. He will contribute with its expertise in cybersecurity and software engineering. 
 

● Rémi Douence is a contributor of the Axis "Language extensions for the scaling of proof 

assistants" in Team Gallinette. He is interested in exploring certified model and graph 

transformations. Rémi Douence worked with Massimo Tisi on semantics of lazy model 

transformations. In this context, they have developed in Haskell a semantics for a subset 

of the DSL ATL. They plan to adapt it in Coq and prove properties (for instance commutative 

and inverse transformations, correctness of lazy transformations with respect to strict ones). 
 

● Hervé  Grall  is a contributor of the Axis "Language extensions for the scaling of proof 

assistants" in Team Gallinette, and especially interested in an extension with an object-

oriented layer. The thesis subject is therefore at the core of his interests in the next years. 

Moreover, he has been the research tutor of Joachim Hotonnier, our PhD candidate, for two 

years. It was the first time that Institut Mines Telecom Atlantique organized at Nantes a 

specific training for research during the graduate curriculum. It led to an intensive training in 

type theory, certified programming and development with the proof assistant Coq. The 

thesis will continue this initial investment. 
 

● Massimo Tisi is leading the Axis “Verification in MDE” of the NaoMod team and is one 

of the main contributors of the model transformation language ATL. In his most recent 

publication [Tisi2018], he introduces the first internal DSL for declarative model 

transformation in Coq. The thesis subject is a natural continuation of these works. The 

object-oriented extensions of Coq will allow a more manageable translation  of  the  

transformation semantics into  Coq,  and  the  domain-specific tactics will simplify proofs of 

transformation contracts. 
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Objectifs 
 
The thesis aims at facilitating the certification of code generators for DSLs by filling the gap 

between Domain-Specific Modelling and Deep Specifications. In particular, given the semantics of 

a DSL expressed in the emerging standard fUML, we want to enable and facilitate the 

certification in Coq of an independently developed code generator w.r.t. the semantics. 

 
Work in this thesis will be structured in three tasks, each one constituting a significant contribution 

to the state of the art: 

1.  Extension of Coq for the representation of specific object-oriented features, as used in fUML, 

2.  Automatic  translation of DSL  syntax and semantics (in fUML) towards a deep specification 

in Coq, 

3.  A library of domain-specific proof tactics for facilitating  DSL certification. 

 
Attempts at translating MDE  artefacts to Coq have been proposed for models [Hamiaz2014] and 

transformations [Calegari2011, Tisi2018]. However the resulting translation has shown to be difficult 

to use in the proof phase. We believe that the right way to bridge the two worlds is the convergence  

of the contributions from both sides. Since the way of representing languages in fUML is inherently 

object-oriented, Coq needs to be extended to allow fundamental properties of object-orientation to be 

natively represented. This will lead to Coq abstractions that closely mirror the fUML ones. Having 

similar abstractions in both sides will greatly simplify the translation of DSL syntax and semantics (in 

fUML) to Coq. Thus, on the Coq side, this thesis will mainly focus on representing object-oriented 

features, notably subtyping and interoperability, which are the essential properties for modularity. 

 
For subtyping,  the natural solution in type theory is coercive subtyping [Luo2013], as implemented 

in Coq, with an explicit operator for coercions. This should lead to a shallow embedding, but has 

limitations: indeed, while it allows subtyping to be faithfully represented, it does not provide a direct 

means to represent union and intersection types, which are often associated with subtyping. A more 

ambitious solution would be to resort to subsumptive subtyping (or semantic subtyping [Frisch2008]): 

in its more general form, a type algebra is extended with boolean operations (union, intersection, 

complementing) to get a boolean algebra with operators (the original type constructors). Subtyping is 

then interpreted as the natural partial order of the boolean algebra. We plan to use the type class 

machinery of Coq to implement subsumptive subtyping. 

 
Interoperability [Cook2009, Aldrich2013] can be understood by contrasting it with the modular 

approach in functional languages. Consider a signature declaring an abstract type T and a binary 

operator f : T * T -> T. A module provides a concrete type C and an implementation f : C * C -> C. In 

an object-oriented approach, an interface I declares a method f : I -> I. Method f has an implicit 

argument, the object receiving the call of f. In an implementation C of interface I, the function 

receives the type I -> I, with an implicit argument of type C. Interoperability is possible since the 

explicit argument has type I. Encoding this construction in Coq is not trivial, notably because of the 

prohibition of circular definitions for type classes. We plan to overcome this issue by defining a more 

complex type class structure, making explicit the absence of circularity. 

 
We will test the translator to Coq on the specification of existing DSLs (e.g., ThingML, Yakindu) and 

apply the deep specification approach to certify  their  code generators against their specifications. 

Similarities among the proof structure of these experimentations will hint towards specific tactics for 

the context of DSL semantics, that we will factorize in a shareable tactics library. The objective is 

to develop better tools to write proof scripts in the restricted context of DSM and DSL. 
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Compétences requises 
 

● Theory of programming languages (from syntax to semantics) 
● Fundamentals in Domain Specific Modelling 

● Fundamentals in Type Theory 

● Certified programming 

● Development with the proof assistant Coq 

 


