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My research is in Programming Languages and Formal Methods and the goal of my research
is to improve the safety and reliability of software systems. To this aim, my work focuses on two
research tracks. In the first track, I develop new methods for the development and verification
of programming languages (Section 1). In the second track, I work on advanced type systems
(Section 2). The next sections describe my work on these two tracks and my future research.

1 Programming Language Development and Verification
As the theory and practice of programming languages advance, we have seen the creation of a
plethora of new programming languages in recent times: TypeScript (Microsoft), Hack (Facebook),
Go (Google), Dart (Google), Rust (Mozilla), Julia, Elixir, and many others. Similarly, many new
domain-specific languages (DSLs) have been created. These are languages with linguistics that is
specific to a domain. Creating new languages is a trend that is not confined to big companies but
has been embraced at all levels, including academic research teams and the level of individuals.

Language designers need methods and tools for quickly deploying and validating their new pro-
gramming language designs. Safer programming languages mean more secure and reliable soft-
ware systems and, in turn, a safer world. We all benefit when complex software is written in pro-
gramming languages that provide strong safety guarantees.

To help language designers, I have created the Lang-n-X series of systems during the
past several years since my joining UMass Lowell. This is a multi-year project that comprises a se-
ries of systems that are all connected and part of the same story. Each system addresses a different
aspect within the same overall objective. The series contains the following systems.

• Lang-n-Play: Languages as First-Class Citizens [1,4,5]

• Lang-n-Send: Processes That Send Languages [7,8]

• Lang-n-Change: A DSL for Language Transformations [10,16,23–25]

• Lang-n-Check: Type Systems for Programming Language Definitions [3,14]

• Lang-n-Prove: A Proof Language for Language Proofs [6,12,15,19]

• Lang-SQL (a.k.a. Lang-n-Query): A Query Language for Querying Languages [9,11]

• Lang-n-Assert: From Program Logics to Language Logics [13]

1.1 Lang-n-Play: Languages as First-Class Citizens [1,4,5]
I have designed and implemented Lang-n-Play, a programming language with languages as first-
class citizens [1,5]. Lang-n-Play programmers can define their own programming languages, these
are programmer-defined languages, and then use them to execute programs in multi-language pro-
gramming style. The characteristic of Lang-n-Play is that it elevates programming language def-
initions to be runtime values that can be assigned to variables, passed to functions, returned by
functions, and inserted into lists, among other operations. This approach offers flexible features in
the runtime creation and modification of languages, and promotes new idioms in multi-language
programming. Milner’s type safety is a standard theorem for the correctness of programming lan-
guages and says that “well-typed programs cannot go wrong” (where “well-typed programs” can be
read as “programs that type check successfully”). I have set forth the observation that Milner’s type
safety is too strong a property in the context of multi-language programming [5]. I have therefore
proposed (and proved) a refined safety theorem for multi-language programs: “ Well-typed multi-
language programs can go wrong on programmer-defined languages only” [5].

I have implemented Lang-n-Play with a programming paradigm called higher-order logic pro-
gramming and I have made the point that the features of higher-order logic programming are an
exceptional fit in implementing multi-language programming languages [4].
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1.2 Lang-n-Send: Processes That Send Languages [7,8]
Preamble After I have explored languages as first-class citizens in the sequential programming
language Lang-n-Play, I have investigated the same for concurrent programming languages.

I have designed Lang-n-Send, a concurrent language where programmer-defined languages are
data that can be communicated [8]. Processes can define programmer-defined languages and use
them to execute programs. Furthermore, processes can send and receive pieces of programmer-
defined languages through channels [8], as well as send and receive pieces of properties to be moni-
tored during the execution of programs [7]. Lang-n-Send promotes new idioms and new client-server
scenarios for the runtime creation and modification of languages.

1.3 Lang-n-Change: A DSL for Language Transformations [10,16,23–25]
Preamble Lang-n-Play and Lang-n-Send have the ability to take several pieces of programming
language definitions from different sources and combine them to form a finished language. How-
ever, when we write functions to automatically add features to programming languages we need to
manipulate programming language definitions with more fine-grained precision.

A prominent example is that of adding subtyping. (To recall, it is by subtyping that we can pass
an integer to a function that requires a floating point even though integers and floating points are
different types.) Subtyping cannot be achieved by simply combining pieces of languages together
but it requires a non-trivial modification of the type checker. My question then is: “Can we develop
a domain-specific language to express fine-grained language transformations?” Together with my
student Benjamin Mourad, I have developed such a DSL, Lang-n-Change [23, 25], and have used
it to automatically add subtyping to languages, as well as to add imperative programming, object-
oriented programming, pattern-matching, and gradual typing, among other features [16,24,25], to
automatically generate abstract machines [16], and validating concurrent languages [10].

Education research: Courses in programming languages typically cover several programming
language features. I have made the point that Lang-n-Change language transformations are akin
to pseudocode that highlights the insights behind programming languages features. I have set
forth the thesis that employing Lang-n-Change in teaching programming languages features can
help students deepen their understanding of the feature at hand [16], and I have conducted a small
study on this thesis in the context of one of my courses [16].

1.4 Lang-n-Check: Type Systems for Language Definitions [3,14]
Preamble The systems that we have seen so far address language designers’ flexibility in creat-
ing programming languages. However, once we have a programming language it is important to
verify that it satisfies the properties that we have intended.

Type checking plays a major role in program analysis. My question then is: Can it play a similar
role in programming language analysis? Together with my colleagues, I have created Lang-n-Check,
a type checker for programming language definitions that guarantees that the programming lan-
guage in input is type safe [14] (the above-mentioned Milner’s safety). I have proved a theorem that
guarantees that property and that says “Well-typed programming language definitions are safe” [14].

Education research: Thanks to a type-based approach, Lang-n-Check has a high level view of
the programming language being analyzed and can report error messages using the same jargon of
language designers. I have then set forth the thesis that Lang-n-Check can be an effective tool to
1) teach language design and for 2) collecting statistics on the design mistakes that students make
during their modeling of programming languages. (Such statistics may inform our teaching style
and priorities.) I have conducted a small study on that thesis in one of my courses [3].

1.5 Lang-n-Prove: A Proof Language for Language Proofs [6,12,15,19]
Preamble Lang-n-Check simply checks that safety holds for a language at hand but does not pro-
vide a proof of that. Instead, we have high assurance of the correctness of a programming language
when we can provide a mathematical proof for it, especially in a Proof Assistant. Proof assistants are
software tools that provide a special programming language to express a machine-checked proofs
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where every reasoning step is checked beforehand to see if it is actually valid. (The tool would reject
the proof, otherwise.)

I have observed that proofs of programming language properties often follow a schema that can
be applied not to just one language but, rather, to a class of languages. My question then is: Can we
develop a domain-specific language to express proofs in a way that applies to classes of languages? I
have designed and implemented Lang-n-Prove, a DSL for expressing such proofs [6]. Lang-n-Prove
takes two elements as input, a programming language definition and a Lang-n-Prove proof, and
generates the machine-checked proofs that are specific to the language given as input. I have devel-
oped the Lang-n-Prove proofs that describe Milner’s safety for a class of functional languages [6].
My student Tess Galasso has extended this work to include subtyping [19]. My Ph.D. student Joan
and I have provided a formal foundation for this work [15]. My students Eswarasanthosh Kumar
Mamillapalli (Eswar) and Charlesowityear Ly also have developed a debugging system that can
faithfully pinpoints the source of errors in language proofs [21]. This latter work has been the basis
of Eswar’s master’s thesis under my supervision.

Lang-n-Prove proofs are akin to the pseudocode of programming language proof methods. My
next question then is: What is the complexity of carrying out a programming language proof method?
specifically as related to language design quantities such as the number of operators of a language,
the number of types, and so on. I have investigated this question for the standard Milner’s safety
[12]. This represents the first example of this type of analysis about programming language proof
methods.

1.6 Lang-SQL: A Query Language for Querying Languages [9,11]
Preamble Lang-n-Check and Lang-n-Prove, as well as related tools in the literature, focus on a
“big” property such as Milner’s safety. Given a programming language, however, it is interesting to
also validate “smaller” questions: What type of data is mutable? What are the binders of the lan-
guage? And others. Analyzing these smaller aspects goes a long way to help debug a programming
language. Then, I have built methods for analyzing these smaller aspects.

I have made the point that interrogating programming language definitions should be akin to
interrogating databases [9]. In the field of databases, SQL is a standard query language and SQL
queries are concise, declarative, and mostly readable. I have proposed the languages-as-databases
approach where language definitions are stored as database tables [9]. I also have designed and
implemented Lang-SQL, a SQL-inspired query language with linguistic features that are specific
to query language design aspects [9,11].

1.7 Lang-n-Assert: From Program Logics to Language Logics [13]
Preamble Lang-n-Prove and related tools in the literature focus on a “big” property such as Mil-
ner’s safety at the level of formal proofs. Lang-SQL addresses smaller properties but not at the level
of formal proofs. My question: Can we have a formal method that encompasses the full spectrum
from small to big properties at the level of formal proofs?

This question led me to transfer the formal method of program logics from program verification to
language verification. Program logics derive statements of the form {P} c {Q} with formal proofs,
where c is a command, P is a precondition, and Q is a postcondition. I have proposed language
logics [13] with statements of the form {P} X {Q}, where X can be the entire language at hand
or some of its components such as a piece of grammar, a typing rule, a reduction rule, or other
parts of the language definition. Assertions P and Q can assert various aspects and properties
of the language at hand, for example that the language is stateful, that some type constructor is
for mutable data, and that it is invariant/covariant/contravariant in one of its arguments, etcetera,
and reason about the soundness of the language. I have implemented the Lang-n-Assert prover
based on language logics, which provides formal proof derivations of {P} X {Q} statements, or a
user-friendly error message when the sought for proof is not found. As program logics can be used
both for full program verification and for proving, say, loop invariants in a small part of the code,
I am developing language logics into a full-blown formal method that can be used to verify the full
spectrum from small to big properties of languages at the level of formal proofs.
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Figure 1: Research Space in Programming Language Verification

1.8 Future Research
It really is a privilege to be able to write a research statement like this, where each project is part
of the same building, which is a bigger multi-year overarching project. I am eager to continue my
work in the future. Figure 1 shows my personal view of the research space in this area. My long-
term research goal is to explore the space in Figure 1. Literature offers some results that have
addressed a limited number of points in that space, but the space remains largely unexplored.

• Language features (depth, x-axis): Methods and tools need to be general enough to analyze a
great variety of programming languages. Despite the many publications and results, the tech-
niques that I have developed in my research have limited applicability at this time. It took
several years to take these new techniques off the ground in their basic form. It is
time to scale all these new techniques so that they apply to real-world programming
languages. To help language designers more concretely, I will develop the scientific results
and corresponding software tools to bring my techniques to a level of maturity that can ana-
lyze all sorts of imperative programming languages, object-oriented programming languages,
concurrent programming languages, probabilistic programming languages, reactive program-
ming languages, and several other classes of languages. The next phase of my career will
certainly be more impactful. (It is my belief that a major reason for funding my current NSF
grant is that the panel could see the value of my techniques, for Lang-n-Prove [6] in this case,
and could see their limited applicability, and welcomed my plans on finally scaling them.)

• Language properties (breadth, y-axis): Milner’s safety is not the only language property that
is interesting to validate on programming languages. I will develop the scientific results
and software tools to address several language properties such as the security prop-
erty called non-interference, termination (of all programs, as in standard SQL), properties of
concurrent languages such as data-race freedom, deadlock freedom, liveness properties, and
several others. Some classes of languages such as probabilistic programming languages, reac-
tive programming languages, and others, have their own specific correctness properties, and
I will address them, as well.

• Formal methods (height, z-axis): The portfolio of formal methods for programming lan-
guage analysis is not nearly as ample as that of program analysis. My personal mes-
sage: “We should start borrowing tools from the toolbox of program analysis.” Formal
methods for program analysis have been developed for 70+ years now and include type sys-
tems, program logics, abstract interpretation, model checking, automated theorem proving,
among others. My long-term research goal is to develop (or further develop), for each,
the counterpart formal method that applies to programming languages rather than
programs. Case in point, my above-mentioned paper on transferring the formal method of
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program logics from program verification to language verification has been published [13], and
its related tool called Lang-n-Assert has been released. From here, there is a long journey
(and series of papers) in order to really establish their theory and practice in this context.

Education Research My research broadens to include education objectives. The goal of my ed-
ucation research is to develop methods and tools that help students learn programming
language theory and programming language design. I have conducted two small studies that
are based on the tools and the techniques that I have proposed [3, 16]. (I have described these two
studies in Section 1.3 and Section 1.4, respectively.) They are too small to draw any conclusions
about the theses they set forth. As my future research will extend the two tools, they will cover
more and more realistic programming language designs. My plan is then to conduct large-scale
studies towards gathering evidence for, or against, those theses.

As another direction, Lang-n-Prove proofs are akin to the pseudocode of programming language
proof methods. My claim is that teaching these proofs can help students see the proof method at
hand with some generality and deepen their understanding of why some programming languages
satisfy a property while others do not. In my future research, I will conduct studies to investigate
the merits of this thesis.

Generally speaking, my education research walks alongside with my research in programming
language verification and with my Lang-n-X series: As soon as I will develop new techniques, I will
immediately evaluate whether they can be helpful to students and I will conduct studies with them.

2 Advanced Type Systems
Complex software is often too challenging for compile-time analysis and a mix of compile-time
guarantees and runtime checks is the only realistic analysis in these cases. A successful
approach to handle the mix of the two is gradual typing by Jeremy Siek and Walid Taha. I have
worked on gradual typing extensively in the past [2, 17, 18, 20, 24, 26–28]. I am co-proposer of a
correctness criteria for languages in this space that is called gradual guarantee [26], which has
been adopted by researchers and language designers as a chief criteria to meet.

My most recent works in gradual typing are on the proof obligations of GADT data types [28],
automating the creation of gradually typed languages [24], and applying a typed analysis of input-
output capabilities in concurrent processes [2].

During my years at UMass Lowell, I have dedicated a minor part of my work to the research
track of this section, but that is only because I needed to demonstrate that my Lang-n-X series and
my techniques are feasible. Now that I am confident that that direction is going well, my work on
advanced type systems will increase in my future research, and so will collaborations. Case in point
is the project that I have already started and that I will discuss in the next section.

Future Research I am working on a project that strives to apply advanced type systems to
the compliance of privacy laws such as GDPR, CCPA, HIPAA, and similar, insofar data consent
is concerned. My Ph.D. student Joan is working on this subject and this project is in collaboration
with Prof. Anitha Gollamudi in my department. We are creating a programming language that I
have named PurPL (as in Purpose-aware Programming Language). PurPL analyzes for which pur-
poses data have been declared and puts this information in contrast to the purpose for which data
are used at runtime. A challenge is that purposes may be granted or withdrawn at runtime. We
have published our first paper on the subject [22], and we are continuing our work on PurPL.

This project is a representative of the type of work that I will do as future research in the long
term. I will apply practical program analyses to relevant domains (as that of privacy laws above)
and seek collaborations (as I have done with Prof. Anitha Gollamudi) to succeed in such endeavors.
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