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In my research, | aim to advance the state of the art in thegdesemantics, verification, and implemen-
tation of strongly-typed programming languagesith a particular emphasis on language mechanisms for
modularity and data abstraction.

Strong type systems have become the norm in mainstreamradiguepose, high-level programming
languages such as Java arfd They provide statitype safetguarantees, ensuring that programs written in
these languages do not suffer from a large class of run-tmoese as well aslata abstractiorguarantees,
enabling programmers to write more robust, modular, ansiaigle code.

However, while strong type systems are critical in makingéascale software development feasible, the
type systems of today’s languages have become alarmingiplemated. In particular, due to the desire for
backward compatibility with legacy code, mainstream laaggs have evolved primarily through a steady
accretion of features. Although this process has providedtlaway for essential concepts ligarametric
polymorphism(“generics”) anchigher-order functiong‘closures”) to break out from their academic origins
into real-world programming, the accumulation of multipl®gramming paradigms (object-oriented, con-
current, functional, imperative) has exploded the conipldudgets of mainstream languages to the point
that writing good code in these languages—and reasoningt &saorrectness—is extremely difficult.

Thus, two key challenges in programming languages reseaech(1) designing next-generation pro-
gramming languages that synthesize the complementaryitseofeexisting paradigms more harmoniously,
and (2) developing viable methods for formal verificatiomuflti-paradigm programs. My research tackles
both of these challenges.

As the name of my research group at MPI-SWS suggests, | takeyastarting point theunctional
programming paradigm. Functional programming emphadizesability to treat functions as a form of
first-class data, as well as the ability to isolate and endafesimpure (i.e., side-effecting) computations.
| begin with functional programming for several reasonsrstriit is closely connected to the founda-
tions of type systems—namely, constructive logic and Xhealculus—and thus research on extensions
of A-calculus models may be transferred directly to extensadngal functional languages. Second, the
functional paradigm encouragesthogonalityin language design, which in turn makes it easier to under-
stand and develop different language features indepdgpdefrine another. Lastly, in light of the renewed
multicore-driven interest in concurrent and parallel pamgming, the functional programming paradigm
offers a tangible advantage over other paradigms, due émrifghasis on persistent data and effect encapsu-
lation. In summary, functional languages have been at ttedrfint of foundational programming language
research, and I believe they will continue to have a profaamghct on the design of mainstream languages
that most programmers use.

Using the functional paradigm as my “home base”, | have erpla number of interesting and important
problems under the general category of multi-paradigmuagg design and semantics. Specifically, since
one of the primary functions of strong type systems is to stppodularity and data abstractigri have
focused on studying (1) how wesignnew modularity mechanisms that reconcile and synthesiiztirax
mechanisms from different programming paradigms, and ¢8) to reason formallyabout the benefits of
data abstraction in multi-paradigm languages. In the redsaiof this statement, | will outline the research
contributions | have made thus far, as well as several desfor future work.



1 Designing Modularity M echanismsfor Next-Generation L anguages

My language design work has centered around the ML modulersyEl9, 20], the most evolved mecha-
nism for data abstraction in the realm of functional prograng. ML modules support nested namespace
management througstructures a rich interface language sfgnatures client-side abstractiori.€., gener-
ics) throughfunctors and implementor-side abstraction througgaling As a result of its flexibility and
expressive power, the module system is one of ML's mostraiistie and widely used features.

While the ML module system serves as an excellent starting pmr designing next-generation module
systems, it is far from perfect. There are a variety of desrfeatures offered by other modularity mecha-
nisms (such as Haskelltgpe classeand DrScheme’snitg) that ML modules lack. To make matters worse,
a number of different formalisms have been proposed for ihgfithe semantics of ML-style module sys-
tems, leading to the common perception that the semantios®diiles is more complex than it actually is.
Over the course of several papers [13, 7, 14, 12, 9, 10, 16| B8ye tried to combat both of these problems
by: (1) showing how to blend ML's notion of module togethetiwpromising ideas from other languages,
and (2) developing simple, unified accounts of ML module sdiog that are accessible to a general PL
audience. In this section, | will describe some of my key Itedn this area.

Modular Type Classes It has often been remarked that the basic mechanisms of thebtiule system
are very similar to the basic mechanisms of Hask&ifse classsystem [32], yet they serve quite different
purposes—the former supports purekplicit control over scope and linking, while the latter supportsefu
implicit program construction and overloading (so-cabedchocpolymorphism).

In joint work with Bob Harper and Manuel Chakravarty, | shaN®w to combine the benefits of ML
modules and Haskell type classes in one language [14]. Téie lea is to encode Haskelldassand
instancedeclarations directly in terms of existing ML construdte.( signatures, structures, and functors).
The implicit composition of these module-level constraetorresponding to the implicit construction of
Haskell's “dictionaries”—is then supported by a simpleesdion to ML's type inference system. This
approach, dubbenhodular type classedacilitates a clean synthesis of the ML and Haskell pamradidor
modular programming without incurring any redundancy othamism.

Recursive Modules One of the most glaring limitations of ML modules is that tleannot be defined re-
cursively, thus inhibiting the modular decomposition oftmrally recursive type and function definitions into
separately compilable components. Consequergtyrsive modulebave been one of the most frequently
requested extensions to ML.

Not surprisingly, extending ML with recursive modules iglilly non-trivial. The most serious problem
that arises in designing such an extension is what in myshdasimedthe double vision problerf8]. The
problem is essentially as follows: In ML, due to the preseateested modules, there may be multiple
names for (or “paths” to) an abstract type at different mointa program, but at arparticular point in the
program only one such path is in scope. In the presence afsigeunodule definitions, however, there may
be multiple pathnames to the same abstract type in scopedinod, and it is important that these paths all
be considered interchangeable by the typechecker. Dagigrtiypechecker that satisfies this property turns
out to be incredibly tricky, primarily since the knowleddeoat the identity of an abstract type may differ
in different scopes.

Eventually, | realized that the reason why recursive maglate a “hard” extension is quite fundamental:
if we forget ML modules and just try encoding the functiohabf recursive ADTsn (a simple extension
of) the core polymorphic\-calculus,System Fwe find that it is not expressible even at that foundational



level. So, | determined that the key to developing an effeature for the double vision problem was to first
show how to solve it at the level of System F, and only then édesthe solution to the level of ML modules.

| proposed a core calculus call®&TrG which extends System F with the essential piece neededdar or
to define recursive ADTs, namely the ability fiorward-declarean abstract type before it is defined [9].
| subsequently showed how to use RTG as the foundation of bleleision-avoiding recursive module

extension to ML [10].

MixML The aforementioned work on extending ML with recursive medueft one key problem open:
how to supporseparate compilationor even separate typechecking, of mutually recursive nesdiML’s
traditional mechanism for supporting separate compitatinamely, théuncto—does not scale well to the
setting of recursive modules. The body of a functor (whicfings itsexporty may depend on its argument
(which specifies itsmportg, but not vice versa. In the context of recursive modulesydwer, the import
specifications of a separately-compiled module may in gérmexed to refer recursively to abstract type
components provided in its exports, so functors do not suffic

To solve the separate compilation problem, Andreas Roggb®y postdoc at MPI-SWS) and | turned
to Gilad Bracha's concept ahixin moduleg6]. Originally developed in an object-oriented settingxim
modules are essentially records with some of the compomastsng. When two mixin modules are linked,
the exports (the defined components) of each module are afiédt the imports (the missing components)
of the other. Thus, mixin modules make recursive linkingye@n the other hand, mixin module systems
have traditionally lacked support for type abstractioneasential feature of ML modules.

To combine the benefits of both ML and mixin modules, we desetiMixML, a novel module system
design that supports recursive linking of separately-ddpmodules as a primitive notion, as well as the
full expressive power of ML-style type abstraction [16]. @fe not the first to propose such a combination—
the same basic idea is at the core, for instance, of both &lat’s units [25] and the class system in
Scala [24]. What distinguishes MixML from its predecessgr¢hat (1) it comprises a small set of very
simple, orthogonal mechanisms, and (2) those mechanismigecaombined in various ways to encaale
the features of the ML module system. In this way, MixML notyogeneralizegshe ML module system, it
alsosimplifiesit.

Modules for Dummies When | began my work on the ML module system, a number of diffefor-
malisms had already been developed for it, each with suliffisrent semantic behavior. In collaboration
with Karl Crary and Bob Harper, | defined a unifying type systior modules, under which different ML
dialects could be understood as subsystems that pick armbelthfferent features [13]. In my PhD the-
sis [8], | presented a simpler, cleaner version of this tysesn, which was subsequently used as the basis
for the first mechanized formalization of the metatheory tain8ard ML [18].

Most module type systems, including the one from my thesigley a weak form of dependent types,
as well as a number of other advanced features (such asteimgieds or translucent sums), giving the im-
pression to many that ML modules require sophisticated tiypery. In recent work with Andreas Rossberg
and Claudio Russo, | have demonstrated that this is not e [@8]. Although ML modules superficially
appear to be dependently-typed, we can give them a deadesiaipstraction-preservinglaboration se-
manticsby directly translating them into plain old System F. We ¢hi$ theF-ing modulesapproach, and
we have already received a lot of positive feedback indigatihat our approach makes ML modules much
easier for non-specialists—and programmers!—to undwista



2 Reasoning About Data Abstraction in Multi-Paradigm L anguages

The central goal of module system design is to provide a mefnieaking code into reusable components
and imposing data abstraction boundaries between thosparants. But how do we know that the data
abstraction facility provided by a language’s module sysgetually “works”?

The canonical account of what it means for a language’s desttaeection mechanism to “work” is given
by John Mitchell's notion ofepresentation independenf&l], which in turn is derived from John Reynolds’
notion of relational parametricity[27]. Representation independence means essentially ghah two
different implementations of an ADT, if there existsmerelation between their internal data representations
that is preserved by the operations of the ADT, then no chantdistinguish between theni-e:, they are
observationally equivalentf a language guarantees representation independemtiediively ensures that
the implementation of an ADT is held abstract from clients.

Techniques for proving representation independence wegmally developed in the context of (vari-
ants of) System F, and over the past two decades there haa heeat deal of work on extending them to the
setting of more realistic languages. There has not, howbeen any prior work on proving representation
independence for multi-paradigm languages that suppaht the functional style of data abstraction, via
universal and existential typeand the imperative/OO style of data abstraction,letal mutable statélo-
cal variables or private fields). Handling such a combimaisocritical for reasoning about next-generation
programming languages, since this combination of parasligmpresent even in ML, a 20-year-old language!

| have therefore set out to develop effective techniquesgasoning about representation independence
(and, more generallypbservational equivalengén multi-paradigm languages. This has led to a number of
interesting results.

Reasoning About Stateful ADTs In joint work with Amal Ahmed and Andreas Rossberg, | presdnt
the first method for proving representation independenem iML-like language supportingothexistential
types and general (higher-order) mutable references [ f&us was on reasoning abatatefulADTs—
that is, ADTs in which the type representation of an exisépackage is dependent on some piece of local
state. (The canonical example of such a stateful ADT is a synable module, which exports a type of
symbols that represent the valid indices into some pridjteamically generated/updated hash table.)

One key idea in this work is that just establishingariantson local state (as previous methods had al-
lowed) is often not enough—it is useful to be able to esthlpi®perties about pieces of local state that may
evolveover time in a controlled fashion. In addition, we showed tha well-known difficulties with rea-
soning about higher-order state can be handled easily stpgindexed logical relations, 2]. Although
our primary focus was on proving representation indepereléor ADTSs that exhibit an interaction of ex-
istentials and state, our method also handles severalkwelim simply-typed examples from the literature
on local state that have proven difficult for previous logfiedations methods to handle.

Non-Parametric Parametricity Traditionally, the parametric nature of polymorphism ayget abstrac-
tion is guaranteed statically by a language’s type systeoweder, some modern programming languages
include a useful feature that appears to be in direct condlittparametric polymorphism, namely the ability
to performintensional type analysid 7], i.e., run-time inspection of the identity of an abstract type. By i
very nature, type analysis mon-parametricand thus violates the standard parametricity and repietsam
independence properties that hold in its absence.

In order to reconcile type abstraction and type analysigersé researchers have proposed the use of
dynamic type generatiof28, 31]—that is, when one defines an abstract type, one glasib be able to



generate at run time a “fresh” type name, which may be useddgmamic representative of the abstract
type for purposes of type analysis. The idea is that the ffressh of name generation will ensure that user-
defined abstract types are viewed dynamically in the sametwaythey are viewed statically—as distinct
from all other types. However, no one had actually provehdiiaamic type generation actuailjorks—i.e.,
that it re-establishes the same parametricity guarantegsibstract types enjoy in traditional languages.

In collaboration with Georg Neis (my student) and Andreasd®erg, | proved that dynamic type gen-
eration does indeed work [23]. As in our work on stateful ADWe used a form of step-indexed logical
relation, this time in order to account for the combinatidrtype abstraction and stateful type name gen-
eration. Furthermore, we showed how in languages with remametric operations (like intensional type
analysis), it can be useful to distinguish betwgesitiveandnegativenotions of parametricity, correspond-
ing to whether a module behaves parametrically with regjpdts enclosing program context or vice versa.

Logical Step-Indexed Logical Relations The work described above depended critically on the use of a
step-indexed logical relationn such a model, program equivalence is defined by inductiothe number
of steps of computation. While this “step index” providesaadly induction metric, we found that it also
clutters proofs of representation independence resuttsstep-index arithmetic, to the point that the main
substance of the proofs becomes obscured. Thus, it seeandtdé widespread acceptance of step-indexed
logical relations will hinge on the development of abstactof principles for reasoning about them.
The key difficulty in developing such abstract proof prinegpis that, in order to reason about two
programs beingnfinitely logically related—e., belonging to a step-indexed logical relation &mynumber
of steps, which is ultimately what one really cares aboute-prust pick an arbitrary. and reason about
whether the programs are logically related fosteps, thus forcing one into finite, step-specific reasoning
In joint work with Georg Neis, Andreas Rossberg, Amal Ahmeal] Lars Birkedal, | presented a solu-
tion to this dilemma in the form of two relational modal logid SLR [11] (for a purely functional extension
of System F with recursive types), and LADR [15] (for an impML-like language). Our work here synthe-
size ideas from several earlier logics—including Plotkia Zbadi’s logic for relational parametricity [26],
Appelet al's “very modal model” [4], and Yang's relational separatiogic [33]—in a novel way, resulting
in the first logic for reasoning syntactically about obséorsl equivalence in a multi-paradigm language
with type abstraction and general references.

3 FutureWork

There are several directions for future work that | woule ltk pursue.

In terms of future design work, the most pressing questiahltam interested in investigating is how to
cleanly synthesize the design of MixML with my earlier wonk modular type classes. On a related note, |
am interested in exploring whether the “F-ing modules” apph (described at the end of Section 1) can be
used to simplify the formal specification of modular typesskas. Lastly, given my success in fusing mixin
composition (originally an object-oriented concept) witth modules, | am also keen to explore further
how other good ideas from the OO world can be effectively ipomated into a functional-language setting.

In terms of semantics, one important problem is to generaiz proof methods in order to handle a
language with concurrency. Another problem is that, algffiomany techniques have been developed for
relational reasoning about programs, there is still noearcinderstanding of how the presence or absence
of different language features (such as general referemcesntrol operators) affects the principles for
reasoning about program equivalence. In collaboratioh @i&org Neis and Lars Birkedal, | am in the midst
of preparing a paper on this topic, in which—taking inspiatfrom game semantics—we propose a unified



framework of (step-indexed) logical relations for langesgvith different combinations of effects. Finally,

| would like to investigate the connections between ourdalgielations methods and related approaches
for reasoning about multi-paradigm languages, such asiStral’s environmental bisimulationg80] and
Nanevskiet al.s Hoare type theory22].

Although my work so far has focused primarily on the founolasi of next-generation language design
and semantics, | believe it is also important to build aciegllementations of my language design propos-
als, and to apply my proof methods to the mechanical veridioaif realistic programs. My collaborators
and | have already made some initial steps in both thesetidinsc On the implementation side, we have
begun to build a serious implementation of MixML (based oa khoscow ML compiler) which we plan
to use as a testbed for our multi-paradigm language desaasidOn the verification side, we have begun
to mechanize our step-indexed logical relations in the Gogfpassistant. Thanks to the POPLmark chal-
lenge [5], mechanization of programming language metayheas become a hot topic in recent years, but
most of the effort so far has produced techniques for easiagrtechanization dfype safetyproofs. In
contrast, the soundness proofs for advanced semantic sn(aledh as our step-indexed logical relations)
are significantly more complex and easier to get wrong. Meiziteg such proofs is thus, we believe, an
important undertaking, as well as a challenging researshl@m in its own right.
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