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INTRODUCTION

Abstractions are seen in many parts of computer science. For
example, networks use the protocol stack to build more com-
plex protocols on simpler ones, where the protocols higher in
the stack do not need to understand the implementation details
of the protocols below it. Another widely used example is the
application of virtual memory as an abstraction over physical
memory. Virtual memory enables processes to use more data
than can fit in memory by swapping data automatically to disk
when required. Virtual memory also provides an isolation layer
between processes, therefore increasing security. Such practical
abstractions are utilized by programmers without them having to
directly interact or even realize the presence of said abstractions.
Hiding complexity by introducing abstractions can significantly
improve productivity of programmers and the quality of the
produced software. One of the most practiced ways in which pro-
grammers engage with abstractions are programming languages
themselves. The principle abstraction idea behind programming
languages is to move away from instructing a CPU directly with
CPU opcodes or assembly languages, which are extremely low-
level and very error-prone. Nevertheless, the actual abstraction
mechanisms observed in programming languages go far beyond
abstracting over writing opcodes. This is best illustrated with
a brief dive into the history of programming languages as an
abstraction mechanism.

PROGRAMMING LANGUAGES AND ABSTRACTION THROUGH A
HISTORICAL LENS The usage of programming languages to
manage complexity is seen throughout the history of computing,
and materializes differently depending on the type of complexity.
We utilize this section as a brief exploration into the historical
aspects of programming languages and their significance. Note
that this section gives a rough overview and does not attempt
to cover all interesting aspects of the history of programming
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languages. For a complete and detailed treatment of this topic,
we refer the reader to the following sources [22, 108, 187, 219].
The origin of programming can be seen as a somewhat physical
activity, where big, bulky machines were manipulated to perform
calculations. The bulkiness had no effect on the value, as exem-
plified by the Bombe machine, which helped decode the second
variant of the Enigma cipher that was used by the German mili-
tary to encrypt communication during the second world war [58].
Although the machines remained bulky for a while, the way ma-
chines were operated was changing. Originally, programs were
written directly in machine code or an octal representation, which
was slow and error-prone. This led to the search for better, more
efficient methods of programming machines. Early approaches
were focused on assembler-like languages that remained close
to the machine language but introduced mnemonics that were
easier to use than pure machine code. However, with the rise
in processing power of machines, the efficiency of constructing
programs became more important [219], since less time was spent
on waiting for machines to complete calculations. Higher-level
languages were investigated to abstract over the complexity of
writing programs directly in machine code. An early high-level
language that moved away from a machine-like language was
Short Code [108]. Short Code encoded mathematical expressions
in a more natural way compared to a direct encoding in machine
language. Short Code programs were evaluated (interpreted) by
a program (interpreter) on a machine. This made the execution
of Short Code programs much slower than the same program
written directly in machine code. This impact on performance
made using Short Code less appealing. Therefore, researchers
began looking at programs that could translate programs from a
higher-level language to machine code, which was then executed
such that the impact on the performance of the program was
minimal. At the time, this research direction was often referred to
as automatic programming or automatic coding. These days, we
call such a program a compiler.” Early compilers were developed
for a number of languages, such as Whirlwind, FORTRAN, Algol,
and COBOL [81, 108, 187]. Next to the advantage of enabling a

The term compiler was coined by Grace Hopper to refer to what we now call a
linker [179, 219].
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higher-level language to be used to write programs, a compiler
could also make programs (software) less dependent on the ma-
chine (hardware) that it was originally written for, thus enabling
reuse of programs.

COBOL is particularly interesting since it is one of the first
languages that aimed to make programming available to a wider
audience like businessmen or corporate employees, by focusing
less on mathematical notation and using more of an English-like
notation. COBOL thus functioned as an abstraction mechanism
over the (mathematical) expertise required to program in other
higher-level languages. This idea further developed into domain-
specific languages (DSLs), where languages are specifically devel-
oped for certain domains. This enables the language to integrate
domain-specific constructs, enforce domain-specific constraints,
and enable domain experts to solve their domain-specific prob-
lems. Domain-specific languages have been defined for a plethora
of domains, some of which are the legal domain [27, 46], the do-
main related to writing games [184, 207], and the domain of
programming languages itself [15, 67, 105].

A language that was introduced around the same time as
COBOL was LISP [128]. LISP differentiated itself from the other
languages introduced around that time by taking ideas from the
lambda calculus and providing a more functional style to pro-
gramming, in contrast to the procedural or numerical style seen
in other languages at the time. LISP was also the first language
to introduce a garbage collector [1, 70], removing the need for
programmers to manage memory manually. Along with remov-
ing this responsibility of managing memory manually, LISP also
reduced memory-related bugs. To this day, such bugs still cause
security problems in languages that require manual memory
management. Utilizing programming languages to increase the
safety and stability of software further developed with, for exam-
ple Ada [16], and more recently with the Rust language [127].

Although the early higher-level programming languages in-
crease the abstraction level significantly, resulting in improved
productivity of programmers, development of new programming
languages has not stopped. New application domains of software
drive the development of new languages. An example domain is
the World Wide Web, which resulted in languages that integrated
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well with the application domain, of which PHP is an example.
Other languages introduced new programming paradigms, such
as Prolog [9, 109] for logic programming, which abstracts over
explicit search through a state space; and Erlang [10] for program-
ming concurrent systems, which abstracts over message passing
between such systems. Programming languages thus function as
abstraction mechanisms over different types of complexity.

THE 101 OF BUILDING A PROGRAMMING LANGUAGE Witha
somewhat simplified view, two components are needed to build
a (new) programming language: a parser and an evaluator. The
parser transforms syntax — which the programmer writes — into
an internal representation. The evaluator takes this internal rep-
resentation and assigns behavior to the program. An evaluator
can do this by interpreting the program or by compiling it. The
parser and evaluator are not trivial to write, but also not impossi-
ble. With the right meta-language — the programming language
which will be used to implement this (new) programming lan-
guage — a rudimentary implementation of a language can be
obtained with some amount of effort. However, this rudimentary
implementation would likely not be sufficient in several aspects.
A direct implementation of the conceptual semantics will give
substandard performance, hampering the applicability of the
language. Only having a parser and an evaluator is not ideal
for programmers, who are often supported by auxiliary tools,
such as debuggers, profilers, and editor services. Debuggers help
programmers with bug discovery in programs by making the
program steppable such that intermediate states of a program can
be inspected. Profilers help programmers identify performance
bottlenecks in their programs both for execution speed and mem-
ory usage. Editor services help programmers with the task of
programming itself and maintaining the software. Editor services
are integrated within text editors or development environments.
They provide different functionality, such as auto-completion ser-
vices, which suggest completion candidates to the programmer;
go-to definition services, which simplify navigation through a
code base; and refactoring services, which simplify code refac-
toring. Such auxiliary tooling requires additional engineering
efforts, which could become significantly time-consuming, espe-



INTRODUCTION

cially if the aim is to achieve reasonably good performance for
both the language implementation and the auxiliary tooling.

TOOLING FOR PROGRAMMING PROGRAMMING LANGUAGES
To support the development of (new) programming languages,
tooling that aids various aspects of the construction of program-
ming languages can be used. For example, the Truffle framework
takes in an Abstract Syntax Tree (AST)-based interpreter and
optimizes the interpreter using several techniques including Just-
In-Time (JIT)-compilation. Building a AST-based interpreter is
relatively easy compared to the work required to obtain optimiz-
ing interpreters, which Truffle gives essentially for free. On the
compiler side, the Low Level Virtual Machine (LLVM) framework
can be used to reduce the work needed to obtain an optimizing
compiler. With LLVM, only a front-end of a compiler is needed,
which translates a language into the intermediate representa-
tion of LLVM. LLVM then does the optimizations, significantly
reducing the work required to obtain an optimizing compiler.
Obtaining tooling for a language can be done using meta-
languages or language workbenches. Meta-languages are lan-
guages used to process (other) languages. General-purpose lan-
guages can function as a meta-language, of which ML (MetaLan-
guage) [77] and its variants are good examples. DSLs can also
be meta-languages. An example of this is Rascal [105], which
has built-in constructs to quickly traverse ASTs. Language work-
benches provide full-fledged IDE-like environments for the man-
agement, creation, and analysis of (domain-specific) languages.
Language workbenches are often comprised of multiple meta-
languages, of which Spoofax [94] is a good example.
Meta-languages and language workbenches often generate
tooling from declarative specifications, significantly reducing the
required engineering effort. They also often support the spec-
ification of the concrete syntax and semantics of a language,
making them a one-stop-shop for the implementation of new
programming languages. Some meta-languages and language
workbenches focus on the modular construction of program-
ming languages using reusable components. Since program-
ming languages often share constructs, these do not need to
be re-implemented, thus reducing the total engineering effort.
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A plethora of meta-languages and language workbenches exist.
Some of these will be investigated more thoroughly through-
out this thesis by relating them to the contribution made in this
thesis.

THE COMPLEXITY OF LANGUAGE DESIGN  Although meta-
languages and language workbenches provide a way to reduce
the engineering effort required to build a programming language
that also has the necessary auxiliary tools to support program-
mers, building a new programming language is not just an engi-
neering effort. It also entails a fairly complicated design effort.
Many decisions need to be made: does the language embed an
existing paradigm? Does it mix paradigms? Is it statically or
dynamically typed? Is it strongly or weakly typed? What abstrac-
tion mechanisms does it offer (e.g. how can new datastructures
be defined)? Does it need to be Turing complete? And so on.
These examples are decisions that can be known beforehand, also
known as known unknowns. However, there may be design con-
siderations that the designer might not know of yet. For example
how different constructs might interact, or how a new feature,
which the designer has not thought of yet, can be included in the
language. Such unknown unknowns can have a negative effect
on the applicability of a language and on the adaptability of a
language to new requirements. The difficulty of navigating these
choices is exemplified by most modern programming languages.
Take for example the shift from Python 2 to Python 3. The newer
version had to introduce breaking changes due to design deci-
sions made in the earlier version, such as the original choice to
make print a keyword, which was changed in favor of a stan-
dard function in Python 3. Another example of the difficulty of
language design is visible in the JavaScript language were a pro-
posal was made to extend the language with records and tuples.
However, due to certain design decisions made for the language,
this extension is not possible without making significant changes
to the semantics of the language. It required SAT solving to show
that there is no design possible that does not require a break-
ing change to the semantics of the language [180]. Furthermore,
design decisions also have an inherit cost-vs-benefit trade-off.
This can be a trade-off between complexity and expressiveness of
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the language, or between language features and implementation
effort, for example. The actual effect of certain decisions on these
trade-offs is not always immediately clear.

1.1 EXPLORATORY LANGUAGE DEVELOPMENT

As a way to reduce the combined difficulty of navigating de-
sign decisions and experimenting with new design decisions on
an existing language, this thesis proposes exploratory language
development, which combines language engineering with ex-
ploratory programming as a way to navigate and experiment
with (design) trade-offs early in the engineering process, while
also promoting experimentation with new language features.
Central to exploratory language development is the construction
of and experimentation with language variants. These variants
are used to experiment with design decisions. This constitutes
an iterative style of development, where language variants are
created, experimented with, and the observations made dur-
ing the experimentation feedback into the design of new lan-
guage variants. Exploratory programming is the paradigm we
utilize to support this effectively. Exploratory programming is a
paradigm where the goal worked towards is open-ended, and
by experimenting with code this goal becomes more concrete.
This constitutes a volatile style of development where code is
easily created and easily discarded. Exploratory language devel-
opment makes this volatility a central part of the development
process. Figure 1.1 gives a visual view of the idea of exploratory
language development as presented in this thesis. We distinguish
between two types of users: language developers and program
developers (programmers). Language developers develop new
languages, and program developers write programs in these
languages. These two user types are fluid, where one user can
function as both types in the same session and switching between
user type should be smooth. This setup aligns more with the
viewpoint that software engineers are language engineers [222],
but does not exclude the other viewpoint. At both levels, the user
interacts with an Exploratory Programming Environment (XPE).
Languages defined at the meta-level can be experimented with at
the object-level. This process is supported by tools that help the
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Figure 1.1: An overview of Exploratory Language Development and
the different components that support this style. Language
developers and Program developers can interact with each
other, and a developer can function as both roles. Both
activities are supported by an Exploratory Programming
Environment (XPE).

construction of substantial programs to better evaluate language
variants.

1.2 RESEARCH OVERVIEW AND CONTRIBUTIONS

We give an overview of this thesis according to Figure 1.1. The
users interact with XPEs at both the meta-level and the object-
level. The goal of the work set out in this thesis is to make it
trivial to switch between the meta-level and the object-level, with
support for exploratory programming at both levels. Therefore,
it must be straightforward to obtain XPEs for both the language
used at the meta-level, and the languages defined at the meta-
level and used at the object-level. To this end, our goal is to obtain
XPEs for free and show that this can be achieved for languages
that satisfy certain conditions in Chapter 2.

Reiterating our earlier point, we see variant creation as the
primary method for exploring and experimenting with design
decisions for programming languages. Although exploratory
programming in itself provides the means to achieve this, we aim
for a more fine-grained support for language variant creation by
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integrating variant creation in the design of a meta-language in
Chapter 3 and Chapter 4.

When a variant gets committed, a programmer can experi-
ment with the defined language. To support writing substantial
programs during this evaluation, the experimentation should
be supported by tools. Again, to easily obtain an environment
for the defined language, it must be relatively simple to obtain
such tools. If a language engineer has to define tooling for every
defined language, it can demotivate the creation of and experi-
mentation with variants. Therefore, our goal is to obtain tooling
for defined languages for free, again assuming the language sat-
isfies certain assumptions. In Chapter 5, we look at a reusable
approach to obtain sound auto-completion services for dynam-
ically typed languages, and in Chapter 6 we look at obtaining
multiverse debuggers for free.

We end this thesis with the conclusions in Chapter 7, where
we also shed some light on the future development opportunities
in the area of exploratory language development.

CONTRIBUTIONS We make the following high-level contribu-
tions in this thesis. In every chapter we give a more detailed
account of the specific contributions made in that chapter.

¢ In Chapter 2 we develop an approach with which a lan-
guage automatically obtains an exploring interpreter — an
interpreter supporting exploratory programming. We com-
bine this with a reusable architecture that decouples inter-
faces for exploratory programming from runtimes support-
ing exploratory programming. This decoupling promotes
reuse: a user-interface is implemented in terms of an API,
which then makes it usable for any runtime implementing
this APL.

¢ We introduce a new meta-language with native support
for variant creation. Variant creation is achieved by a new
take on abstract syntax definitions, and by reusing existing
language definitions through support for language com-
position. This contribution is split into two chapters. We
present two implementations, one as an EDSL in Haskell
(Chapter 3), and one as an external DSL (Chapter 4).
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¢ In Chapter 5 we present a reusable technique to obtain
auto-completion services for dynamically typed languages
for free from the operational semantics of the language.
Our technique uses a novel combination of abstract inter-
pretation and the scope graph framework to obtain an over-
approximation of the name binding seen at run time. We
contribute several extensions to the scope graph framework
to handle over-approximated scope graphs. With these ex-
tensions, we can ensure that completion candidates do not
introduce erroneous program flows.

¢ In Chapter 6 we define debugging user stories and utilize
those user stories to collect requirements for multiverse
debuggers. Based on these requirements we propose an
new framework for multiverse debugging. Our framework
generalizes an existing framework by storing more complex
histories and supporting different search strategies through
the state space.

1.3 PUBLICATIONS

The contributions in this thesis are supported by the following
publications.

Chapter 2 Damian Frélich and L. Thomas van Binsbergen. “A Generic
Back-End for Exploratory Programming.” In: Trends in Func-
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Ed. by Viktéria Zs6k and John Hughes. Vol. 12834. Lecture
Notes in Computer Science. Springer, 2021, pp. 24—43. DOL
10.1007/978-3-030-83978-9\_2
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L. Thomas van Binsbergen, Damian Frolich, Mauricio Ver-
ano Merino, Joey Lai, Pierre Jeanjean, Tijs van der Storm,
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ence on Software Language Engineering, SLE 2022, Auckland,
New Zealand, December 6-7, 2022. Ed. by Bernd Fischer, Lola
Burguefio, and Walter Cazzola. ACM, 2022, pp. 175-188.


https://doi.org/10.1007/978-3-030-83978-9\_2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

1.3 PUBLICATIONS

DOI: 10.1145/3567512.3567527.

Although not first author on the second paper, the contribu-
tions included in this thesis relate to material I contributed
to the paper.

Damian Frolich and L. Thomas van Binsbergen. “iCoLa: A
Compositional Meta-language with Support for Incremen-
tal Language Development.” In: Proceedings of the 15th ACM
SIGPLAN International Conference on Software Language Engi-
neering, SLE 2022, Auckland, New Zealand, December 6-7, 2022.
Ed. by Bernd Fischer, Lola Burguefio, and Walter Cazzola.
ACM, 2022, pp. 202—215. DOL: 10.1145/3567512.3567529

Damian Frélich and L. Thomas van Binsbergen. “iCoLa+:
An extensible meta-language with support for exploratory
language development.” In: Journal of Systems and Software
211 (2024), p. 111979. ISSN: 0164-1212. DOI: https://doi.
org/10.1016/j.jss.2024.111979

Damian Frélich and L. Thomas van Binsbergen. “On the
Soundness of Auto-completion Services for Dynamically
Typed Languages.” In: Proceedings of the 23rd ACM SIG-
PLAN International Conference on Generative Programming:
Concepts and Experiences. GPCE "24. Pasadena, CA, USA:
Association for Computing Machinery, 2024, pp. 107-120.
ISBN: 9798400712111. DOIL: 10.1145/3689484.3690734

Damian Frolich, Tommaso Pacciani, and L. Thomas van
Binsbergen. “Exploratory, Omniscient, and Multiverse Diag-
nostics in Debuggers for Non-Deterministic Languages.” In:
Proceedings of the 18th ACM SIGPLAN International Confer-
ence on Software Language Engineering. SLE "25. Koblenz, Ger-
many: Association for Computing Machinery, 2025, pp. 134—
147. ISBN: 9798400718847. DOIL: 10.1145/3732771.3742719

During the PhD, the author also contributed to the following
two publications.

Gwendal Jouneaux, Damian Fré6lich, Olivier Barais, Benoit
Combemale, Gurvan Le Guernic, Gunter Mussbacher, and
L. Thomas van Binsbergen. “Adaptive Structural Opera-
tional Semantics.” In: Proceedings of the 16th ACM SIGPLAN

11


https://doi.org/10.1145/3567512.3567527
https://doi.org/10.1145/3567512.3567529
https://doi.org/https://doi.org/10.1016/j.jss.2024.111979
https://doi.org/https://doi.org/10.1016/j.jss.2024.111979
https://doi.org/10.1145/3689484.3690734
https://doi.org/10.1145/3732771.3742719

12

INTRODUCTION

International Conference on Software Language Engineering.
SLE 2023. Cascais, Portugal: Association for Computing
Machinery, 2023, pp. 29—42. ISBN: 9798400703966. DOI: 10.
1145/3623476.3623517

Tommaso Pacciani, Damian Frolich, L. Thomas van Bins-
bergen, and Chrysa Papagianni. “P4DDG: Data-Dependent
Grammars for Packet Specification and Parsing in P4.” In:
Proceedings of the 24th ACM SIGPLAN International Confer-
ence on Generative Programming: Concepts and Experiences.
GPCE ’25. Bergen, Norway: Association for Computing
Machinery, 2025, pp. 54—66. ISBN: 9798400719950. DOI: 10.
1145/3742876.3742879

Data and Software

The following open-source data sets and software packages are
the result of the work presented.

¢ The work presented in Chapter 2 is available as a reusable

artifact obtainable from https://github.com/leegbestand/
ecoop22-artifacts.

* The data set of Python programs used in the evaluation in

Chapter 5 is available here https://zenodo.org/records/
13628718

¢ The remaining software packages are available as Git sub-

modules linking them to the right commit at https://
gitlab.com/dfrolich/phd


https://doi.org/10.1145/3623476.3623517
https://doi.org/10.1145/3623476.3623517
https://doi.org/10.1145/3742876.3742879
https://doi.org/10.1145/3742876.3742879
https://github.com/leegbestand/ecoop22-artifacts
https://github.com/leegbestand/ecoop22-artifacts
https://zenodo.org/records/13628718
https://zenodo.org/records/13628718
https://gitlab.com/dfrolich/phd
https://gitlab.com/dfrolich/phd
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Central to exploratory language development is exploratory pro-
gramming, since it supports the user both at the meta-level and
the object-level. To support easy experimentation with defined
languages it must be effortless to obtain support for exploratory
programming. In this chapter we introduce an approach with
which language implementations automatically obtain support
for exploratory when the implementation satisfies certain pre-
conditions, and we contribute a reusable architecture for the
construction of exploratory programming environment. With
the reusable architecture, language-independent interfaces can
be constructed and interfaces can be reused between different
implementations of the contributed approach.
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jshell> int x;

X ==> 0
jshell>
class A {
public void run() {
X++;
} This is a markdown cell
} In [1]: int x;
| created class A In [2]: class A { public void run() { x++; }}
jshell> A a = new A(); In [3]: A @ = new A():
a ==> A@5ceb65a89 In [4]: a.run()
jshell> a.run()
jshell> x In (5 x
X ==> 1 out[5]: 1
(a) JShell interaction. (b) Java interaction.

Figure 2.1: Example interactions in JShell and IJava.

2.1 INTRODUCTION

Incremental programming is a development style where a pro-
gram is build incrementally from sequences of smaller programs,
and provides an alternative to the traditional compile-edit-run
cycle. Incremental programming is often achieved via a Read-
Eval-Print Loop (REPL) interpreter. Popular examples of REPLs
include JShell for Java, IPython for Python, PsySH for PHP and
GHCi for Haskell, which are either part of the language’s distri-
bution (JShell and GHCi) or provide additional features on top
of the REPL of the distribution (IPython and PsySH).

Central to REPLs is executing smaller programs and obtaining
immediate feedback after the execution of every (intermediate)
program. This feedback typically includes the value computed
by the program (in case of an expression) and a summary on the
(side-)effects of the program, enabling the programmer to update
their mental model of the REPLs underlying state. Figure 2.1a
demonstrates this via a session in the JShell where a class is
defined, after which an object of the class is constructed, and a
method is called on the constructed object.
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This quicker form of interaction, compared to the compile-edit-
run cycle, makes REPLs more suitable for quickly testing library
functions, retrieving (type) information on available bindings,
experimenting with definitions, debugging, and analyzing data.
However, data analysts and other domain-experts, not necessarily
skilled in software engineering, prefer to use computational note-
books for these tasks [162, 185]. Computational notebooks are
documents consisting of a sequence of three types of cells: code
cells, output cells and prose (or documentation) cells. Popular
examples are Mathematica [82] and the notebooks built using
the Jupyter platform [106]. Code cells are executed one-by-one,
with output displayed in output cells, thereby supporting the
same kind of incremental program development as REPLs. This
is reflected in the design of the Jupyter platform, wherein Python
notebooks use the IPython REPL internally [106]. An example
of a Jupyter IJava notebook (based on JShell) is given in Fig-
ure 2.1b. In the figure, the first cell shows documentation, after
which there are several cells containing code and their output,
interleaved with some documentation. The numbers before a cell
indicate the order in which the cells were executed. Although
the examples shows a top to bottom execution order, this is not
required by a Jupyter notebook, and cells can be (re)-executed in
any order.

REPLs and (Jupyter) notebooks require significant engineer-
ing, especially for languages, such as Java and to a lesser extent
Haskell, that do not naturally support incremental program de-
velopment. For example, the code fragments in Figure 2.1 can
be recognized as Java code but they do not form a valid Java
program individually nor as a sequence. JShell can be seen as im-
plementing an extension of Java rather than Java itself. However,
the precise details of this extension — its syntax and semantics —
are not clearly specified and are not part of the Java documen-
tation. Moreover, as Figure 2.1 demonstrates, JShell and IJava
are not consistent in how they present output. In the example,
JShell produces detailed information about the effects of most
code fragments whereas IJava only produces output for the last
code fragment, revealing a difference between both tools in how
they treat computed values and (side-)effects which, one could

15
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argue, are matters of language semantics rather than tool imple-
mentation.

A principled approach for the implementation of REPLs, and
other interfaces for incremental programming is proposed by van
Binsbergen et al. [209]. The approach uses language engineering
techniques to explicitly define language extensions, thereby clari-
tying the difference between the base language and the language
implemented by the REPL. The approach makes it possible to
develop generic interfaces which under the hood use a defini-
tional interpreter' to execute programs. The approach further
suggest the use of a so-called exploring interpreter on top of a
definitional interpreter for exploratory programming. Exploratory
programming is an open-ended form of incremental program-
ming in which both the goal and the path towards the goal are
discovered as part of the process [21, 172, 205]. The programmer
discovers these through interactions with the underlying inter-
preter by testing definitions, evaluating expressions, analyzing
intermediate results and using backtracking to undo work and
explore alternative directions.

In the context of programming language engineering, this
open-ended form of development can be used at both the meta-
level when defining a language, and at the object level when
experimenting with an instance of a designed language. To enable
this for different language variants during the design phase,
supporting exploratory programming for new language variants
should be effortless. To that end, in this chapter we contribute
a generic implementation of the exploring interpreter algorithm
defined by [31] in Haskell, a protocol capturing the essentials of
the exploring interpreter algorithm, and a reusable architecture
for the construction of exploratory programming environments.
The approach is generic in the sense that it can be applied to
large class of languages, including all languages that can have
their semantics expressed by a transition function, for example in
a transition system in the style of Plotkin [164]. By combining the
exploring interpreter algorithm with the protocol, we support

A definitional interpreter [176-178] for a language is an interpreter that si-
multaneously implements and defines the language’s (operational) semantics,
often defined in a meta-language or language workbench in the context of
domain-specific languages.
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the construction of generic programming interfaces that can
be reused across languages, and enable experimentation with
language-generic functionality for exploratory programming.
This chapter is structured as follows. §2.2 and §2.3 describe
background and related work. §2.4 presents an initial implemen-
tation of the exploring interpreter algorithm, which is utilized
to build a reusable architecture for exploratory programming
environments in §2.5. In §2.6 we apply our implementation to
three languages — eFLINT, Funcons-beta, and Idris. The resulting
specialized exploring interpreters are used in the context of a
variety of interfaces. Two of these interfaces have been developed
using our reusable architecture. Using the specialized exploring
interpreters and connected interfaces, we perform a qualitative
evaluation. Based on this evaluation, the initial implementation
is extended in several ways in §2.6. Finally, we conclude in §2.7.

2.2 BACKGROUND

This section introduces the methodology and related concepts
put forward in [31]. In the proposed methodology, the first step
towards developing a REPL for a language is to extend that lan-
guage to a variant which is in the class of sequential languages —
the class of languages that naturally support incremental pro-
gram development. The class of sequential languages is defined
in [31] as follows:

Definition 2.2.1. A language L is a structure (P,T,7%, I) with
P a set of programs, T a set of configurations, 7° € T an initial
configuration and I a definitional interpreter assigning to each
program p € P a function I, : I' — T..

Definition 2.2.2. A language L = (P,T,~°,I) is sequential if there
is an operator ® such that for every p;, p» € P and 7y € I it holds
that p1 ® po € P and that I o, (7) = (Ip, 0 Ip,) (7).

The chosen definition of languages captures all software lan-
guage that can have their semantics expressed as a deterministic
transition function and includes real-world, large-scale, deter-
ministic programming languages — as demonstrated by the body
of literature on big-step, small-step and natural semantics [11,
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91, 138, 143, 164] — and further includes languages with non-
deterministic aspects when these aspects can be captured alge-
braically [216]. Configurations capture all information necessary
to determine the behavior of a program. A definitional interpreter
is thus a program-indexed configuration transformer that assigns
to each program (the index) an effect through the transformation
on a configuration — a function over configurations. A sequential
language is a language in which every sequence of programs is a
valid program that has the same effect as the composition of the
effects of the individual programs in the sequence.

As an example, consider a simple imperative language such
as WHILE [11, 24]. In [24], a transition system is defined to cap-
ture the semantics of WHILE commands. A configuration in this
system contains a sequence of output values and a store to keep
track of variable assignments. The system can be used to give a
definitional interpreter for WHILE, as required by Definition 2.2.1,
for which it is possible to prove that Ic,;c,(v) = (I, o Ic,) (7).
i.e. to prove that WHILE is a sequential language according to
Definition 2.2.2 by choosing ; for ®.

The central idea of the approach is that an interpreter for a
sequential language can be used, without (further) modification,
by the back-end of a REPL, as well as by other interfaces for
incremental programming. In other words, a REPL is considered
to be just one type of interface for programming in the style that
is characteristic of REPLs. The precise behavior of a program-
ming interface is clarified by separating the task of building the
interface into language engineering — producing a sequential
variant of the base language and an interpreter — and the engi-
neering required to link interface actions to the interpreter and
to visualize the effects of programs.

The methodology further proposes the use of a so-called explor-
ing interpreter to support exploratory programming. An exploring
interpreter is a bookkeeping device on top of a definitional in-
terpreter keeping track of the execution graph — containing the
executed programs and visited configurations — while support-
ing three actions on this graph: display, execute, revert. The
display action gives a structured representation of (part of) the
execution history, to support manipulation of the history or to
aid users in building a mental model of the current history. The
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execute action of an exploring interpreter for a language executes
a program by applying the definitional interpreter for the lan-
guage while keeping track of the encountered configurations and
executed programs in an execution graph, reflecting the entire
history of the current interactive session. The execution graph
has configurations as nodes and edges between nodes are labeled
with programs such that an edge between s and ¢ labeled p in-
dicates that executing p in the context of s yields ¢, i.e. I,(s) = t.
The revert action makes it possible to choose any (previously
visited) configuration as providing the execution context for the
next program, thereby enabling exploratory programming. If the
language to which the generic algorithm is applied is a sequential
language, then the execution graph of the resulting exploring
interpreter is closed under transitivity. This property guarantees
the soundness of a variety of operations on the graph.

2.3 RELATED WORK

Definitional interpreters of the kind captured by Definition 2.2.1
can be produced in a language workbench [68] such as the K
framework [117] or Spoofax [95], a meta-language such as Ras-
cal [105], a suitable general-purpose language such as Haskell [86,
126, 160], or can be generated from a formal definition of the
operational semantics of the language [13, 28, 196, 212]. These
tools and techniques have in common that the semantics of the
object language are formulated in an existing (formal) language
with well-understood, executable semantics. The first use of defi-
nitional interpreters is by Reynolds, employing them as a vehicle
for analyzing languages [176, 177]. His analysis took advantage
of the formal similarity between denotational and interpretative
semantics [178]. Various approaches to formal semantics can be
explained in terms of Initial Algebra Semantics [75] in which
algebraic signatures denote the constructs of a language and
semantics are expressed as algebras over signatures. Modular
approaches have been developed that make it possible to ex-
tend languages with little or no overhead [199], such as monad
transformers [122, 139], algebraic effects and handlers [19, 167,
221], entity propagation in Modular Structural Operational Se-
mantics [13, 143], and copy-rules and forwarding in Attribute
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Grammars [198, 210]. These approaches greatly enhance the
practice of defining and maintaining definitional interpreters. In
modern general-purpose languages, we see advanced use of mon-
ads in Haskell [126, 161]; Object Algebras [153] in Java, C# and
Scala; intrinsically-typed definitional interpreters in Agda [183];
and embeddings of algebraic effects and handlers in several lan-
guages [34, 103, 154]. New languages are also defined where
algebraic effects and handlers are native citizens [45, 118].

The usage of an execution graph that contains all configura-
tions produced through program execution is related to back-in-
time debugging [32, 120, 124, 168], in which programmers can go
‘back in execution history’. The execution graph, however, cap-
tures all components required to reconstruct the full interactive
session as it also records the executed programs.

Jupyter is an open-source project for bringing web-based com-
putational notebooks to a wide audience [106]. The Jupyter plat-
form provides a protocol for connecting notebooks to the lan-
guage kernels, such as IPython and IJava, that take care of pro-
gram execution. Jupyter is popular and the community supports
a large number and wide variety of languages. Within the Jupyter
platform, the exploring interpreter algorithm can serve as a layer
on top of language kernels to improve support for exploratory
programming within Jupyter notebooks.

2.4 A GENERIC BACK-END FOR EXPLORATORY PROGRAM-
MING

This section presents and discusses a reusable implementation
of the exploring interpreter algorithm of [31] in Haskell using a
variant of the aforementioned WHILE language as an example, of
which the encoding is given in listing 2.1.

The definitions of Command, Config, initialConfig and
whileInterpreter form a language according to Definition 2.2.1.
The definitional interpreter (not shown) uses configurations with
lists of strings as output and stores to record assignments.

An exploring interpreter is implemented as a parameterized
data type, where the type parameters denote the programs and
configurations of a given language. The defInterp field holds
the interpreter responsible for executing programs. The config
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Listing 2.1: Encoding of the WHILE language in Haskell. The imple-
mentation of the interpreter is omitted for brevity, but is
available in the supplementary material.

data Command = Seq Command Command
| Assign String Expr
| Print Expr
| While Expr Command
| Skip
data Expr = Leq Expr Expr | Plus Expr Expr
| LitExpr Literal | Id String
data Literal = LitBool Bool | LitInt Integer

whileInterpreter :: Command — Config — Config

data Config = Config { cfgStore :: Store, cfgOutput :: Output }
type Store = Map String Literal

type Output = [String]

initialConfig = Config {cfgStore = empty, cfgOutput = []}

field stores the current configuration, i.e. the configuration to be
used for the execution context of the next program. The execEnv
tield holds the current execution graph and is implemented as
an edge-labeled graph using the fgl library.> Edges are labeled
by programs. The nodes of the execution graph are references
(of type Ref) to configurations rather than actual configurations.
References are implemented as integers and every new configu-
ration gets a unique reference from an increasing counter (using
currRef and genRef). The field cmap records the configuration
to which each existing reference refers. The field sharing deter-
mines whether to detect that a configuration has been reached
that has already been encountered in which case no fresh ref-
erence is generated. With sharing, a configuration is referred
to by at most one reference and a node in the execution graph
may have multiple incoming edges. Without sharing, multiple
references may refer to the same configuration and each node
of the execution graph has at most one incoming edge, i.e. the
execution graph forms a tree. The backTracking field indicates
whether a revert action is destructive and deletes nodes and
edges.

2 https://hackage.haskell.org/package/fgl
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A smart constructor is defined such that, given a definitional
interpreter and an initial configuration, it produces an Explorer.

mkExplorer :: Bool — Bool — (p —+ ¢ — ¢) — ¢ — Explorer p c
mkExplorer share backtrack interpreter conf = Explorer
{ sharing = share
backTracking = backtrack
defInterp = interpreter

, config = conf

, genRef =1

, currRef =1

, Cmap = IntMap.fromList [(1, conf)]

, execEnv = mkGraph [(1, 1)] [] }

The smart constructor has additional parameters to determine
whether the constructed Explorer should apply sharing and (de-
structive) backtracking. This gives us a total of four different
ways to instantiate the exploring interpreters, resulting in dif-
ferent behaviors of the execution history, as shown in table 2.1.
The behavior of the first three configurations are understandable
based on the resulting observable type of the execution history.
The last instantiation manages the execution history as both a
stack and a graph. Since revert is destructive — due to backtrack-
ing being enabled — going back to a previous configuration
results in deletion of part of the execution graph. As a result, it is
not possible to introduce different versions using revert, similar
to the stack configuration. However, because sharing is enabled,
variants can be introduced when a configuration is revisited via
sharing, hence the graph behavior. Since the stack/graph config-
uration is essentially a combination of behaviors seen in other
configurations, we decided to focus on the first three types of
instantiations of the exploring interpreter, and introduce addi-
tional smart constructors for those three configuration types. We
discuss the effect of the different ways to model the execution
history in more detail in § 2.6.

mkExplorerStack = mkExplorer False True

mkExplorerTree = mkExplorer False False
mkExplorerGraph = mkExplorer True False

An Explorer for the WHILE language can then be obtained as
follows.

type WhileExplorer = Explorer Command Config
whileTree = mkExplorerTree whileInterpreter initialConfig
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Table 2.1: The different types of behaviors resulting from different in-
stantiations of the exploring interpreter.

Sharing Backtracking Type of execution history

X X stack

X v tree

v X graph

v v stack/graph

Listing 2.2: The Haskell implementation of the execute action.

execute :: (Eq c, Eq p) => p — Explorer p ¢ — Explorer p c
execute p e = updateConf e (p, defInterp e p (config e))

updateConf :: (Eq ¢, Eq p) => Explorer p ¢ — (p, c¢) — Explorer p
C
updateConf e (p, newconf) =
| sharing e =
case findRef e newconf of
Just (r, _) —
if hasLEdge (execEnv e) (currRef e, r, p)
then e { config = newconf, currRef =r }
else e { config = newconf, currRef = r
, execEnv = insEdge (currRef e, r, p) (execEnv

e) }
Nothing — addNewPath e p newconf
| otherwise = addNewPath e p newconf

The exploring interpreter algorithm of [31] describes three
actions that can be performed on exploring interpreters: execute,
revert and display for executing programs, reverting to previous
configurations and displaying the execution graph.

The execute action, shown implemented in Haskell in list-
ing 2.2, applies the underlying interpreter on a given program
to transition from the current configuration to a (possibly new)
configuration. The resulting configuration becomes the current
configuration and the Explorer components are updated. If shar-
ing is disabled, a configuration is always seen as unique and
a new reference is created, the configuration is added to the
execution graph, an edge from the original configuration to the
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Listing 2.3: The Haskell implementation of revert action

revert :: Explorer p ¢ — Ref — Maybe (Explorer p c)
revert e r =
case IntMap.lookup r (cmap e) of
Just c | backTracking e — Just e { execEnv = execEnv',
config = ¢, cmap = cmap', currRef = r }
| otherwise — Just e { currRef = r, config = c }
Nothing — Nothing

where
nodesToDel = reachable r (execEnv e) \\ [r]
edgesToDel = filter toDel (edges (execEnv e))
where toDel (s,t) = s “elem™ nodesToDel || t ~
elem™ nodesToDel
execEnv' = (delEdges edgesToDel . delNodes nodesToDel) (
execEnv e)
cmap' = deleteMap nodesToDel (cmap e)

new configuration is created, and the association between the
new reference and configuration is stored. However, if sharing
is enabled and the resulting configuration has already been en-
countered, then the previously assigned reference is used as the
target of the new edge.

The revert action, shown in listing 2.3, takes a reference and
changes the current configuration to the configuration matching
the reference. If a reference is given without a corresponding
configuration, Nothing is returned. If there is a corresponding
configuration, then the current reference is changed to the given
reference and the current configuration is updated accordingly.
Further behavior of revert is determined by the backTracking field,
indicating whether the action is destructive. If it is destructive,
then all nodes and edges reachable from the given reference are
removed from the execution graph.

Operation display produces a structured representation of the
execution graph, with the current configuration highlighted. The
goal of the display function is to allow interfaces to display and
export (parts of) the graph, e.g. to provide an overview, selecting
nodes to revert to and saving sessions for later reproduction.
To accommodate a wide variety of interfaces, we export several
functions for accessing (parts of) the execution graph. For exam-
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Figure 2.2: Execution graphs after executing the WHILE commands x =
1 + 2, print x, and skip without and with sharing, and as
a single command respectively. The current node is dashed.
The notation 7 : v denotes a node labeled with reference r
referring to configuration 1.

ple, to access the entire execution graph, we export the following
function:

executionGraph :: Explorer p ¢ — (Ref, [Ref], [((Ref, c), p, (Ref,
ol

The result contains the current node, a list of all nodes and a list
of all edges in the execution graph. The edges contain both the
reference and the referenced configuration of a node.

To obtain only part of the execution graph we export the
following functions.

getTrace :: Explorer p ¢ — [((Ref, c), p, (Ref, c))1]
getTraces :: Explorer p ¢ — [[((Ref, c), p, (Ref, c))1]

These functions provide one or multiple paths — referred to as
traces — from the root node to the current node. As discussed in
more detail in the next section, a node might have more than one
trace (only) when sharing is enabled.

As an example of using exploring interpreters, consider the
following sequence of WHILE commands: x = 1 + 2; print x;
skip. Figure 2.2 shows the execution graph (with and without
sharing) produced when each command in this sequence is ex-
ecuted individually by the exploring interpreter. The first com-
mands adds the assignment of literal 3 to identifier x to the store
and gives rise to the node with reference rq. The second extends
the output in the configuration with the literal 3, resulting in
the node with reference r,. The skip command has no effect on
the configuration. Without sharing a new reference is created
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nonetheless (reference r3 on the left of Figure 2.2). With sharing a
self-edge labeled with skip is created at the node with reference
rp (middle of Figure 2.2).

FOLDING AND UNFOLDING SEQUENCES The sequence x = 1
+ 2; print x; skip can also be executed as a single command,
resulting in a single edge from rg to rq (right of Figure 2.2). Be-
cause WHILE is a sequential language, both interpretations are
equivalent in that they yield the same final configuration (72).
However, as shown by Figure 2.2, the resulting execution graphs
differ significantly, and, depending on the situation, one execu-
tion graph might be preferred over the other. Some interfaces
might let the programmer determine which execution is chosen.
The following function is introduced to offer the flexibility of
choice:

executeAll :: (Eq c, Eq p) => [p] — Explorer p ¢ — Explorer p ¢
executeAll = flip (foldl $ flip execute)

If a program is a sequence of multiple programs to be executed
individually, then then the program can be unfolded to produce
a list of programs and executed with executeAll. Conversely, if
a list of programs is to be executed as a single program, the list
can be folded and executed using execute.

2.5 A REUSABLE ARCHITECTURE FOR EXPLORATORY PRO-
GRAMMING

The generic back-end discussed in the previous section is Haskell-
based, but makes no assumption on the user-interface used to
interact with the resulting exploring interpreter. Nor does it
provide such an interface. As a result, a language engineer want-
ing to utilize the resulting exploring interpreter still needs to
provide a way for language users to interact with the exploring
interpreter. This is contra to our goal: supporting exploratory pro-
gramming for an object language effortlessly. Therefore, we want
an interface to be readily available to an instantiated exploring
interpreter without extra effort from the language designer. One
way to achieve this, is by reusing interfaces between different
languages.



2.5 A REUSABLE ARCHITECTURE FOR EXPLORATORY PROGRAMMING 27

Without a structured approach to building such interfaces
around the exploring interpreter, duplicate work is on the hori-
zon. Observed from earlier systems, duplication often occurs at
the communication layer between an interface and the system.
This problem is also called the N x M problem, where an in-
terface needs to implement the communication protocol used
by M different implementations of the system, in our context
an exploring interpreter implementation. When this is repeated
for N interfaces, we obtain N x M implementations that imple-
ment communication between an interface and a type of system.
This problem is for example observable in the context of editor
services, where code editors need to implement a new communi-
cation scheme for almost every language. The Language Server
Protocol (LSP)3 solves this by giving a standardized communi-
cation format between a code editor and a language server. The
Debugging Adapter Protocol (DAP)* has a similar function but
focused on debuggers and debugger interfaces.

To alleviate this problem in the context of exploratory pro-
gramming, we propose a reusable architecture built around the
generic back-end discussed in the previous section. The architec-
ture is split into a front-end and back-end, which communicate
using a protocol. This protocol thus solves the N x M problem.
A visual view of our architecture is given in Figure 2.3. Given
a choice of host languages for the front- and back-end, some
components of the architecture are reusable, as indicated by the
dashed components.

2.5.1  Exploratory Programming Protocol

To support communication between an interface and an exploring
interpreter, we introduce the Exploratory Programming Protocol
(EPP). The EPP is described as a sequence of TypeScript interface
definitions, akin to the LSP.

The core of the EPP captures the actions of the exploring inter-
preter algorithm as RPC-methods and has additional methods
to inspect and manipulate the execution history. The full list of
methods in the protocol is given in Table 2.2. The execute, and

3 https://microsoft.github.io/language-server-protocol/
4 https://microsoft.github.io/debug-adapter-protocol
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Back-end
Front-end Exploratory

Programming
*********** Protocol S
!

Meta-handler

i Exploring | Definitional |;
! interpreter | interpreter 3
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Figure 2.3: The architecture designed for prototyping programming
environments with the Exploratory Programming Protocol.
Rectangles with dashed lines indicate reusable components
given a choice of host languages for the front- and back-
end. Solid rectangles are language- or environment-specific
components. Arrows with open triangles depict network
communication, whereas solid arrows depict function ap-
plication. Both connection methods are used for the client
and client bridge.

revert methods correspond to the actions of the exploring inter-
preter algorithm. The getExecutionHistory, getTrace, and getPath
functions are variants of the display action to obtain (parts of) the
execution history in a structured format. The meta method gives
access to meta-commands, providing language-specific services
implemented in the back-end that do not involve updates to the
execution history. The remaining methods are auxiliary methods
to extract information from the execution history, such as the
content of a specific configuration or a list containing all nodes
without outgoing edges.

2.5.1.1 EPP Specification Using [SON RPC 2.0

The protocol is an instance of JSON RPC 2.0.5 The JSON RPC 2.0
protocol defines a request object, a response object, and an error
object, which are all encoded as JSON objects. A request object
contains an identifier, a method name and the type capturing the
parameter(s) of the method (if any). A response object contains
an identifier for the request it responds to and either a result
or an error. The result can be any encoded JSON object and the
error object contains a unique error code, a short descriptive error
message, and optional extra error data as an object.

The exploratory programming protocol is an interface between
the front-end or GUI of a programming environment and an

5 https://www.jsonrpc.org/specification
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Table 2.2: The methods in the exploratory programming protocol.

Method name

Description

execute See execute in §2.4 and the protocol
specification in §2.5.1.

revert See revert in §2.4.

getCurrentReference  Gets the reference labeling the current node.

getAllReferences Returns all references used as a label.

getRoot Returns the reference labeling the root node.

deref Gets the configuration assigned to the given
reference.

getExecutionHistory  Gets the execution history in the form of the
current node a list of edges and list of
nodes.

getTrace Gets the edges representing the path from
the root node to the current node.

getPath Gets the edges representing that path
between the nodes labeled by two given
references.

getLeaves Gets the references labeling the nodes
without outgoing edges.

meta Executes a meta-command without affecting

the execution tree.

exploring interpreter serving as a back-end. The requests and
response pairs of the protocol encode the actions of the exploring
interpreter algorithm as JSON objects, of which we detail the
execute specification in Listing 2.4. The execute action is encoded
with a request with the method specified as “execute”, and a
parameter object containing a string representing the program to
be executed.

As a response, the execute action can produce an error or a

(normal) result, for which the interfaces are defined in Listing 2.5.

The result contains the current reference from both before and
after the execution, and an optional object containing the result

of post-processing the effects of the execution (discussed below).

The references and the output are part of the edge added to the
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Listing 2.4: Interface definitions for the execute action.

interface ExecuteRequest extends RequestMessage {
method: "execute";
params: ExecuteParams;

}
interface ExecuteParams {
program: string;

Listing 2.5: Interface definitions for responses to execute.

interface ExecuteResponse extends ResponseMessage {
result?: ExecuteResult;
error?: ExecuteError;

}

interface ExecuteResult {
source: uinteger; // reference before execution
target: uinteger; // reference after execution
post?: object;

b

interface ExecuteError extends ResponseError {
code: DefaultErrorCodes | ProgramParseError;

execution history. The program component completing the edge
is part of the request and is omitted from the response.
Following the terminology of §2.2, the effect of a program is
the set of changes it makes to a configuration when successfully
executed. The source and target fields of an ExecuteResult object
contain all the information necessary to compute the effects of
the executed program, using a DerefRequest to gain access to the
relevant configurations. On top of this, the optional post field
contains any data that the back-end wishes to send to the front-
end in response to an execution request by doing additional post-
processing on the execution result. This can be used to compute
(a summary of) the effects of a program on behalf of the front-
end, as it may be more convenient to compute this information
in the back-end. Finally, an execute operation might fail, e.g.,
because the program cannot be parsed (ProgramParseError) or
the request object is invalid (DefaultErrorCodes). In both cases,
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the ResponseError object contains extra information regarding
the error in the forms of a descriptive message and an optional
error object giving detailed information.

2.5.2 Back-end

The back-end consists of a server parameterized by the following
(object) language-specific components: a parser, a meta-handler,
and a definitional interpreter. The definitional interpreter is used
to instantiate a generic exploring interpreter, which maintains
the execution history. The server transforms a message from
the protocol into operations on the three components. It then
takes the result of these operations and transforms them into a
message according to the protocol and sends it to the front-end.
For example, execute requests are realized via the parser and the
definitional interpreter by first parsing the input string with the
given parser and then invoking the exploring interpreter, which
invokes the definitional interpreter.

Our prototypes are based on a reusable Haskell implemen-
tation of the server and the exploring interpreter component
introduced in §2.4. The implementation of the execute method
within the Haskell server is shown in Listing 2.6 (simplified for
clarity). The request object is parsed as a JSON object. If the
request is not correctly formatted, the InvalidParameters error is
returned. Otherwise, the parser is applied to the program field
of the request, returning an error (Left err) or a parsed program
(Right prog). When parsing is successful, the exploring interpreter
executes the program, resulting in a possible new configuration.
The source and target labels (references) of the (new) edge are
part of the result, together with the result of any post-processing.

The parser is a language-specific component with the signature:
String -> ¢ -> Either String p, where c represents the configurations
of the language and p the programs. The parser yields either a
program or an error, and it has access to the current configuration.
Access to the current configuration can be useful for context-
sensitive parsing, e.g., Idris allows dynamic extensions of syntax.
When the parse is unsuccessful, the parser can provide an error
message sent to the front-end as part of the the error object.
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Listing 2.6: Simplified Haskell fragment of the implementation of exe-
cute in the back-end server.

execute :: Value — ErrorT ErrorMessage (EIP p I0 c o) Value
execute v = case (fromJSON v) :: Result ExecuteParams of
(Error e) — throwError invalidParams
(Success v_new) — do
case parse $ program (v_new :: ExecuteParams) of
Right prog — do
(ex_new, output) < execute prog ex
return $ toJSON $ ExecuteResult
{ source = currRef ex
, target = currRef ex_new
, post = postExecute ex ex_new output }
Left err — throwError ErrorMessage
{ code = programParseErrorCode
, message = "Supplied program is invalid"
, error_data = toJSON err }

Via the meta-handler, a back-end can deliver additional fea-
tures. A meta-handler has the following signature: Value ->
Explorer p m c o -> m Value. The handler receives a parame-
ter of the request (a JSON value), the current exploring interpreter,
and returns a JSON value. The meta-handler has access to the
exploring interpreter to support querying the execution history.
This enables a meta-handler to for example search the execution
history to find configurations in which a variable or function was
defined.

2.5.3 Front-end

The front-end is divided into two parts: an interface that extends
a reusable client and a bridge that connects the front-end to the
back-end.

The client provides an API for the interface developer abstract-
ing over communication details. This is achieved by defining
the client as an abstract class consisting of concrete methods for
performing EPP requests and abstract methods for handling the
EPP responses. The concrete methods are implemented once and
for all within the client and are generic. These methods assign a
unique reference to every request and store the request to be later
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Listing 2.7: TypeScript code that shows part of an interface implemen-
tation for one of our prototypes.

doExecute(input: string) {
this.execute(new ExecuteParams(input);

}

onExecute(req: ExecuteRequest, resp: ExecuteResponse) {
if (resp.error) {
this.handleExecuteError(req, resp);
return;

}
showViolations(resp.post);
. // additional code making changes in the front-end

matched with a response. After receiving a response from the
client bridge, the client calls the corresponding request handler
method. These handler methods are language-specific and must
be implemented for every interface. For example, listing 2.7 high-
lights the handling of execute actions in one of our prototypes.
A button click triggers the execution of a code cell by calling
the handler of the click event doExecute which calls the method
execute of the client by providing the ExecuteParams of the request.
When the response arrives, the client calls the onExecute method
with the original request and the response as arguments. The
onExecute method first determines if the request was success-
ful or not. If the request was successful, the method calls the
showviolations method to display any violations to the user when
any violations are discovered by the back-end’s post-processing.

The client bridge is an adapter, translating messages from the
protocol used between the client and the client bridge into mes-
sages of the EPD, and vice versa. This layer of indirection makes it
possible to support a wide variety of front-end implementations
separate from back-ends. For example, an interface built for use
in a web-browser can support exploratory programming via the
EPP by communicating using HTTP with a client-bridge, which
then translates the HTTP requests into EPP requests, and EPP
responses into HTTP responses.
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2.6 EVALUATION & DISCUSSION

In this section, we apply our implementation to three languages
— eFLINT, Funcons-beta, and Idris — and use the resulting spe-
cialized exploring interpreters to perform a qualitative evaluation
on the generic implementation and the proposed architecture by
connecting the specialized exploring interpreters to two inter-
faces developed using the reusable architecture. The evaluation
investigates the impact of destructive backtracking and sharing
on the interactions with the execution history. The result is a
discussion on various aspects of exploratory programming, in-
cluding exploratory programming styles, handling input/output
and reproducibility. As part of the evaluation, several extensions
to the implementations of the previous sections are discussed.

2.6.1 Specialized Exploring Interpreters

We have utilized the generic exploring interpreter to instantiate
specialized exploring interpreter for three languages: eFLINT,
Funcons-beta, and Idris.

#1 > Fact admin #4 > :session
New type admin #1

#2 > +admin(Alice) |
+admin("Alice") - #2

#3 > +admin(Bob) |
+admin("Bob") +- #3

#4 > :revert 2 |
-admin("Alice") |
-admin("Bob") |
#2 > +admin(Bob) T- #5
+admin("Bob") |

#5 > +admin(Alice) T- #4
+admin("Alice") #4 >

Figure 2.4: A session in the command-line REPL for eFLINT.
The eFLINT language is a DSL for formalizing norms from

a variety of sources such as contracts, regulations and business
policies [27]. The language currently has three main uses: ex-
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ploring a policy specification in order to extend it or improve
its internal consistency, statically assessing concrete scenarios
for compliance, and dynamically enforcing norms in, and as-
sessing the compliance of, (distributed) software systems. The
eFLINT language comes with three existing interfaces to support
these tasks, each retrofitted on top of the exploring interpreter
for the language, but without using the reusable architecture:
a command-line REPL, a web-interface, and a server compo-
nent supporting remote procedure calls. The language has been
extended to a sequential variant by applying the methodology
of [31] and the resulting definitional interpreter is used to spe-
cialize the generic exploring interpreter developed in this paper.
Figure 2.4 shows a simple interaction with the command-line
REPL in which a fact-type admin is introduced to record admin
rights of users. The command-line REPL uses non-destructive
reverts and sharing. A configuration contains a knowledge base
of facts and after every execute and revert action the effects on
the knowledge base are shown. The :session command shows
all the traces in the execution graph in the form of a tree.

Figure 2.5 shows a part of the eFLINT web-interface in which
a single trace is displayed (obtained via getTrace). The web-
interface uses destructive backtracking and does not use shar-
ing. The current node therefore has exactly one trace. The web-
interface is used by first loading a specification file and then
submitting a scenario — a sequence of statements and queries
— for execution (using the ‘Send phrase’ button). The effects of
statements and queries are shown in green and orange in the dis-
played trace. Violations are shown in red. A state can be expanded
(state 8 in the example) to show the contents of the knowledge
base and the last statement in the scenario that produced this
state. The buttons below state 8 allow the trace to be updated
in various ways by translating button-clicks to combinations of
execute and revert actions.

The server is also used to integrate the specialized exploring
interpreter as a reasoning engine in multi-agent and service-
oriented systems. Components of such systems can interact with
one or more instances of the exploring interpreter to learn dy-
namically about permissions, obligations and violations. As such,
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execute code

£

Send phrase

trace

State 11
+data(controller("Blog"),subject("Alice"),purpose("Tracking"))

State 10
+data(controller("Blog"),subject("Alice"),purpose("Login"))

State 9
Query yields true

State 8
-give-consent(subject("Alice"),controller("Blog"),purpose("Functional"))
+consent(subject("Alice"),controller("Blog"),purpose("Functional))
+collect-personal-data(controller("Blog"),subject("Alice"),purpose("Functional™))
+collect-personal-data(controller("Blog"),subject("Alice"),purpose("Login"))

give-consent("Alice","Blog", "Functional")

EN

Undo | Undo & Send phrase || Update trace | Remove

Figure 2.5: A web-interface for eFLINT showing (part of) a trace. State
8 is expanded.

eFLINT can be used for dynamic policy enforcement and compli-
ance checking.

The PLanCompS project® has identified an open-ended library
of so-called fundamental constructs (funcons) that can be used to
give a component-based semantics to languages across language
paradigms [41, 144]. The funcons have their semantics formally
defined in I-MSOS [146] and their I-MSOS specifications are
translated to micro-interpreters [24, 28]. These micro-interpreters
can be composed arbitrarily to form (definitional) interpreters for
different funcon libraries. Funcons-beta is the language defined
by the definitional interpreter formed by composing the micro-
interpreters of the funcons in the published funcons library.”
Figure 2.6 shows the command-line REPL for Funcons-beta built
on top of the specialized exploring interpreter for the language.
This exploring interpreter is the result of a small language exten-

6 https://plancomps.github.io/
7 https://plancomps.github.io/CBS-beta/Funcons-beta/Funcons-Index/
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#1> bind("input", read)
> "Hello world" ! bind("input”, read)

#2> print(bound("input"))

Hello world print(bound("input"))
#2>

Figure 2.6: A session in the command-line REPL for Funcons-beta.

sion in which Funcons-beta is defined as a sequential language
using the accumulate funcon as the composition operator ®. As a
result, bindings produced by executing one funcon term prop-
agate to the next. The first funcon term executed in Figure 2.6
produces a binding for the identifier "input". The second funcon
terms prints what was read to standard-out.

Idris is a dependently typed functional programming language.
With dependent types, types can depend on values, enabling en-
coding of complex type systems and encoding of many invariants
directly into the type system. As a result, these invariants are
automatically enforced via type checking. A common example
of the usage of dependent types is tracking the length of a vector
directly in the type. With this encoding, it becomes impossible
to index the vector out of range in correctly typed programs, as
shown in Figure 2.7 where calling sHead on an empty list results
in a type error.

Applying our generic exploring interpreter to these languages
required in the order of 50 to 100 lines of Haskell code. Except for
Idris, which only requires around 5 lines of code to include error
information into the configuration. For both eFLINT and funcons,
the main effort was defining the definitional interpreter as an ex-
tension of the existing interpreter of the language, which involved
carefully choosing the contents of the propagated configuration
and the method of handling output. The Idris and Funcons-beta
prototypes are especially interesting as they are built on top of
existing interpreters developed without anticipating their usage
with our approach.
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create cell below

:let data SVect : Nat -> Type -> Type where SNil : SVect Z a;
SCons : a -> SVect k a -> Svect (s k) a
Actions
Previous state: 1
Output state: 2
:let shead : SVect (S k) a -> a; sHead (SCons elem xs) = elem
Actions
Previous state: 2
Output state: 3
:let sTail : SVect (S k) a -> SVect k a; sTail (SCons elem xs)
=xs

Actions.
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Execution trace Actions

execution step: 3, node id: 4
Code snippet
slet sTail : SVect (S k) a -> SVect k a; sTail (SCons elem xs)
=xs

[modify and re-executelrevert this siep|annotate nodeltag node]

execution step: 2, node id: 3
Code snippet:
let sHead : SVect (S k) a -> a; sHead (SCons elem xs) = elem

[modify and re-executelrevert this step|annotate nodeltag node|

execution step: 1, node id: 2
Code snippet:

Previous state: 3 let data SVect : Nat -> Type -> Type where SNil : SVect Z a;
Output state: 4 sCons : a -> SVect k Vect (S

[modify and re-executelrevert this step|annotate nodeltag node|

sHead $ sTail $ SCons 1 SNil

Previous state: 4
Output state
ERROR
When checking an application of constructor SCons:
Type mismatch between
SVect 0 a (Type of SNil)
and
SVect (S k) iType (Expected type)

Figure 2.7: Part of an experimental notebook interface with various
generic exploratory programming features [111] used with
the Idris language. The dependently typed nature of Idris is
shown by performing sHead on an empty vector, resulting
in a type error.

2.6.2  The Shape of Definitional Interpreters

Following the definition of languages (Definition 2.2.1), the spe-
cialized exploring interpreters of the previous section consider a
definitional interpreter as a pure function expressing the effects
of a program by transforming an input configuration.

This approach requires the simulation of input and output. For
example, output can be considered an ever-growing list of (string)
values stored in the configurations, as shown by the definitional
interpreter for WHILE in §2.4. This choice reduces the potential
for sharing since sharing can only take place in between two
print statements (discussed further below). Similarly, input can
be considered an ever-shrinking list of (string) values with the
original input set in the initial configuration.

In Funcons-beta, the read funcon reads a value from standard-in
as shown in Figure 2.6. In this example, the program
print(bound("input")) creates a self-edge because output is
not part of the configuration and the program has no other effect.
The Funcons-beta command-line REPL takes advantage of an
implementation of the exploring interpreter algorithm in which
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the definitional interpreter can perform effectful computations
in a monad, which we present shortly after motivating the de-
sign. With this implementation, definitional interpreters have the
following type.

defInterp :: Monad m => programs — configs — m configs

The command-line REPL for Funcons-beta instantiates m to the
I0 monad for interacting with standard-in and standard-out.

The introduction of the monad component has additional ad-
vantages. In particular, the monad enables distinguishing be-
tween effects and side-effects, with side-effects not being recorded
in the execution graph. However, side-effects influence the sound-
ness of the wider approach as the implementation can no longer
guarantee that executing a program p in the context of configu-
ration <y yields the same result every time. This has a negative
impact on the reproducibility of a session and on the soundness
of certain graph operations and optimisations.

The execution trace of Figure 2.5 shows output messages in-
dicating the success of queries and the occurrence of violations.
When an eFLINT code fragment is executed (via the ‘Send phrase’
button at the top), the trace can either be updated using DOM ma-
nipulation or the page can be refreshed in its entirety. Although
not efficient, refreshing is a convenient way to ensure consistency
between the front-end and the back-end, as the front-end is re-
drawn based on the state of the back-end. This then requires
the back-end to record output in order to inform the front-end
of the output of programs (such as the results of queries) with-
out re-executing programs. However, when output is part of the
monad, it is inaccessible for the generic exploring interpreter
since its generic in the used monad. To support the reproducibil-
ity of output, we have chosen to add an output component to the
definitional interpreters:
defInterp :: (Monad m, Monoid out) => programs — configs — m (

configs, out)

In accordance with Modular Structural Operational Semantics
(MSOS) [143, 146], we generalize output to the class of monoidal
types, allowing output to concatenate in between executions. Any
output produced by the definitional interpreter is stored on the
edges of the execution graph, alongside the program producing
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that output. The updated definitions of Explorer and execute
are as follows:
data Explorer p m c o where -- using GADT extension

Explorer :: (Eq p, Eq c, Monad m, Monoid o) =>
{ defInterp :: p - ¢c — m (c, o), ... } — Explorer pmc o

execute :: (Eq c, Eq p, Monad m, Monoid o) =>
p — Explorer pmc o — m (Explorer p m c o, 0)
execute p e = do (cfg, o) < defInterp e p (config e)
return (updateConf e (p, cfg, o), o)

As before, the updateConf function is responsible for the exten-
sion of the execution graph, now also storing the output on edges.
We also extend the ExecuteResult response of the EPP to include
the output produced during an execute action.

interface ExecuteResult {

source: uinteger; // reference before execution
target: uinteger; // reference after execution

output: object;

post?: object;
}
The new shape handles output in a special way, enabling more
features in a generic sense for exploratory interfaces. During our
evaluation, we also observed that explicitly encoding erroneous
computations provides additional benefits to the implementation
of generic interfaces. Currently, one can encode erroneous com-
putations in the definitional interpreter by returning the current
configuration, with an optional error component or using the
output to communicate errors. However, the resulting effects
of such an encoding can be undesirable since a new reference
and node in the execution graph is created, possibly confusing
users. In addition, interfaces do not have a consistent approach to
handle erroneous executions and need to inspect configurations
or parse output to visualize erroneous executions. Therefore, we
modify the type of definitional interpreters to support failing
computations as follows.
defInterp :: (Monad m, Monoid out) => programs — configs — m (
Maybe configs , out)

The change wraps the returned configuration inside a Maybe
type, which gives the definitional interpreter the option to return
Nothing to denote failure, and Just c to denote success resulting
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in a new configuration (c). The output component is not wrapped
inside the Maybe type to support the production of output as
part of a failed computation. For example, to collect the output
produced by a program before it failed. To handle erroneous
computations adequately, we need to again update the execute
function of the generic exploring interpreter.
execute :: (Eq c, Eq p, Monad m, Monoid o) =>
p — Explorer pmc o — m (Explorer p m c o, 0)
execute p e =
do (mcfg,o0) < defInterp e p (config e)
case mcfg of
Just cfg — return (updateConf e (p, cfg, o), o)

Nothing -> return (e, o)

We also update the ExecuteError response object from the EPP.

interface ExecuteError extends ResponseError {
code: DefaultErrorCodes | ProgramParseError | InterpError;

}

The InterpError code indicates that the execute action failed
during application of the definitional interpreter. The output
produced during this failed execution can be added to either the
error_data or message component of the ErrorMessage, or both.

With the updated shape of definitional interpreters, we sup-
port a wide variety of languages while supporting specialized
handling of output and errors. Nevertheless, the original def-
inition can easily be recovered by instantiating the monad to
the identity monad, the output monoid to the empty monoid,
and wrapping a pure definitional interpreter with a monadic
return, which automatically wraps the result in the Maybe type.
Our implementation of the generic exploring interpreter includes
exactly such an implementation, which can be chosen by users
instantiating the framework. Alternative variants that instantiate
some of the components using an identity component are also
imaginable. Hence, the updated definition does not put extra
constraints on the definitional interpreters.

2.6.3 On Backtracking and Sharing

DISCUSSIONS ON BACKTRACKING The decision to revert de-
structively by removing nodes and edges from the execution
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: !

Figure 2.8: Execution graph after execution pi, p, p3, reverting to r;
and executing py4, ps. The gray nodes and edges are removed
if the revert action is destructive.

graph has practical and usability-related consequences. Non-
destructive reverts enable a more powerful form of exploratory
programming. Consider the two execution graphs in Figure 2.8,
created with and without destructive backtracking. The figure
shows how destructive backtracking ensures that there is always
exactly one node in the graph without outgoing edges. In other
words, exploration always proceeds along a single path and a
revert action always undoes the last n changes along that path
(for some n). Conversely, when revert is not destructive, multiple
paths are explored simultaneously and strategies like depth-first
or breadth-first exploration are possible.

Destructive reverts save space by reducing the size of the
execution graph. Applications in which multi-path exploration is
not required should, therefore, be able to use destructive reverts.
An example of such an application is the execution of a large
test-suite in which all tests share a common prefix containing, for
example, a number of declarations and initialization statements.
In this case, a programmer can execute all tests by executing the
prefix once and subsequently executing all tests of the test-suite
with backtracking in between tests to undo the changes of the
previous test. Executing a test-suite this way can potentially save
large amounts of time while the use of space is reduced with
destructive reverts. Owing to the implementation presented in
this paper, the eFLINT server interface can be used to execute
test-suites in the way described.

We conclude that both destructive and non-destructive re-
verts should be made available to the interface developer on
a per application basis. Therefore, we decided to add an new
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command to the exploring interpreter: jump, which performs
a non-destructive revert. In this new model, the revert action is
always destructive. This gives a programmer the choice to decide
when to apply destructive backtracking and when not to. After
all, even when multi-path exploration is desired, a programmer
might still wish to undo programs.

DISCUSSIONS ON SHARING The decision to apply sharing —
i.e. ensuring that every configuration is referred to by at most one
node — has significant impact on the practicality and usability
of the exploring interpreter. The execution graph is more space-
efficient with sharing rather than without, benefiting especially
those applications in which output is not stored in configurations
(see Figure 2.6 and the discussion on output above). However, de-
tecting opportunities for sharing is costly as it requires comparing
(possibly many) configurations for equality. Our implementation
determines that the type of configurations used by a language
must be an instance of the Eq type-class. The Eg-instances derived
by Haskell compilers use structural equality, a costly operation
on large data structures. Moreover, structural equality cannot be
used when configurations store functions (such as continuations),
in which case a custom equality instance is necessary. This is
the case for Funcons-beta, in which a function for reading input
(using either real or simulated input) is propagated throughout
the definitional interpreter. As this function does not change in
between calls to execute, it is safe to ignore the function when
attempting sharing.

Besides space-efficiency, two further advantages of sharing
can be observed. Firstly, the exploring interpreter automatically
detects the convergence of two exploration paths. In certain appli-
cations it will be insightful to the programmer to become aware of
convergence. Similarly, sharing will detect cycles. The (abstract)
execution graphs of Figure 2.9 give examples of convergence
(left) and a cycle (right). The session in Figure 2.4 is a concrete
instance of the graph showing convergence in Figure 2.9. Note
that by performing effects in a monad, the insights gained from
convergence are reduced because convergence only concerns the
effects represented by modifications to configurations.
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Figure 2.9: Execution graphs showing convergence (left) and a cycle
(right).

For the second example of a possible advantage of sharing,
consider the situation in the graph on the right-hand side of
Figure 2.9 in which r is the current node. If a program ps is to
be executed next, and if ps is equivalent to p,, then the exploring
interpreter can recognize this and jump to r, without executing
ps (but with adding the edge labeled ps). If ps is a costly program
to execute, considerable running time might be saved. This opti-
mization does not depend on sharing; the same situation could
arise if the programmer reverted from r3 to r; (without executing
pa and without destructive backtracking). However, with sharing,
opportunities to apply this optimisations are likely to increase in
frequency. To further increase the potential of this optimisations
it is beneficial to apply normalization techniques to programs.
The implementation and analysis of this optimisations is left as
future work.

A disadvantage of sharing is that the revert action becomes
ambiguous because, with sharing, a node can have more than one
incoming edge and more than one trace. Selecting a node in the
execution graph is not sufficient to revert to a particular moment
in time with a unique history of prior actions. A possible solution
is to retain a history of actions in the exploring interpreter. Simi-
larly, it is unclear what the effect of a destructive revert should
be in the context of sharing. In the current implementation, all
outgoing paths of the new current node are removed from the
execution graph.® Sharing also allows cycles that generate in-
finitely many paths with a repeated infix. These disadvantages
demonstrate that sharing significantly complicates the execution

8 With the exception of the node itself, in case of a cycle.
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graph in a way that makes it harder for the programmer to align
their own mental model with the execution graph.

Based on these observations, we have decided to adjust our
implementation to always model the execution history as a tree,
thus with sharing disabled. To recover some of the benefits of
sharing, we provide support to still see when convergence or
cycles occur during the exploration session by calculating shar-
ing as a post-processing step on the tree. This functionality is
configurable in our final implementation.

2.6.4 An Updated Formal Model

We also update the formal model of [31] to align with the modifi-
cations made to the implementation.

Definition 2.6.1. A language L is a structure (P, T, v, O, I), with
P a set of programs, I' a set of configurations, 79 € I' an initial
configuration, O a set of output (values), and I a definitional
interpreter that assigns to each program p € P a function I, :
I' 5T, xO,whereI'] =TU{L} and O is assumed to form a
monoid with identity element ¢ and binary operation e.

Definition 2.6.2. A language L = (P,T,v,,0,I) is sequential
if there is an operator ® such that for every pl,p2 € P and
v € I'it holds that p1 ® p2 € P and I,0p,(7) = (7,€) > Ip, > Iy,
where > :T'x O x (I' - T xO) — I x O, such that (y,0)> f =
(yoq',0e0"), where (7/,0') = f(y),and yo L =yand yov'is
v when o/ # L.

The new sequential definition extends the original definition
with propagation of monoidal values through the sequence of
programs and handling of erroneous evaluation, such that when-
ever the execution of a program does not produce a valid config-
uration, the sequence continues with the last valid configuration.
This definition naturally translates to the behavior seen in many
REPLs, where an invalid program does not crash the REPL, in-
stead the REPL continues with the last valid state. Note that the
definition does not capture the monad, since the monad is fully
abstract from the perspective of the framework, and multiple
approaches exists to model computational effects. By leaving
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this choice out of the formal model, it is easier to implement
the formal model in languages that are less strict regarding the
encoding of effects in the type system, such as Java, for example.

Using the new definitions, the definition for the updated ex-
ploring interpreter model is as follows.

Definition 2.6.3. An exploring interpreter for a language
(P,T,70,0,I) is an algorithm maintaining a current reference
(initially 79), a mapping from references to configurations (ini-
tially only mapping 7y to p), and an execution tree (initially only
containing the node labeled rp) upon which the following actions
are executed iteratively:

* execute(p): let (7/,0) = I,(7y), where p € P is provided
as input, ~ and v is the configuration referenced by the
current reference. When 7/ # L, generate a fresh reference
r" such that ' maps to 7/, extend the execution tree with
the (7, (p,0),7’) edge, and transition the current reference
to 7.

e revert(r): let ' be the current reference. When r is an ances-
tor of 7’ in the execution tree, change the current reference
to r and remove the (unique) path from r to ' without
removing r and any nodes and edges used in other paths
from r.

* jump(r): When r is a node in the tree, take r as the current
reference.

¢ display: provide a structured representation of the explo-
ration tree.

2.6.5 Saving and Loading Sessions

The execution graph of a pure exploring interpreter provides
enough information to support the storing and reproduction
of sessions generically. One possibility is to export the current
configuration, giving the programmer the option to start a new
session with the exported configuration as the initial configura-
tion. To also record history, the path from the initial configuration
to the current configuration can be exported (i.e. using getTrace).
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When sharing is enabled, all paths from the root node to the
current node can be exported (using getTraces).

Exporting paths can be done in two ways affecting in particu-
lar the size of the export and the costs of loading a session. The
export can contain all components of the path — configurations,
references, edges, programs and output — making it possible to
load a session without executing programs. However, the sound-
ness of this operation relies on the exploring interpreter being
pure; if the programs of the saved session were executed in a
monad, then there is no guarantee that the context provided by
the monad is the same when the session is loaded (e.g. changes
in a database or a file-system). Alternatively, space can be saved
by exporting just the sequence of programs labeling the edges
on the path. The session can then be loaded by executing this
sequence of programs. Assuming the object-language is sequen-
tial, this sequence can be folded into a single program as part of
the export or as part of loading the session (see the discussion
on folding and unfolding in §2.4). Note that in this case, the
export is a syntactically valid program that can also be executed
with other implementations of the language (e.g. compilers and
interpreters).

Finally, the execution graph can be exported in its entirety so
that the entire session can be restored.

2.6.6 Architectural Reuse

BACK-END The prototypes we developed as instances of the ar-
chitecture use Haskell implementations of parsers, definitional in-
terpreters, and meta-handlers. Both the server and the exploring
interpreter components are language-parametric, and, therefore,
only needed to be implemented once. The server and exploring
interpreter need to be re-implemented in a different host lan-
guage to use the protocol and architecture for object languages
implemented in that host language. However, this (hypothetical)
novel back-end can be combined with existing front-ends, as it
relies on the language-agnostic EPP for its communication.
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FRONT-END We have two reusable implementations of the
client and client-bridge components (hence the two arrows be-
tween client and client bridge in Figure 2.3).

1. The first implementation uses the WebSocket protocol as
the communication format between the client and client
bridge.

2. The second implementation implemented in Python uses
native function calls to communicate between the client
and client bridge.

A web-based interface was developed independently from us
on top off the first implementation [111]. A screenshot of this
interface running our Idris case-study is shown in Figure 2.7.
We used the second implementation to build a simple native
Tk-based interface boosting a notebook-like style. Both front-
end implementations were used to develop prototypes on the
same Haskell back-end. In general, any implementation of the
client (bridge) component can be used in combination with any
implementation of the server component.

The interface component can be implemented with both fea-
tures and widgets that are generic and specific to a certain object
language. Features can be developed on top of the generic part
of the protocol, e.g. executing code in code cells, displaying ex-
ecution traces, jumping to previous run-time states, etc. Such
features are reusable across languages, reducing the workload
for language engineers and providing a common experience for
programmers switching between languages. On the other hand,
a more tailored experience can be offered to programmers with
features which are designed specifically for a particular object
language, e.g., using post-processing and meta-handlers. With
our architecture we can combine generic and language-specific
features and replace generic features with specialized variants
when available.

One way specialization is achieved is by making the imple-
mentation of a feature parametric such that language-specific
behavior can be provided as an argument. For example, a vari-
able watcher [132] — showing the assignments to variables in the
current run-time state — can be implemented such that a function
is given as an argument that extracts variable assignments from
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a configuration. A different argument is used for different object
languages as each language has its own notion of configuration
and approach to keeping track of assignments. Other examples
are output cells and visualizations of the execution history when
they include information extracted from configurations.

Another approach to specialization is overriding or extend-
ing a generic implementation of a feature. The default, generic
implementation of the search functionality of our experimental
front-end is realized in a text-based fashion by searching the
DOM-rendering of the trace. In the Idris prototype, this imple-
mentation is replaced with a semantics-based search using the
meta-handler for Idris. The semantic search can be used to find
only those code cells in a trace in which some variable x is de-
clared or used, whereas with text-based search all occurrences of
the letter “x” will be found. Another example is for the eFLINT
language, in which code cells have been extended with an indi-
cator of any norm violations caused by executing the code cell.
When the programmer clicks on the sign, the violations intro-
duced by the program are shown in a modal dialog. In the search
example, specialization was realized using the meta-handler for
Idris. In the eFLINT example, the specialization was realized by
the back-end applying post-processing to extract violations from
the configuration produced by executing a program.

2.7 CONCLUDING REMARKS

To support exploratory programming in the context of exploratory
language development it must be effortless to support exploratory
programming for newly defined object languages. To achieve this,
we have built a language-generic implementation of the explor-
ing interpreter algorithm in such a way that any (sequential)
language satisfying the precondition of being definable as a
transition function over configuration obtains exploratory pro-
gramming for free. To further support exploratory program-
ming, we proposed a reusable architecture centered around the
exploratory programming protocol (EPP). The EPP promotes
a consistent communication scheme between a front-end and
back-end, reducing duplicate work and enabling independent
developments of back-ends and front-ends. We have performed a
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qualitative evaluation on the implementation and demonstrated
that the generic exploring interpreter can support various styles
of exploratory programming, types of interfaces, and types of
applications such as command-line REPLs, computational note-
books and servers (e.g. to develop web-applications or multi-
agent systems). Furthermore, we have demonstrated that the
EPP makes it possible to connect front-ends developed using
different hosting environments and implementation languages
to independently developed back-ends. As a result, we now have
an approach with which we can obtain support for exploratory
programming and connect with interfaces specifically designed
for exploratory programming for free for any object language
satisfying our precondition.
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In the previous chapter we introduced an approach with which
an object language can obtain support for exploratory for free by
satisfying certain preconditions. In this chapter, we contribute a
meta-language that is especially designed to hook into the idea
of exploratory programming and the approach laid out in the
previous chapter. Concretely, we introduce the meta-language
iCoLa, focused on incremental programming, and implement
this meta-language as an embedded domain-specific language
(EDSL) in a mix of Haskell and template Haskell. We demon-
strate iCoLa through the construction of the Imp, SIMPLE, and
MiniJava languages via the composition and restriction of lan-
guage fragments and demonstrate the variability of our approach
through the construction of several languages using a fixed-set
of operators.

Associated Publications

e Damian Frolich and L. Thomas van Binsbergen. “iCoLa: A
Compositional Meta-language with Support for Incremental
Language Development.” In: Proceedings of the 15th ACM
SIGPLAN International Conference on Software Language Engi-
neering, SLE 2022, Auckland, New Zealand, December 6-7, 2022.
Ed. by Bernd Fischer, Lola Burguefio, and Walter Cazzola.
ACM, 2022, pp. 202—215. DOI: 10.1145/3567512.3567529

3.1 INTRODUCTION

Navigating design decisions for programming languages is com-
plex. Both when defining a new language and when extending
an existing language. For example, extending JavaScript with
records and tuples cannot be done without introducing a break-
ing change to the language semantics, which required SAT solv-
ing to show [180]. This highlights the complexity of language
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design, and the effect early design decisions can have on the later
development of a language.

To navigate design decisions, incremental programming can be
used. With incremental programming a user repeatedly submits
small snippets of code on which they receive immediate feed-
back, while constructing a larger system via this feedback-loop.
As such, incremental programming delivers early feedback on
design decisions in the software development process, enabling
rapid prototyping and experimentation. In this work we apply
incremental programming (also) in the context of language de-
velopment to support rapid prototyping of languages, enabling
a stepwise approach to language design. As such, a language
designer can immediately experiment with a defined language
variant and feed the observations from this experimentation back
into the design. Since languages often have constructs and con-
cepts in common, these can be reused across different language
definitions. Reusing existing work further supports rapid proto-
typing, and thus navigating design decisions.

In this chapter we introduce iCoLa, a meta-language focused
on the language design process by supporting reusable compo-
nents and incremental language development to enable rapid
prototyping of languages. Concretely, we make the following
contributions:

¢ We present a new approach to defining languages (§3.3)
which supports unconstrained composition of languages
through incremental programming.

¢ The approach is implemented as an EDSL with (Template)
Haskell as the host language (§3.4). The full power of
Haskell is available to define (operations over) languages,
achieving the vision of languages as first-class citizens [42]
in a general-purpose language.

¢ We demonstrate reusability and incrementality through
case-studies (§3.5) and relate our approach to existing meta-
languages by applying Erdweg’s evaluation framework [65]
(83.6).
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3.2 BACKGROUND

The approach presented in this chapter combines insights from
earlier works to achieve composition of data types. The imple-
mentation of the approach is based on certain advanced func-
tional programming techniques described in this section.

INITIAL ALGEBRA SEMANTICS The initial algebra semantics
of Goguen et al. [76], concisely described by Mosses in [142],
provides the formal foundation and terminology to our work.
Initial algebra semantics captures the essential elements of many
existing semantic specification formalisms such as denotational
semantics and attribute grammars.

A multi-sorted signature (X) lays out the operators of a lan-
guage in terms of a set of sorts. A X-algebra assigns carrier sets
to these sorts. When taking terms as the carriers by viewing the
operators as term constructors, we obtain the abstract syntax of
the language. The algebra formed this way is initial in the class of
Y-algebras. Due to its initiality, there is a unique homomorphism
from the initial algebra to any algebra in the class of X-algebras
— also known as a catamorphism [130]. Algebras give meaning
to the operators of a signature by assigning a semantic function
to each. Following initiality, any abstract syntax can be mapped
to the semantics of an algebra in the class of X-algebras.

DATA TYPES A LA CARTE As a solution to the expression
problem [215], data types a la carte [199] provides a method for
assembling data types and functions from individual components
to form signatures, an initial algebra for every signature, and
evaluation algebras, respectively.

With the approach, data types are defined as functors and
combined by taking the functor co-product, which is, again, a
functor. Using this technique, a simple integer addition language
can be defined, which is shown in Listing 3.1, where the :+:
operator implements the functor co-product. The listing also
shows the definition of the Term data type to support nested
expressions and cross-usage of constructs by tying the recursive
knot. This is achieved by taking the fix-point of the co-product
functor [130].
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Listing 3.1: Example showing the usage of the co-product functor to
combine two constructs. The Term definition ties the recur-

sive knot.
data Val a = Val Int
data Add a = Add a a

type ValAndAdd a

(Val :+: Add) a

data (f :+: g) e = Inl (f e) | Inr (g e)

data Term f = In (f (Term f))

Although nested expressions are now supported, we still need
to place our expressions on the correct side of our co-product. To
automate this, automatic injections into the co-product type via
type classes are used.

class (Functor sub, Functor sup) => sub :<: sup where
inj :: sub a — sup a

instance f :<: f where
inj = id

instance f :<: g where
inj = Inl

instance (f :<: g) => f :<: (g :+: h) where

inj = Inr . inj
The :<: operator defines a typing relation such that if f :<: g,
it means that f is subsumed by g, i.e. values of type f can be
constructed as part of values of type g.

Since both the data types and the functor co-product are func-
tors, catamorphisms can be used to operate on the composition
of data types.

foldTerm :: Functor f => (f a -> a) — Term f — a
foldTerm f (In t) = f (fmap (foldTerm f) t)

The first argument (highlighted) to the foldTerm function is
called an algebra, and defines how the resulting value is con-
structed. To enable the extension of new cases at the function
level, the approach implements algebras via type classes. Type
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classes are used because they provide ad-hoc polymorphism and
are open for extension via instance definitions.

To illustrate the usage of algebras a bit more, we implement
an evaluator for our two constructs defined earlier, Val and Add,
which encode integer addition expressions.

evalval :: Val Int — Int
evalval (vVal n) =n

evalAdd :: Add Int — Int
evalAdd (Add el e2) = el + e2

evalBoth :: (Add :+: Val) Int — Int
evalBoth (Inl f) = evalAdd f
evalBoth (Inr g) = evalvVal g

The evalBoth function can be passed to the foldTerm function
together with a term containing the Add and Num constructs. Build-
ing such functions and combining then manually is cumbersome.
With the help of type classes, we can encode evaluation functions
in isolation and derive a combined evaluator automatically. Using
type classes, our previous example can be encoded as follows.

class Eval f where
eval :: f Int — Int

instance Eval Val where
eval (Val n) =n

instance Eval Add where
eval (Add el e2) = el + e2

instance Eval f, instance Eval g => instance Eval (f :+: g) where
eval (Inl f) = eval f
eval (Inr g) = eval g

With this encoding, the combination is automatically derived
based on the way the signature is defined, similar to the au-
tomatic injections defined earlier. In addition, when adding a
new construct to our language, only the instance definition for
the new construct needs to be defined. For example, adding a
multiplication construct requires the following.

data Mult a = Mult a a

instance Eval Mult where
eval (Mult el e2) = el *x e2
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The comp-data library [14] is a comprehensive Haskell library
implementing the data types a la carte approach with some ex-
tensions, including support for generalized algebraic data types
(GADTs) [89], contexts, and automatically deriving several type
class instances using Template Haskell. The library also supports
higher-order functors [89] to implement signatures. A conse-
quence of using higher-order functors is that algebras become
natural transformations instead of functions, affecting the kind
of the algebra and possibly requiring boilerplate code to ensure
kind correctness. In Haskell, a kind refers to the type of a type
constructor. A type can simply be a constant (an object), denoted
with a x symbol, or a type can be a transformation on object,
denoted with the — symbol. For example, a functor transforms
one type into a new type, and thus has the kind x — x. A higher-
order functor has the kind (*x — x) — * — % and thus takes a
type transformation (a functor) and a type as arguments, and
returns a new type. If we do not pass a functor type as the first
argument to the higher-order functor type constructor, the kinds
do not match and the application is not kind correct, resulting in
an error.

FUNCONS The component-based approach to operational se-
mantics presented in [144] and used as a case study in the pre-
vious chapter, is centered around reusable definitions of the
fundamental constructs of (general-purpose) programming lan-
guages — referred to as funcons for short. As explained in [29],
‘micro-interpreters” can be generated from funcon definitions.
The micro-interpreters are compositional evaluation functions
expressing the behavior of an individual funcon that can be gen-
erated and compiled separately. In this chapter, we leverage the
generality of the Funcons-beta library [147] to be able to express
the semantics of language constructs in a shared base language.
Effectively, the generated micro-interpreters for funcons are ap-
plied as the constructs of an EDSL to build the funcon terms
interpreted by the funcon interpreter.

LANGUAGE COMPOSITION EVALUATION FRAMEWORK Erd-
weg et al. provide a framework for characterizing and compar-
ing meta-languages, tools, and formalisms that support various
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forms of incremental language development [65]. In particular,
the authors define the concepts of (modular) language extension,
restriction, and unification, which they apply to both the syntax
(concrete & abstract), static semantics, operational semantics and
IDE services of languages. Extension occurs when a base lan-
guage is extended by another language that has a dependency
on the base language. Restriction is a special form of extension,
where a language is restricted, making the new language a subset
of the original language. Unification is the process of combin-
ing two independent languages with the help of glue code to
unify the two languages. The paper also distinguishes between
different forms of extension: no extension composition, incremen-
tal extension, and extension unification. Supporting multiple
extensions requires support for extension composition. For incre-
mental extensions, extension can be performed in layers where
one extension extends the base and another extension extends
the extensions, etc. With extension unification, two extensions
are unified and the unification is used as the extension on a base
language. In this chapter we adopt their terminology and use
their framework as the basis for our evaluation.

TEMPLATE HASKELL Template Haskell is a Haskell extension
permitting compile-time meta-programming [197]. With Tem-
plate Haskell, users can write programs that transform programs.
For instance, it is useful when generating boilerplate code or
to perform computations at compile-time to improve run-time
performance. The extension provides several facilities to inspect
and operate on Haskell programs, including a quotation monad
that enables reification of Haskell names, giving the programmer
access to the internal representation of the compiler. Names are
obtained by using prefix quotes, with one quote operating in the
expression context and two quotes operate in the type context.
The $ construct is used to evaluate, or splice, a Template Haskell
expression. For example, the following splice derives something
based on a name obtained from the expression level and a name
obtained from the type level: $(derive 'f "Bool). In this ex-
ample, f is a function and its name is obtained by prefixing it
with single quote, and Bool is a type and its name is obtained
by prefixing it with double quotes. These obtained names can
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now be reified to get the internal Haskell representation of the
underlying constructs, such as Dec for declarations and Exp for
expressions. Functionality such as reifying names and generating
fresh names is encapsulated by the Q monad, which also functions
as an indicator for Template Haskell functions. A Haskell func-
tion with a codomain (return type) of Q Dec is thus a Template
Haskell function that returns a Haskell declaration.

3.3 COMPOSITIONAL DEFINITIONS

In this section we describe our approach to language develop-
ment conceptually. The insight of incremental language develop-
ment via composition and the separation between operator (or
language construct) definitions on the one hand and language
definitions on the other hand, is essential to our approach. A lan-
guage definition can freely choose from the available operators
and constrains the flexibility with which the chosen operators
can be used. The definition of an operator consists of an abstract
syntax definition and a denotational semantics, choosing funcon
terms as a semantic domain. The separation between operator
and language definitions is enabled by an alternative take on
abstract syntax definitions.

3.3.1 Abstract Syntax

A common approach to defining the abstract syntax of a language
is to give algebraic data types (ADTs) of which the operator®
signatures determine, in a mutually recursive fashion, the set of
terms that forms the abstract syntax of the language. For example,
the abstract syntax of a lambda calculus can be represented as
follows, where Varg, Absp, and App,, are operators (as indicated
by the subscript) and String and Expr are sorts.

Varop : String — Expr
Absp : String x Expr — Expr
Appy : Expr x Expr — Expr

1 Such as constructors in Haskell and variants in the ML family of languages.
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In this style, the signature of an operator simultaneously identi-
fies the sort of terms constructed by applications of the operator,
the arity of the operator, and the sort of terms required at each
operand position in valid applications of the operator.

A key insight of our approach is to delay the decisions related
to sorts (but not the arity) until the definition of a language, rather
than making these part of operator definitions. This is achieved
by (1) using a unique sort at every position in the signature
and by (2) introducing separate sort constraints to establish the
relations between the sorts. Following (1), the sorts are effectively
naming operand positions. The right-hand side of a signature is
made redundant and can be removed as every operator already
has a unique name. With these changes, the operators are defined
as follows:

Vary : VarVar
Absp : AbsVar x AbsBody
Appey : AppAbs x AppArg

In contrast to the conventional approach, the signatures do not
share any sorts, and the three operators are (as of yet) completely
unrelated. To re-establish the relationships, we introduce sort
constraints. Sort constraints are based on the interpretation of
sorts as sets of operators. For example, the following sort con-
straint indicates that strings serve as identifiers in both variable
references and abstractions:

String C VarVar
String C AbsVar

This kind of sort constraint is referred to as a sub-sort declaration.

The other kind of sort constraint, referred to as an operator
assignment, indicates that terms constructed by the Varp operator
can be used as the body of an abstraction:

Varp € AbsBody

To express the same relations between the operators as in the ini-
tial example, operator assignments can be written for every pair
of an operator and sort taken from the sets {Varp, Absp, App, }
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and {AbsBody, AppAbs, AppArg}. Writing down these operator as-
signments grows increasingly tedious (and error-prone) as more
and more operators are added to a language. Therefore, as a con-
venience, sort constraints can also be used to introduce auxiliary
sorts that serve as a level of indirection and enable reuse. The
following sort constraints utilize the auxiliary sort Expr, stating
that all operators assigned to Expr are also assigned to AbsBody,
AppAbs and AppArg:

Expr C AbsBody

Expr C AppAbs

Expr C AppArg
The relations of the original example are then expressed by as-
signing the operators to Expr:

Varp € Expr

Appy € Expr

Absp € Expr

A language designer can introduce new operators with full

flexibility and without modifying existing operator definitions
because our approach separates operators from constraints de-
tailing where operators can be used. For example, extending
the lambda calculus with integer addition can be achieved by

defining an Add operator and assigning this operator to the sorts
where we want to use the Add operator.

Addp : AddLeft x AddRight

Addp € Expr
This definition adds Addp to Expr, such that the Add operator
can be used at the operand positions over which we distributed
Expr earlier. Interestingly, no operators have been assigned to the
operands of the Add operator yet. Consider the following sort
constraints:

Integer C AddLeft

Integer C AddRight

Integer C Expr

Addp € AddRight
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These constraints express that integer literals can appear as
operands of Add in both positions. However, since the Add oper-
ator is only added to AddRight, the constraints allow only nested
occurrences of Add on the right side, encoding right-associativity.
This example demonstrates the flexibility of sort constraints: in-
teger expressions can be used in lambda-expressions — owing
to the constraints Addp € Expr and Integer C Expr — whereas
lambda-expressions cannot be used in integer expressions. Such
rules of composition can be changed simply by selecting a dif-
ferent set of sort constraints without affecting the definitions of
the operators themselves. As discussed in §3.3.4, selecting sort
constraints is done as part of a language definition.

3.3.2 Compositional Semantics

To retain the disjoint property of the operators, their semantics
must be defined independently as well. This is achieved by defin-
ing semantic functions that together form an algebra. Semantic
functions translate an operator into a specific semantic domain.
For example, our previous operators defining the lambda cal-
culus can have the following semantic functions, with funcons
being our semantic domain.?

Varz(lit) = bound string lit
Absr(x,b) = function closure scope(
bind(string x, given), D)
Appr(abs,arg) = apply(abs,arg)

Through the catamorphism, the operands of an operator are al-
ready translated by their respective translation function when an
operator is translated. Hence, an operator only needs to translate
itself into the semantic domain while having access to the already
translated operands.

In the right-hand side, juxtaposition is the right-associative application of a
funcon to a (single) funcon term, i.e. bound string lit == bound(string(lit)).
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3.3.3 Operator Specialization

In certain circumstances, it may be necessary to adapt the seman-
tics of language constructs in order to make them suitable for
the language in mind. The so-called ‘glue code’, which adapts
an existing semantic definition, is often used in these circum-
stances. This glue code is to be written modularly and in isolation,
without anticipating, or constraining, future interactions. These
observations can be exemplified by the following example: Con-
sider an if operator encoding if-expressions or if-statements.

If » : IfCond x IfTrue x IfFalse
Ifr(c, t, f) = if-true-else(c, t, f)

The if-then-else funcon expects that the conditional evaluates
to a boolean. However, in C-like languages, if-statements are
defined in terms of integers. Therefore, to utilize If, we might
glue it into our C-like language as shown below.3

CExpr C IfCond (Sort constraint with glue code)
— not is-equal(0, CExpry) (glue code)

In the example, we perform a sub-sort declaration, linking the
CExpr sort — containing the C expression operators — to the
IfCond operand. As part of that declaration, we define glue code
which is only applied when the translated operator is part of
the CExpr group, since glue code is conditional. Furthermore,
the glue code glues the result of the translation function of the
operator on which glue code is defined. Thus in our example,
CExpry is the result of the translation function associated with the
sort CExpr, which is implicitly defined in terms of the translation
functions given for the operators contained in the sort CExpr, i.e.
the catamorphism.

We thus have specialized the If operator to the semantics of
our specific language without modifying the existing definition
of the If operator nor do we need to define a different operator
for all possible variations. By applying glue-code conditionally,

The example is simplified to save space. When performing such glue on C, the
checks need to be extended to supports floats, doubles, etc. This can be easily
done by dispatching on the type of the current value.



3.3 COMPOSITIONAL DEFINITIONS

other operators assigned to IfCond are not affected, and removing
C-like expressions from the language does not leave any stale
glue code around.

3.3.4 Language Definitions

Given a set O of operators, with every operator having an ar-
ity, denoted with |o|, a set of operand positions, denoted with
o = {1,---,]o|}, and a semantic function F(0) : Flol — F
where F is the set of funcon terms, we define a language as a
structure (T, S, G, I)o in terms of O, with T C O being the set
of top-level operators; S is a family (S, ) of sets indexed
by O x IN. S, is the set of operators assigned to the operand
position w of operand o. G is a family (G,( ) of functions
indexed by O x IN. G, is the glue function O x F — F for
operators assigned to the operand position w of operand o. I is
a family (I;er) of functions indexed by the top-level operators.
Iy + F — F denotes the top-level initialization function for the
specific top-level operator.

In the mathematical formulation we do not distinguish be-
tween sub-sort declarations and operator assignments, since all
sub-sort declarations can be described in terms of operator assign-
ments. Furthermore, the definition does not introduce operand
names. Instead, operand positions are used. Nevertheless, we do
use names in our examples as a notation convenience, ensuring
that there is a one-to-one mapping between operand names and
operand positions.

The top-level operators are present in a language to determine
the entry points of the language. This can be used in the genera-
tion of parsers for languages, generation of tooling, generation
of language structure diagrams, etc. Initialization functions can
be used to modify the top-level behavior of the language. For
example, in a REPL, returned values might be printed and un-
handled exceptions caught and displayed while not resulting in
termination of the REPL. This behavior is however not preferred
when not running in a REPL-like environment. With the initial-
ization functions, this behavior can be encoded as an extension
on a language, creating a clear distinction between the tools as
languages.
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3.3.5 Language composition

Language composition (¢) of two languages, L1 and L,, specified
in terms of the same operator set, is defined as follows.

Definition 3.3.1. L1 oo L, = (T1 U T», S, G, I)p, where

S= {Sl<0,w> @] S2<O,w> | 0€O0,we 7}
G = {Ga(ow) © Gijowy |0 € O,w € T}
I= {12<t> o Il(t) | teT1 U T2}

From the associativity of the operations used on the elements of
the languages, it follows that language composition is associative.
Language composition, however, is not commutative due to the
usage of function composition with G and I. With language
composition, languages form a monoid. The neutral language
can be defined by taking the empty set for T, letting the family
S assign the empty set to every index, and letting the families
G and [ assign the identity function over funcon terms to every
index.

Defining languages in terms of a fixed operator set does not
restrict the incrementality we provide nor does it prevent new
operators from being introduced. New operators can be added
at any time, because operators and their semantics are com-
positional as well, as inherited from the conceptual model of
data types a la carte and our usage of initial algebra semantics.
The compositional nature provides enough to support the in-
cremental aspect. In essence, when composition is supported,
incrementality is almost obtained for free, because we can al-
ways reformulate an incremental step as a composition from our
starting point. Since every incremental step is then evaluated as
a composition from the starting point, we do assume that the
interpretation of this composition scales and is not much slower
than just doing the incremental step. This idea can be visually
explained in Figure 3.1.

Incrementality in the conventional way is obtained by execut-
ing small programs in isolation and keeping track of the current
configuration. Our approach, instead, keeps track of the initial
configuration and all submitted programs, an evaluation then
always starts from the initial configuration.
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I(p1)
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Figure 3.1: The idea of incrementality via composition shown visually.
Interpreting (I) the first program (p;) and then the second
(p2) gives the same result as interpreting the sequence of
p1 and pa (p1; p2). We can achieve incrementality by always
evaluating the composition from the initial state.

iCoLa thus exists out of two languages: one for defining opera-
tors and their semantics, and one for defining languages. The in-
terpretation of the operator language results in a set of operators
that is used in the interpretation of the language-definition lan-
guage. Because both operators and languages are compositional,
from a users perspective there is no difference, and language and
operator definitions can be freely mixed. This, again, is a result
of our approach of achieving incrementality via composition.

3.4 IMPLEMENTATION

In this section we demonstrate an EDSL in Haskell implementing
the approach introduced in the previous section. The EDSL is
partly embedded in Haskell and partly embedded in Template
Haskell. In case definitions in the EDSL must be given in terms of
Template Haskell, we first give the Haskell definition, followed by
the corresponding encoding in terms of Template Haskell. This
demonstrates to which Haskell expression the Template Haskell
encoding is evaluated by our approach.

3.4.1 Operators

Operators are implemented as GADTs with two type parame-
ters, u and t, corresponding to the universe (set) of operators,
which is needed for injection into the co-product type, and a so-
called meta-type (explained below) of the operator, respectively.
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GADTs are needed to support the delayed decision regarding
sort-constraints via class instances in the constructor definition
of the operator. To illustrate, we take the definition for Absp
from §3.3 as an example.

data Abs u t where
Abs :: IsTrue (AbsBody t)® =>
String — u t® — Abs u AbsType®
type family AbsBody@ t
data AbsType®

The sort-constraint (@) enforces that the second parameter ()
is assigned to the AbsBody sort, and sorts are implemented as
type-families (@). Because we carry around the meta-type in
arguments (@) to enforce sort-constraints, type u is a type taking
a type as a parameter, i.e., it is a functor. Consequently, our
operators are higher-order functors. In addition, every operand is
assigned a meta-type (), which are implemented as proxy types
(@) — data types without constructors. Furthermore, IsTrue is a
type class for which only one instance is defined: the instance for
the type-level boolean True. This enables boolean programming
at the type level.

class IsTrue bool

instance IsTrue True
data True

To encode Absp € AbsBody — the assignment of the abstraction
operator to the body of abstractions — we define the meta-type
of the operator as an instance evaluating to True of the AbsBody
type family.
type instance AbsBody AbsType = True

To retain adaptability of operator assignments, we delay the
instantiation of such instances by defining them in terms of
Template Haskell.

(''AbsType, ''AbsBody) :: OperatorAssignment
type OperatorAssignment = (MetaType, Sort)

type MetaType = Name
type Sort = Name

Auxiliary sorts are also implemented using type families. For
example, our earlier convenience sort, Expr, is defined as follows.
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type family Expr t

As such, instances can be added to an auxiliary sort with an
operator assignment.

To perform sub-sort assignments, a sort is linked to another
sort, again in terms of template Haskell. Thus, the encoding for
Expr € AbsBody is as follows.

(''Expr, ''AbsBody) :: SubSort
type SubSort = (Sort, Sort)

3.4.2 Semantic Functions

As is the case in data types a la carte, semantic functions are
defined modularly as type class instances and are applied by the
fold of an algebra. For example, the following instance encodes
the definition of Absr(x,b) given in §3.3.2.

instance ToFuncons Abs where®

toFuncons (Abs s (K body)) = K $ function_ [closure_
[scope_ [bind_ [T.string_ s, given_], body]]]

The ToFuncons type class captures those types for which a
translation to ‘Funcons’ is available and is defined as follows.
class HFunctor f => ToFuncons f where®

toFuncons :: Alg f (K Funcons)
newtype K a i = K {unK :: a} deriving (Functor)
type Alg fe=Ffe :—= e
type (:—) fg=forall i. fi =5 g i

Since operators are higher-order functors and we carry around
the meta-type, the carrier of our algebra must be a parameterized
functor, which funcons are not. Therefore, we wrap funcons with
the K constructor. The K constructor simply wraps a value, but
adds an additional component at the type level, giving the type
K the kind x = x — %, corresponding to a higher-order functor.

4 The T module provides helper functions to transform Haskell values into funcon
values. Funcon smart constructors — identified by the trailing underscore —
take a variable number of arguments, hence the usage of lists.

5 The K, Alg and (:->). types are defined by the comp-data library [14].
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3.4.3 Glue Code

Glue code is implemented as endofunctions on the funcons type,
and to link glue code to an operand of a specific operator, we
use multi-parameter type classes and an adaptation on the cata-
morphism that applies glue code before the application of the
semantic function on the operator being evaluated. For exam-
ple, the glue definition from §3.3 is achieved with the following
instance definition.

instance GetGlue IfGlue CExpr Funcons where

getGlue IfCondGlue _ =\l — not_ [is_equal_ [0, 1]]
getGlue _ _ = id
class GetGlue operand (f :: (x — *) — * — *) target where

getGlue :: operand — f (Term a) b — target — target
getGlue _ _ = id

In this example, CExpr refers to all operators assigned to the
CExpr sort, and should be read as the generation of this instance
for all operators assigned to the CExpr sort.

To identify the operands, we generate a data type for every
operator, IfGlue in the example, where the cases identify the
operand positions for the application of glue code, which in the
example are identified by the constructors suffixed with Glue.

Again, to be able to modify glue code instances, we delay
such instances by defining them in terms of Template Haskell
constructs instead.

(''CExpr, ''IfCond, 'cExprGlue) :: GlueDefinition

type GlueDefinition = (MetaType, Sort, GlueFunction)

type GlueFunction = Name

cExprGlue :: Funcons — Funcons

cExprGlue 1 = not_ [is_equal_ [0, 1]]

The Template Haskell definition does not refer to the glue data
type. Instead, the right glue data-type is automatically deter-
mined based on the sort in the glue code definition. The glue
data-type is thus fully abstracted away from language designers.

3.4.4 Language Definitions

Because we defined the components of a language in terms of
template Haskell constructs, we can define languages themselves
as data types in terms of those template Haskell constructs.



3.4 IMPLEMENTATION

data Language = Language

{ op_assign :: [OperatorAssignment]

, sub_sorts :: [SubSort]

, glue_code :: [GlueDefinition]

, init _code :: [(MetaType, GlueFunction)]
}

instance Semigroup Language
instance Monoid Language

The language definition does not contain a special entry for top-
level operators. Instead, we utilize a special sort — TopLevel
— that can be used inside the operator assignment and sub-
sort definitions. As a result, initialization code is defined as a
tuple, linking operator — via their meta-type — to glue-code
functions. In addition, we make languages an instance of the
Semigroup type class, allowing usage of the (<>) operator to
compose languages.

To instantiate a language, we define the genLanguage function
that can be spliced in.

genLanguage :: [Operator] — Language — Q [Dec]
type Operator = (Constructor, MetaType)

The first argument denotes the operator set in which the sec-
ond argument — the language — is defined in. This first argu-
ment is needed for the generation of glue code and parsers. The
genlLanguage function distributes the sub-sort declarations over
the operands, generates type family instances for the operator
assignments, generates smart constructors that automatically in-
ject the operator into the co-product type (representing the set of
operators), generates glue code data types for the operators, and
the glue code definitions are transformed into GetGlue type class
instances. Furthermore, the function performs several checks.
First, it checks if all operators mentioned in the language are
present in the set of operators. Secondly, it requires that the sub-
sort declarations form a directed acyclic graph. If any of these
conditions are not met, the compilation is stopped with an error
indicating the unsatisfied condition.

Our original definition of the lambda calculus is thus obtained
by the definition in Listing 3.2.
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Listing 3.2: Definition of the lambda calculus in iCoLa.

$(genLanguage [(''Var, ''VarType), (''Abs, ''AbsType),
(''App, ''AppType)] lambdalLanguage
where
lambdalLanguage = Language

{ op_assign = [(op, ''Expr) | op < [''VarType, ''AbsType, ''
AppType]]

, sub_sorts = [(''Expr, t) | t < [''AbsBody, '‘'AppLeft, '
AppRight, ''TopLevell],

, glue_code = []

, init_code = []

})

3.4.5 Parser Generation and the iCoLa-shell

The structure present in language definitions is enough to use in
the generation of parsers for the defined languages. Currently,
we generate a parser that parses a language in which opera-
tor application is written in a style similar to LISP [128]. We
use such syntax to ensure that the generated grammar is not
ambiguous. For example, (add (intv 1) (add (intv 2) (intv
3))) demonstrates an expression using the generated syntax
for a simple integer addition language. In this example, add
and intv are operators, and applications of operators are al-
ways surrounded by parentheses. The operands are separated by
spaces. So this example simply encodes the arithmetic expression
14+ (2+43).

Using these generated parsers, we provide the iCoLa-shell,
which is a ‘meta-REPL’ that accepts any Haskell declaration. This
enables users to define languages and operations over languages
inside the meta-REPL. Furthermore, a meta-command commit
is provided that can be used to commit to a specific language
and start an ‘object-REPL’ for the chosen object language. In the
object-REPL, the user can experiment with the defined language
using the LISP-style generated concrete syntax. When stopping
the object-REPL, the user returns to the meta-REPL, continuing
the same session where they left off. Listing 3.3 illustrates an
example session in the meta-REPL and an object-REPL for a
simple integer addition language, where meta> denotes execution
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inside the meta-REPL, otherwise execution is happening inside
the object-REPL.

Listing 3.3: Example session inside the iCoLa-shell.

meta> intAdd = intlLanguage <> addLanguage
meta> :commit intAdd

intAdd> (add (intv 1) (intv 10))

11

intAdd> :exit

meta>

In the same iCoLa-shell session, the user can extend the lan-
guage and start a new object-REPL, or focus on a subset of the
language by removing part of the composition or focusing on a
subset of languages used in the composition.

3.5 EXAMPLES OF INCREMENTAL COMPOSITIONAL LANGUAGE
DEFINITIONS

In this section we showcase iCoLa by defining several demonstra-
tion languages in terms of other languages. The used languages
are: Imp [181], a simple imperative language; SIMPLE [182], a
more complex procedural language; and MiniJava [8], a strict
subset of the Java language. These languages are chosen because
they have their semantics described in terms of funcons as part
of the case studies for the PlanCompS project.® This enables us to
focus on the incremental and flexibility aspects of our approach
and to demonstrate the reuse achieved via operator definitions
and glue code.

3.5.1 The Construction of Imp

We define Imp as the composition (<>) of the following four lan-
guages: impArith <> impBExpr <> impStmts <> impPrograms, a
simple arithmetic language with support for integer addition
and division; a boolean expression language with support for
less-than-equal comparison and (binary) conjunction; a state-
ments language containing if-statements, while-statements, and
sequencing of statements; and a program language that unifies

6 https://plancomps.github.io/CBS-beta/docs/Languages-beta/index.html
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these languages together by defining the top-level in accordance
to the top-level of Imp, respectively. The definition of impArith
and impBExpr are as follows.
impArith = Language
{ op_assign = [(e, ''ArithExpr) |
e < [''IntType, ''AddType, ''DivType, ''IdTypell
, sub_sorts = [(''ArithExpr, s) |
s < [''AddLeft, ''AddRight, '‘'DivLeft, ''DivRight]]
, glue_code = [(''DivType, ''Always, 'check_divide)]

...} where
check_divide f = checked_ [f]

impBExpr = Language
{ op_assign = [(e, ''BExpr) |
e < [''BoolType, ''LeqType, ''NotTypel 1
, sub_sorts = [(''BExpr, s) |
s < [''NotExpr, ''AndLeft, ''AndRight]]
++ [(''ArithExpr, s) | s < [''LeqlLeft, ''LegRight]]
..}

In these definitions, there are four things that need to be high-
lighted. Firstly, both languages do not define a top-level, which
means that these languages on themselves are not executable
since there are no entry points. Secondly, impArith defines glue
code over the Div operator that wraps the divide in a check.
When division by zero occurs, the program is terminated due
to the check. This behavior is not directly encoded in the se-
mantics of the Div operator, because other languages handle this
differently, for example by throwing an exception. Thirdly, in
the description for the glue code we see usage of the shorthand
"Always sort. This sort is a convenience and denotes that the glue
code needs to always be applied on the Div operator, it thus en-
codes the assignment of this glue code to all operands to which
Div is assigned. Finally, impBExpr uses the ArithExpr auxiliary
sort in its definitions but does not assign any operators to this
sort. Thus, impBExpr is an extension on the arithmetic language.

Alternatively, we can define a refined version of impBExpr that
is independent from impArith as follows.
impBExpr~— = Language

{ op_assign = [(e, ''BExpr) |

e < [''BoolType, ''LeqType, ''NotTypell

, sub_sorts = [(''BExpr, s) |
s < [''NotExpr, ''AndLeft, ''AndRight]] ...}
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In this definition, we removed the mentioning of the auxiliary
sort. As a result, the refinement of impBExpr is not an extension.
To get back to our original definition of impBExpr, we can define
a new language that glues impArith and the refined version of
impBExpr together. This glue language only contains the sub-sort
declaration that we removed, modeling language unification.
impArith <> impBExpr~ <> gluelLanguage
where
gluelLanguage = Language
{ op_assign = []
, sub_sorts = [(''ArithExpr, s)
| s < [''LegLeft, ''LegRight]]
.

Alternatively, owing to our languages being first-class citi-
zens in Haskell, we can define impBExpr as a function with one
parameter denoting the sort that can occur in less-then-equal
expressions.
impBExprt legSort = Language

{ op_assign = [(e, ''BExpr) |

e < [''BoolType, ''LeqType, ''NotTypel] 1
, sub_sorts = [(''BExpr, s) |
s < [''NotExpr, ''AndLeft, ''AndRight]]
++ [(leqSort, s) | s < [''LeqLeft, ''LeqRight]]
.}

This makes the parameterized version of impBExpr configurable
and removes the hard dependency on the auxiliary sort while
also removing the requirement of a glue language. Instead, we
can decide the correct auxiliary sort when composition occurs.

3.5.2  Reusing Imp to Define SIMPLE and MiniJava

We can reuse the definition of Imp to define SIMPLE and Minijava,
utilizing Imp in different ways. SIMPLE is a much more elaborate
language that almost fully subsumes Imp. MiniJava is less elabo-
rate since it does not contain all constructs present in Imp, but still
shares a significant part, some of which is showcased in Table 3.1.
However, the way Imp is defined does not fully correspond with
both SIMPLE and MiniJava, since the top-level of Imp is different
and Imp contains certain constructs not present in MiniJava. To
align Imp with these requirement we refine the language to a
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Listing 3.4: An example showing two refinements, one removing top-
level operators, and one removing the less-than-equal oper-
ator from the language.

1 lang = lang { sub_sorts = removeToplLevels . sub_sorts $ lang}
where
removeTopLevels = filter $ not . (==''TopLevel) . snd

¢ lang = lang { op_assign = removeleq . op_assign $ lang
, sub_sorts = removelLeqOps . sub_sorts $ lang }

where
removeLeq = filter $ not . (==''LeqType) . fst
removelLeqOps = filter $ not .
(flip elem [''LeglLeft, ''LegRight]) . snd

language that aligns with both SIMPLE and MiniJava. A refine-
ment is an endofunction over languages implemented directly as
a Haskell function. This way, all components of a language can
be refined, closely resembling the idea of restriction as presented
by Erdweg [65].

To align Imp, we define two refinement functions in Listing 3.4,
one, denoted with 1, that removes the operators from the top-
level as defined by Imp and one, denoted with ¢, removing the
less-than-equal operator from the language. For SIMPLE, 1 is
enough to make [mp suitable to use in the definition. In case
of MiniJava, both ¢ and ¢ are needed, thus the composition of
these refinement functions is the required refinement function
for MiniJava.

Besides the required refinement, Imp makes a distinction be-
tween two types of expressions: arithmetic expressions and
boolean expressions. Variables can only occur inside arithmetic
expressions and not in boolean expression. In the definitions of
SIMPLE and MiniJava this distinction is not made. Nevertheless,
because we make a distinction between operators and sorts in our
approach, these structure choices do not prevent the usage of Imp
when defining both SIMPLE and MiniJava, because we can define
a new auxiliary sort and link both Imp sorts to this new sort and
then distribute the new sort over the required operands. This
demonstrates the flexibility of our approach and that existing
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Table 3.1: Table highlighting some operators used in the definition
of Imp, MiniJava, and SIMPLE. The rows indicate operators
used during the evaluation and the columns the constructed
languages from the collection. The @ indicates that the
operator is used as is; @ indicates that an operator is used
with glue code; and O indicates that an operator is not used.

Imp  MiniJava SIMPLE
Int + Addition [ [ o
Substraction + Multiplication O [ J [
Division i i i
If + While [ [ [
Variables [ o o
Ouput O © [
Input O O [
Classes O [ O
Arrays O © o)
Throw + Catch O O [

language structure choices do not restrict in which compositions
a language can be used.

Both SIMPLE and MiniJava also add new constructs that are not
present in Imp. Some of the constructs occur in both SIMPLE and
MiniJava. Table 3.1 highlights some of the language constructs
used and their presence in the languages. This table is not exten-
sive and we sometimes group operators together due to space
limitations, since SIMPLE alone already contains 40 language
constructs. Nevertheless, it demonstrates a selection of constructs
that are often present in multiple of the defined languages. This
highlights the reusability obtained via our approach.

While operators might occur in multiple languages, their us-
age is not always identical. For example, in MiniJava, output is
always followed by a newline, which is not the case in SIMPLE.
Also, both languages check out-of-bounds array access, hence
the required glue code.
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Table 3.2: Table demonstrating the construction of several languages
with a fixed-set of operators. Columns indicate the operators
used during the evaluation and the rows are the languages
constructed with (some) operators from the collection. The
@ indicates that the operator is used as is; @ indicates that
an operator is used with glue code; and O indicates that an
operator is not used.

Var Abs App., Add Int Return Call/cc If Throw Catch

lambda ®e® 6 O O O o O O O
arithmetic |[O O O @ @ O o O O O
exceptions [ O O O O O O O O @ e
proc e ® 6 O O e o O O O
lambda,, ©® ®@ @ O O O o O O O
functional [ @ ® @ @ @ O e 6 & O
procedural @ © @ © @ © O @& @& O
procedural +{® © @ @ @ @ e 6 6 o
functional

3.5.3 Object Language Variability

MiniJava is interesting because variations of MiniJava exist that
have been introduced for teaching purposes.” A teacher can
adapt the experience of students based on their expertise using
language variants or by growing the language throughout the
course [39, 84]. This flexibility is naturally supported by our
system since the (full) MiniJava language can be given as the
composition of multiple smaller language variants. This enables
a teacher to exclude or include languages to create new variants.
Furthermore, a teacher is not restricted to the existing core of
MiniJava, because with sort-constraints, a teacher can freely alter
the language to their needs. For instance, a teacher can remove
the object-oriented aspect of MiniJava and start with procedural
programming before introducing objects and classes. Alterna-
tively, a teacher can include the Exceptions from SIMPLE to add
exceptions to MiniJava.

https://courses.cs.washington.edu/courses/cse401/13wi/project/
MiniJava.html; http://teaching.up.edu/cs358/miniJava.pdf
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3.6 DISCUSSION

Language variability is also useful when designing a program-
ming language. In the iCoLa-shell, different variants of a language
can be defined and tested with relative ease. Multiple variants
can exist side-by-side, making it easy to compare and contrast
variations and gather early feedback to include in the design
process. In Table 3.2, the outcome of such a session is listed as
a table. In this session, a fixed set of operators is used to define
a variety of languages. Language definitions were defined in
isolation or via composition. For instance, lambda,,, is defined
by composing the lambda language with a language consisting
(only) of glue-code that inserts the semantics of call-by-name
using thunks.
lambdaCBN = lambda <> Language
{glue_code = [(''Always, ''AppArg, 'thunk),

(''VarType, ''Always, 'force)l]
...} where

thunk f = thunk_ [f]
force f = force_ [f]

In this definition, we assume that all variables are assigned to
thunked values. This is not always the case, e.g. in a procedural
language with global variables. Type information can be used to
distinguish variables based on whether their values are thunked.
This, however, is not possible in our glue code definitions because
glue code is context-free. However, it can be realized within the
semantic domain of funcons, as funcon terms are dynamically
typed. The table shows an overlap between different languages
and the two forms of variability in our approach: we can add new
operators to existing languages and add new languages using
existing operators, without modification of existing code.

3.6 DISCUSSION

In iCoLa, some of the techniques discussed in §3.2 are combined
as follows. The syntax and semantic functions of operators are
defined modularly using data types a la carte. The funcons of
Funcons-beta are used to express the semantics of all operators in
the same semantic domain. This makes it possible to define lan-
guages by selecting (top-level) operators from the set of all avail-
able operators. This is consistent with the methodology of [31]
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and ensures object languages in iCoLa are ‘sequential languages’
by definition. As such, REPLs for the object languages are ob-
tained for free. The meta-language is sequential in itself, thereby
supporting incremental meta-programming in the iCoLa-shell.
This is achieved by defining operators in isolation using ‘sort
constraints” as explained in §3.3. The sort constraints are enforced
statically by applying (Template) Haskell in the implementation
of iCoLa as an EDSL.

In this section we discuss the effect of our choice to embed
iCoLa inside (Template) Haskell. We look at restrictions in the
current implementation, such as the absence of user-defined
concrete syntax, that constrain the usage of iCoLa. And discuss
the scalability of our choice to use sort constraints instead of
conventional abstract syntax definitions.

3.6.1 iCoLa as an EDSL

The presented implementation is in the form of a Haskell EDSL.
The EDSL offers static guarantees such that every operator in
a language has an associated semantic function and sort con-
straints are respected. In addition, language designers have the
tull power of Haskell available to them when defining and ma-
nipulating languages. However, we are also restricted by our
choice of implementation. Because we utilize Template Haskell,
a compilation step is needed before a defined language can be
used, only one language can be generated per module, and there
is a stage restriction enforced by Template Haskell. This requires
us to implement the iCoLa-shell separately instead of reusing
the REPL provided by the Haskell compiler (e.g. GHCi), and
makes the feedback loop more convoluted. Furthermore, we as-
sume Haskell familiarity from language designers, for example
to understand Haskell type errors when operators are incorrectly
used. In addition, operators, semantic functions, and language
definitions involve some boilerplate code. For example, the intro-
duction of type families for operators, the need for constraints
on operator definitions, and occurrences of the K constructor.
Some boilerplate code can be removed by using quasi-quotation.
With quasi-quotation, we could provide a small layer of syntactic
sugar that removes most of the boilerplate code currently present
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in our approach. The concern regarding Haskell type-errors can
be mitigated by providing custom type-errors or other strategies
for type-error customization in EDSLs [195].

Another alternative is an implementation with an external DSL.
This gives the possibility to provide syntax that is much closer
to the mathematical notation of §3.3 and also allows us to give
more domain-specific error messages. However, such an imple-
mentation is more complex and puts a restriction on the semantic
functions. Currently, our implementation is easily extended with
new semantic functions; and because semantic functions are
implemented in Haskell, the possibilities are endless. When pro-
viding an external DSL, this flexibility is lost, requiring either a
constraint on the semantic functions or complicating the imple-
mentation to support more complex semantic functions. Using
an external DSL also removes many of the benefits we currently
have by providing languages as first-class citizens inside Haskell.
Alternatively, a hybrid approach can be implemented that pro-
vides a DSL layer on top that compiles down to Haskell such
that semantic functions and language refinement can still be de-
fined as Haskell functions. How these different implementation
techniques affect usability and expressiveness is to be explored
in future work.

3.6.2  Restrictions and Scalability

With the flexibility our approach provides, language definitions
can become unwieldy where it is unclear where operators are
exactly assigned to, which operators are part of the language, and
how they are affected by glue code. In our experience from our
case studies, the development is often done in steps, where pro-
totyping is modularized by making local modifications such that
the effects of the modifications are easier to observe. However,
this is not always possible. In future work, we want to explore
tooling that can help in quickly understanding the effects of new
operator assignments and language composition. For example,
via the structure of the language, a BNF-like grammar can be
generated that shows the structure in an uncluttered fashion.
In addition, we envision tooling that highlights the effects of
language composition and allows one to zoom in on specific
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operators and see how they are affected by glue code. Further-
more, the algebra used in our approach has no context, which
requires that the translation must be done in a context indepen-
dent manner. This defers a lot of the work to the semantic domain,
but keeps operator implementations simple. In future work, we
would like to explore having additional algebras defined as se-
mantic functions, especially to express static semantics, without
losing the flexible compositional capabilities of our approach. We
set a first step into this direction in the next chapter.

3.6.3 Concrete Syntax

In the presented framework, a LISP-style concrete syntax defi-
nition is generated for object languages. However, a language
designer might want to define their own concrete syntax. To
support user-defined syntax, we can extend operator definitions
with a notion of concrete syntax or extend language definitions to
attach concrete syntax to the chosen operators of the language. In
both cases, problems with ambiguity can arise when combining
concrete syntax definitions. Generalized parsing techniques, such
as Early parsing [62], GLR [202], and GLL [192], can be used
to accept ambiguous grammars. Handling ambiguities without
much effort is important, as even the introduction of a single
operator into a language can result in ambiguity, hampering
rapid prototyping when ambiguities must be resolved. When a
language is finalized, the grammar can be inspected and adapted
to possibly remove ambiguities.

An alternative approach is to mix user-defined parsers and
generated parsers. This way, operators are not extended with a
notion of concrete syntax. Instead, a language designer develops
a parser alongside the language definition and when prototyping
with new operators uses the generated parser for those operators.
The parser is then incrementally defined just like the language
itself. However, this approach requires an efficient way to connect
user-defined parsers and generated parsers, and further integra-
tion to ensure the language development process can fully occur
inside the iCoLa-shell. Nevertheless, in both cases the existing
implementation of parser generation can be largely reused, since
the generation of operand parsers is generic.
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In the next chapter we investigate an approach to incorporate
user-defined concrete syntax into our current model, and evaluate
the effect of this extensions on the interactive, reusable, and
compositional aspects of our approach.

3.7 RELATED WORK

Developing languages via some form of composition is supported
by a wide variety of language-development environments [66, 96,
201, 204, 213]. Erdweg et al. [65], performed a systematic evalua-
tion of existing environments and their support for the different
forms composition (extension and unification). Out of the consid-
ered environments, only JastAdd [63], which is an environment
for the construction of Java like languages, supported unifica-
tion at the semantic level. Nevertheless, extension-unification is
supported by most environments.

Lisa [135] is a full-fledged interactive environment for pro-
gramming language development based on attribute grammars
with support for incremental language development [136] via
multiple attribute grammar inheritance [134]. Compared to our
approach, the incremental focus is more linear and distinction
between operators definitions and usages is not made.

Melange [59] is a meta-language involving meta-models and
aspect oriented programming. It uses aspects to implement the
semantics of languages, and supports both extension and unifi-
cation. Our operator specialization closely resembles the idea of
aspects as seen in Melange. In contrast to our approach, Melange
makes no distinction between operator semantics and operator
specialization, possibly reducing reuse opportunities. For ab-
stract syntax definitions (operator definitions), the approach uses
Ecore,® which is more rigid than our operator definitions but
does provide a significant reuse opportunity since many Ecore
metamodels exist.

In Feature-oriented programming [7], a system is decomposed
in the features it provides. This style of programming aims to
increase structure, reuse and variation by making features user
configurable such that a system can be developed by picking

8 https://www.eclipse.org/modeling/emf/
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and configuring the correct features. Neverlang [38] is a develop-
ment environment modeled around the idea of feature-oriented
programming, where features are implemented using an object-
oriented approach.

Software product lines [43] is a development paradigm that
models the software development process as a product line,
where a system is constructed by selecting components from a
repository, somewhat resembling our idea of an operator universe
from the language point of view, adapting the components to the
use case, and integrating the components together. Compared to
feature-oriented programming, software product lines focus on
similarities between systems, also known as family systems. This
gives a high variability where variants of systems can be quickly
created. Feature-oriented programming can be used to imple-
ment software product lines, which is done by AiDE [110]. AiDE
provides an environment for language-development based on
software product lines by building an environment on top of Nev-
erlang [38]. Besides AiDE, there are several other environments
integrating software product lines in the context of language
development — also known as language product lines [131].

Focus on language families [123], a set of related languages,
is inherent in the language product lines style of development.
As a result, the variability of these systems is high enabling the
construction of a wide variety of languages in an incremental
manner. However, because the focus is on language families,
there is a restriction on the structure of the different variations.

Solutions to the expression problem, such as finally tagless [37],
object algebras [186], and, data types a la carte [199], naturally
lead to an extensible approach for operators and can be used
to implement languages in a modular fashion, as demonstrated
by several systems based on the solutions to the expression
problem [78, 87]. However, composition and variability are not
necessarily obtained. Nevertheless, it would be interesting to see
if these solutions to the expression problem can function as a
compilation target, for which we use data types a la carte now,
in our implementation.

LANG-N-PLAY [42] is a proof-of-concept language introduc-
ing the idea of languages as first-class citizens. LANG-N-PLAY is
a statically typed functional language in which languages are
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just expressions. Consequently, operators over languages are de-
fined as functions. In contrast to our approach, LANG-N-PLAY
is a newly developed (experimental) language. Our approach is
embedded in a general-purpose language, albeit via template pro-
gramming. The usage of Template Haskell can complicate type
errors reported to the user, since the Template Haskell expression
is not type checked, but the resulting program is [197]. LANG-
N-PLAY is also statically typed but without the intermediate
template layer.

3.8 CONCLUSION

In this chapter we introduced iCoLa, a meta-language aimed at
improving the language design process through rapid prototyp-
ing with reusable components and incremental programming.
The iCoLa-shell enables fast prototyping by supporting the simul-
taneous definition of multiple languages that can be composed,
unified, extended, restricted and tested within a shared REPL
session. In iCoLa, languages are first-class citizens such that the
users are given the full power of the host language (Haskell)
to define languages. Operators over languages can be defined
(e.g. composition) and languages can be parameterized, includ-
ing by other languages (e.g. refinement). By constructing several
languages with our approach, we have demonstrated to which
extent our approach simplifies the construction of new languages
as well as variants of existing languages.

The flexibility provided by iCoLa makes it difficult to track
the precise composition of a language when applied at (large)
scale and user-defined concrete syntax is currently not supported.
Methods to improve iCoLa in these regards are explored in Chap-
ter 4.
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The previous chapter introduced iCoLa, implemented as an EDSL
in Haskell. In this chapter we extend this work by introducing
iCoLa™, which extends the formal model with support for an arbi-
trary amount of domains and concrete syntax definitions for op-
erators, and an implementation of this model as an external DSL.
The implementation of iCoLa™ enjoys three interaction levels,
enabling extension points for different domain experts, namely
language engineering experts and user interaction experts, to
extend some of the capabilities of iCoLa™. To demonstrate iCoLa™,
we perform an extended replication of the evaluation performed
on iCoLa (in the previous chapter). Additionally, we perform a
small exploration of defining DSLs in iCoLa™ by looking at a
variant for the DOT language.

Associated Publications

¢ Damian Frélich and L. Thomas van Binsbergen.
“iCoLa+: An extensible meta-language with support
for exploratory language development.” In: Journal of
Systems and Software 211 (2024), p. 111979. ISSN: 0164-
1212. DOI: https://doi.org/10.1016/j.jss.2024.
111979

4.1 INTRODUCTION

Since this chapter is an extension of the work presented in the
previous chapter, the high-level motivation is unchanged. Instead
of repeating this, we highlight the motivation to develop an
external DSL implementation, and the motivation to extend to the
formal model with support for an arbitrary amount of semantic
domains and concrete syntax definitions.

A primary goal in this thesis is to support exploratory pro-
gramming at the meta-level. With iCoLa, we obtain support for
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exploratory programming for the defined object-language, but
obtaining it for iCoLa itself is difficult due to the dependency on
Template Haskell. Furthermore, iCoLa does not support user-
defined concrete syntax for operators. This can significantly
hamper the experience, since having to context-switch to de-
fine parsers is not ideal, and syntax can affect the experience of
using a language. Although the implementation of iCoLa does
not restrict the used semantic domains owing to the choice of
using data types a la carte, the formal model does not take this
into account and is only defined with funcons as the semantic
domain.

Motivated by these observations, we introduce iCoLa™, an ex-
tensible meta-language with a focus on the language design
process via exploratory language development and rapid pro-
totyping, achieved by utilizing reusable language components
and supporting exploratory programming at both the object and
meta-level. iCoLa™ builds upon iCoLa by providing an exten-
sible implementation that supports user-defined environment
and DSL-based domain definitions, as well as extending the ap-
proach with concrete syntax, and also supporting an arbitrary
amount of semantic domains. Specifically, we make the following
contributions:

* We extend the approach of iCoLa (presented in Chapter 3)
with concrete syntax and support for an arbitrary amount
of semantic domains (§4.3).

¢ We provide an extensible implementation of the extended
model in the form of a DSL. The implementation also
functions as an alternative to the implementation presented

in Chapter 3 (§4.4).

* We evaluate the extended approach and compare the new
implementation with the iCoLa implementation (84.5).

This chapter is outlined as follows: in §4.2 we give the required
background. The formal model of iCoLa is extended with con-
crete syntax definitions and support for an arbitrary amount of
semantic domains in §4.3. In §4.4, a DSL for the extended model
and its implementation in Haskell is presented. The extended
approach is evaluated via an extended exact replication in §4.5. A
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discussion on the two implementations and the extended model
is held in §4.6. Finally, related work is discussed in §4.7 and we
conclude in §4.8.

4.2 BACKGROUND

The background required for this chapter is mostly covered by
the background of the previous chapter. We utilize initial algebra
semantics as an implementation technique in this chapter, where
our semantic functions are implemented as X-algebras for some
signature (X). Throughout most of this chapter, we again use fun-
cons as a semantic domain. To support exploratory programming,
we utilize the approach of building sequential languages [31],
and the approach to obtain exploratory programming for free
introduced in Chapter 2. In this section we repeat the different
components in more detail for completeness.

4.2.1 Language Design, Implementation, and Evaluation

There are different implementation strategies for DSLs [133]. One
approach is to embed the implementation in a general-purpose
language [85]. This general-purpose language then hosts the DSL.
Such an embedded DSL (EDSL) has the benefit that no new
parser is needed and tooling of the general-purpose language
can be used for DSL programs. Sometimes it also supports using
constructs from the host language in the DSL. An embedding
can either be shallow or deep. With a shallow embedding, the
operations of the DSL are directly mapped to operations in the
general-purpose language. Thus, no abstract-syntax tree (AST)
is built. This makes the implementation simpler but also more
difficult to extend with analysis over programs written in the
DSL. With a deep embedding, the DSL operations build terms to
form an AST which can then be analyzed and evaluated.

An alternative implementation strategy for a DSL is to use a
meta-language. Meta-languages often provide operations and
tools to simplify DSL creation, such as reusing constructs or com-
bining languages to build bigger languages. Erdweg et al. pro-
vide a framework for discussing and comparing meta-languages,
tools and formalisms that support various forms of incremen-
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tal language development [65]. In particular, the authors define
the concepts of (modular) language extension, restriction, and
unification, which they apply to both the syntax (concrete &
abstract), static semantics, operational semantics and IDE ser-
vices of languages. Extension occurs when a base language is
extended by another language that has a dependency on the
base language. Restriction is a special form of extension, where a
language is restricted, making the new language a subset of the
original language. Unification is the process of combining two in-
dependent languages with the help of glue code to unify the two
languages. The paper also distinguishes between different forms
of extension: no extension composition, incremental extension,
and extension unification. In case a method does not support
extension composition, it is impossible to combine multiple ex-
tensions. For incremental extension, extension can be performed
in layers where one extension extends the base and another exten-
sion extends the extensions, etc. With extension unification, two
extensions are unified and the unification is used as the extension
on a base language. In this chapter we adopt their terminology
and use their framework as part of our evaluation.

4.2.2  Programming Language Semantics

The initial algebra semantics of Goguen et al. [76], concisely de-
scribed by Mosses in [142], provides the formal foundation and
terminology to our work. Initial algebra semantics captures the
essential elements of many existing semantic specification for-
malisms, such as denotational semantics and attribute grammars.
A multi-sorted signature (X) lays out the operators of a language
in terms of a set of sorts — a set of symbols functioning as an
index set, such as {int, bool}. A X-algebra assigns carrier sets to
these sorts. When taking term-constructors as the carriers, we
obtain the abstract syntax of the language. The algebra formed
this way is initial in the class of X-algebras. Due to its initiality,
there is a unique homomorphism from the initial algebra to any
algebra in the class of X-algebras. This unique homomorphism
to a X-algebra is the catamorphism for the X-algebra [130]. Alge-
bras give meaning to the operators of a signature by assigning a
semantic function to each. By initiality, any abstract syntax can
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be mapped to the semantics described by an algebra. Formulated
differently, there is a systematic way to apply any algebra to the
terms of a language.

The component-based approach to operational semantics pre-
sented in [144] is centered around reusable definitions of the
fundamental constructs of (general-purpose) programming lan-
guages — referred to as funcons for short. An example funcon term
is print(integer-add(1, 2)), which outputs the result of 1 + 2 and
is constructed using the print and integer-add funcons. Through-
out the text, funcons are indicated with a maroon color, except
when used within code snippets. As explained in [29], ‘micro-
interpreters’ can be generated from funcon definitions. The micro-
interpreters are compositional evaluation functions expressing
the behavior of an individual funcon that can be generated and
compiled separately. In this chapter, we leverage the generality of
the Funcons-Beta library [147] to be able to express the semantics
of language constructs in a shared base language. Effectively,
the generated micro-interpreters for funcons are applied as the
constructs of an EDSL.

4.2.3 Incremental and Exploratory Programming

Exploratory programming [99, 174] is a style of programming in
which the goal worked towards is open and by experimenting
with code this goal evolves. This style of development constitutes
the creation of different variants for experimentation and possibly
discarding (some of) these variants during the process as well. It
is thus a volatile style of development. Exploratory programming
is in a limited form supported by incremental programming
environments such as read-eval-print loops (REPLs) and note-
books. Incremental programming supports the submission of
small snippets of code to obtain immediate feedback, resulting
in a tight feedback loop which is useful during prototyping.
However, these environments generally do not have first-class
support for the exploration of multiple variants simultaneously
nor for managing explorations that can be discarded. Previous
work [31] provides a principled approach to (defining and de-
veloping) REPL interpreters. The approach involves adapting an
existing language to a ‘sequential’ variant that naturally supports
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incremental programming. Sequential languages are defined as
languages in which any two programs can be sequenced together
to form a new program, and the semantics of the sequence is
identical to the composition of the semantics of the two programs
in isolation.

For sequential languages, tooling for incremental program-
ming such as REPLs, Jupyter Notebooks [107], and even ex-
ploratory programming environments, as demonstrated in Chap-
ter 2, can be obtained for free. In this chapter, we apply the idea
of sequential languages to support exploratory programming in
our meta-language iCoLa™ (i.e. exploratory language development)
and to obtain REPL interpreters for iCoLa™ and the defined object
languages that support exploratory programming via the work
presented in Chapter 2.

4.3 EXTENDED COMPOSITIONAL DEFINITIONS

In this section we generalize the formal model with support
for an arbitrary amount of semantic domains and support for
concrete syntax definitions for operators.

To generalize our approach to an arbitrary amount of semantic
domains, we update the notion of an operator set to a family as
follows:

Definition 4.3.1. Let D be a set of domains. Every domain gives
rise to a set of valid terms in that domain, denoted with A,
for a given domain d € D. An operator set Op is a family (Oy)
indexed by D. O, is the set of operator symbols with a translation
to the semantic domain d, i.e. there exists a function Alfl — Ay
for every operator symbol 0 € Oy, where |o| is the arity of the
operator symbol o.

As a notational convenience, we use O to refer to all operator
symbols, i.e. O = J{O, | d € D}.

When all operator symbols in an operator set have a translation
to a specific domain, we call the set complete with respect to the
domain.

Definition 4.3.2. An operator set, Op, is complete with respect
to a domain d € D iff all operator symbols have a translation to
the semantic domain d.
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We also update our language definition to handle the arbitrary
domains and extend the language definition with a (concrete)
syntax component. Syntax is defined at the language level instead
of the operator level, because operator definitions are immutable.
Syntax, however, can vary widely for the same operator between
languages. As defined in the previous chapter, the o operation
refers to the operand locations of an operator.

Definition 4.3.3. A language is a structure (T,S,G, I, P)o, in
terms of Op, with

® T C O being the set of top-level operator symbols;

S is a family (S, 5 ,c5) of sets indexed by O x N. S,
is the set of operator symbols assigned to the operand
position w of operand o;

* Gis afamily (G,cp ,ca 4ep) Of functions indexed by O x
IN x D. G, 4 is the specialization function O x A; — A; in
the domain d for operators assigned to the operand position
w of operand o;

e Iisa family (l;er 4cp) of functions indexed by T x D. I; ; :
Ay — Ay denotes the top-level initialization function for
the specific top-level operator in the given domain;

e Pisafamily (Pco) of sets indexed by O. P, C (£U 0 )* is
the singleton set representing the syntax rule that produces
the operator identified by the operator symbol o, and X is
a set of terminal symbols. P, thus represents a production
rule for the operator o with symbols being terminals (X)
and operator locations (7).

The update to language composition (Definition 3.3.1) is trivial
with a biased operator for syntax rules and the empty rule (¢) as
the neutral element. As our bias, we pick a right-biased operator
to give priority to syntax rules introduced by languages that
occur on the right side of a composition.

In contrast to productions as used in the definition of a context-
free grammar, our definition does not allow non-terminal to be
explicitly defined by the user. Instead, for every operator and
for all operand locations a non-terminal is generated. Inside a
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production definition, only the operand locations and terminal
symbols are available. It is thus impossible to refer to an operator
directly in the definition of a production. Instead, this is done
implicitly by referring to an operand location, which then holds
for all the operators assigned to that operand location. To make
this more concrete, we detail the algorithm to extract a context-
free grammar from an iCoLa™ specification.

With the used syntax definition, a context-free grammar G =
(V,A,P,S) can be generated using the algorithm specified in
Algorithm 1. The process is as follows: We take the alphabet to
be all operator symbols in the operator set, all operand locations,
all terminal symbols, and add a symbol to represent the top-level.
The set of terminals in the CFG correspond to the set of termi-
nals used in the syntax rules. Productions for operand location
non-terminals are obtained by creating an alternative for every
non-terminal corresponding to the operators assigned to the lo-
cation (in the algorithmic description, we use choice to combine
alternatives into one production). Productions for operator sym-
bols are obtained by taking the syntax rules and turning them
into productions by replacing the location placeholders with their
corresponding generated non-terminal. Finally, productions for
the top-level non-terminal are obtained by creating an alternative
for every non-terminal corresponding to the operators assigned
to the top-level, and we denote the top-level as the distinguished
element.

To illustrate this process we use the lambda language as a
running example. The operators and constraints of our lambda
language were defined as follows, with the top-level consisting
of the operators assigned to the Expr sort.

Varp € Expr
Appy € Expr
Absp € Expr
String C VarVar
String C AbsVar
Expr C AbsBody
Expr C AppAbs
Expr C AppArg

Vary : VarVar
Absp : AbsVar x AbsBody
Appy : AppAbs x AppArg
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Algorithm 1 Algorithm to turn meta-productions into a context-
free grammar
: function LANGToCFG((T, S, G, I, Pu)o,)

A < terminals Py,

L+ {0y |0€O,we 0} b Create non-terminals for all
operand locations

N =

K

4 V<< OULU{TopLevel} U A

5: P+ {}

6: S <« {TopLevel}

7 for o, < L do > Create productions for the operand

location non-terminals

8: P + PU{(ow, reduce G,y using choice)}

9 end for

10: for p < Py, do

11: P < PU concrete p > Replace location placeholders

with corresponding operand location non-terminal
12: end for
13: P < PU{(TopLevel,reduce T using choice)}
14: return (V,A,P,S)
15: end function

We extend this with the following production rules. The inte-
gers here refer to the operand locations of the operator. Thus 0
in Py, refers to the VarVar operand location.

(Pyay) == {0)
(Paps) == (0)->(1)
(Papp) == (0)(1)

With these rules we obtain the following values for the V and A
sets.

V = {Var, Abs, App, Vary, Absy, Abs1, Appo, App1, TopLevel, -,>}
A={>}

We then create productions from the syntax rules, with operand
location productions first.
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(Varyg) == String
(Absg) = String
(Absi) == (Var) | (Abs) | (App)
(Appo) == (Var) | (Abs) | (App)
(Appr) == (Var) | (Abs) | (App)

We continue by filling the locations in the syntax rules turning
the rules into productions for the CFG, and define the top-level
production. The result of this process is a CFG for our definition
of the lambda calculus.

(Var) == (Vary)

(Abs) == (Absg)->(Absy)

{(App) == (Appo){App1)
(TopLevel) == (App) | (Abs) | (Var)

4.4 IMPLEMENTATION

In this section we discuss our DSL implementation of iCoLa™.
The DSL is tool-oriented in the sense that iCoLa™ is by itself
not executable, it needs to be embedded within a larger tool
that orchestrates different components, one of which is iCoLa™.
The tool-oriented design enables the construction of a pyramid
abstraction, displayed in Figure 4.4, in which the different layers
are operated by different kind of users. Users who operate in the
lower parts of the pyramid require more expertise and provide
abstractions as foundations for the users at higher-levels.

We start this section by explaining the design of the meta-
language, then we detail the internal implementation, and we
finalize by demonstrating the embedding of iCoLa™ inside tool-

ing.
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4.4.1 The iCola™ Language

4.4.1.1  Operators

Operators are defined using the operator keyword and require
a unique name and a variable amount of operand locations.
Operand locations are identified by names and these names must
be unique among the locations for an operator, but not among
locations across operators.” The following example demonstrates
the definition of the three operators present in the lambda calcu-
lus.

operator Var : Var

operator Abs : Var Body
operator App : Fun Arg

The name before the : symbol indicates the name of the operator.
The names after the : symbol are the names for operand loca-
tions. In case of our definition of the Abs operator, there are two
locations: Var and Body.

Certain operators have operand locations that can take a vari-
able number of values when instantiating the operator. An exam-
ple of such an operator is a list. To support this, operand locations
can have a modifier indicating the degree of values an operand
location accepts. There are three modifiers currently available:
the + modifier, indicating one or more values; the * modifier,
indicating zero or more values; and the ? modifier, indicating
zero values or one value. For example, a list operator can be
defined as follows in iCoLa™.

operator List : Itemx

Indicating that the Item location can have zero or more values.

4.4.1.2  Operator Semantics

Operator semantics is given by translating an operator to a chosen
semantic domain. Every semantic domain is uniquely identified
by its name. The name of a semantic domain identifies a transla-
tion function in the DSL. We discuss how domain definition are

Essentially, operators introduce a namespace for the locations. Since operator
names are unique, we retain the uniqueness of operand locations as required
by the conceptual approach.
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defined in detail in §4.5.8. In our example, we again utilize the
lambda calculus with a translation to the funcons domain.

funcons Var = bound(@Var)
funcons Abs = function closure scope(bind(@Var, given), @Body)
funcons App = apply(@Fun, @Arg)

The example starts with the name of the semantic domain —
funcons — to indicate that the translation function is into the
semantic domain of funcons. After the name of the semantic
domain, the operator being translated is identified by its name,
and is followed by the = operator to indicate the start of the body
of the translation function. The syntax available in the body of
a translation depends on the domain in which the translation
function is being defined. A domain definition is free in its choice
of syntax as long as it supports naming holes, which is achieved
with the @ operator in the funcons domain. The names for holes
correspond to operand locations for the operator being translated.
The funcon semantic domain uses funcon terms as the concrete
syntax as used by the PlanComps project. Essentially, a domain
definition can define its own DSL inside the iCoLa™ DSL.

4.4.1.3 Language Definitions

Languages are defined via the language keyword and can contain
sort constraints, parser definitions, and operator specialization
code. To illustrate, we construct a variant of the lambda calculus
in steps, starting with the constraints defining the language.
sort Expr

language Lambda

{ {var, Abs, App} < Expr

, { String } < Var[Var]

, { String } < Abs[Var]

, Expr < Abs[Body]

, Expr < App[Fun, Argl

, Expr < TopLevel

}

We first define the Expr auxiliary sort. Then a new language,
named Lambda, is introduced. Inside the language definition, we
start with the {Var, Abs, App} < Expr constraint. This states
that the Expr sort must contain those three operators to be a
correct instantiation of the Lambda definition. We continue by
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Expr

Body Arg \
@ @ TopLevel

Figure 4.1: Constraint graph for the lambda calculus example. Ellipses
denote operators, dashed ellipses denote built-in operators,
and rectangles denote auxiliary sorts. Edges denote assign-
ment of operator to the operand location determined by the
edge label.

assigning the String operator to the operand location Var for
the Var and Abs operators. The syntax operator[name] is used to
reference the operand location identified by name for the specified
operator. This is followed by distributing the Expr sort over the
operand locations where expression can occur, and assigning
the Expr sort to the top-level. With this definition, we get the
constraint graph displayed in Figure 4.1 for our Lambda definition.

In language definitions there is no separate syntax between
operator assignments and sub-sort constraints. Instead, oper-
ator assignments are defined as sub-sort constraints using an
anonymous sort — identified by the inline set notation.

The current definition is not concise and duplicates certain
structures. To improve this, iCoLa™ has several forms of syntactic
sugar. The first form is focused on usage of a specific sort in mul-
tiple constraints can be merged via sequencing. In our example,
this occurs with the String operator and the Expr sort. We can
update our definition as follows.
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sort Expr

language Lambda

{ {var, Abs, App} < Expr

, { String } < Var[Var] ; Abs[Var]

, Expr < Abs[Body] ; App[Fun, Arg] ; TopLevel
}

The sequence operator (;) groups sorts together and applies the
constraints as if it were individual constraints. In the updated
definition, sequencing occurs on the right-hand side of the < op-
erator. Sequencing can also occur on the left-hand side. Another
form is focus on constraints that use all operand locations of
an operator. In our example this occurs within the constraints
referencing Var[Var] and App[Fun, Arg]. Instead of naming all
locations, an empty indexing expression [] can be used. With this
form of syntactic sugar, our example definition can be updated
as follows.

sort Expr

language Lambda

{ {var, Abs, App} < Expr

, { String } < Var[] ; Abs[Var]

, Expr < Abs[Body] ; Appl[] ; TopLevel
}

Having reduced our definition, the Expr subsort is only used
in one place, and seems redundant. We could thus update the
definition by removing this sort.

language Lambda

{ {var, Abs, App} < Abs[Body] ; App[] ; TopLevel

, { String } < Var[] ; Abs[Var]

¥

However, removing such an auxiliary sort makes it more work to
add a new operator that is usable at the same operand locations
as the three existing operators. Whether to use an auxiliary sort
depends on the intended usage of the language and the used
operators. There is no correct way and one choice does not
restrict future usage of a defined language, since these structural
choices can be reverted via refinements and by introducing new
constraints.

Having finalized our constraints for the lambda calculus, we
move on to the concrete syntax. Concrete syntax is added to a
language by defining syntax rules using the ::= symbol. Our
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lambda calculus language can thus be extended with concrete
syntax as follows.

Lambda

{ Var ::= Var

, Abs ::= "\\' Var "->" Body
, App ::= Fun Arg

}

Instead of using the language keyword to introduce a new lan-
guage, we extend the existing definition by referring to the name
identifying the language. In the extension, we define syntax rules
for the three operators in the lambda calculus. We could have
also defined the syntax rules for the three operators in three sep-
arate extensions. The left-hand side of the : := symbol identifies
the operator for which the syntax rule is being defined, and the
right-hand side contains the actual body of the syntax rule. The
right-hand side has access to the locations of the current operator
by refering to the name identifying the location. Besides loca-
tions, syntax rules can contain literal strings — enclosed between
" " — and literal characters — enclosed between ' ’'. When
an operand location takes a variable number of values, parsing
modifications can control the parsing behavior. For example, a
parser for our previous list operator can be defined as follows:
list ::= Item{,}. In this example, the {,} syntax denotes that the
items are parsed separated by a separation character, which is in
this case a comma. In case no parser modification is given, it will
parse multiple items without any separation character separating
them.

Our current definition of the lambda calculus can be slightly
extended by showing evaluation results via the addition of ini-
tialization semantics to the language. In the DSL, specializing the
TopLevel sort results in such initialization code.

Lambda

{ funcons TopLevel when Expr = print @this
}

This example specializes the TopLevel sort for the funcons do-
main when the operator currently bound to the top-level is part
of the Expr sort. The specialization wraps the current term in a
print statement, printing the result of the evaluation. The cur-
rent term being specialized in the semantic domain is referenced

99



100

EXPLORATORY LANGUAGE DEVELOPMENT

iCoLa™ Evaluation | iCoLa™
specification configuration
Language

instantiation

. o )
Latent |P0main parsing’rro language Catamorphism? Language

Parser concretization

Figure 4.2: Overview of the iCoLa™ evaluation pipeline. Domain pars-
ing and the catamorphism are parameterized by a domain
definition.

using this. Without a when expression, specialization is always
applied to all operators assigned to the specialized location. In
our example, we might extend the language with statements and
assign statements to the top-level, but not to the Expr sort. With
the current specialization, such operators would not be wrapped
in a print statement. By removing the when expression, such state-
ments would be wrapped in a print statement. In contrast to
the formal model, in the DSL we make no distinction between
initialization and specialization code. Instead, initialization is
achieved by specializing the TopLevel sort, which is built-in.

4.4.2 Internal Representation

iCoLa™ is implemented in Haskell and in this section we detail
the internal representation and the evaluation pipeline that turns
an iCoLa™ specification into an executable language given a lan-
guage definition and a semantic domain. Figure 4.2 gives an
overview of this process.

4.4.2.1  Operators

Operators are implemented as functors — type transformations
that come with a function (fmap in Haskell) to lift functions
from the original type to functions on the transformed type.
Using functors, we can use the same data type for the different
representations of an operator. When an operator is defined
in the DSL, it has a string representation. When a language is
instantiated, operators have a fix-point representation, allowing
us to represent terms of the defined language.
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data Operator a = Operator ID [a]
| OBuiltIn (BuiltInOp a)

data BuiltInOp a = OTuple [a]

| 0Int Int

| 00String String

| OBool Bool

- .. -3
The Operator constructor is used for operator definitions. The
remaining constructor is used for the built-in operator data type,
of which a selection of the constructors is shown.

4.4.2.2 Semantic Domains

A semantic domain is represented by a name, a parse function, an
algebra definition, and an instance of the substitution type-class.

data Domain a =
Domain String (String — Either String a) (BuiltInOp a — a)

class Substitution a where
subst :: M.\Map ID a —+ a — a

The parse function takes the body of a semantic function and
translates it into an internal representation with holes, or returns
an error with an descriptive message. When successful, the alge-
bra is applied on this internal representation, which translates
built-in operators to the semantic domain. The substitution type-
class implements the replacement of named holes with the terms
to which the names are mapped, and is used to automatically
translate the Operator constructor to the semantic domain. With
this setup, an actual domain definition is simple.

funconsDomain :: Domain Funcons
funconsDomain = Domain "funcons" Funcons.parse funconsAlg

funconsAlg :: BuiltInOp FT.Funcons — FT.Funcons
funconsAlg (0Int i) = FT.int_ i

funconsAlg (00String s) = FT.string_ s
funconsAlg (0Bool b) = FT.bool_ b

funconsAlg (OTuple t) = FT.tuple_ t

instance Substitution Funcons where
subst = applyFuncon
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The Funcons.parse function parses the concrete syntax of fun-
cons into a funcons term with holes, and is provided by the
funcons tools package.> The applyFuncon function substitutes
named holes with the term to which the name is mapped, and is
provided by us. As previously mentioned, the definition of an al-
gebra is simple, primarily because the complexity of a translation
is internal to iCoLa™t, and shared between all domains.

4.4.2.3 Parser Concretization

Within iCoLa™, language composition is a fundamental operation
on languages. Having extended languages with concrete syntax,
the concrete syntax specifications are also combined. It is well
known that combining two unambiguous context-free grammars
does not necessarily result in an unambiguous grammar. There-
fore, to handle ambiguity in both syntax rules and the generated
context-free grammars, we utilize Generalized LL (GLL) pars-
ing [193]. Syntax rules are implemented by translating them to
combinators defined by the GLL combinators library [30, 208],
and follows the process as outlined in Algorithm 1.

Essentially, there is a mapping for every construct available in
the syntax rules to a combinator in the GLL library. For example,
parsers for operand locations are achieved by mapping to the
<|> combinator, denoting choice; and operand locations with a
modifier, such as +, can parse multiple values, and are mapped
to the multiple or multiplel combinator, depending on the
modifier being * or +, respectively.

To handle the parse results of operand location modifiers, the
OTuple constructor is used. When the ? modifier is used, the
result is either a tuple with one element containing the result or
a tuple with zero elements. In case of the + and * modifiers, the
0Tuple contains all the parsed values. Semantic domains thus
must support operations on tuples. For example, the translation
to the funcon domain for the List operator is as follows.

funcons List = list tuple-elements @Item
The tuple-elements extracts a tuple into a sequence of values,

which is accepted by the funcons 1ist constructor. The method
in which a semantic domain supports operation on tuples is not

2 https://hackage.haskell.org/package/funcons-tools
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fixed. In case of the funcons domain, this needs to be explicitly
encoded in the translation functions. Alternatively, a semantic do-
main can encode this internally without requiring the unpacking
of tuples to happen inside translation functions. Then, for exam-
ple, the list constructor would accept a tuple as an argument,
and would simply be the following.

funcons List = list @Item

The choice of encoding has both advantages and disadvan-
tages. In case of funcons, we sometimes observe many calls
to tuple-elements. In funcons, sequences are not actually values.
As a result, tuples need to be unpacked into sequences opera-
tionally. Alternatively, when sequences are directly supported
and a sequence needs to be seen as one value, one needs to
wrap it into a tuple. A possible mitigating solution is by improv-
ing the syntax of the domain. For example, using a Python-like
unpacking operation, such as *@Item would already be a signifi-
cant improvement to the clutter introduced by the many calls to
tuple-elements.

4.4.3 Environment Definitions

Programmers interact differently with different programming
languages. To accommodate this, iCoLa™ is designed with user-
definable environment definitions in minds. Figure 4.3 gives an
abstract view of environment definitions, which consists out of
two environments: the meta-environment and the language envi-
ronment. A language designer interacts with a meta-environment
and a user of the defined language interacts with the language
environment. These user can different. For example, a language
engineering expert and a domain expert for which the language
is designed. A user can also function as both types simultane-
ously. The method of interaction is determined by environment
definitions, and can vary depending on the type of user. An
environment definition orchestras the interaction between the dif-
ferent users with their respective environments, and in case of the
meta-environment determines the capabilities via the selection
of domain definitions.
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Environment definition

Domain

iCoLa™ interpreter
P definitions

iCoLa™ specification

meta-environment

language environment

L

L-Program Parser Evaluator

Figure 4.3: Visual view showing the embedding of iCoLa™ inside an en-
vironment definition. Normal arrows denote a dependency.
Stealthed arrows denote generation. Pipes denote abstract
interaction between two components. The concrete interac-
tions patterns are determined by the environment defini-
tions and therefore unknown to iCoLa™. Inspired by [104].

Inside an environment definition, there is a dependency of the
language environment on the meta-environment in the form of
generated language implementations. Internally, the
instantiatelanguage function is used to obtain a language im-
plementation for a given language and a given domain.

instantiatelLanguage :: String — Domain a
— ICoLa (String — FOperator, FOperator — a)

The first parameter to the function is the name of the language
being instantiated, and the second parameter is the domain for
which the language is being instantiated. The result of this func-
tion is a parser and an evaluator, which can be used by the
environment definition to connect to user interaction in what-
ever way fit. The parser and evaluator are separate instead of
composed to give flexibility to the environment definition.

When instantiating a language, we require that the language
is complete with respect to the chosen domain (Definition 4.3.2).
If not, an error is thrown.

Not every domain definition in an iCoLa" specification will be
used by an environment definition. Therefore, iCoLa™ only checks
the correctness of the domain when a language is instantiated
for that domain. Therefore, specification do not need to change
when used in a defined environment that does not support a
domain contained in the specification.
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4.4.4 The Interaction Layers of iCoLa™

The iCoLa™ implementation can be divided in three layers: the
DSL for language and operator definitions, the environment defi-
nitions, and the domain definitions. The aim of this separation
is to allow different kind of users with different expertise and
knowledge to interact with iCoLa". The layers form the afore-
mentioned pyramid abstraction as displayed in Figure 4.4.

Spec

Environment definitions

Domain definitions

Figure 4.4: Abstraction pyramid showing the different interaction layers
of iCoLa™.

Most users will interact with the top layer of the pyramid, since
languages and operators are defined at that layer. Users wanting
to integrate language environments into tooling or wanting to
work on user interfaces for language development will interact
with the middle layer. Language engineering experts that want to
experiment with alternative approaches to semantic specifications
will interact with the bottom layer. Of course, a user can interact
with multiple layers as well, but the intention behind the abstrac-
tion pyramid is that it is, in the general case, not needed. The
different layers thus also require different levels of understanding
of the system. Interaction with the Spec layer requires no Haskell
knowledge and no knowledge of the implementation; it does
require understanding of the semantic domains being offered
to the user, and the conceptual idea of iCoLa™ operator and sort
definitions. Users that interact with iCoLa™ via the Environment
definitions layer need to understand the basics of Haskell. They
do not need to understand the actual details of the evaluation
pipeline. Users interacting with the Domain definitions layer need
to have an intermediate understanding of Haskell, and need to
understand the basics of the iCoLa™ evaluation pipeline as shown
in Figure 4.2, e.g., relating to the usage of catamorphisms.
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45 A DEMONSTRATION OF iCoLa™

In this section we evaluate iCoLa™ by conducting an extended
exact replication of the evaluation performed on iCoLa. We opted
for this kind of evaluation to enable us to focus on the exten-
sions proposed in this chapter, and to be able to compare the
implementation introduced in this chapter to the already exist-
ing implementation introduced in the previous chapter, and by
extending iCoLa™ via the provided extension points.

As part of the evaluation, we construct the following three lan-
guages via the composition, extension, and refinement of existing
languages and language fragments — language definitions that
are not executable by themselves. Imp [181], a simple imperative
language; SIMPLE [182], a more complex procedural language;
and MiniJava [8], a strict subset of the Java language. These lan-
guages are chosen because they have their semantics described
in terms of funcons as part of the case studies for the PlanCompS
project.3 We have various reasons for picking languages that
already have their structure and semantics expressed. With this
choice, we are able to demonstrate that our approach is applica-
ble to already existing language definitions, and is effective as
shown by taking existing language definitions and turning them
into the compositions of smaller languages. In addition, we are
able to show that our approach promotes reusability by reusing
language definitions within new definitions. It is incremental
because the chosen languages are defined in an incremental and
step-wise manner, and is flexible by showing that language de-
sign choices do not restrict future usage of language definitions.
Besides the replication of the previous evaluation, we also look at
defining DSLs with less obvious operational semantics in iCoLa™*
by defining a DOT-like language.

The structure of this section is based on the abstraction pyra-
mid introduced in the previous section. §§4.5.1-4.5.5 correspond
to the Spec layer; §4.5.7 corresponds to Environment definitions
layer; and §4.5.8 corresponds to the Domain definitions layer.

3 https://plancomps.github.io/CBS-beta/docs/Languages-beta/index.html
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language ImpArith language ImpBExpr

{ {Int, Id, Div, Add, AParen} < { { Bool, Leq, Not, And, BParen
Aexpr } < Bexpr

, {String} < Id[] , Bexpr < Not[] ; And[] ;

, Aexpr < Add[] ; Div[] ; BParen[]
AParen[] , Aexpr < Leql[]

, funcons Div = checked @this }

}

language ImpStmt language ImpProgram

{ {Assign, If, While, Block} < { { String } < SIdList[Id]
Stmt , { SIdList } < IdList[] ;

, { String } < Assign[Id] Program[Ids]

, Aexpr < Assign[Expr] , { IdList } < IdList[Rem] ;

, Bexpr < While[Cond] ; If[Cond Program[Ids]
] , Stmt < Program[Program]

, Stmt < Block[] , { Program } < TopLevel

, { Block } < If[True, False] ; }
While[Body]

}

Figure 4.5: Structure definitions for the language fragments used in the
definition of the Imp language.

4.5.1  Specification of Imp

We define Imp as the composition of the following four languages:

language Imp = ImpArith <> ImpBExpr <> ImpStmt <> ImpProgram

The composition is comprised of a simple arithmetic language
with support for integer addition and division; a boolean ex-
pression language with support for less-than-equal comparison
and (binary) conjunction; a statement-language containing if-
statements, while-statements, and sequencing of statements; and
a program language that unifies these languages together by
defining the top-level in accordance to the top-level of Imp (in
that order). The structural definition of these languages are dis-
played in Figure 4.5, and the concrete syntax definitions for
operators used in the fragments are displayed in Figure 4.6.
Except for the definition of ImpProgram, the top-level is not con-
strained. These language definitions are therefore not executable
by themselves due to there being no entry points. Such languages
will be referred to as language fragments. The ImpArith fragment
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ImpArith ImpBExpr

{ Add ::= @Left '+' @Right { Not ::= '!' @Expr

, Div ::= @Left '/' @Right , Leq ::= @Left "<=" @Right

, AParen ::= '(' @Expr ')’ , And ::= @Left "&&" @Right

, Id ::= @Var , BParen ::= '(' @Expr ')

} }

ImpStmt ImpProgram

{ While ::= "while" '(' @Cond { Program ::= "int" @Ids ';
')' @Body @Program

, If r:= "if" '(' @Cond ')' , IdList ::= @Id ',' @Rem
@True , SIdList ::= @Id

"else" @False }

, Block ::= '{' @Stmt @Rem '}'

, Assign ::= @Id '=' @Expr ';'

b

Figure 4.6: Concrete syntax extensions to the language fragments used
in the definition of the Imp language.

defines specialization code over the Div operator, wrapping the
divide in a check. When division by zero occurs, the program is
terminated following the application of the funcon checked as in
Chapter 3. This behavior is not directly encoded in the semantics
of the Div operator, because other languages handle this differ-
ently, for example by throwing an exception. Another observable
is the usage of the Aexpr auxiliary sort by the ImpBExpr language
in its definition (Aexpr < Leq[]) without assigning operators to
this sort. This makes ImpBExpr dependent on a language that
does assign operators to the Aexpr sort, such as ImpArith.
ImpBExpr can also be defined independently of ImpArith by
not using the the Aexpr sort, but use a glue language to glue
the two fragments together. We define a weaker variant of the
ImpBExpr language that is independent of ImpArith as follows.
language ImpBExpr—)
{ {Bool, Leq, Not, And } < Bexpr
, Bexpr < Not[] ; And[]
¥

And we recover our original definition by unifying this language
with ImpArith via a glue language.

language ImpBGlue { Aexpr < Leq[] }
language ImpBExpr = impArith <> impBExpr~— <> ImpBGlue
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4.5.2  Specification of SIMPLE

In the previous section we saw how Imp was defined via the
composition of smaller languages. This component style of de-
velopment is one the basis to simplify language development in
iCoLa™. Another basis is reusing existing language definitions to
define new languages. To demonstrate this, we utilize Imp and
the language fragments used to define it in the definition SIMPLE
and MiniJava. Even when the definition of Imp does not directly
correspond to the definition of the to be defined language.
There are two adaptations required to Imp to define SIMPLE
as an extension of Imp: removing the top-level definition of Imp
and removing the distinction Imp makes between arithmetic
and boolean expressions. Note that Imp variables can only occur
inside arithmetic expressions. For the top-level adaptation, we opt
to define the base using the language fragments of Imp without
the ImpProgram fragment. For the second adaptation we define
a new language that glues the two different expressions into a
new sort:
sort Expr
language UnifiedExpr
{ Aexpr ; Bexpr < Expr
, Expr < Leq[] ; Add[] ; Div[] ; While[Cond] ; If[Cond]
3

We first constrain the new Expr sort with both the Aexpr and
Bexpr sort. Then we constrain the operand locations of Imp op-
erators which also occur in SIMPLE and use expressions with
the new Expr sort. This language definition removes structural
choices of Imp to align with SIMPLE. With the unification lan-
guage, we can reuse the fragments to define a base for SIMPLE:

language SimpleBase = UnifiedExpr <> ImpArith <> ImpBExpr <>
ImpStmt

By utilizing existing language components we have already ob-
tained a part of the SIMPLE language. We can now take this base
and extend it with the constructs that are present in SIMPLE but
not in Imp. A subset of these constructs is displayed in Table 4.1.
The table is not exhaustive. Most operators that only occur within
SIMPLE have been omitted for brevity. Operators are grouped to
indicate their relation within a possible language fragment.
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Table 4.1: The rows indicate operators used during the evaluation and
the columns the constructed languages from the collection.
The @ indicates that the operator is used as is; @ indicates
that an operator is used with glue code; and O indicates that
an operator is not used. A * next to an operator indicates that
the concrete syntax for the operator is not identical between
the languages.

Imp  MiniJava SIMPLE

Arith

Addition o [ o

Division @ @ @

Substraction O [ o

Multiplication O o [
Bool

Negation o [ J o

< o O o

And o o o

Or O O o

< O o o
Statements

If* o [ o

While [ [ o

Assignments* o [ o
Input/Output

Ouput* O o) o

Input O O [
Classes O [ O
Arrays

Length* O [ o

Indexing O @ @
Exceptions

Throw O O o

TryCatch O O L



4.5 A DEMONSTRATION OF iCoLa™

4.5.3 Specification of MiniJava

To define MiniJava, we can reuse the definition of the base for
SIMPLE. However, MiniJava requires one more step, because the
less-than-equal operator does not occur in MiniJava. Therefore, we
define a refinement which removes the less-than-equal operator
from the SIMPLE base.

language MiniJavaBase = refine SimpleBase { Leq }

Refinement in iCoLa™ is achieved by defining a set of sort-constraints

or operators that the refined language should not satisfy. So, in
this example, the MiniJavaBase language cannot contain the as-
signment of Leq operator to any operand location. More refined
refinements are also possible, for example refining over a sub-sort
Leq C Expr, which states that the refined language should not
have the Leq operator assigned to the Expr sort.

Building on our MiniJava base, we can add operators not
present in Imp, such as classes and arrays. As was the case in
Chapter 3, many operators used within MiniJava are also present
within SIMPLE, but the usage is not always identical. Glue code
helps to alleviate such differences.

Our earlier remark regarding variability applications in the
context of teaching remain. With iCoLa™, variability can now
also be applied to the concrete syntax of the language. In this
case, two languages might have the same semantics but different
syntax that places emphasis on different aspects of the language
or on supporting different mental models.

4.5.4 Object language variability

Language variability is not only useful for teaching purposes; it
is also useful when designing a programming language. With
iCoLa™, different variants of a language can be defined and tested
with relative ease. Multiple variants can exist side-by-side, mak-
ing it easy to compare and contrast variations and gather feed-
back early, on both the concrete syntax and semantics, to include
in the design process. Table 4.2 demonstrates some of the vari-
ability one can obtain with a relative small set of operators. The
language definitions were defined in isolation or via composition.
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Table 4.2: Table demonstrating a view from a session in the iCoLa*-
shell, constructing several languages with a fixed-set of op-
erators. Columns indicate the operators used during the
evaluation and the rows are the languages constructed with
(some) operators from the collection. The @ indicates that
the operator is used as is; @ indicates that an operator is
used with glue code; and O indicates that an operator is not

used.
Var Abs App., Addition Int Return Call/cc If Throw Catch

lambda o o o O o O o O O O
arithmetic |O O O o ® O o O O O
exceptions |O O O O o O O O e [
proc o & o O o @ o O O O
lambday, |© @ & O o O o O O O
functional | @ @ o o ® O e O o O
procedural | @ & o o e o c e e o
procedural | @ & ] ] e O e o o [
+ functional

For instance, lambda,y, is defined by composing the lambda lan-
guage with a language consisting (only) of glue-code that inserts
the semantics of call-by-name using thunks [23].

language cbnGlue

{ funcons App[Arg] = thunk @this

, funcons Var = force @this

}
lambdaCBN = lambda <> cbnGlue

In this definition, we again assume that all variables are assigned
to thunked values. This is not always the case, e.g. in a procedural
language with global variables. Type information can be used to
distinguish variables based on whether their values are thunked.
This, however, is not possible in our glue code definitions because
glue code is context-free. Nonetheless, it can be realized within
the semantic domain of funcons, as funcon terms are dynamically
typed. The table shows an overlap between different languages
and the two forms of variability in our approach: we can add new
operators to existing languages and add new languages using
existing operators, without modification of existing code.



4.5 A DEMONSTRATION OF iCoLa™

4.5.5 Exploratory Language Development

The variability obtained in the previous section was achieved
purely via incremental programming by introducing unique
names for variants, as illustrated with the different lambda vari-
ants. In an exploratory setting, such variants can instead be
explicitly defined as variants with the same name, supporting
the utilization of both variants throughout an exploration. For
instance, we could have defined our two lambda versions as two
explicit variants by introducing a branch for both variants. An
advantage of this approach is that we can experiment on both
branches without having to duplicate our steps by replicating
the actions executed on one branch automatically on the other
branch, a concept we call mirroring. With mirroring, we can
explore multiple branches simultaneously while operating on a
single branch. A visual presentation of the idea of mirroring is
displayed in Figure 4.7.

lambda=cb lambda=cbv

Figure 4.7: Visual idea of mirroring during exploratory programming,
where a branch mirrors another branch explore different
paths without duplication. a represents the execution of
an arbitrary iCoLa™ program, boxes denote configurations,
solid lines denote actions taken by the user, dashed lines
denote meta-actions, and dotted lines denote actions auto-
matically done by system.

Mirroring is not the only advantage of first-class support for ex-
ploratory programming. With first-class support it is also trivial
to experiment with different combinations of languages within
different context, for example functional vs object-oriented, and
switch between the contexts easily while also being able to com-
pare the explorations. Furthermore, handling dead-ends during
exploration is also supported by being able to go back to earlier
points of the exploration. Since exploratory programming is an
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digraph {
top;

bot -> neg;

neg -> top; @ @ @

bot -> zero;
zero -> top;

bot -> pos; @
pos -> top;

}

Listing 4.1: DOT  program Figure 4.8: The visualization of the
describing  the lattice of signs as de-
lattice of signs scribed by the DOT pro-
of integers. gram in Listing 4.1.

open ended task, such dead-ends are not unusual and having
to restart a session, thus losing all context, hampers the exper-
imentation. The support for exploratory programming within
iCoLa™ is essentially achieved for free via the design of our DSL
as a sequential language and the generic back-end introduced in
Chapter 2.

4.5.6 DSLs in iCoLa™

So far, the defined languages have been variants of general-
purpose languages. We now look at DSLs by implementing a
DOT-like language. The DOT language is a DSL for describing
the visualization of graphs, and is part of the Graphviz suite [64].

An example DOT program describing the lattice of integer
signs is shown in Listing 4.1, which gives the visualization dis-
played in Figure 4.8. The DOT language has no computational
elements. In this example we will extend a subset of the DOT
language with for-loops. We have chosen the DOT language
for two reasons. i): It is a small example that highlights certain
pain points in iCoLa™ well, which we discuss in §4.6. ii): The
operational semantics of the DOT language are not immediately
clear, making it a good demonstration on how to capture such
languages in iCoLa™.



4.5 A DEMONSTRATION OF iCoLa™ 115

The basic structure of the language is captured using the fol-
lowing operator definitions.

operator Graph : Name Componentx
funcons Graph = scope({ "nodes" |-> allocate-variable(values),
"edges" |-> allocate-variable(values) },
seq(assign(bound-value "nodes", map-empty),
assign(bound-value "edges", set-empty),
effect tuple-elements(@Component),
tuple(@Name, assigned bound-values "edges",
assigned bound-values "nodes"))

operator Node : Name Annot?

funcons Node = assign(bound-value "nodes", map-override({ @n |->
map-override(tuple-elements(@a), map-empty)}, assigned bound-
value "nodes"))

operator Edge : Source Target
funcons Edge = assign(bound-value "edges", set-unite({(@s, @t)},
assigned bound-value "edges"))

operator Annot : Annot
funcons Annot = @Annot

operator KV : Key Value
funcons KV = { @Key |-> @Value }

operator Program : Graphx
funcons Program = @Graph

A graph has a name and a sequence of components, which
are comprised out of nodes and edges. The semantics of a graph
is a tuple containing the name of the graph, the edges in the
graph and the nodes in the graph. Nodes are modeled as maps
mapping from the name of the node to its attributes, which
we call annotations. Annotations are key-value pairs. Edges are
modeled as sets of tuples, where a tuple denotes an undirected
edge between the two elements.

With these operators, we define the first version of our DOT
language.
language DOT
{ { String } < Node[Name] ; Graph[Name] ; Edge[] ; KV[I]

, { KV } < Annot[Annot]
, { Node , Edge } < Graph[Component]

, { Annot } < Node[Annot]
, { Program } < TopLevel }
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The current version of our language only captures undirected
graphs. The DOT language also supports directed graphs. To
support directed graphs, we introduce a new operator.
operator DGraph : Name Componentx
funcons DGraph = scope({ "nodes" |-> allocate-variable(values),
"edges" |-> allocate-variable(values) },
seq(assign(bound-value "nodes", map-empty),
assign(bound-value "edges", set-empty),
effect tuple-elements(@Component),
tuple(@Name, assigned bound-values "edges",
assigned bound-values "nodes"))

The operator has the same semantics as the Graph operator. To
differentiate between the two, we assign unconditional glue code
to the two graphs.

DOT

{ { DGraph } < Program[]

, {Node, Edge} < DGraph[Component]

, {String} < DGraph[Name]

, funcons DGraph =-variant("directed", @this)

, funcons Graph =-variant("undirected", @this)

}

The glue code wraps the graphs in a variant with a tag indicating
the type of graph. The type of graph affects the way the set of
edges of a graph is interpreted. This change gives us a language
in which both directed and undirected graphs can be specified.
The semantics of our DOT language is the computation of lists
of tagged-graphs. These tagged graphs can be taken by a layout
algorithm to be placed on some canvas, or can be translated
according to the Graphviz format.

We can extend our DOT language with computational compo-
nents to simplify the definition of certain graphs. To do that, we
extend the language with for-loops. The definition of the for-loop
operator is given in Listing 4.2. A for-loop has two operands, one
denoting the iteration and the other the body. The semantics of
an iteration is given as a triplet, where the first element denotes
the prelude and the stop condition, the second element denotes
the pre-step, and the third element denotes the post-step. The
semantics of the for-loop is then given by weaving these into a
while loop. Using the for-loop extension, we can define the lattice
of integer signs by the program in Listing 4.3, with the resulting
diagram shown in Figure 4.8.
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Listing 4.3: An example program in our variant of the DOT language
encoding the lattice of integer signs (see Figure 4.8).

digraph "lattice" {
node "bot"
node "top"
for "x" in ["neg", zero", "pos"] {
node $"x"
$"x" -> "top"
"bot" -> $"x"

Listing 4.2: Definition of the For and In operators as used in our pro-
posed extension to the DOT language.

operator In : Var Seqx*

toFuncons(In v s) = tuple(tuple(bind("__i", scope(bind("__a", alloc
values), seq(assign(bound "__a", 1), bound "__a"))),
abstraction(is-less-or-equal(assigned bound "__i", length(tuple

-elements @s)))), abstraction bind(@v, index(assigned(bound-
value("__i")), tuple-elements @s)), abstraction assign(bound("
__1i"), integer-add(1l, assigned bound "__i")))

operator For : Iter Bodyx

toFuncons(For it b) = scope(first tuple-elements first tuple-
elements @it, while (enact second tuple-elements first tuple-
elements @it, seq(scope(enact second tuple-elements @it, effect
tuple-elements @b), enact third tuple-elements @it)))

4.5.7 Environment Definitions

The session as described by Table 4.2 was performed in the
iCoLa™-shell. The iCoLa™-shell is a construction of the original
iCoLa-shell as an environment definition with support for the
aforementioned exploratory programming. In the iCoLa™-shell,
users can define operators and languages, and commit a lan-
guage which results in a REPL for the defined language. After
experimenting with this language, they can return back to their
session in the iCoLa"-shell, adapt the language definition and
then commit the newly defined language. Furthermore, within
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the iCoLa ™" -shell users can manage the exploration state via two
meta-commands inherited from the work in Chapter 2: jump and
revert. With jump, users can jump to arbitrary states already
seen during the exploration, which can be used to introduce
branching. With revert, users can prune the exploration tree to
throw away futile paths. In addition, users have access to the
mirror meta-command, which results in mirroring of program
execution across multiple branches. The mirror meta-command
is fully defined in terms of jump and the execution of programs.

4.5.8 Domain Definitions

The main requirement for a domain definition is that its evalua-
tion model must abide by the initial algebra semantics approach.
To illustrate the extensibility this provides, we give an alternative
semantic domain for the lambda calculus example. The example
semantic domain we use to demonstrate is rendering operators
as strings.

renderDomain :: Domain String
renderDomain = Domain "render" Render.parse renderAlg

renderAlg :: BuiltInOp String — String
renderAlg (0Int i) = show i

renderAlg (00String s) = s

renderAlg (0Bool b) = show b

renderAlg (OTuple t) = show t

{- ... -}

With the render domain definition, we can give pretty printing
semantics to operators.

pretty Var = @var
pretty Abs = lambda @Var : @Body
pretty App = @Fun(@Arg)

The pretty printing example is rather simple. We can define a
similar domain with some extensions to generate textual DOT
programs for our DOT language defined earlier. With this do-
main, we map our operators directly to the corresponding con-
crete syntax of DOT. As a result, this domain cannot be applied
to the for-loop extension we defined, but can be defined for the
other operators.
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dot Graph = "graph" spaced(@Name) '{' newline
let edge = "--" in
indent(@Component{'\n'}) newline
l}l

dot Node = spaced(@Name) '[' @Annot{,} ']’
dot Edge = @Source $edge @Target
dot KV = @Key '=' @Value

This example boosts several operators to simplify the correct
generation of a DOT program directly to concrete syntax. The
indent operator ensures correct indention, and the @0perand{ c
} operator does a join of the sequence of values with the given
character c. This highlights how an algebra can be adjusted to the
domain, and this example algebra could be further developed as
a more feature-full pretty printing algebra, possibly even in such
a way that the for-loop extension introduced earlier is definable
in the pretty printing domain. Note that designing algebras in a
generic way is not trivial. For example, let bindings are used in the
example to handle the way the our version of the DOT language
models graphs and directed graphs, where the semantics of the
edge depends on the type of the enclosing graph. This shows
that there is an interplay between language design and algebra
design.

4.6 DISCUSSION

In this section we discuss the results of our extended exact repli-
cation. We start by comparing iCoLa and iCoLa™ in §4.6.1. The
remainder of the discussion focuses on the iCoLa™ specific parts.

4.6.1 iCoLa vs iCoLa™

Without looking at concrete syntax, we fully replicate the re-
sults obtained with iCoLa. This is explainable because the formal
model implemented by iCoLa" is an extension that fully encom-
passes the formal model implemented by iCoLa. However, when
including concrete syntax in the comparison, we do see some
decline in operator reuse as indicated in Table 4.1. Nevertheless,
as Table 4.1 highlights, not all operators required a different
concrete syntax definition. This indicates that the introduction of
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concrete syntax does not nullify the reusability obtained with our
approach. Furthermore, during exploration one might opt not to
modify the concrete syntax definition of some operators but only
do this after the choice of operators is finalized. Nevertheless,
concrete syntax can have an impact on language ergonomics. In
iCoLa, concrete syntax had to be defined separately from iColLa,
and is therefore not incremental, and was not integrated within
the iCoLa-shell. With iCoLa™, concrete syntax is defined within
iCoLa™, and integrated within environment definitions. Having
concrete syntax be part of the language might improve explo-
rations via the introduction of domain-specific syntax. It also
removes the need to context-switch when working on parsers.

4.6.1.1 EDSL vs DSL

Since both iCoLa™ and iCoLa are built upon the same foundation,
some of their main differences arise in the way users interact
with the implementations. iCoLa provides an EDSL for interaction,
while iCoLa™ provides a DSL. The benefits and limitations of this
design choice are discussed in this section.

The DSL implementation provides concise definitions of lan-
guages and operators by removing boilerplate code. For example
in operator definitions, the EDSL requires that the operand loca-
tions have type families and are matched in the constructor for
the operator. In the DSL this is done automatically, as illustrated
in Listing 4.4 by comparison of the Abs operator.

Definition of semantic functions is rather similar between the
implementations, with the main difference that the DSL allows
domains to define their own concrete syntax, resulting in more
concise definitions. In our comparison this is mostly noted by the
fact that the EDSL requires wrapping arguments in lists due to
the variable number of arguments funcon constructors can take.
In the DSL implementation, this is not needed.

Language definitions in the EDSL and DSL are also rather
similar, with some differences in available syntax. For example in
the EDSL, list comprehension can be used. Similar expressiveness
is obtained with constraint sequencing in the DSL. The DSL also
includes several forms of syntactic sugar that make language
definitions slightly more concise.
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Another benefit of the DSL is error reporting to the user. The
EDSL was based on Template Haskell, and errors resulted in
Haskell type errors. With the DSL implementation, we can give
domain-specific errors instead and use the terms available in our
language, such as operator, inside error message.

The DSL does not provide the full power of Haskell, making it
more difficult for users to create abstractions, such as function
composition or using where clauses to improve readability, and
languages are not first-class citizens anymore. Difficulty in the
creation of abstractions is clearly visible with refinements. In the
EDSL, refinement functions can be composed, which is not possi-
ble in the DSL implementation because refinements are directly
applied on languages instead of taking languages as parameters,
resulting in some duplication. Not having languages be first-class
citizens makes abstractions like parameterized languages very
convoluted, which is shown in the DOT example, where the
extension of the DOT language with directed graphs duplicated
the earlier definition of DOT. With parameterized languages, a
parametrized variant of the DOT language which is parametric
in the graph could be defined, and a directed and undirected
variant of the DOT language could then be defined using this
parametric definition and unified into the language from our
example

Some of the abstraction capabilities are still attainable via the
extension points provided by iCoLa™. Nevertheless, in future
work we would like to explore how to enable users to introduce
abstractions natively in the DSL, or explore which abstractions are
fruitful to include directly in the DSL. Examples of such abstrac-
tions are operator inheritance and parameterized refinements.
With operator inheritance, operators can be built by composing
other operators together and thus inheriting their semantic de-
scriptions. With parameterized refinements, refinements can take
a language as a parameter, making composition of refinements
possible to some degree.

Implementation wise, the DSL required around two to three
times as much code as the EDSL, with the remark that the tool-
ing for the external DSL is almost non-existing. So far, we have
implemented the iCoLa*-shell, similarly to the iCoLa-shell. How-
ever, no support for debugging, profiling, and editor services are
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Listing 4.4: Comparison of the definition for the Abs operator in the
EDSL (left) and the DSL (right).

data Abs u t where operator Abs : Var Body
Abs :: IsTrue (AbsBody t)
=> String — u t — Abs u
AbsType
type family AbsBody t

available with the DSL, while the EDSL inherits this from the
embedding in Haskell.

To summarize, iCoLa™ required a more substantial develop-
ment effort compared to iCoLa. With the choice of a DSL, iCoLa™
sacrifices some expressiveness for more concise definitions, bet-
ter error reporting and more flexibility. In addition, users can
define operators and languages without any Haskell knowledge
with iCoLa™, in contrast to iCoLa where Haskell knowledge is
required.

4.6.2  Restrictions and Scalability

With the flexibility our approach provides, language definitions
can become unwieldy where it is unclear where operators are
exactly assigned to, which operators are part of the language,
and how they are affected by specialization code. In our experi-
ence, the development is often done in layers, where prototyping
is done at the current layer and when done, the layer is fixed.
This keeps modifications local and prototyping focused on spe-
cific areas. It is important, however, that the first layer is well
understood before such a development process can be applied.
Getting a layer correct is not trivial. This is shown in our
definition of the DOT language, where edges have no annotations,
which they do have in the real DOT language. Extending our
language with such annotations is not easy and might require
modifications to the both the semantics of the graph component
and the semantics of the edge component. In certain situations,
this can be solved with glue code, but that depends on the place
in the semantics in which the modification is required. Certain



4.6 DISCUSSION

choices for the semantics of an operator are fundamental and
can not be altered with glue code. This is a fundamental issue
when making operators immutable, since there are limited places
where glue code can be injected, namely at the places where
operands are used and around the full operator. One way to
solve this is by encoding the semantic domain itself in iCoLa™.
The semantics domain then becomes the object language. Of
course, this removes many of the advantages of iCoLa™ and the
domain-specific abstraction introduced by an object language.

An alternative way to solve this is by enabling operations over
operators, such as inheritance, as mentioned before. Inheritance
of operators would enable new operators to be defined in terms
of older operators, somewhat reminiscent of forwarding in at-
tribute grammars [210]. An operation over an operator can also
be defined that enables fine-grained modifications to the seman-
tics by rewriting certain nodes in the semantics domain. However,
enabling this in iCoLa™ is difficult due to the choice of allowing
semantic domains to define their own syntax, which requires
semantic domains to define a rewriting language to support
this feature. A possible advantage of being less expressive for
such situations is that when a modification is needed for a lower
level, it provides an ideal opportunity to utilize the exploratory
programming features of iCoLa™ by creating a new exploration
branch where the modifications to a lower level are made. This
keeps the different explorations more isolated compared to either
modifying an existing operator in-place or introducing a vari-
ant of an operator with a different name and slightly different
semantics.

In future work, we want to explore tooling that can help in
quickly understanding the effects of new operator assignments
and language composition, and supporting the aforementioned
exploratory situations better. One way we aim to achieve this, is
by utilizing visual views of the defined languages, as we have
shown in Figure 4.1. One possible direction is to move away
from text-based language engineering towards a visual style, by
connecting operators with operand locations by drawing an edge
between them, somewhat akin to graphical modeling languages.
This allows a developer to see the structure of a language easier
at a glance compared to a text based approach. How this scales to
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larger languages and how it affects the ergonomics of a developer
is something that needs to be investigated. Nevertheless, these
extensions can be achieved in future work via environment defini-
tions that manage the interaction. Consequently, these extensions
require no modifications to the existing iCoLa™ implementation.

4.6.3 Domain Definitions and Domain Fusion

Through a standard example of a pretty printing extension, we
have demonstrated that it is possible to add new domain defi-
nitions and modify the iCoLa™ DSL. With the possibility to add
new domains, iCoLa™ can also be used as a vessel for the eval-
uation of new semantic specification languages. Currently, we
are exploring defining domains for static semantics and scope
graphs [149]. In future work, we will report on these efforts and
investigate how to fuse domain definitions together. With domain
fusion, translation functions can utilize other domains. Using
information from another domain can result in more efficient
specifications, for example, by utilizing typing information.

A weaker variant of domain fusion, but immediately useful
in the context of iCoLa™, of domain fusion is sub-algebras. A
sub-algebra works in the same domain as an algebra but only
on a subset of the operators. This is useful when the semantics
of an operator have multiple components. The for-loop operator
in the DOT example is a prime illustration of this problem. The
for-loop essentially requires four sub-algebras, which are now
modeled using tuples, which makes the resulting translation
functions more verbose and error-prone. Another example of this
problem is local variables. In the case of funcons, local variables
often use the scope funcon to load names in a local scope. When
variable declarations and other operators can be mixed, one can
implement this by splitting a variable declaration into two parts,
the variable declaration and the assignment to the variable. The
semantics of variable declarations can be split into two parts
as well, the first being just the name of the variable, and the
second being the assignment of the value to the variable. In this
case, a sub-algebra could be defined that collects the name of
all variables in a scope, which can then be passes to the scope
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funcon in combination with a location to allow modifications to
the variable.

Having access to sub-algebras would simplify the specification
of more complex operators and improve the maintainability sig-
nificantly. The main problem to include this in iCoLa™ is how
to denote a call to a sub-algebra in a translation function. Since
translation functions can use their own syntax, a mechanism is
required that allows a domain definition to communicate the
needs for the result of a sub-algebra with iCoLa™. We see two
immediate ways to handle this. The first is to update the cata-
morphism to a paramorphism where we retain access to the term
being transformed. Another option is to add a pre-process step
that determines the sub-algebras required by a set of operators,
and then adjust our definition of catamorphism to apply the
catamorphisms of the sub-algebra first and enable access to these
results by the main catamorpshism. This setup does require that a
sub-algebra has an implementation for every operator. For many
sub-algebras this can be achieved via a default implementation
for the sub-algebra. For example, for variables declarations the
default implementation could be the empty map.

Another observed problem is the verbosity of translation func-
tions in the current implementation. This is again visible in the
DOT example, especially regarding the In operator. One way
this can be solved is by introducing language-specific funcons,
which capture some of the common aspects seen in translation
functions for a certain language. Currently, this can be done
via Haskell. It would be interesting to see if this is possible to
include in the iCoLa®’ language itself. For example, via macro
definitions or something similar. This would lower the barrier
for introducing domain-specific abstractions within a semantic
domain. However, this does raise the question of how to encode
the application of such a macro in the semantic domain, and
raises similar difficulties as with sub-algebras.

4.6.4 Language Composition and Syntax Ambiguity

Through the construction of several languages via composition,
we have shown that our approach supports the extension, re-
finement and unification operators for semantic and syntax, as
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introduced by Erdweg [65]. However, disambiguation can cur-
rently only be achieved by encoding the disambiguation rules
inside the structure of the language, which is difficult to manage
when composing languages and not always sufficient. As a re-
sult, our definitions of the Imp, MiniJava, and SIMPLE languages
slightly deviate from the definitions present in the PLanCompS
case-study.

We are still exploring the best way to introduce disambiguation
inside iCoLa ™. The easiest approach is to extend the concrete syn-
tax definition with many of the combinators for disambiguation
available in the used GLL library. Alternatively, we can take a sim-
ilar approach as used in the SDF formalism, where ordering on
operators can be defined and associativity labels can be attached
to operators. Another possible alternative is to use pattern match-
ing for disambiguation [2]. Independent of these directions, we
aim to investigate, and do this to a degree in Chapter 6, whether
the debug friendliness of GLL parsing can aid disambiguation in
an interactive style, such that it can be integrated into the design
process.

4.6.5 Extensible Built-in Operators

In the current implementation we have decided upon a selection
of built-in operators. This selection is based on the requirement
we found during the construction of the several languages and
fragments demonstrated in this chapter. The current selection
will not be enough for all possible language definitions. Cur-
rently, addition of new built-in operators requires extension to
the core of iCoLa™. Since built-in operators correspond to lexemes
of a language, we expect that a better system for the addition
of built-in operators is required. For now, we see two ways to
achieve this. The first option is to add a catch-all built-in op-
erator that bypasses the Haskell type system and then require
domain definitions to handle these built-in operators. This ap-
proach is easy to implement in the current system and easy to
understand from a users perspective. Since this approach by-
passes the Haskell type system, it can result in run-time errors
when a domain definition needs to handle an operator for which
it has no handler. The second option is to use data-types a la
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carte [199]. With data types a la carte, built-in operators can be
defined independently and composed together. The composition
is then given to iCoLa™ together with a lexing definition for the
operators. Algebra definitions then become type-class instances
which need to be implemented for all the built-in operators sup-
ported by the domain, which is checked by the Haskell compiler.
This approach requires a bigger engineering effort to achieve in
the current implementation, makes built-in operators mutable,
and results in more complex operator definitions.

4.6.6  Exploration Within iCoLa™

iCoLa™ support exploratory programming out of the box via its
design as a sequential language and embedding within existing
tooling. Exploring multiple ideas via the creation of many vari-
ants and discarding futile paths is fully supported via the jump
and revert meta-commands present in iCoLa®. Although we
currently only provide an exploratory REPL, in future work we
want to investigate alternative interfaces with an explicit focus
on exploratory language development, which can be defined as
environment definitions. Towards this idea, we also aim to utilize
the presented implementation to investigate exploratory patterns
within language development to further guide interface design.
Furthermore, within the iCoLa™-shell, a user can commit to a
language and experiment with the object language within an
object REPL. However, after exiting the object REPL, the object
REPL session is lost. But, within an exploration session, a user
might want to compare two languages by their usage within the
object REPL. Currently, that is possible by scrolling back in the
REPL, but there is no real support for it. In future work, we aim
to investigate how to support retention of the object REPL ses-
sions within the exploration session in an ergonomic and efficient
manner.

4.6.7  Limitations and Threats to Validity

The primary evaluation of our approach is based on the semantic
domain which uses funcons. This limits the scope to the class of
languages which can have their semantics expressed in funcons.
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Since the funcon library is open-ended [29], this class is mostly
characterized by the fixed set of semantic entities. Nevertheless,
a variety of languages already have their semantics expressed in
funcon terms [31, 145]. Furthermore, our approach is extensible
through new semantic domains. An interesting foundation for an
alternative semantic domain is algebraic effects and handlers [166,
167], which provide a mathematical approach for reasoning about
effects in programming languages and support composition [35,
175].

The usage of catamorphisms to guide the translation from the
initial algebra to semantic algebras constitutes a fundamental
functionality to our approach. Nevertheless, the initial algebra
semantics presents a unified approach to formal semantics of
programming languages [76], and therefore supports different
approaches. However, this choice of abstraction puts certain
restrictions on the translation functions used in our approach,
which can affect the manner in which semantic domains are
defined and used.

4.7 RELATED WORK

Developing languages via some form of composition is supported
by a wide variety of language-development environments [66, 96,
201, 204, 213]. Erdweg et al. [65], performed a systematic evalua-
tion of existing environments and their support for the different
forms composition (extension and unification). Out of the consid-
ered environments, only JastAdd [63], which is an environment
for the construction of Java like languages, supported unification
at the semantic level. For syntax, both Spoofax [96] and Sug-
ar] [66] support unification. To handle ambiguous grammars,
Spoofax and Sugar] use the SDF formalism [83]. Our approach
supports unification at both the syntax and semantic level, with
the remark that disambiguation at the syntax level is minimal.
Much of the syntax available in concrete syntax definitions of
iCoLa™ are influenced by SDEFE. In contrast to SDF, we use GLL
parsing instead of scannerless Generalized LR parsing.
Bertolotti et al. [20] extend Erdweg’s framework by introducing
six forms of reusability focused on different levels of granularity.
With iCoLa™* we support the following forms: sub-language compo-
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sition via language composition; language feature composition, since
in iCoLa™ every language feature — a combination of syntax and
semantics — is a language and therefore can be composed via
language composition; syntactic and semantic assets composition,
since this is also modeled using languages in iCoLa™; and action
extension is partially supported via glue code. We do not sup-
port: semantic assets composition, since we do not allow usage of
algebras inside an algebra definition; and action composition, since
we do support composition of algebras. The two forms we do
not support align with our earlier discussion on sub-algebras
and domain fusion. Full support for action extension would be
achieved with support for operations over operators, such as
inheritance.

Lisa [135] is a full-fledged interactive environment for pro-
gramming language development based on attribute grammars
with support for incremental language development [136] via
multiple attribute grammar inheritance [134]. Lisa also supports
visual based development of programming languages. Compared
to our approach, no distinction between operators and where
operators are used is made.

Melange [59] is a meta-language involving meta-models and
aspect oriented programming. It uses aspects to implement the
semantics of languages, and supports both extension and unifi-
cation. Our operator specialization closely resembles the idea of
aspects as seen in Melange. Compared to our approach, Melange
makes no distinction between operator semantics and operator
specialization; does not make the distinction between operator
definitions and operator usage; and operators are not immutable,
instead a renaming mechanism is provided to solve conflicting
abstract syntax. Multi-level modeling [12] supports more than
two meta-modeling levels and has been used in language devel-
opment to achieve extensible meta-models via linguistic exten-
sions [112] and by specializing meta-models to specific domains
via instantiation [116]. However, to support optionality of lan-
guage primitives (closed variability), multi-level modeling needs
to be combined with the product lines approach [113]. Within
our approach, such optionality is achieved via refinements on
language definitions. Perspectives [4] are a layer above the model
layer and are used to describe the relations between multiple
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languages and consistency requirements among them, or to ex-
clude language concepts from the model layer. The approach
has similar characteristics as Melange, with the addition that
it enforces consistency requirements among languages. Our ap-
proach explicitly has few restrictions to promote the exploration
phase. However, outside the exploration phase, more refined
restrictions might be beneficial. There seems to a parallel here
with dynamic and static typing, where our approach is more
related to dynamic typing. This seems to imply that a strategy
alike to gradual typing is an interesting avenue to explore.

In Feature-oriented programming [7], a system is decomposed
in the features it provides. This style of programming aims to
increase structure, reuse and variation by making features user
configurable such that a system can be developed by picking and
configuring the correct features. Neverlang [38] is a Java-based
development environment with support for language unifica-
tion, modeled around the idea of feature-oriented programming.
Neverlang uses evaluation phases for semantic specifications
and supports dependent evaluation phases, while iCoLa™ does
not. Evaluation phases and concrete syntax are combined into
slices, which capture a language feature in isolation. A language
definition then combines slices and determines the order of the
evaluation phases. Although Neverlang does not enforce unique-
ness of operand locations, it does provide some capabilities to
remove structural choices via renaming. With renaming, a non-
terminal can be renamed to another non-terminal at the language
level.

Software product lines [43] is a development paradigm that
models the software development process as a product line,
where a system is constructed by selecting components from a
repository, adapting the components to the use case, and inte-
grating the components together. Compared to feature-oriented
programming, software product lines focus on similarities be-
tween systems, also known as families. This gives a high vari-
ability where variants of systems can be quickly created. Feature-
oriented programming can be used to implement software prod-
uct lines, which is done by AiDE [110]. AiDE provides an environ-
ment for language-development based on software product lines
by building an environment on top of Neverlang [38]. Besides
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AiDE, there are several other environments integrating software
product lines in the context of language development — also
known as language product lines [131].

A focus on language families [123], a set of related languages,
is inherent in the language product lines style of development.
As a result, the variability of these systems is high, enabling the
construction of a wide variety of languages in an incremental
manner. However, because the focus is on language families,
there is a restriction on the structure of the different variations.
Nevertheless, correctness of model properties can be efficiently
checked, which opens the door to promote the variability offered
by product lines to more areas such as model editors and code
generators [80]. Language product lines have been combined with
multi-level modeling at the (abstract) syntax level [114] to enable
both extension and selection based on a feature model. The ap-
proach supports bottom-up extensions where a meta-model is
extended from below, which can be useful during the exploration
process. To also enable modularity at the semantic level, graph
transformations have been used [115]. With graph transforma-
tions, consistency of semantic constraints can be enforced among
the languages within a language family. Our approach achieves
modularity at the semantic level by supporting the introduction
of new semantic domains and the introduction of new operators
accompanied by semantic translation functions. Although our
approach essentially describes a constraint graph, as indicated
by Figure 4.1, we have not yet explored whether this can be
utilized to enforce constraints without affecting the exploration
capabilities, or aid the exploration process.

Concern-oriented language development [44] moves away
from the family constraint by combining different modularity
approaches at the language development level via so called con-
cerns: reusable piece of language artifacts. Concerns have a vari-
ation interface, a customization interface, and a usage interface.
The variation interface represents configurable components and
the customization interface describes how a concern can be in-
tegrated into a different context. The exploratory capabilities of
a concern are thus determined by the flexibility of these inter-
faces and the inherit restrictions present in concern definitions.
The ideas of concern-oriented language development are used to
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reuse language components that are textual, external, and trans-
lational [36]. The approach uses specific composition operator to
ensure compatibility within the used technologies, which makes
it impossible to remove parts of a language.

The usage of catamorphisms as an implementation technique is
not unique, and for example also used in the context of attribute
grammars. From the perspective of attribute grammars [71, 88],
the algebras in iCoLa™ only deal with synthesized attributes and
the translations from operators to semantics functions can be
seen as describing an S-attributed grammar. Supporting inher-
ited attributes can be achieved via the semantic domain itself.
For example, the semantic domain for concrete DOT programs
uses an indent construct, which essentially encodes a inherited
attribute for the indentation level. The literature in this area pro-
vides useful implementation techniques for extension to iCoLa™,
such as sub-algebras, which we aim to explore in future work.

4.8 CONCLUSION

In this chapter we introduced iCoLa™, an extensible meta-language
aimed at improving the language design process via rapid proto-
typing with reusable components and exploratory programming.
iCoLa™ extends the iCoLa meta-language by adding support for
concrete syntax, by providing a DSL for language definitions,
and by supporting an arbitrary amount of semantic domains.
The iCoLa™ implementation is extensible via Haskell-defined
environment definitions and domain definitions. Environment
definitions determine how users interact with iCoLa™ and the
defined languages. Domain definitions determine the capabilities
of semantic translation functions.

By constructing several languages with our approach, we have
demonstrated to which extent our approach simplifies the con-
struction of new languages as well as variants of existing lan-
guages. Through the construction of the iCoLa*-shell and by
adding a new domain definition, we have shown the possibilities
of extending iCoLa™. The flexibility provided by iCoLa™ makes
it easy to modify existing language design choices, but also
increases the difficulty of tracking the precise composition of lan-
guages when applied at (large) scale. In addition, disambiguation
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of concrete syntax is only supported in a limited form. Methods
to improve iCoLa" in these regards are to be explored in future
work.






ON THE SOUNDNESS OF AUTO-COMPLETION
SERVICES FOR DYNAMICALLY TYPED
LANGUAGES

In the previous chapters we have mainly looked at the meta-side
of language engineering. In this chapter we shift our focus more
towards the object language by looking at editor tooling used by
developers during development. Tooling makes developers more
productive at certain tasks, such as writing code and finding
definitions. Having access to such tooling during the prototyping
phase can aid evaluation of an object language variant by making
the construction of substantial programs more feasible. The focus
in this chapter is on dynamically typed language. This is moti-
vated by our usage of funcons as a semantic domain throughout
this thesis, which is a dynamically typed language. If we obtain
tooling for funcons, we can also obtain tooling for the languages
defined in terms of funcons. Hence, in this chapter we look at
auto-completion services for dynamically typed languages, with
a primary focus on the soundness of such tooling.

Associated Publications

¢ Damian Frélich and L. Thomas van Binsbergen. “On
the Soundness of Auto-completion Services for Dy-
namically Typed Languages.” In: Proceedings of the
23rd ACM SIGPLAN International Conference on Gen-
erative Programming: Concepts and Experiences. GPCE
"24. Pasadena, CA, USA: Association for Computing
Machinery, 2024, pp. 107-120. ISBN: 9798400712111.
DOI: 10.1145/3689484.3690734

5.1 INTRODUCTION

Today’s developers have access to an abundance of programming
tools that increase their productivity by assisting the program-
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ming activity itself or the management of (large) code bases
through, for example, version control or delivering project in-
sights. Integrated Development Environments (IDEs) integrate
such tools and serve as the main interface for programmers dur-
ing programming-related activities. Today, most IDEs are decou-
pled from language implementations or programming analysis
tools such that a single IDE can be used for multiple languages
and multiple IDEs can be used to work on the same code base
(e.g., chosen based on programmer-preference). The Language
Server Protocol® (LSP) plays a crucial role in this decoupling,
interfacing between the environment and so-called language ser-
vices such as ‘go-to definition” and auto-complete. As discussed
in Chapter 2 where we introduced the Exploratory Programming
Protocol (EPP), the client-server architecture of the LSP addresses
the n x m problem of supporting n languages in m IDEs, reduc-
ing the (overall) engineering efforts for both IDEs and languages.
Moreover, by modularizing the server back-end into distinct ser-
vices, tools can be developed that could specialize in particular
program analyses or programmer feedback.

Language services typically analyze source code. The type of
service determines the density of information to be extracted. For
example, an abstract syntax tree provides enough information to
implement semantic highlighting (an extension of syntax high-
lighting). Other services may require additional information, such
as the types of variables or the declaration to which a reference
resolves. For statically typed languages, the structure enforced by
type systems aid the implementation of such services. Inherent
to statically typed languages is a static type-checker, which can
catch many coding inconsistencies before a program runs. In con-
trast, a significantly more complex analysis is needed to perform
(static) type-checking for dynamically typed languages as the
type of a variable may be determined by program input [141].
More generally, editor services for dynamically typed languages
may require complex analyses which may not always capture all
cases, or make a trade-off between soundness and completeness.

The state of the art in auto-complete services for Python exhibit
this phenomenon, with tools generally choosing completeness
over soundness. For example, an auto-complete service provid-

1 https://microsoft.github.io/language-server-protocol/
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Listing 5.1: Python example on which completions from auto-
completion services can introduce erroneous execution
paths. The ? character indicates the position of the cur-
sor, i.e. the source location from which an auto-complete
request is performed.

class A: obj = A()
X =5 obj.x = input
z =10 ()
class B: if obj.x:
X =0 obj = B()
y =5
print(obj.?)

ing auto-completion candidates for the program in Figure 5.1 at
the position indicated by the question mark, needs to take into
account that the obj variable can point to an object of class A or
to an object of class B, depending on user-provided input. As a
result, the completion candidates y and z introduce an erroneous
execution path since they are not present in both A and B. The x
tield is present in both classes and is therefore a sound comple-
tion candidate, since in both run-time paths that field is present
on the object assigned to the obj variable. However, Pylance* and
Jedi3, two prominent editor service implementations for Python,
give all three fields as completion candidates. This result is com-
plete as it contains all candidates that create a valid program
flow but is not sound as some candidates introduce erroneous
program flows (with respect to name resolution).

With small programs, the programmer may be able to detect
unsound candidates and handle them appropriately. However,
for more complex programs, maintaining the oversight required
to do so becomes challenging. Furthermore, the execution of
some erroneous execution paths may be rare, complicating bug
discovery. Obtaining such erroneous completion candidates is

2 https://github.com/microsoft/pylance-release
3 https://jedi.readthedocs.io/en/latest/
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mentioned as one of the most concerning issues by practitioners
when using auto-completion tools [218].

In this chapter, we introduce an approach that sets a first step
towards the creation of sound editor services for dynamically
typed languages. The approach leverages abstract interpreta-
tion and scope graphs to build a model for resolving names in
programs. Using this model, we can construct auto-completion
services that are sound with respect to the name binding of a pro-
gram across the different execution paths the program embeds.
Concretely, in this chapter we make the following contributions:

* an approach based on abstract interpretation and scope
graphs for the implementation of sound completion ser-
vices;

¢ an implementation of said approach in Haskell;

¢ a test set of Python programs with key name binding chal-
lenges that result in unsound completion candidates with
the state of the art editor services.

This chapter is structured as follows. In §5.2 we give the neces-
sary background. In §5.3 we discuss the difficulties of applying
scope graphs to dynamically typed languages, and present our
extension to the scope graph framework. We follow this up by
obtaining scope graphs from the run-time heap in §5.4, and via
abstract interpretation in §5.5. In §5.6 we introduce an imple-
mentation of our approach, and demonstrate it in §5.7 via a
comparison with the state of the art editor services for Python.
We discuss the results from our experiments and our approach
in §5.8. We finalize with related work in §5.9, and our conclusion
in §5.10.

5.2 BACKGROUND

Our approach utilizes abstract interpretation to obtain a sound
over-approximation of the name binding seen at run-time. The
name binding is captured using scope graphs. These two com-
ponents combined form the basis for an auto-completion service
implementation.
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5.2.1 Abstract Interpretation

Abstract interpretation [48] provides a unified framework for
sound static analysis by over-approximation of the dynamic se-
mantics of a programming language. With abstract interpretation,
the concrete domain is approximated by an abstract domain. The
abstract domain has less computational needs. However, since
it is an over-approximation, some information is lost, affect-
ing completeness. The concrete and abstract domain are related
via a Galois connection, with which values from two different
partially ordered sets can be related. A Galois connection on
two partially ordered sets (C, <¢) and (A, <,) is given by two
monotone functions « : C -+ A and v : A — C, such that
a(c) <sa <= ¢ <. y(a) holds for all c € C and a € A.
Intuitively, using a we can relate concrete elements to abstract
elements, and using 7y we can relate abstract elements to concrete
elements, and it is ensured that the a and - functions respect a
specific relation between these concrete and abstract elements. In
the context of abstract interpretation, this relation is often seen
as the degree of information one can extract out of a value. The
higher an element is in the partial order, the less information one
is able to extract out of it. The Galois connection then captures
the idea that one can not use the a or 7y function to obtain an
element with more degree of information from an element with
a lesser degree. Instead, the degree of information might be the
same or reduces, but never increases. The functions («, ) are
thus monotonic on this degree of information.

To make this concrete, we illustrate the idea using the ab-
stract domains of signs of integers, which we encoded as a DOT
program in the previous chapter. In this example, the concrete
domain are sets of integers (P(Z)) and the abstract domain is
the set of signs: P = {_L, <0, Z, >0, T }. The abstraction function
maps a set of integers to a (shared) sign.

«(@) = L a({0}) = Z
a({i]i<0})=<0 a({i]i>0})=>0
w(Z)=T
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The concretization function can be mechanically derived from
the abstraction function and the requirements of a Galois con-
nection. In this example, obtaining the concretization function is
simply just the mapping of the a function reversed:

y(>0)={i|ie ZNi>0}.

Alternatively, one can define the concretization function and
derive the abstraction function, or simply define both without
deriving. The advantage of deriving via the Galois connection is
that the Galois connection then holds by definition.

Our concrete domain together with the subset relation form a
partial order. We can thus demonstrate that for all sets of integers,
the Galois connection requirement holds. For instance, if we
start with the set {—1,0,1} and apply the abstraction function,
we obtain T. If we concretize this, we obtain Z, and indeed
{—1,0,1} C Z holds. Alternatively, if we start with {1,2,3} and
abstract this, we get >0. If we concretize this, we obtain Z", and
indeed {1,2,3} C Z™ holds. In the first case, the property of the
final result only tells us that the original set contained integers,
but does not tell us more. In the second case, the result tells us
that the original set only contained positive integers. Sets thus
capture properties.

Using the Galois connection and the abstract domain, we can
do static analysis on programs by interpreting the programs in
the abstract domain. The advantage of this is that interpreting
the program in the abstract domain generally takes less com-
putational power. For example, a program might not terminate
in the concrete domain while it will terminate in the abstract
domain. The following diagram sketches the idea behind abstract
interpretation and the usage of the Galois connection, where the
dotted line denotes an over-approximation.

€] ——[4]
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Essentially, for every program we can interpret the program
(I:(p)) on a concrete configuration (¢) and obtain a new con-
crete configuration. Or, we can abstract the current configuration,
execute the program using the abstract interpreter (I,(p)) and
concretize the resulting abstract configuration, giving an over-
approximation of the configuration obtained from interpreting
the program in the concrete domain. This over-approximation
captures a property of the executed program, and since the con-
crete configuration is contained in this over-approximation, the
concrete configuration also has the property. This thus gives us
a way to capture properties of programs via the interpretation
in the abstract domain. This diagram is not achieved for every
program by every choice of the abstract interpreter. Instead, both
interpreters must be monotonic and the abstract interpreter must
adhere to the semantics of the interpreter in the concrete domain,
such that the diagram holds. Again, this can be achieved by de-
riving the abstract interpreter from the concrete interpreter and
the diagram. Notionally, we require that for every program p
and configuration c, the following holds I(p,c) C y(L.(p, a(c)).

We can extend our earlier example of sets of integers with
programs capturing integer addition. The concrete evaluation
is then the standard evaluation of integer addition expressions.
The abstract evaluation becomes the evaluation of addition on
signs. For example, adding zero to a positive number results in
a positive number: Z + >0 = >0, and when adding a positive
number to a negative number the resulting sign is unknown:
<0 + >0 = T. In the second case, we do not know the sign, and
the result can be positive, negative, or zero, thus the operation
yields T (representing the set of all integers). Furthermore, these
operations are strict on L elements, e.g.,, L +Z = L (with L
representing divergent computations). In our example, the prop-
erty captured by our abstract interpreter is the sign of an integer
addition expression. This information can be used, for example,
by a compiler to optimize conditionals that are always true or
false.

Although the example is trivial and the computation in the
abstract domain does not differ that much from the concrete
domain, there are still situations where the abstract domain does
significant less work. For example, any expression without a L
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element but containing a T element in it evaluates to T. Hence
as soon as a | element is obtained, evaluating the remainder of
an expression is futile, under the assumption that no L element
exists in the expression. Of course, getting T as a result gives
minimal information about the properties of the program. By
picking a more precise abstract domain, we might obtain more
information from the abstract evaluation while likely increasing
the computational needs of the abstract interpreter. There is thus
a trade-off between the preciseness of the abstract domain and
the amortized time it takes to evaluate a program in the abstract
domain. The most precise abstract domain is simply the concrete
domain.

ABSTRACT INTERPRETATION AND NATURAL SEMANTICS
Abstract interpretation has been applied by Schmidt [188, 190] to
languages with an operational semantics in the small-step style
(of Plotkin [165]) or big-step style (of Kahn [92]). In the approach,
concrete and abstract computations are related by safety relations
on values and trees. Every computation represented as a concrete
tree needs to be mirrored by an abstract tree and the safety
relation on trees needs to be preserved. When a safety relation
(safe) is both U-closed (csafea Na C a' = csafea’) and G-
closed (c safe M{a’ | ¢ safe a’}), a Galois connection is obtained
for free. For our sign example, we would thus define a safety
relation between integers and signs.

i=0F1isafeVal Z
i <0k isafeVal <0
i >0FisafeVal >0

Note that the safety relation makes no mention of the 1 and T
elements. Nevertheless, the relation between @ and L, and Z
and T still holds. To illustrate this, we can define & in terms of
the safeVal relation as follows: a(C) = | |{a | c safeVal a,c € C}.In
case C = @, we get | |@ = L, which aligns with our definition
of « from before. When C contains values with different signs,
for example C = {—1,0,1}, we get «(C) = | [{<0,Z,>0} =T
by our definition of the lattice of signs. This relational approach
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to defining Galois connections via safety relations is what we use
in this chapter for our definitions of abstract domains.

5.2.2  Scope Graphs

Scope graphs have been introduced by Neron et al. [149] to cap-
ture name binding in a language-independent manner. In this
paper we adopt the formal definition of scope graphs given in
Figure 5.2. The vertices of a scope graph represent scopes, refer-
ences, or declarations, and are assumed to be unique such that
each declaration and reference belongs to one scope. References
and declarations are indexed to distinguish occurrences with the
same name at different source locations. When the index is clear
from the context, we omit it. Edges denote the relation between
scoping elements. A reference has an edge to the scope in which
it occurs (xR — s). References are identified with a superscript
R. Scopes have edges towards the declarations made within that
scope (s — xP). Declarations are identified with a superscript
D. Both references and declarations have a subscript that resem-
bles the location in the source code and is used to differentiate
between different occurrences of the same identifier. Scopes can
also have labeled edges towards other scopes (s —; s"). This can
be used to model, for example, lexically nested scopes. Figure 5.1
shows an example scope graph for a very simple program in a
functional language with imports. The program calls the function
f- The function f is defined in the module M. To find the decla-
ration associated with f when called, we start from the reference
to f in scope s, and move upward to s; via the parent edge, then
we move upward again via the parent edge to sg. From sy we
follow the import edge to m;, which is the main scope of the
module M. From m; there is an edge to the declaration of f.

A declaration can also have an edge towards a scope when
it introduces this scope (xP — s). For example, the scope of an
object containing the fields and methods of that object. An object
access (x.y) is then translated into resolving the variable x and
determining whether the resulting declaration has an outgoing
scope s. The variable y is then resolved starting from scope s. In
this paper, as well as in [149], labels P (parent) and I (import)
are used. However, the usage of imports in our work is more
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import M module M
let x =1 in f(x) def f(n) =n

Figure 5.1: The scope graph for a simple program in a functional lan-
guage with imports.

rudimentary than that of [149]. We also assume that every scope
has at most one parent (i.e., one outgoing edge labeled P).

Cycles are permitted in scope graphs. To resolve a reference
to a declaration, a resolution calculus is defined that describes
correct resolution paths in a scope graph, given by the — relation
in Figure 5.2. The resolution calculus keeps track of a set of seen
scopes and only visits a scope once. A valid path in a scope
graph is a sequence of edges moving from the current scope
to scope s via the edge with label I, denoted by E(/,s); and
declarations reachable from the current scope, denoted by D(xP).
The resolution in our example from the reference of f to its
declaration is captured by the following path: E(P,s;) - E(P,sp) -
E(I,my) - D(f). Using the resolution calculus and a language-
specific ordering on paths, we can define the visible declarations
in a scope by finding all shortest resolution paths reachable from
the scope, which is defined in Figure 5.2 by the — arrow, i.e.
s — (¢, x].D ) states that from scope s the declaration x]D in scope
s’ is visible (not shadowed).

A reference can resolve to multiple declarations by finding
multiple resolution paths. Language-specific path orderings and
well-formedness predicates are used to determine the desired
resolution. In the formal model this is reflected in the (ResE) rule
and the (Vis) rule. The ordering selects the ‘nearest” declaration
site. Different name binding policies can be modeled with the
well-formedness predicate [5]. The chosen policies may still not
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Scope graph

s € Scopeld

v € Vertex :=s | xP | xR
e€Edge:=s—ys|s—xP xR s |xP =5
I € Label :=P | I

G € ScopeGraph ::= P (Vertex) x P(Edge)

Projection functions

K(s) ={l—{s"|s = s'}}
D(s) ={x7 | s = x}

R(s) = {x{ | xf = s}
Resolution paths

p € Path =:=D(xP) | E(,s) - p

Paths

D
L (ResD)
g D(xZD) 15— (s,xlD)

Fes—x

¢S  Stgs—ys  {}USkgp:s e (s,xP)
WE(E(Ls) - p)

(ResE)
SFGE(Ls) -p:s— (s",xP)
FexR—=s  {stkgp:s— (s,xP) (REsR)
b p:aR e (¢,2P)
Visible declarations
{s}tgpism (s,xP)
Vi, p's"({sk ko p' s (s",xP) = P £ p)
/ (Vis)

P)

i

Fep:is— (s, x
Figure 5.2: Formal definition of scope graphs with resolution calcu-
lus, and parameterized by a well-formedness predicate over

paths and an ordering on paths. Based on earlier defini-
tions [6, 170]
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select a unique resolution, for example, when the program is
invalid. The scope graph framework leaves it to the user to
determine whether this is (un)desirable based on the context in
which the framework is used.

Prior work has identified a correspondence between static
name binding in scope graphs and heap-allocated frames [170].
In essence, a scope graph functions as a blueprint for the heap
at run-time. The correspondence brings several benefits, such as
uniform type soundness proofs and sound garbage collection. In
this work, we utilize this correspondence in the other direction:
we use the heap and frames approach as a blueprint for building
scope graphs.

5.3 SCOPE GRAPHS FOR DYNAMIC LANGUAGES

Dynamic languages may be dynamic in several regards, e.g.,
name resolution may be dynamic, the types of variables may be
established dynamically, or programs may be extended dynami-
cally. Similarly, at least three types of correctness can be identified:
name binding correctness, type correctness, and syntactic cor-
rectness. In this paper, we are primarily interested in the first
type of correctness and consider an auto-completion candidate
to be sound when its inclusion yields no name resolution errors
at run-time. In this section, we describe how we annotate and
build scope graphs to model dynamic name resolution, a first
step in our approach towards sound (auto-completion) services
for dynamically typed languages.

Scope graphs have been used to implement sound auto-complete
services for statically typed languages [158]. We observed two
main problems when applying scope graphs to dynamically
typed languages, which we shall demonstrate by comparing the
scope graph of a small statically typed (functional) program and
the scope graph of a dynamically typed program (following the
name binding semantics of Python). Figure 5.3 contains the ex-
ample programs and the corresponding scope graphs. In both
programs, some dynamic input is assigned to the variable x
and is used for branching into one of two conditional branches,
which both introduce a binding. (The subsequent code in the
branches is irrelevant to our example.) Both programs have a
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‘global” scope labeled sy (in the graph and program text) and
evaluate the dynamic input in this scope before it is assigned to
x. The assignment to x creates a new scope (s1) in case of the
statically typed program. For the dynamically typed program,
it adds a declaration to the global scope. Based on the value of
the x variable, one of the two bodies is executed. In both bodies,
an assignment is performed. In case of the statically typed pro-
gram, the right sides of the assignments are evaluated in scope
s1, and for both declarations a new scope is created s, and s3,
respectively. For the dynamically typed program, a new scope is
created for the if body (s2) and for the else body (s3), in which
the respective bodies are executed. Both scopes have a parent
edge to the global scope. The global scope also has an import
edge to both scopes. The import edge is required because after
the if-else we are back in the global scope (sp), but the decla-
rations made in the body are still reachable, which is modeled
using the import edges. In our statically typed program, this is
not the case.

From a resolution perspective, we could have given a variety
of different scope graphs for the dynamically typed program that
gives the same resolution results. For example, one scope con-
taining all declarations. Why we have opted to display the scope
graph for the dynamically typed program as having multiple
scopes, becomes apparent shortly.

The first problem is that a dynamically typed language puts
less restrictions a-priori on a program, which makes the resulting
scope graph an over-approximation of the name binding seen at
run-time. As a result, reasoning with the resulting scope graph
requires care. In our example, this is illustrated by the fact that
in both programs, the declarations y and z are never in scope at
the same time. This is captured in the scope graph obtained from
the statically typed program. However, the scope graph for the
dynamically typed language does model that both declarations
are in scope: we can take an import edge from sy to both s, and
s3 and obtain the respective declarations. This is incorrect. The
dynamically typed program actually has two scope graphs. One
in which there is an import edge towards scope s;, and thus y
is declared; and one in which there is an import edge towards
scope s3, and thus z is declared.
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(s0) (s0)
let x = ... X = ...
in (s1) if x if x: (s2)
then let y = x in (s2) ... y = X
else let z = x in (s3) ... else: (s3)
z =X
(s0)

Figure 5.3: A similar program written in a statically typed (functional)
language and a dynamically typed language with Python
like scoping rules, with their corresponding scope graphs.
Scopes changes in the programs are indicated with parenthe-
ses. i, j, k denote source locations for the different references
to x in scope s7.



5.3 SCOPE GRAPHS FOR DYNAMIC LANGUAGES

The second problem is that the scope graph for the dynamically
typed program only describes the name binding at a specific
program point. As a result, the obtained scope graph cannot be
used to reason about every program point. In our example this
is illustrated if we use the obtained scope graphs and query the
available declarations in the conditional of the if-else. In the
statically typed scope graph, the scope in which the conditional
is executed is s1, so we start our resolution from that scope,
and obtain only x as a declaration. For the dynamically typed
language, the condition expression is executed in scope sg, and
from that scope we obtain the declarations x,y, z, where y and
z are obtained via the import edges. However, at that point,
only x is in scope. Our scope graph for the dynamically typed
language is thus only valid at the end of our program, but not at
intermediate stages.

5.3.1 Annotated Scope Graphs

To solve the first problem, we extend the scope graph framework
with annotated vertices to denote uncertainty.

As observed, a scope graph for a dynamically typed language
describes an over-approximation of the scope graphs seen at
run-time. In our example, the obtained over-approximation only
describes which variables might be in scope. However, it is un-
known which variables are definitely in scope. Reasoning with our
example scope graph results in unsound completion candidates.
To overcome this, we extend the scope graph definition with anno-
tations on declarations and references. We define the set of anno-
tations as An = {N,D, M}, representing not present, definitely
present, and maybe present, respectively. The annotation set
forms a join-semilattice by the following partial order N <4, M
and D <4, M. The vertices of the scope graph model are updated
with an annotation component: v € Vertex :=s | (xP,a) | (xX,a)
where a € An. We also add an annotation to labels on edges,
which models the uncertainty of edges between scopes. We do
not annotate scopes, because we operate from a scope perspec-
tive: the correct annotation for a scope differs depending on the
scope from which we observe the annotated scope.
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Using the annotated scope graph model, we define a partial or-
der on scope graphs as follows, where D, projects the annotated
vertices with annotation D, and D, projects the labeled edges
with annotation D.

(V1,E1) <s (Vo, E2) iff
YoeVy. I € Vo.v <, 0
Dy(V2) € Dy(V1)
Ve E;.3e’ € Er.e <, ¢
De(Es) C Du(Ey)

The order on vertices (<,) and edges (<,) is defined by equality
on vertices and labels, and by comparison of the annotations
using the <4, relation. A small excerpt of the full definition is
given by the following two cases:

s<, 5 iffs=5
(v,a) <, (V,b) iffo =0 Na <a, b.

We lift this partial order to a lattice (L;) by adding a bottom
and top element. The partial order on scope graphs captures the
idea of over-approximation as introduced in the previous section.
The second and last constraints ensure that the definitely present
vertices and edges in the second scope graph are also present
in the first graph. This ensures that conclusions made over the
definitely present vertices and edges in the “abstract’ scope graph
also hold in the concrete scope graph.

Figure 5.4 displays the two scope graphs observed in our
dynamically typed example program and the annotated scope
graph that over-approximates both. In our annotated scope graph,
all the declaration are annotated as definitely present. But, the
two import labels are annotated as maybe present. Performing a
query from sy will not follow the maybe present edges, and thus
will not obtain the declarations y and z, only the declaration x.
When performing a query from another scope, for example s,
we will collect both y and x as definitely present declarations.
From the perspective of scope s, this indeed holds.
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MO

Figure 5.4: The two scope graphs seen at run-time for the Python exam-
ple (above), and the combined scope graph with annotations
(below). For both edges and vertices, a blueish color repre-
sents the D annotation and a red color the M annotation.

5.3.2 Context-Dependent Name Resolution

To solve the second problem, we introduce context-dependent
name resolution, in which resolutions are performed in the con-
text of an index. We use source locations as the index. The loca-
tion captures the program location from where the resolution is
performed, and affects the resolution results by only accepting
declarations that have been declared before the program location
from where the resolution occurs. In our example (Figure 5.3),
this means that when we resolve from the program location if
?, we only find x to be in scope, since both y and z are defined
after the if ? location. To achieve this, we extend scopes with
a location component, and update the path rules from the reso-
lution calculus to propagate a location that affects the available
paths. The updated rules are displayed in Figure 5.5. Both the
ResD and ResE rules now contain a comparison on indices, which
results in the filtering of several paths that are present without
this condition. The Vis rules also needs to be adapted, but only
by including the location in the context.
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kl—Gs—>xZD i<k
kG D(xP) s — (s,xP)
s;{z ¢S k,S g sk, = s;(z ky <k
ki, {s;,}USkgp:s — (s”,xP) WEF(E(L,s) - p)
k,SEGE(ls) p:s— (s",xP)

I—leR—>s i,{s}tgp:s—(s,x

(ResD)

(ResE)

P)
: (RESR)

Fop:alk— (d,xP)

i

Figure 5.5: Resolution calculus extended with context-dependent name
resolution via a visibility index.

5.3.3 Multi-Stage Resolution

More complex naming structures require multiple resolution
steps. As shown earlier, an object access x.y first requires the
resolution of the variable x to determine its type and associated
scope, which can then be used to resolve y. Determining the type
in a dynamically typed language means to determine its value(s).
Consequently, name resolution for dynamically typed languages
depends on the values of variables. To be able to support more
complex queries, we combine our previous extensions to the
scope graph model with abstract interpretation.

5.4 OBTAINING SCOPE GRAPHS VIA HEAPS

To obtain an over-approximating scope graph while also having
access to the types of values assigned to variables, we utilize
abstract interpretation. In our abstract domain, we utilize the
1-to-1 correspondence between scopes and frames to obtain scope
graphs from heaps. Our abstract interpretation results in an over-
approximation of the abstract heaps seen at all program points.
This provides us with a mapping from variables to values per
program point. The abstract heaps are then translated into scope
graphs and joined into one over-approximating scope graph.
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5.4.1 Updated Heaps and Frames

The original definition of heap and frames uses the statically
obtained scope graph for resolution. However, we do not have
such a scope graph and need to modify the original definition.
Our modification is given in Figure 5.7. A frame is thus a 4-tuple
containing a scope id; a set of references made within the scope
of the frame; a mapping from labels to frame ids, modeling
connections between frames; and a mapping from declarations
to values. A heap is a mapping from frame ids to frames. Two
types of relations are defined: frame operations (=) and the
resolution relation (—). Frame operations operate in the context
of a modifiable heap, which is represented by the /h syntax. The
resolution rules operate under a immutable heap (indicated by
F1,) and in the context of a set of seen frame ids (F).

The main differences with the original formulation are that the
frame component is extended with a set of references () and that
resolution of variables to declarations happens at run-time. This is
reflected by the change in the DLookup rule, and the introduction
of the DPath and EPath rules. The DLookup rule results in an
Addr which points to a unique location in the heap via the frame
id and the declaration, and contains the resolution path. The
path can be used in the dynamic semantics of a language to
decide whether an existing declaration needs to be overwritten
or shadowed. The remaining two elements provide the required
data for both the get and set operations to get and respectively
set values at the specific location. The extended definition also
includes the Link rule, which makes it possible to extend the
dynamic links component of frames. Moreover, in contrast to the
original definition, the available declarations are not fixed, as
indicated by the removal of the requirement that a declaration is
in the domain of Dy(f) in the set rule.

Although we have removed the static scope graph dependency,
we still have a Scopeld component in the definition of frames.
This component is required to enable the translation from frames
to scope graphs, since multiple frames can refer to the same
scope, which is something we want reflected in the scope graph
obtained from this translation: the information in all those frames
needs to be captured by the shared scope in the resulting scope
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Frames and Heaps

f € Frameld = {f1, f2,... }
ks € DynLinks = Label — Frameld

o € Slots = Decl — Val
Y. € Refs = P(Vars)

(s,%,ks,0) € Frame = Scopeld x Refs x DynLinks x Slots
h € Heap = Frameld — Frame

Projection Functions

Su(f)=s Ru(f) =X
Kn(f) =ks Dy(f) =0
where h(f) = (s, %, ks, 0)

Figure 5.6: Modified formal definition of the structural parts of frames

and heaps [170].

graph. A language semantics thus needs to label frames with this
information. In practice, the source location of frame producing
constructs, such as functions, can be used as the scope id. With
this in mind, we give a translation function (¢) that translate a
heap into a scope graph, which uses a helper function (i) that
translates a frame into a scope graph. Dom;(h) projects all frames

with scope id s.
Y((s,X,ks,0)) ={s — (d,D) | Vd € Dom(c)}
U{(r,D) =s|VreX}U{s =qps
| VI € Label A S(ks(1)) =s'}
¢(h) = J{[{y(h(f)) | f € Doms(h)} | s € S(h)}

The translation is sound with respect to definitely present
edges, references, and declarations, which follows from the defi-
nition of the <; relation. The translation is not sound on maybe
present entities, i.e. the scope graph can contain resolution paths
with M labels that are not present in the heap. Reasoning thus

happens purely with the D annotated values.
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Frame Modifications and Paths

f' ¢ Dom(n)
initFrame(s, %, ks, ) /h = f'/h[f > (s, X, ks,0)]

(INITFRAME)

, , D
h' = Ky(f)[l = f'] (LINK) Xj € Dom(Du(f)) (DPATH)

link(f, f/,1)/h = I Fn D(xP) : f = (f, %)

xP ¢ Dom(Dy(f)) 1€ Dom(Ky(f))  Ki(F)(1) =
FU{f}rup:f = (f,xP)  WP(p)
FRLE(Lf) p— (f,2P)

frofEF

(EPATH)

Dynamic lookup

{FYrnp:f—(f.xP)
Ay f Ay f = () Ap < p)
lookup(f,x{)/h = Addr(f',x7, p)/h(f = (Ru(f) = Ru(f) U{x}'})

(Drooxkur)
Slot value operations
xP € Dom(Dy(f))  Dy(f)(xP) =0
(GET)
get(f,xP)/h = v
(SET)

set(f,xP,v)/h = ()/h[f = (Dy(f)[xP > 0])]

Figure 5.7: Modified formal definition of the behavior of frames and
heaps [170].
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x,fn € Var (variables, function variables)

peP =1 (programs)

leSlu=sl]e (lists of statements)
seSu=x=c¢]|if(e) {l1} else {Ir} | def fu(x) {1}

(statements)

ecEu=e1—ex|1]x]fule) (expressions)

Figure 5.8: Grammar of a simple procedural language.

5.4.2 Natural Semantics with Heap and Frames

The modifications to the heap and frames definition requires
additional bookkeeping in the dynamic semantics of a language.
Frames need to be annotated with their scope id, and modified
heaps need to be propagated. Also, the dynamic semantics needs
to decide when a declaration is constructed versus when an exist-
ing declaration is used. To illustrate these adjuncts, we introduce
a small dynamically typed language a la Cousot [47] with func-
tions, which we utilize as a running example throughout the
rest of this paper. The concrete syntax specification is given in
Figure 5.8, and the dynamic semantics is given in Figure 5.9. As
in prior work [170], we define the dynamic semantics in the con-
text of a current frame id and the current heap: f - e/h = v/
means that program e evaluates in the context of heap / with the
current frame identified by f to v and updated heap #'.

Most of the resolution is hidden within the frames definition.
In the dynamic semantics we only differentiate between declara-
tions and modifications. In our example language, this is done
with the S-assign and S-assign-new rules. The S-assign-new rule
creates a declaration in the current frame, while the S-assign rule
updates an existing declaration. In addition, most rules of the
dynamic semantics now modify the heap, as indicated by the
change in subscripts. This is especially apparent in the E-min
rule. Expressions generally do not alter the heap. But in our case,
heap modifications might arise via expressions due to variable
references, which extend the X set of the current frame. The Def-
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fle/h=vi/h lookup(hy, f,x) #
set(hy, f,x) = h3
fFx=e/h = h3
fle/hh = v1/h lookup(hy, f,x) = Addr(f’,x?,p)/hg,
set(hs, f',x) = ()/ha
fhEx=e/h = hy

(5-ASSIGN-NEW)

(S-AsSIGN)
fFEE/h = Vi/hy  fFEy/hy= Vo/h3
i,V € Z
(E-M1IN)
fFEE —Ey/h = Vi—Va/h3
Set(hlrf/ﬁ”/ Clos(x/ Sl/ l,ﬁ?)) = ()/hz
(DEF-FN)

f = (def fu(x){sl})1/h1 = ha
fre/h = vi/h lookup(hy, f, fn) = Addr(f', fnP,p)/hs
get(hs, f', fnP) = Clos(x,b,1,fn,)
initFrame(l,{},{(P,fn.)},{(x,v1)})/h3 = " /hy4
£+ b/hy = 02/

f |—fi’l(€1)/h1 = Uz/h5

(E-caLr)

Figure 5.9: Big-step operational semantics of part of our running exam-
ple with explicit frame and heaps.
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fn rule demonstrates the choice of scope ids when constructing
frames. In the rule, the source label, indicated by the [ subscript,
is stored in the closure (identified by Clos). When calling a func-
tion, described by the E-call rule, the source label is used as the
scope id for the newly created frame in which the body of the
function is evaluated. Multiple calls to the same function thus
result in different frames that share the same scope id.

5.5 ABSTRACT INTERPRETATION WITH HEAP AND FRAMES

Having defined heap and frames without an underlying scope
graph, we focus on abstract interpretation using this new defini-
tion. We provide a language-independent abstraction, which is
parameterized by an abstraction for values.

5.5.1 Safe Heap and Frames

We provide a language-independent abstract definition of heap
and frames, and define a safety relation between concrete and
abstract heap and frames. Using this safety relation, we obtain a
Galois connection between the concrete and abstract definitions.
In our abstract definition, we restrict the number of frame ids
to a finite amount. This requires removal of the f* ¢ Dom(h)
premise in the abstract definition of the InitFrame rule. More-
over, the slots function becomes a mapping from declarations
to abstract values, with the requirement that the abstract values
domain forms a complete lattice. We also annotate declarations,
references, and labeled edges in our abstract frames. The anno-
tations necessitate a modification to the i and ¢ functions to
utilize the annotations of the frames instead of always assigning
the D annotation to scopes, declarations, and references. From
now on, we are working with those versions when referencing
the ¢ or i function. Besides annotating frame components, we
also define an ordering on abstract frames that is almost identical
to the ordering defined on annotated scope graphs, but altered
to align with the heap and frames definition, and extended with
a constraint on slots: Vd € Dom(01).01(d) < 02(d), where 07 and
o, are the slots functions for the two frames under comparison.
Furthermore, we require that the associated scopes of the two
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compared frames are equal, and the ordering is extended to a
lattice. Finally, with our abstract definition, we define a safety
relation between concrete heaps and abstract heaps.

h. safeHeap h, iff
Vf € Dom(h.). 3f, € Dom(hg). he(f) safeFrame h,(f,),

(s,X,ks, o)y, safeFrame (sq, Xa, ksa, 04)p, iff
s =5, N2 C %, ADx(X,;) C Dom(X)
V1 € Dom(ks). he(ks(1)) safeFrame h,(ks,(1))
Vd € Dom(o). o(d) safeVal o,(d)
Dy (0,) € Dom(c) A Dys(ks,) C Dom(ks)

The safeFrame relation is parametric in the language-specific safe-
Val relation, and recursive, so the largest set satisfying the rela-
tion is required. Dy, projects the definately present references, D,
projects the definitely present declarations, and Dy, projects the
definitely present links.

We define the collection semantics as a function

colly p : ProgramPoint — P(Heap x Heap)

from program points to heaps, with t the tree representing an
execution.

colly(p) = {(h1,h2) | fF p/h1 = v/hy is a state in t}
U{(hy,hy) | fF p/hy = hyis a state in ¢}

The collection semantics collects all heap pairs seen at a program
point, with which we can obtain the pair of over-approximating
scope graphs for a program point:

Gi(p) = (L{¢(m) | (h, 2) € colly p},| [{¢p(h2) | (h1,I2) € colly p}).
5.5.2  Reasoning with Over-Approximated Scope Graphs
Using the over-approximated scope graphs defined previously, we can

define auto-completion services. When the evaluation is productive —
(h1,p) = hy = G(hy) < G(hy) — we can take the resulting heaps of
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the root of the computation tree and reason with the obtained scope
graph pair.4 Otherwise, reasoning does not happen on one scope graph,
instead it happens on the scope graph of the program point from where
we are reasoning. The advantage of reasoning with one scope graph, is
that edit operations can be interpreted as a modification on the single
scope graph. As a result, the editor service does not need to re-evaluate
the program on every edit. Auto-completion candidates at program
point p for computation tree ¢ are given by the visible declarations
that are definitely present, where S(p) gives the scope associated with
program point p.

ACi(p) = {x | Fc S(p) = (s',(x7, D))}
5.6 IMPLEMENTATION

We have implemented our approach in Haskell, providing a library for
the construction of concrete and abstract interpreters with explicit heap
and frames operations.

5.6.1 Heaps and Frames

The main component of our implementation is the encoding of our
formalized heap and frames model. A substantial part of this encoding
is a simple 1-to-1 translation from the formal model to Haskell code.
Heap and frames are implemented as parameterized data types, with
the parameters representing the type for frame ids, scope ids, type of
declarations, and the type of values.

data Heap f s d v = Heap (Map f (Frame f s d v))
data Frame f s d v = Frame
{sid :: s, refs :: Set d, ks :: Map Label f, slots :: Map d v}

The operations on heap and frames follow the formal model and are
defined in terms of the parameterized data types. One difference is the
handling of frame ids. In our implementation, fresh frame ids need to
be provided by the language, since the implementation is parametric
in the type of frame ids.

5.6.2  Abstract and Concrete Interpreters

The abstract and concrete interpreters are language-specific. To ease
the construction of these interpreters, we provide several helper func-
tions around a systematic approach based on Sturdy [97], which splits

4 The used ordering for productivity is left abstract.
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a language implementation into three parts: a generic interpreter, a
concrete interpreter, and an abstract interpreter. The generic interpreter
describes functionality that is common among all interpretations, and
is defined in terms of indeterminate operations. These operations are
determined by the concrete and abstract interpreters, resulting in a
working interpreter in the respective domain. We define an abstract sig-
nature for the operations of the language using type classes. Instances
of the type class then give an interpretation to the signature.

5.6.3 Collecting Semantics and Termination

We utilize lenses [72] to get access to the parameterized heap from the
opaque interpreter context. Interpreters are written in an open recur-
sive style, where recursive evaluations are handled by continuation
functions. We provide a generic continuation function that annotates
program points with the current heap and ensures termination via the
productive caching algorithm [57]. Program points are identified by a
label, which we obtain via a type class. To sequence computations we
utilize monads [140, 214]. Our continuation function is thus parametric
in the monad it evaluates in. The final set of annotations corresponds
to the collecting semantics.

5.7 EXPERIMENT DESIGN AND RESULTS

To demonstrate our approach, we implement a small subset of Python
and compare the auto-completion candidates given by our approach
with the state of the art auto-completion service providers for Python.
To ensure correctness of our implementation, we utilize the existing
Python (3.12.3) implementation as an oracle. We have chosen Python
because it is a popular programming language> and has several editor
service implementations, making it a suitable vehicle for us to provide
a compelling example of our approach. Our subset supports functions
with parameters, classes and objects, primitive types and operations on
those types, if-else statements, and while loops.

We have constructed a test set of programs around our subset with
key name binding challenges for completion services [73]. In our ex-
periment, we filter the possible completion candidates by prefixing all
variables with an x, and only completing on variables starting with an
x. This is to prevent the completion list from being filled with standard
Python constructs, such as __name__.

https://survey.stackoverflow.co/2024/technology#
2-programming-scripting-and-markup-languages
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To implement an abstract interpreter for our Python subset, we use
the approach from prior work [141], which performs type checking
using abstract interpretation. Our abstract domain thus maps values to
their type. The modeling of the heap is slightly different, since we use
our heap and frames approach, which is a less compact representation.

To determine in-scope variables, we execute the Python interpreter
and execute the dir and globals functions, which provide access to the
available names in the current scope and the global variables currently
in scope, respectively. The dir function can also be used to obtain the
attributes of an object. We execute our programs with these functions
placed at the location where we will perform an auto-completion
request to obtain the variables in-scope at run-time at the specific
location. We run the programs under a variety of inputs to ensure 100%
path coverage and then take the intersection of the variables obtained
from these executions, which corresponds to the set of variables that
are present among all possible paths. In case of the fn-not-called
program, we obtained in-scope variables by utilizing the respective
Python file as a library and testing the function externally.

We have chosen three auto-completion service providers for Python:
Pylance, PyCharm6 (professional edition), and Jedi. Pylance is an imple-
mentation of the LSP for Python and uses Pyright’, a static type checker
for Python; PyCharm is a Python IDE developed by JetBrains, which
provides Python support via a plugin®; and Jedi is a static analysis tool
for Python with a focus on auto-completion and goto-definition.

As not all implementations have a public API, we have performed
our experiments manually, via VSCode? for Jedi and Pylance, and
using the PyCharm GUI for PyCharm. For our approach, we have
implemented the auto-complete part of the LSP protocol and also used
interactions via VSCode to evaluate our approach.

5.7.1  Results

The results of our experiment are displayed in Table 5.1, as precision
and recall pairs. A precision of 100% equates to soundness. A recall
of 100% equates to completeness. In the table, P describes the number
of sound completion candidates, and P + N describes the number of
sound and unsound completion candidates. This number is constrained
by the variables in a program. Modifying the values of P and N can
result in a different percentages for precision and recall, but the relation
with respect to P and N stays consistent.

6 https://www.jetbrains.com/pycharm/

7 https://github.com/microsoft/pyright

8 https://plugins.jetbrains.com/plugin/631-python
9 https://code.visualstudio.com/
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5.8 DISCUSSION

The results highlight a strategy present in the current state of the
art: completeness is preferred over soundness. Consequently, even on
simple programs, the state of the art introduces completion candidates
that can introduce name binding errors when selected by the user.
Our approach prefers soundness over completeness, and presents no
unsound completion candidates with respect to name binding for
programs in our experiment. Additionally, among the state of the art
we observe similar results. The small differences can be explained by the
underlying approach of the different services, or by the development
hours put into a service. Another observation is that recall is generally
around a 100%. In most cases, obtaining a high percentage for recall
can be easy, because an editor service can collect all variables in the
program and present those as completion candidates.

Some of the programs in our demonstration could also be handled by
the state of the art tools by strengthening their analyses without adding
significant complexity. There are also programs, such as add-field, which
require more complex analysis and the gain of soundness on such
candidates might not be worth the increase in complexity. Nevertheless,
the set of evaluated programs gives an overview of key name binding
constructs on which analysis can be improved in the state of the art
auto-complete services for Python.

5.8 DISCUSSION

In this section we compare our approach to the state of the art, and
give several suggestions for future work, including steps towards (full)
soundness.

5.8.1 Missing Candidates and Uncalled Functions

Our approach misses several valid completion candidates. For example,
the if-elsex program contains a condition that is always false, which is
detected by Jedi. Since we used an abstract domain that maps values to
types, we lose such information, which can lead to lower recall. This
is also shown by the program if-else-both, where both branches of an
if-else are taken by repeating the statement but taking a different
branch. Due to our chosen abstract domain, our approach fails to de-
termine that the variables introduced in both branches are definitely in
scope. This can be solved by modifying the abstract domain. However,
as is inherent to abstract interpretation, there is a trade-off between
performance and the precision of the abstract domain. In future work,
we would like to investigate the effects of different abstract domains
on the recall and performance.
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Table 5.1: Results of our experiment on the state of the art on the
Python test set. P denotes the sound completion candidates.
T = P+ N denotes the total available completion candidates,
so sound and unsound. Precision (Pr) describes the percent-
age of completion candidates that were sound compared to
all given completion candidates by a tool. Recall (Re) de-
scribes the percentage of sound completion candidates that
were reported by the tool compared to all possible sound
completion candidates at the program point. N/A indicates
that a tool gave no completion candidates.

PyCharm Jedi Pylance Our work
Program P:T|Pr Re | Pr Re | Pr Re | Pr Re
self-ref 1:2 150% 100% | 50%  100% | 50%  100% | 100% 100%
if-else1 2:3 166.7% 100% | 100% 100% | 66.7% 100% | 100%  50%
if-else2 1:3 [33.3% 100% |33.3% 100% |33.3% 100% | 100% 100%
if-else3 2:3 1 100% 100% | 66.7% 100% | 66.7% 100% | 100% 100%
if-else-both | 3:3 | 100% 100% | 100% 100% | 100% 100% | 100%  33%
duck-type 1:3|33.3% 100% |33.3% 100% | 33.3% 100% | 100% 100%
use-before- 1:2 [100% 100% | 100% 100% | 50%  100% | 100% 100%
define
use-before- | 1:2 | 50%  100% | 50%  100% | 50%  100% | 100% 100%
define-fn
add-field 2:2 1100% 50% | 100%  50% | 100%  50% | 100% 100%
fn-not-called | 2:2 | 100% 100% | 100% 100% | 100% 100% | N/A N/A
obj-param 1:3 [33.3% 100% |33.3% 100% | N/A N/A |100% 100%
global-add | 2:2 | 100%  50% | 100% 100% | 100% 100% | 100% 100%
not-global- | 1:2 | 100% 100% | 50%  100% | 50%  100% | 100% 100%

add




5.8 DISCUSSION

A major drawback of our approach is that uncalled functions have
an associated empty scope. Ergo, completion candidates within such a
function are limited to what is available via the parent scope. This is
tested by the fu-not-called program. The state of the art has no problem
with this specific case. In future work we aim to investigate suitable
conditions under which we can safely simulate the calling of these
functions to still obtain an over-approximated scope graph.

5.8.2 Being Fully Sound

In this work we have made a first step towards our goal, which is to
obtain sound editor services. To attain it, we need to fully formalize
our approach and prove that our heap and frames operations respect
the safety relations. We are currently in the process of proving our
approach using Agda [151]. Furthermore, languages need to prove that
their abstract evaluation relation is sound by showing that it respects
that safety relation.

During informal discussions with Python developers, they indicated
that unsound completion candidates can helpful during exploration
or refactoring. Hence, just providing sound completion candidates
might hamper developers during such activities. We overcome this
by retaining the possibly unsound completion candidates. These can
still be provided as candidates by utilizing the annotations to provide
developers with more information. For example, by giving unsound
suggestions an indicator to communicate that they might introduce
erroneous execution paths. This would also provide a fallback option
for uncalled functions. In future work, we aim to investigate this further
and compare the user experience via user studies.

5.8.3 Incremental Analysis and Imports

The original scope graph framework supports module imports. We
have omitted this to simplify the presentation. However, we do not
see any theoretical difficulties in supporting module imports with an
extra rule to the resolution calculus. However, difficulties with mod-
ules might arise with respect to scalability and usefulness. Building
detailed scoping information for modules which are not modified by
the programmer is not beneficial. Nevertheless, imported functions
can modify variables in such a way that they affect the scoping in the
module in which the programmer is working. Think of a function that
adds fields to an object. To handle this, we want to investigate captur-
ing the transformations made by imported functions using predicate
transformer semantics [60].
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5.8.4 Handling of Incorrect Programs

In this paper we have worked under the assumption that programs
are correct, while editor services often operate on broken programs or
programs with holes. In case of broken programs, we can continue our
abstract interpretation but mark all results as unsound, and show them
with an annotation to indicate the possible introduction of erroneous
execution paths. For programs with holes, a language can define the
semantics and do the interpretation over such programs. However, it
is unclear how scalable this is. Alternatively, language designers can
define a projection from programs with holes to programs without .
The interpretation is then performed on the program without holes
and the results can be applied on the program with holes. Furthermore,
for simple editing operations, we can modify the scope graph without
re-interpretation of the program, and can therefore work with holed
programs. We thus do not see any substantial difficulties in adapting
our approach to handle incorrect program and programs with holes.

5.8.5 Alternative Editor Services

In this paper we have focused on auto-completion services, because
completeness is less important for such a service. Missing a comple-
tion candidate will not break a program. For other services, such as
refactoring, not being complete is a problem. Missing a case during a
refactoring can break a program, or worse, change its behavior. Never-
theless, our model provides enough information to implement alterna-
tive services. For example, the find (all) references service. However,
we might not report all references, due to incompleteness. In future
work we plan to investigate if there are scenarios in which we can be
complete.

5.0 RELATED WORK

Scope graphs [149] have been used as a blueprint for dynamic mem-
ory [170]. Van Antwerpen et al. [5, 6] have used scope graphs to perform
static analysis of types, initialization, and name binding in a language-
independent manner. Zwaan et al. [224] give a detailed overview of
these developments.

Scope graphs have also been used to obtain language-parametric
editor services for statically typed languages [159]; to preserve well-
typedness during automated refactoring [137]; and in the construction
of completion services for statically typed languages [158] that support
both syntactic and semantics completions. Compared to our work, we
do not see an immediate way to obtain preservation of well-typedness



5.0 RELATED WORK

for automated refactorings, due to incompleteness. With regards to
completion services, prior work focused on statically typed languages
and used grammars and type specifications. Our work requires an
abstract interpreter, and is purely focused on semantic completions and
dynamically typed languages.

Stack graphs [49] is a modification of scope graphs that support file-
incremental analysis with type-dependent look ups, and powers code
navigation at GitHub. The approach is mostly focused on code naviga-
tion, which boils down to resolving references to declarations. To be
able to support new languages with ease, the authors have constructed
a graph construction language on top off the tree-sitter parser frame-
work. Languages which have a tree-sitter parser can define patterns that
map language constructs to operations on stack graphs, independent of
the type of language. To handle more complex situations, the approach
uses data-flow analysis. However, it is unclear whether the data-flow
semantics is extracted out of patterns or requires additional effort. With
our approach, the primary focus is on completion services, and no
additional effort is required to support more complex name resolution
scenarios. However, the initial effort required by our approach is much
more substantial due to the need of a working abstract interpreter.

5.9.1 Data-Flow Analysis and Abstract Interpretation

Many editor services use some kind of data-flow analysis [100, 150] to
support more complex scenarios. For example, use-definition chains [98]
can be used to determine to which declaration(s) a reference belongs.
The monotone framework [93] provides a reusable pattern for defining
data-flow analysis in a systematic manner.

Data-flow analysis and abstract interpretation are tightly connected
[189, 191]. Our approach could be more data-flow oriented, using the
monotone framework. Nevertheless, the usage of abstract interpreta-
tion in combination with the code structuring technique promoted by
Sturdy [97], provides much opportunity for reuse between the inter-
preters.

Prior work combined abstract interpretation with statistical models
to provide completion candidates [171]. The approach was evaluated
on Java, and only a small percentage of the completion proposals gave
type errors. It is unclear whether that included name binding errors,
and how it performs on a dynamically typed language.
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5.9.2 Code Completion Using Machine Learning

In recent years, code tasks, such as auto-completion, have received
significant attention from the machine learning community [220]. Trans-
formers [211] have been used by Kim et al. [102] to improve candi-
dates over pre-existing machine-learning based techniques, and shows
promising results, but incorrect predictions are possible. Besides just
giving completion suggestions, modern systems are capable of more
by synthesizing snippets from comments or from context, such as
GitHub Copilot'® and Tabnine'*. We have not included such systems
in our comparison since the tasks performed by these systems is rather
different and requires a different form of evaluation [223].

5.10 CONCLUSION

In this chapter we have investigated the construction of auto-completion
services for dynamically typed languages, such that the given com-
pletion candidates do not cause name binding errors. To achieve this,
we have extended the scope graph framework with annotations and
context-dependent name resolution. Furthermore, we have used the
1-to-1 correspondence between scopes and frames in combination with
abstract interpretation to obtain a sound over-approximation of the
name binding seen at run-time. To demonstrate our approach, we ap-
plied it to a small subset of Python and compared it to the state of
the art editor services. On this test set, our approach outperformed
the state of the art with respect to the sound completion candidates,
and sometimes also with respect to completeness. However, uncalled
functions present a difficulty for our approach, missing locally valid
completion candidates. Finally, we have discussed the steps needed to
obtain auto-completion services that are fully sound with respect to
name binding.

10 https://github.com/features/copilot/
11 https://www.tabnine.com/
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MULTIVERSE DEBUGGING

In this chapter we look at another type of tooling used by develop-
ers: debuggers. Our focus will be on debuggers for non-deterministic
languages. By focusing on non-deterministic languages, we automat-
ically obtain debuggers for deterministic languages, and debugging
non-deterministic languages is somewhat reminiscent to exploratory
programming, which we explored in Chapter 2. Additionally, investi-
gating debuggers for non-deterministic languages is interesting due to
the inherent difficulty of this task, primarily caused by the state space
explosion problem, making such debugging tasks infeasible to explore
manually and automatically. Multiverse debugging addresses these
problems by realizing a fine-grained, exhaustive and interactive process
for state space exploration. Essentially, a user-guided search through
the state space of a particular program, with options to automate parts
of this search. In this chapter we collect requirements for multiverse de-
buggers through three case studies, one of which is funcons. Based on
these requirements, we define a more general framework for multiverse
debugging compared to the state of the art. Having funcons as one
of our case studies, the resulting debugger is applicable to languages
defined with iCoLa™.

Associated Publications

e Damian Frolich, Tommaso Pacciani, and L. Thomas van
Binsbergen. “Exploratory, Omniscient, and Multiverse Diag-
nostics in Debuggers for Non-Deterministic Languages.” In:
Proceedings of the 18th ACM SIGPLAN International Confer-
ence on Software Language Engineering. SLE “25. Koblenz, Ger-
many: Association for Computing Machinery, 2025, pp. 134-
147. ISBN: 9798400718847. DOIL: 10.1145/3732771.3742719

6.1 INTRODUCTION

Conventional stepwise debuggers can be used to explore the execution
of a program (a run) in a step-by-step manner, giving programmers
control to interrupt and proceed execution as they see fit, and enabling
them to inspect concrete information about that run at the moment of
interruption (e.g., active bindings, variable assignments, object state).
The level of granularity of the steps, the control mechanisms, and the
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observable context information depends per language, but typically
involves setting breakpoints on program locations and monitoring
mutations to specific variables.

Omniscient debuggers (also referred to as ‘back-in-time debuggers’)
extend stepwise debuggers by recording information during a debug
session to allow programmers to revisit some or all steps of the execu-
tion [33, 121]. This functionality is particularly useful to understand
how a particular (undesirable) program state came to be by retracing
steps and the evolution of variables and (other) objects (without having
to anticipate meaningful intermediate states beforehand by setting up
breakpoints and monitors).

Non-deterministic programs admit multiple runs, each of which can
(potentially) exhibit different desirable or undesirable behavior (bugs).
Debugging non-deterministic programs is inherently challenging as
the set of possible runs may be vast, hard to predict, and may contain
runs that occur only rarely. Conventional debuggers provide only a
partial view on the bugs a program admits as they perform a single
run per debugging session. Repeated debugging sessions are required
and rare bugs may remain unobserved.

To address these challenges, multiverse debuggers provide an inter-
active, user-controlled and simultaneous exploration of multiple runs,
avoiding redundant work by detecting syntactically equal states [125].
Pasquier et al. [156] introduced user-defined reductions over states,
giving the user a mechanism to reduce the explored state space. The
authors define a language-parametric framework for obtaining om-
niscient, multiverse debuggers through the definition of a transition
relation for the object language. In [157], the authors introduce a generic
breakpoint-specification mechanism and demonstrate various logics
(such as regular expressions and linear temporal logic) for expressing
traces of interest and further inspection.

Exploratory programming [99, 173, 206] has been mentioned several
times already in this thesis. To recap: it is a programming style where
the goal worked towards is open ended. Exploratory programming
generalizes incremental programming in way similar to how multiverse
debugging generalizes stepwise debugging: multiple runs are explored
interactively and in parallel in order to investigate (un)desirable out-
comes. In exploratory programming, a programmer may additionally
be interested in directly comparing the effects of multiple runs. Addi-
tionally, the definition of runs differs, where exploratory programming
looks at sequences of programs as a run, and multiverse debugging
looks at the intermediate steps of the execution of a program. Thus
multiverse debugging operates at a finer level of granularity compared
to exploratory programming.



6.2 THE ORIGINAL MULTIVERSE FRAMEWORK

In this work, we introduce the execution graph to an extended ver-
sion of the framework of Pasquier et al. and generalize the concepts of
breakpoint and reduction to admit additional user scenarios inspired by
exploratory programming. We evaluate the applicability of multiverse
debugging and the generality of the original and extended framework
by using three case studies: grammar exploration, formal operational
semantics, and reasoning with norms. As part of these case studies, we
collect requirements for exploratory, omniscient, multiverse debuggers,
forming the basis of our evaluation. Concretely, we make the following
contributions.

¢ We (re-)define the original framework by Pasquier et al. using
set-theoretic notation (in §6.2).

* We investigate the application of exploratory, omniscient, multi-
verse debugging in three domain-specific languages, resulting in
a set of user stories and requirements for each of the domains

(in §§6.3-6.5).

* We evaluate the applicability of the framework against the re-
quirements, providing further evidence in support of the use of
a generic framework, whilst identifying a number of limitations

(in §6.7).

¢ We introduce an extended version of the framework that (par-
tially) addresses these limitations (in §6.6).

§§6.9 - 6.11 discuss the threats to validity of our work, related work
and conclude (respectively).

6.2 THE ORIGINAL MULTIVERSE FRAMEWORK

Our work builds on the reusable multiverse debugging framework
introduced by Pasquier et al. [156]. We define their framework using
set-theoretic notation as an alternative to the Lean [148] code given in
the original paper, to ensure consistency with the notation used for the
extensions we propose.

An overview of the debugging framework and the relations between
different roles is displayed in Figure 6.1.

Definition 6.2.1. A Semantic Transition Relation (STR) is a tuple
(C,Co, A, I, Act), where C is a set of configurations, Cy C C a set
of initial configurations, A is a set of actions, I : C x A — P(C) is
a non-deterministic interpreter of actions upon configurations, and
Act : C — P(A) determines the set of executable actions for a given
configuration.
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Figure 6.1: The relations between roles and components of the multi-
verse debugging framework.

There are two contributors to non-determinism in an STR: (1) for
every configuration, there might be multiple executable actions (Act)
and (2) for every action acting upon a configuration, there might be
multiple result configurations (I).

Let S = (Cs, Cso, As, 13, Acts) be a language STR, a multiverse debug-
ger is defined in terms of this STR as follows:

DS (R/ B) = <Cd/ CdO/ Ad/ Id/ ACtd>

Parameter R : C; — C,/r is a reducer function reducing configurations
to a reduced form Cs/r which support equality between elements.
Parameter B : Cs — B represents a breakpoint as a predicate over
configurations, determining the configurations in which the breakpoint
is “activated’.

The configuration of a debugger is defined as a tuple:

Cd = <Cs U {J—}r’P(CS)/P(CS»'

The first component denotes the current, object language-specific con-
figuration or is L. when there is none. The second component is a
history represented as a set of (previously) encountered configura-
tions. The last component is a set of options to choose from after the
(non-deterministic) execution of an action.
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Figure 6.2: Semantics of the debugging operations. Under scores de-
note unused meta-variables, and can be replaced by an
appropriate meta-variable as long as every underscore gets
assigned a unique meta-variable. The subscript s denotes
components of the underlying language STR.

The debugger actions, set of available actions, and the interpreter are
defined as follows. The interpreter is defined in terms of a transition

relation -+, defined by the inference system in Figure 6.2.

Ay = step As | select Cs | jump Cs | run_to_breakpoint
Acty((cs, h,0)) = {step as | as € Acts(cs),cs # L}
U{jumpc|ceh}U{selectc|c e o}
U {run_to_breakpoint}
Ii(c,a) = {c' | ¢ & '}

For any (stepwise) interpreter I, we define the reachability graph as
embedding all the possible execution traces from a given configuration.
The definition is adapted from [31].

Definition 6.2.2. Let I; be an interpreter for actions a € A and con-
figurations ¢ € C. The reachability graph from a configuration ¢ € C is
the graph (V, E) with V and E the smallest sets of nodes and labeled
edges such that ¢ € V and for every triple (cq,4,cp), with ¢; € V and
¢y = I,(cq), it holds that ¢; € V and that {(c1,a,¢;) € E.

The semantics of run_to_breakpoint is defined in terms of find (not
defined here) performing a depth-first search in the reachability graph
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to find a configuration for which the B predicate succeeds. Throughout
this search, a set of reduced configurations is maintained, containing
the reduced versions of the configurations encountered during search
by applying reduction function R. When a reduced configuration is
revisited, the current search-branch terminates and find backtracks.
If a configuration satisfying B is found, this configuration and its
predecessors are returned as a sequence. If the search is exhausted,
the empty sequence is returned. The reductions can yield a finite
exploration of an infinite reachability graph. However, the algorithm
does not terminate in the general case. See [156] for a more formal
definition of find.

The functions R and B are the result of (partially) evaluating a
breakpoint and reduction expression given by the programmer. The
syntax for breakpoint- and reduction-expressions is determined by
the language engineer (see Figure 6.1). The implementation of find in
the original framework [156], described above, focused on breakpoints
as predicates over configurations. The implementation needs to be
modified for more expressive breakpoints. The implementation of find
in [157] adds support for breakpoints over transitions and sequences
of transitions with regular expressions and LTL-formulae as example
formalisms.

63 GRAMMAR AND PARSER ENGINEERING

In this and the following two sections we present case studies across
three different domains: grammar engineering, formal operational se-
mantics, and norm engineering. For every domain we investigate usage
scenarios in which a user attempts to locate, understand, and consider
resolutions for (together: diagnose) a particular error, bug, or otherwise
unwanted result. To this end, we describe each domain, define the most
important user roles, and associate one or more user stories with each
of the roles. The user stories are re-formulated as functional require-
ments for debuggers and, by extension, for an underlying debugging
framework. The requirements are derived from the needs of (hypothet-
ical) users of domain-specific debugger implementations and are used
in §6.7 to evaluate the multiverse debugging frameworks discussed in
this paper. The first case study investigates diagnosis in the context of
grammar and parser engineering.

A context-free grammar (simply ‘grammar’, hereafter) specifies the
concrete syntax of a (software) language. The conventional definition
of a grammar, originally provided by Chomsky [40], associates one or
more production rules with nonterminal symbols. A production rule
consists of a sequence of nonterminal symbols and terminal symbols,
with terminal symbols capturing the tokens (words) of a language.
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A nonterminal in a grammar derives sentences (sequences of tokens)
through the recursive process of in-place replacing nonterminal sym-
bols — with one of the productions associated with that nonterminal —
until a sequence consisting of only terminal symbols is obtained.

This process is non-deterministic when at least one of the encoun-
tered nonterminal symbols has two or more associated production rules.
As a result, the same nonterminal can be used to generate multiple
sentences. Conversely, the same sentence can be the result of alterna-
tive sequences of derivation steps starting from the same nonterminal.
Grammars that have one or more such sentences® are ambiguous. The
possibly many combinations of non-deterministic choices in the deriva-
tion process is the source of the great expressiveness of grammars, but
also of (any) complexity in parsers.

A parser is an algorithm that attempts to determine whether a given
input sentence can be derived from a nominated nonterminal symbol
(the “start symbol’). The evidence of a successful parse can be a parse
tree effectively encoding the steps of a derivation process. For a more
extensive take on grammars and parsing, the reader is referred to [3,
791

In the context of software languages, ambiguities in a grammar are
often considered as flaws of the grammar introduced by the grammar
engineer who wrote the grammar.> Many examples of ambiguities in
real-world software language definitions exist [217], e.g., in ANSI-C,
and ambiguities can be notoriously difficult to detect [18]. An ambi-
guity can be resolved by a refactoring of the grammar that preserves
the set of sentences generated by the grammar. Additional refactorings,
such as left-factoring, can be performed to reduce the non-determinism
of the grammar. Such refactorings are often performed, explicitly or
implicitly, by a parser engineer responsible for implementing a parser for
the language. The implemented parser should be sound with respect
to the (original) grammar definition such that it accepts only derivable
sentences. This is especially the case when the grammar forms a con-
tract between the grammar engineer and the programmer, e.g., when
the grammar is part of a reference manual. In this case, helpful errors
messages provided by a parser can refer to the grammar to help solve
syntax errors in a program. Figure 6.3 visualizes the user roles, artifacts
and relations in this (idealized) view on syntax and parsing.

Strictly speaking, a grammar is ambiguous iff there are multiple left-most or
right-most derivations of a sentence.

Although the developers of software language workbenches typically accept
ambiguity as a consequence of a more ‘natural’ definition of a language and
introduce ambiguity reduction annotations to the grammar formalism provided
by the workbench to disambiguate under-the-hood.
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Figure 6.3: The ideal relation between the different roles and artifacts
involved in the production and usage of grammars and
parsers. The program is the input sentence to the parser.

Based on this view, we have defined four user stories for the various
user roles.

1. As a grammar engineer, I want to diagnose and remove ambigui-
ties in the grammar.

2. As a grammar engineer, I want to explore the set of sentences
(the language) generated by the grammar.

3. As a parser engineer, I want to discover whether the grammar is
in the class LL(1), as this enables (hand- written) deterministic
recursive descent parsers.

4. As a programmer, I want to better understand syntax errors
reported to me by a (deterministic or non- deterministic) top-
down parser.

In the next subsection, we will use the multiverse debugging frame-
work to define a debugger targeting these user stories. The STR of this
debugger captures the derivation process as described at the start of
this subsection. Top-down and recursive descent parsers (such as LL(k)
and GLL) implement an algorithm that resembles this process quite
closely. As a result, a debugger that simultaneously aids engineers
of grammars and top-down parsers is more likely (to be feasible and
intuitive) than a debugger that combines diagnosis for grammars and
bottom-up parsers (such as LR(k) and LALR). We have left bottom-up
parsing out of scope in this chapter.
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6.3.1 An STR for Grammars

The STR interface for debugging grammars is defined as follows. A
configuration is defined as a tuple (S, i), where S is a stack and i > 0
is an index into some input sentence I. The input sentence I and the
grammar & do not occur in a configuration as they are constant per
derivation/parsing session. The configuration ((X — -®g),0) is the
single starting configuration in which &g denotes the nominated start
symbol of the grammar and X a fresh, auxiliary start symbol used
to detect a successful derivation (see Rule Accert in Figure 6.4). The
elements of the stack are quadruples displayed as (X — « - B, i), with
i an index, (X, aB) a production, a, f are sequences of symbols, and
- denoting the progress made in matching the production, with the
symbols « already matched. Notationally, the stack is a sequence of
elements separated by the e symbol, with the more recently pushed
element on the right. We refer to the symbol after the - in the top-most
element of the stack as the next symbol to match.
The actions are given by the following grammar:

a € actions ::= match(t) | descend(X, a) | ascend | accept

Meta-variable t refers to a token, X to a non-terminal symbol, and «
to a sequence of symbols. The semantics of the actions are given as
inference rules in Figure 6.4. The match(t) action is available when
terminal ¢ is the next symbol to match and when the current index i
points to t in the input sentence. The descend(X, a) action is available
when nonterminal X is the next symbol to match and when X — « is
a production in the grammar. The descend action corresponds to the
function call of a recursive descent parser in which the stack resembles
the call-stack of the parser. The ascend action is available when there
is no next symbol to match and is analogous to returning from a call
to a recursive descent parser. The accept action is available only when
the stack indicates the start symbol of the grammar has been matched
and the end of the input has been reached, indicating a completed
derivation/parsing process. The naming of the actions is inspired by
the characterization of recursive descent (top-down) parsing algorithms
given in [25].

6.3.2 User Interactions

A debugger is considered to satisfy a user story if it affords a sequence
of user interactions that together (sufficiently) support the user in
realizing the goal formulated in the user story. In the analysis we
focus on a theoretical /objective realization of the story rather than user
experience. That is, we determine whether the sequence of interactions
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Figure 6.4: Semantics of the grammar-engineering domain-specific de-
bug actions, and the resulting interpreter. For simplicity,
the rules encode LL(1). LL(k) can be obtained with slight
modifications to the handling of indices in the rules.

yields the informational content needed for the diagnosis, not on how
this information is made available or presented.

To explore suitable interactions for the ambiguity user story, let i,
j be integers, and X a nonterminal. All configurations of the form
(Se (X — v+,j),i) in the reachability graph generated by the inter-
preter indicate that the nonterminal X can derive the subsentence I;;
of the input I ranging from j to i. The grammar engineer can inspect
the reachability graph in two ways: (1) choosing a concrete v and
finding multiple paths in the reachability graph reaching the corre-
sponding configuration and (2) finding multiple configurations for
different choices of . In both cases, known as horizontal and vertical
ambiguity respectively [18], there is a (left-most) derivation of I;; per
path and the path gives the specific and concrete details of the deriva-
tion. Analyzing and comparing these paths gives insight into the nature
of the ambiguity, which can then be used to resolve the ambiguity by
modifying the grammar. A feasible reduction discards the tail of the
stack (S above) from a configuration. Figure 6.8 gives several examples
of breakpoint and reduction expression for this case study. Based on
these observations, we define the following two requirements.
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Requirement 1 (RQ1)

A debug user should be able to define breakpoints over paths.

Requirement 2 (RQz2)

A debug user should be able to find all configurations satisfying
a breakpoint

The first requirement supports the first case of ambiguity, where
a user can use a breakpoint to find a configuration with multiple
incoming edges. The second requirement supports the second case of
ambiguity, where a user can find all configurations that project the
same information (X, i and j in this case).

A grammar is left recursive when it contains a production rule
X — wa for which holds that the derivation process applied to a can
yield a sentence of the form Xy, for some 7y, via one or more derivation
steps. The reachability graph generated by the interpreter applied to
a left-recursive grammar is infinite as infinitely many descend actions
on X can be performed whilst ever-growing the stack. To still utilize
breakpoint finding in such scenarios, a bounded search can be applied.
Hence, we formulate the following requirement.

Requirement 3 (RQ3)

A debug user should be able to control the depth of breakpoint
searches.

Instead of indiscriminately bounding the search space, we can also
filter out only those paths where the stack displays more ‘recursive
calls’ than elements left in the input sentence (an approach to handle
left-recursion suggested in [74]). We therefore formulate the following
requirement.

Requirement 4 (RQ4)

A debug user should be able to preemptively reduce (prune)
the search space.

The second user story is related to sentence generation. The STR
can be used to generate sentences by (selectively) ignoring I (the input
string) when determining whether the match and accept actions are
available actions to execute. Paths in the reachability graph ending
with an accept transition then display sentences derivable from the
start symbol (by inspecting the match-transitions of the path). Note
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that there may be infinitely many such paths. A grammar engineer
might be interested in sentences of a particular structure by selectively
disabling the input sentence. The order of the sentences generated via
find is determined by the implemented search strategy. The existing
framework enforces a depth-first search strategy, which may not yield
a representative sample of the sentences of the grammar when applied
a limited amount of times. This brings us to formulate the following
requirement.

Requirement 5 (RQ5)

A debug user should be able to control the search strategy used
during breakpoint finding.

The third user story is related to the implementation of the parser.
If the grammar is in the class of LL(1) grammars, the parser engineer
can hand-write a performant recursive descent parser. We modify the
debugger by adding a condition that makes an action descend (X, )
available only if I; is in the first-set of « (first-sets can be precomputed
from the grammar definition [79]). A concrete counter-example to the
LL(1) property is found if there is a configuration admitting two or
more descend actions. Requirements 1, 2, 3 suffice.

The fourth and final user story is related to a programmer interact-
ing with a parser: The programmer wants to better understand the
error they made in a program rejected by a parser. To achieve this,
the programmer can use the debugger by searching for configurations
not admitting any actions (the derivation cannot continue and is not
complete). The programmer can then inspect the trace of the current ex-
ecution to obtain information regarding the parse process and possibly
relate this to the parse error.

Since our focus is on top-down parsers, which typically perform
LL(1)-lookahead, the first-set condition described above would find
states without outgoing actions earlier in the search, therefore reducing
the work requires during the manual or automatic search. If the parser
is deterministic, and the grammar is LL(1), then our debugger will run
into the same unique error. If the parser is non-deterministic, we can
use the debugger to find all error states discovered by the parser. Basic
breakpoints and Requirement 2 suffice.

6.4 FUNCONS

The funcon framework has been a foundational aspect to parts of this
thesis. In Chapter 3 and Chapter 4, we used funcons as the semantic
domain for our defined languages. Debuggers for the defined languages
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Figure 6.5: The ideal relation between the different roles and artifacts
involved in the production and usage of operational seman-
tics and (derived) interpreters.

can be defined in terms of a funcon debugger. In this case study we
explore such a funcons debugger.

Every funcon is formally defined by a funcon engineer in the CBS
meta-language [144], using small-step I-MSOS [143, 146], a modular
variant of structural operational semantics (SOS) [164]. The operational
semantics of a programming language is defined by a language engineer
via a translation from object language programs to funcon terms, as
demonstrated with iCoLa and iCoLa™ via semantic functions. A pro-
grammer (language user) writes a program in the object language as
input to an interpreter that first converts the input program to a fun-
con term (following the translational semantics) and then applies the
existing funcon term interpreter to the resulting funcon term [28]. In
this case study we investigate whether and how the multiverse debug-
ging framework can be used to obtain a multiverse debugger for both
funcon terms and object language programs. Figure 6.5 visualizes the
aforementioned user roles, artifacts and relations in this (idealized)
view on reusable programming language semantics.

The funcon term interpreter is directly derived from the small-step
definition of the funcons written in CBS [28]. The small-step nature
of these definitions makes it possible to instrument the funcon inter-
preter to enable stepwise debugging, with each step in the underlying
SOS semantics corresponding to a step in the debugger.3 The funcon
interpreter is non-deterministic if at least one of the funcons in the
funcon library is non-deterministic, which is the case if: The funcon

3 Note that this process may not result in the desired granularity of steps.
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is defined by (I-MSOS) rules that are not mutually exclusive, i.e., two
or more rule instances* can be simultaneously applied to perform a
step on a given funcon term. Or, the funcon term is given an informal
or axiomatic definition that is inherently non-deterministic. The first
source of non-determinism is generally considered to be undesirable
when defining the semantics of a deterministic or sequential program-
ming language. However, one can use this source of non-determinism
to specify the behavior of concurrent programming constructs (e.g.,
threads) and non-deterministic operators (e.g., without a well-defined
order of argument evaluation).

In the current funcon library, set-elements is a non-deterministic
operator which returns a permutation of the elements of a set. Crucially,
the order of the returned sequence is unspecified. This funcon is directly
or indirectly used in the definition of other non-deterministic funcons
such as some-element (yielding an arbitrary element from a non-empty
set), which is used to define the semantics of concurrent programming
languages based on the thread-model.

Based on the aforementioned described domain, we have defined
five user stories.

1. As a funcons engineer, I want to introduce new (non-deterministic)
funcons and explore their semantics and interaction with existing
funcons.

2. As a language engineer, I want to experiment with funcons to
determine the right combination of funcons for my language
semantics.

3. As a language user, I want to query the current program state.
4. As a language user, I want to see the code around the current
program point.

5. As a language user, I want to modify the program and observe
the effects of the modification.

6.4.1 A STR for Funcons

The STR configuration for funcons consists out of the current (funcon)
term under execution and a set of auxiliary semantic entities capturing
contextual information such as variable bindings, assignments and
printed output (see [28]). The funcon debugger has one action: step.
Its semantics and the resulting interpreter are as follows.

4 In SOS and variants, a rule is instantiated to form a rule instance by substituting

meta-variables, not all of which may be bound by the term under evaluation,
creating a source of non-determinism.
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The step action steps the current term and updates the configuration
with the derived term and the updated entities, if any. If the step
triggers the evaluation of a non-deterministic funcon, the step may
yield more than one output configuration.

6.4.2 User Interactions

The first user story is from a funcon engineer’s viewpoint who wants
to explore the right definition for a non-deterministic funcon. A funcon
is non-deterministic if the reachability graph contains a configuration
with multiple outgoing edges. Such configurations can be easily found
using Requirement 1. However, even with a finitely branching small-
step transition system, one step can introduce many new configurations.
This can happen either when the root term directly produces many re-
sult configurations, or because sub-computations produce many result
configurations, which can aggregate. So, performing one step can still
cause an enormous growth of the state space, therefore making it in-
feasible to control manually. Nevertheless, not all the non-determinism
observed during a step is of interest. Therefore, by focusing only on
non-determinism that is significant to the debugging task at hand, the
amount of states produced by one step can be significantly reduced.
We therefore formulate the following requirement.

Requirement 6 (RQ6)

A debug user should be able to control for which non-
deterministic terms all states are visited.

The second user story is from the perspective of a language engineer
who uses funcons to give semantics to an object language. This type
of user might utilize the debugger to explore semantics for a specific
language construct by giving a definition for that construct in terms of
funcons and testing the construct. The language engineer can achieve
this by starting a new debugging session for every example program
and observing the behavior. However, that makes it difficult to compare
debug sessions, which is a primary goal in this user story. With that in
mind, we define the following requirement.
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Requirement 7 (RQ7)

A debug user should be able to go back-in-time to retry a
scenario with different input values and compare the outcome
values of the different scenarios.

The third and fourth user stories are from the perspective of a pro-
grammer using an object-language with semantics defined in terms of
funcons. Both these user stories describe interactions with the debugger
that enable a programmer to get a better idea of the current state the
program is in, without getting overloaded with too much information.
The third user story does this by enabling the user to query specific
information out of a specific state. And the fourth user story enables a
user to build a better mental model where the execution is paused. Both
of these interactions can be achieved via the breakpoint and reduction
functionality already present in the debugger. A query on the state can
be formulated as a breakpoint, if the answer is boolean. Alternatively, a
reduction and display of the reduced configuration can project specific
information out of configurations. We therefore formulate the following
requirement.

Requirement 8 (RQ8)

A debug user should be able to test for breakpoints and to
visualize (reduced) configurations.

6.5 EFLINT (REASONING WITH NORMS)

In Chapter 2 we utilized eFLINT as a case study for the work on
exploratory programming. In this section, we use eFLINT as a case
study for the work on multiverse debugging. As mentioned in the
introduction, exploratory programming and multiverse debugging have
some commonalities but operate at a different granularity. By utilizing
eFLINT as a case study for both, the differences and commonalities
become more apparent.

The eFLINT language is a domain-specific language for reasoning
with formalized interpretations of norms as they are found in laws,
regulations, contracts and organizational policies [27]. In eFLINT, a nor-
mative specification encodes a formal interpretation of norms, declares
data-structures (types) for knowledge representation whose instances
(facts) are either true or false. This part of a specification is referred to
as the ontology of the specification. In the process model of a specification,
effects are associated with action- and event-types, determining which
facts are rendered true or false by the triggering of instances of these
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types (actions and events, respectively). Together, the ontology and
the process model describe a finite, non-deterministic state automaton
in which states are formed by the set of (true) facts and transitions
are formed by the (effects of) actions and events. The automaton is
non-deterministic in that in any given state, multiple actions and/or
events may be triggereable. The automaton is finite as there is a finite
amount of (possible true) facts and because the amount of outgoing
transitions of any state is bounded by the finite set of possible actions
and events.

The normative classification, the final part of an eFLINT specification,
assigns violations to states and transitions of the automaton>. A duty-
type declaration establishes that a state is violating if it states the truth
of an instance of the type (a duty) whilst also satisfying one or more of
the violation conditions (Boolean expressions over facts) associated with
the duty-type. An action-type declaration establishes that a transition is
violating if one or more of the pre-conditions (Boolean expressions over
facts) associated with the action-type is not satisfied by the source-state
of the transition.

The language can be used to establish the extent to which a software
system complies with (the formalized interpretation of norms encoded
in) a policy document. In an idealized setting, visualized in Figure 6.6,
a policy expert determines the policy — possibly including relevant laws
and regulations — of an organization employing some software system.
Following a model-driven approach, a software engineer maintains®
both the running software system as well as the parts of the eFLINT
specification that model the software system (ontology and process
model). The policy engineer extends this eFLINT specification with
the normative classification, established by formalizing the norms
encoded in the policy.” Based on the above description of the domain,
we formulate the following five user stories.

1. As a policy engineer, I want to discover in what ways particular
transitions or states can be reached.

2. As a policy engineer, I want to discover the effects on possible
violations of certain modifications to the normative classification
of an eFLINT specification.

In practice, a normative classification will also introduce sets of institutional
facts and actions that play a role in establishing compliance, separate from the
physical facts and actions representing the software system, see [27, 61, 152,
194].

We are not concerned here with whether or how one is derived from the other
or how the two are kept consistent.

7 We are also not concerned with the processes required to integrate concepts
from the policy and software system
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Figure 6.6: The ideal relation between the different roles and artifacts
involved in checking the compliance of a software system
against policy using eFLINT.

3. As a policy engineer, I want discover how to modify the norma-
tive classification to ensure certain states or transitions are (no
longer) violating.

4. As a software engineer, I want to assess the compliance risks
of the software system modeled by an eFLINT specification by
determining in what ways violating states and transitions can be
reached.

5. As a software engineer, I want to modify the process model
of an eFLINT specification to reduce the number of possible
occurrences of violations.

6.5.1 A STR for eFLINT

The eFLINT STR consists of a configuration defined as a tuple contain-
ing the current specification and the current knowledge base. eFLINT
has one type of action: trigger t. A trigger action is generated for ev-
ery trigger-able action in the knowledge base. The semantics of the
debugging action and the resulting interpreter are as follows.

tekb kb kv

(TRIGGER) I(c,a) ={c' | c & '}

kb trigger t Kb
(Interpreter)

From this definition we observe that a debugging session is fixed
over a specification that determines the explorable search space. With
exploratory programming the specification is not fixed but evolves
throughout a session. This ties in directly with the aforementioned
granularity at which the two methods operate.
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6.5.2 User Interactions

For the first user story, the user wants to find states that are reached in
a particular way. This user story is already captured by Requirement 1.

The second user story is focused on comparing paths or configura-
tions at different points in a debugging session. We therefore formulate
the following requirement.

Requirement 9 (RQg)

A debug user should be able to inspect partial debug traces.

This requirement differs from Requirement 7 in two aspects: no
back-in-time functionality is required, and only one particular trace is
inspected.

The third user story is concerned with assessing the effects of modi-
fications to the normative specification, such as the possible violations
that can occur in a system. This can be achieved by altering the speci-
fication being debugged and re-evaluating a particular scenario. The
requirement for such interactions correspond to Requirement 7.

The fourth user story concerns finding compliance related break-
points for a scenario in a specification. A user could achieve this by
defining a breakpoint that finds states in which a violation exists. To
find multiple such points, the debugger needs to support finding mul-
tiple breakpoints, as formulated in Requirement 2. To also determine
how these different breakpoints were reached, the debugger needs to
keep track of multiple histories and make multiple histories insightful.
Hence, we formulate the following requirement.

Requirement 10 (RQ10)

A debug users should be able to operate on multiple histories
in one debug session.

The fifth user story concerns the viewpoint of a systems engineer
that wants to reduce violations in their system by modifying the pro-
cess. This user story is similar to the third user story, but from the
viewpoint of a different actor. Nevertheless, the specific user interaction
is the same. Hence, the requirements needed to satisfy the current user
interactions are also captured by Requirement 7.
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6.6 GENERALIZED MULTIVERSE DEBUGGING

We introduce the generalized STR (GSTR) which adapts the STR-based
debugging framework along three dimensions: new components for
meta-actions are added to the STR, the history and options component
are generalized using graph structures instead of sets, and the break-
point (B) and reduce (R) functions are generalized by Step and Label
functions.

The meta-action components are motivated by Requirements 7,8, and
the removal of the breakpoint and reduce functions. Using meta-actions,
language engineers can extend their debugger with language-specific
functionality. This is extra useful for visualization and query operations
which do not alter the configuration in any way, but as actions would
still be included in the history. With meta-actions, the functionality
remains without polluting the history.

Using graphs instead of sets for the history and options component
is motivated by Requirements 1,9. With graphs, more information
is retained, empowering more expressive breakpoint and reduction
functions.

The last adaptation generalizes the breakpoint and reduce functions
by Step and Label functions, and is motivated by Requirements 2,3,4,5.
The Label function assigns a label to every configuration in the current
search graph. The Step function performs a step on the current search
graph based on the labeling by the Label function. After a step, the
search graph is extended with new configurations and another iteration
of labeling and stepping is performed. When no new configurations
are added the algorithm stops. Compared to the original breakpoint
(B) and reduce (R) functions, the Step and Label functions provide more
flexibility and expressiveness, while also promoting reusability among
different language-specific debuggers. For instance, in our implementa-
tion we have defined several reusable functions that can be combined
to create concrete Step and Label instances. It is thus possible to imple-
ment new search strategies without modifications to the debugging
framework.

6.6.1 Formal Generalized-STR Definition

We now give the formal definition of the GSTR, following the formal
definition in Section 6.2.

Definition 6.6.1. A generalized STR (GSTR) is a tuple
(C,Co, A, M, I, Act, P,Com), which extends the STR with three new
elements: M, P, Com. M denotes a set of meta-actions (or commands).
P is a function C x M — C x O which performs a command on a con-
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figuration, resulting in an updated configuration and an output value.
The set O is left abstract but is defined by the debugging framework
and varies depending on the execution environment. It provides a
mechanism for meta-actions to communicate with the external world.®
Finally, the Com component is a function C — P (M) giving the active
commands for the given configuration.

A generalized debugger is defined in terms of a GSTR, where GS =
(Cs, Cso, As, M, Is, Acts, Ps, Coms) is the GSTR for the language being
debugged:

GDgs (Step, Label) = <Cd/ Cao, Ag, My, 1, Acty, Py, Comd>.
The debugger configuration is defined as a tuple:
Ci= <CS U {J—}/ g(Cs/ As)/ g(Cs/ As)>/

with G(C, A) = (P(C), P(C x A x C)) denoting a graph with vertices
being elements of C and edges are labeled by elements of A. The set
of actions Ay is the set of actions of STR debugger extended with
a meta m action for execution of the meta-commands in M;. For the
debugger, we leave the set of meta-commands (M) empty. Therefore,
the function P; is a constant function returning the given configuration
and no output. The debugger is indexed by two functions: Step and
Label, which generalize over the Breakpoint (B) and Reduce (R) functions
from the STR definition, which is discussed in more detail in §6.6.2.

Step: (C— L) = G(C,A) — G(C,A)
Label : G(C,A) —» (C— L)

The set L is a label set with elements forming labels. Every label
set comes associated with two functions (accept, enabled) of type L —
B. The accept function denotes whether a particular label indicates
that the associated configuration is an accepting state. The enabled
function denotes whether a particular label indicates that the associated
configuration is enabled for transitions. The Step function iterates the
graph in such a way that only new outgoing edges are added to
vertices with a label marked as enabled. The debugger itself uses the
accept function to extract the interesting configurations after a search.
The iterative process is performed until a fixed-point is reached, which
requires that the Step function is monotonic on the structure of the
graph. Finally, the semantics of the debugger (I;) is updated, shown in
Figure 6.7.

An alternative method to model external communication is to execute the
meta-action in a monad. For simplicity, we have opted to model it using an
abstract output value.
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Figure 6.7: Semantics of the debugging operations for the generalized
debugger. The function V projects the vertices out of a graph.
The — operation adds a configuration to the vertices of a
graph. The U, operation combines two graphs by taking the
pointwise union. We use € for empty graphs.
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Compared to the STR definition, the GSTR definition does not use
Break and Reduce functions. Instead, Step and Label functions are used,
and the history and options components are now generalized to graphs.
This generalization is the biggest contributor to the changes required
in the semantics of the debug actions.

6.6.2 Concrete Step and Label components

To show the expressiveness of the Step and Label functions, we highlight
some of the breakpoint and reduction expressions from our grammar
case study, and explain how to obtain the functionality of the original
breakpoint and reduce functions using Step and Label functions.

Figure 6.8 highlights several breakpoint and reduction expressions
defined for our grammar case study. Several of these examples were dis-
cussed from the user-interaction point-of-view in §6.3.2. The first break-
point finds configurations denoting a successful parsing derivation. For
this breakpoint, the Label function checks for every configuration if the
condition is met, and if so the configuration is labeled as accepting.
The second breakpoint finds configuration for which there exist two
unique paths to some other configuration. The first reduction reduces
configurations in which the next terminal to match is not a member of
the computed follow-set. The second reduction reduces configurations
where the stack is larger than the size of the input not yet matched.
Both reductions do not work with a seen set, and instead prune, by
labeling the configuration disabled, the search space immediately when
a configuration that satisfies the expressions is found.

To obtain the breakpoint/reduce functionality from the STR-debugger,
we define a label set with three labels: enabled, disabled, and accepted. The
Label function maps the graph to a reduced graph according to some
reduction function, and assigns labels to the configurations according
to the original semantics of the STR-based debugger: accepted if a con-
figuration matches the breakpoint, enabled if a reduced configuration
has no outgoing edges, and disabled otherwise. The Step function does
a depth-first search until there exists a configuration with an accepted
label or until there exists no configuration with an enabled label. The im-
plementation is parametrized by the reduction and breakpoint function.
This parametrization is fully hidden from the debugging framework.

67 SATISFACTION OF THE REQUIREMENTS

Table 6.1 discusses for each framework whether it satisfies a require-
ment and if not which modifications can be made to the framework to
satisfy the requirement.
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Figure 6.8: Example breakpoint and reductions applicable to the GSTR
of the grammar-engineering case study. We use F(c) to de-
note the follow-set. Traces longer than 1 step are subscripted
to denote the length of the trace.

At a high level, the first five requirements are met by our framework
due to the introduction of the Step and Label functions. Some of the
requirements can be met by the original framework via a small modifi-
cation of the semantics, for example via an alternative implementation
of the find function. This is also what we observed during the imple-
mentation of the case-study debuggers. Based on these observations,
we came to the generalization via the Step and Label components that
encompass all those requirements while also offering reusability and
flexibility between different debugger implementations. With the Step
and Label components, new search strategies, essentially alternative
implementations for the find function, can be defined without needing
modifications to the debugging framework semantics. Therefore, a Lan-
guage engineer is not dependent on a Framework engineer when desiring
alternative search strategies.

The second set of the requirements is more focused on the history
mechanism, and most requirements are met by both frameworks. Still,
the introduction of the graph-based history adds several new possibili-
ties to the debuggers, including the generalization of the reduce and
breakpoint functionality, while also supporting multiple independent
debugging explorations in the same debugging session.

Finally, Requirement 6 is met by both frameworks, but not using
a reusable mechanism. Instead, the required work is pushed to the
interpreter of the language being debugged. Satisfying this requirement
in a reusable manner requires interaction between the debugger and
interpreter on every sub-computation, which requires severe alterations
to the interpreter implementations. By not integrating this, we keep
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the framework interface simpler for languages that do not need the
support for this feature, while still supporting the feature for languages

that require it.

Table 6.1: Analysis of the extent to which the debugging framework
of [156] and our extended version satisfy the requirements
formulated for the case studies of this chapter.

Requirement

Pasquier et al. [156]

Our work

RQ1

This requirement is met us-
ing a modified find function as
demonstrated by [157].

This requirement is met owing
to the introduction of the graph
history and the Label function
over this history, which can be
defined such that it assigns a
breakpoint label to configura-
tions based on paths in the

graph.

RQ2

This requirement can be met via
a modification to the find func-
tion of the debugging frame-
work, which currently performs
a depth-first search and stops
after finding a breakpoint.

This requirement is met ow-
ing to the definition of the find
function in terms of the Step
and Label functions. The Step
and Label functions can be de-
fined such that they continue
the search until all breakpoints
are reached. Termination of this
process depends on the con-
crete Label function, and the
underlying language being de-
bugged.

RQ3

This requirement is not met due
to the fixed semantics of the find
function, which continues un-
til either all (reduced) configu-
rations have been visited or a
breakpoint is reached. Never-
theless, this requirement is eas-
ily satisfied by modifying the
find function to take an integer
parameter to control the recur-
sion depth of the search.

This requirement is met by
defining a Label function that
disables all configurations
when there exists
repeating path in the graph
of certain length. By disabling
all configurations, the Step
function cannot progress on
any configuration, and the
search will be terminated.

a non-
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RQ4

This requirement can be met via
a modification to the find func-
tion of the debugging frame-
work, which currently utilizes a
set of previously seen (reduced)
configurations to handle prun-
ing of the search space.

This requirement is met by
defining a Label function that
performs pruning based on
properties of configurations in
the graph. The previously seen
(reduced) configurations is an
example of such a property, but
other implementations are pos-
sible, such as the pruning of left-
recursion in the grammar case
study.

RQs5

This requirement can be met
by modifying the find func-
tion of the debugging frame-
work, which currently performs
a depth-first search.

This requirement is met by
defining Step functions with dif-
ferent search strategies. For our
case studies, we implemented
depth- and breadth-first search.
Other strategies, such as a paral-
lel search strategy, are also pos-
sible.

RQ6

This requirement is met, but
not in a reusable manner. In-
stead, the language designer
needs to encode this function-
ality in the interpreter and use
the configuration to communi-
cate which non-deterministic
terms need to be collapsed and
which terms need to be fully ex-
plored.

This requirement is met, but
not in a reusable manner. In-
stead, the language designer
needs to encode this function-
ality in the interpreter and use
the configuration to communi-
cate which non-deterministic
terms need to be collapsed and
which terms need to be fully ex-
plored.

RQ7

This requirement is met via the
support of user-definable ac-
tions and jump. A language en-
gineer can add an action that
modifies the program being de-
bugged. A user can then jump
to the specific configuration
and perform the modification
action at that point.

This requirement is met via the
support of user-definable ac-
tions and jump. A language en-
gineer can add an action that
modifies the program being de-
bugged. Meta-actions can be
used instead, adding an iso-
lated configuration to the his-
tory, resulting in a clearer di-
vide between different explo-
rations in the same debugging
session.
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RQ8 This requirement is not met | This requirement is met by
by the framework because | our framework via the usage
breakpoints and reductions are | of meta-actions in combination
purely available inside the find | with the output result. Direct
function. Nevertheless, it would | support from the framework
be trivial to extend the frame- | for this requirement is thus re-
work with this semantics by | moved. Requiring the usage of
adding two new actions to the | meta-actions to satisfy this re-
debugger, one to test a break- | quirement does move some im-
point on the current configura- | plementation efforts away from
tion, and one to reduce the cur- | the framework to the language
rent configuration. engineer.

RQg This requirement can be satis- | This requirement is satisfied
fied through a relatively simple | owing to storing the history as
modification to the framework, | a graph, which makes it trivial
using a tree or list to represent | to focus on (partial) traces of
history instead (also discussed | the current debugging session.
in [156]).

RQ10 This requirement is satisfied via | This requirement is satisfied via
the jump action, which makes it | the jump action, which makes it
possible to go back to a previ- | possible to go back to a previ-
ous configuration and explore | ous configuration and explore
a different part of the history, | a different part of the history,
thus supporting multiple histo- | thus supporting multiple histo-
ries in one debugging session. | ries in one debugging session.
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By fulfilling Requirement 7, multiverse debugging moves into the
direction of exploratory programming. Nevertheless, there is a still
difference between the two and the two approaches complement each
other. We can see the support for exploratory programming like func-
tionality in a multiverse debugger as a way to evolve a debugging
session alongside an exploratory programming session. Every config-
uration in an exploratory programming session gives rise to a new
initial configuration for a multiverse debugging session. With the func-
tionality fulfilling Requirement 7, a new debugging session is not
required for every configuration, instead they can be explored in the
same debugging session, which supplements exploration performed
during exploratory programming. Furthermore, one configuration in
the exploratory session might be instantiated differently for different
debugging scenarios. For example when defining a new programming
language, where language variants corresponds to configurations in
an exploratory session, a user might want to debug a program in a
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language variant. Different programs being debugging for the same
variant can then share a debugging session.

Alternatively, we can view the support for Requirement 7 as evolving
an exploratory session alongside the debugging session, where new
instantiations of debugging configurations cause evolvement of an
exploration session. This view is slightly more complex, since there
must be a way to determine the programs that result in the initial
debug configuration, and map these programs in a meaningful way to
an exploration session.

69 THREATS TO VALIDITY

In this section we discuss the threats to validity present in this work
from the point of view of empirical software research [50]. The primary
component in our research is the requirements. The validity of the
requirements can be affected by the chosen domains, and the selected
user stories.

The selected user stories were determined by the authors based on
expert experience in the respective domains. A more diverse set of user
stories could be obtained by performing interviews with users across
different experience levels. However, due to the fact that two out of the
three domains have a small user base this was deemed impractical. In
our case, we have thus opted to base our user stories on the experience
of an expert in the respective domains.

To ensure our approach is transferable to different domains, we have
performed our approach on three different domains. Furthermore, by
being able to define the old framework in terms of the new framework,
we retain the applicability of our work on those case studies.

6.10 RELATED WORK

The original multiverse debugging paper [125] presented Voyager,
a multiverse debugger focused on AmbientTalk programs. As part
of this implementation, they stored the exploration graph using the
ArangoDB graph database. Hence, the graph of a debugging session can
be queried using the ArangoDB query language. Our work is essentially
a combination of the graph idea applied to the reusable framework
of Pasquier et al. [157]. Although our implementation does not run
on a (commercial) graph database, this is achievable in future work.
Alternative options are also interesting, especially in combination with
the Step and Label components. For example, using a graph algorithm
language based on semigroups [101] or Kleene algebras [56] to guide
the search. These ideas have been partially explored by [157] in the
context of temporal breakpoints.
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Omniscient debugging [121] enables back-in-time debugging, but
does not have an explicit focus on non-deterministic programs. A
reusable framework for omniscient debugging exists [33]. In addition,
a significant amount of optimizations exist for omniscient debugging
systems [17, 169]. In future work, it would be interesting to see if some
of the optimizations can be applied to our framework, and how much
work is required to extend existing omniscient debugging frameworks
with multiverse debugging support.

With our debugger, a sequence of debugging interactions can be
retried between different scenarios; a feature that is inspired by ex-
ploratory programming. In Chapter 2 we saw that using a graph as
a history mechanism can introduce can introduce more traces than
actively explored by the user. The full implications of this in the de-
bugging context requires future work to determine. Nevertheless, our
framework can be extended to keep a log of actions to reconstruct the
concrete traces debugged by the user.

6.11 CONCLUSION

Debugging non-deterministic programs is challenging, primarily due
to the state space explosion problem. Multiverse debugging aims to
aid debugging such programs by making debugging an interactive
and user-controlled exploration of the state space. Previous work intro-
duced a reusable framework for multiverse debugging extended with
user-definable reductions with which the search space can be reduced.
With this framework, we have collected requirements for multiverse de-
buggers using three case studies. Based on these requirements we have
identified several limitations in previous work. Using these insights,
we have introduced a modified and extended framework for multiverse
debuggers with more general applicability while promoting reusability,
and making a clear connection with exploratory programming where
multiverse debugging functions as a supplement to exploratory pro-
gramming. The obtained framework for multiverse debugging was
instantiated for funcons, resulting in a funcon term debugger. This
debugger can be used by languages that have their semantics defined
in terms of funcons, such as the languages defined in iCoLa and iCoLa™
that use funcons as their semantic domain.

197






CONCLUSION

Programming languages are a useful abstraction mechanism, demon-
strated by the different languages defined and the abstractions they
provide. These abstraction range from more concise syntax or differ-
ent programming paradigms, with the goal to increasing productivity
or maintainability, to enforcing domain constraints, with the goal of
reducing bugs and increasing the resilience of software. However, de-
signing and developing a new programming language when a suitable
abstraction is identified — that is not yet sufficiently captured by an
existing language — is complex. The engineering work to build a pro-
gramming language is immense. Nevertheless, existing tooling, such as
language workbenches, can reduce this engineering effort, making the
construction of new programming languages as abstraction mechanism
a viable option. Although the engineering effort is reduced with such
tooling, the design effort is not. Designing a programming language
is complex, and making design decisions can affect the applicability
or the ergonomics of the designed language. Correcting earlier design
mistakes might require breaking changes, therefore requiring modifi-
cations to existing programs to be consistent with the new language.
This is observed in many existing programming languages that have
made (breaking) changes to their original designs.

In this thesis we have introduced an approach we call exploratory
language development, which aims to aid the exploration of the design
space by combining exploratory programming and language develop-
ment into one activity. We captured this idea as a diagram in Figure 1.1,
redisplayed here for convenience in Figure 7.1. The goal we set out in
the introduction of thesis, was to create an environment in which lan-
guage developers can create languages and language variants without
much effort, while being supported by exploratory programming. To
experiment with these variants, switching between the meta-level —
where languages are defined — and the object level — where defined
languages are evaluated — needs to be easy. To further support the
activity, both the meta-level and the object-level should have access to
auxiliary tools.

7.1 CONTRIBUTIONS

To set a first step towards our vision, we have made several contribu-
tions that can be categorized into three categories: contributions to-
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Figure 7.1: Conceptual overview of the activity of exploratory language
development.

wards exploratory programming environments, contributions towards
the meta-environment and object-environment, and contributions to
tooling for program construction.

7.1.1  Exploratory Programming Environments

Exploratory programming environments support the activity of both
language design and program construction using the designed lan-
guages. To easily obtain such environments, we have extended the
exploring interpreter idea from [31] in Chapter 2 by adding support
for output and different computational effects via a parametric monad.
We also captured a set of requirements for language definitions, such
that any language satisfying these requirements obtains an exploring
interpreter for free, and thus support for exploratory programming. To
support the construction of environments for exploratory programming,
we constructed an architecture centered around the exploratory pro-
gramming protocol — a protocol capturing the essence of exploratory
programming, inspired by the language server protocol. This protocol
solves the N x M problem, therefore reducing the work required to
reuse (N) interfaces for exploratory programming between (M) different
language implementations. What this concretely means for our work,
is that anybody can design an environment that supports exploratory
programming in terms of the protocol, and the environment can then
be used with all languages implementing a compliant language server,
including iCoLa™ and the language defined with iCoLa™.

In Chapter 2 we also looked at the effects of different history mecha-
nisms on the behavior of the underlying data structure keeping track of
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the explored programs and configurations. Based on these experiments,
we concluded that a tree-based history mechanism is most optimal,
since it does not introduce unexplored traces, and the benefits of a
graph data structure can still be provided by keeping track of the graph
without making the data structure explicit to the user.

Overall, the contributions made in Chapter 2 to exploratory language
environments provide a foundational layer to significant parts of this
thesis, especially to the contributions made in Chapter 3 and Chapter 4,
which are related to both the meta-level and the object-level. Via the
contributions made in Chapter 2, languages defined with iCoLa and
iCoLa™t automatically obtain support for exploratory programming, and
the meta-language iCoLa™ itself also obtains support for exploratory
programming via these contributions. Furthermore, the introduction of
the exploratory programming protocol enables independent experimen-
tation with and evaluation of interfaces for exploratory programming,
which might be applicable to iCoLa™ or languages defined using iCoLa™,
but also to languages defined outside of our work.

7.1.2  Meta-level and Object-level

To further support exploration of the design space alongside the sup-
port for exploratory programming, we introduced a meta-language
in Chapter 3 that natively supports the creation of language variants.
Ease of variant creation is obtained by an alternative take on abstract
syntax that keeps the structure of a language fluid by decoupling oper-
ator usage from operator definitions. Additionally, the meta-language
supports reuse via language composition. Therefore, languages can be
composed to build more complex languages. The alternative take on
abstract syntax complements this idea, since existing design choices
related to the structure of a language are not fixed and can be modified,
increasing opportunities for languages composition.

In Chapter 3 we demonstrated iCoLa, an implementation of this meta-
language as an EDSL in Haskell, using several advanced functional
programming techniques, such as data types a la carte. This worked
well to get an initial implementation for experimentation purposes, but
was difficult to fully integrate with the concept of exploratory program-
ming, and the implementation requires knowledge of advanced Haskell
features when defining languages. To overcome this, we designed and
implemented an external DSL in Chapter 4 that also extends the theo-
retical model from Chapter 3 with support for user-defined concrete
syntax and support for an arbitrary amount of semantics domains.
These changes made it easier to fully support exploratory program-
ming at the meta-level, and enable language designers to introduce
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language-specific syntax, which can positively affect the experience
when writing programs.

Allin all, the contributions made in Chapter 3 and Chapter 4 provide
a meta-level environment that promotes and simplifies variant creation
while building on existing language definitions to reduce work. This
combines with the support for exploratory programming, creates an
environment in which variant creation and variant management is at
the forefront. Furthermore, the transition from meta-level to object-
level, and back, to experiment with a defined language and re-evaluate
design choices based on that experimentation, is possible in the same
environment, therefore smoothening such transitions, thus bringing us
closer to our vision of exploratory language development.

7.1.3 Tooling for Free

The third categorie of contributions was to support program construc-
tion with auxiliary tooling such that more substantive programs can
be easier constructed using a defined language. A requirement in the
context of exploratory language development, is that such tooling
should be obtained without much effort from the language designer.
Otherwise, every new language variant might require updates to the
implementation of tooling to support the newly defined language,
possibly demotivating the language designer to create many variants.
To that end, we have contributed two approaches that derive tooling
purely from the operational semantics of specific types of languages.
In particular, we looked at auto-completion services and debuggers for
non-deterministic languages.

We focused on auto-completion services for dynamically typed lan-
guages, with a specific focus on approaches that aim to achieve sound
completion candidates. Soundness in this context means that comple-
tion candidates do not introduce bugs, with our focus being on bugs
related to name binding. Our approach utilizes abstract interpretation
to build an over-approximating scope graph. To support querying such
scope graph, we have extended the scope graph framework with anno-
tations and context-dependent name resolution. Annotations ensure
that the over-approximation of the name binding can build a collection
of identifiers of which it is certain that they are definitely in scope.
Context-dependent name resolution can be seen as an optimization by
enabling the merging of scope graphs from different execution points
while retaining sound queries. Merging also reduces memory usage
and opens up possibilities to perform incremental updates to scope
graphs when a program is modified.

In Chapter 6, we focused on debuggers for non-deterministic lan-
guages, in particular multiverse debuggers. Multiverse debuggers take



7.2 FUTURE WORK

a user-controlled approach to the search through the state space of
a program. We utilized an existing framework for multiverse debug-
ging to collect requirements for multiverse debuggers via three case
studies, one of which was targeting funcons. Using these requirements,
we defined a new framework that generalizes the existing framework,
primarily on the method for storing the debug history and on how
automatic search through the state space is performed. By utilizing
funcons as one of our case studies, we obtain a multiverse debugger for
funcons. This debugger can also be used by the languages defined in
iCoLa and iCoLa™ that use the funcon semantic domain, thus obtaining
a debugger for programs at the object-level for free.

7.2 FUTURE WORK

The work presented in this thesis takes several steps towards the vision
of exploratory language development, but does not realize it in full.
Several aspects are not fully worked out, and many design considera-
tions and implementation details need to be investigated. We utilize
the aforementioned three-axis of contributions to present some of the
directions that are still required.

7.2.1  Exploratory Programming Environments

Our focus in this thesis has been primarily on the derivation of explor-
ing interpreters from sufficient requirements on a language definition,
and the effects of different history mechanisms on user interaction.
The architecture and protocol provide the means to develop interfaces
for exploratory programming and exploratory language development
in an isolated and independent manner. However, we have not yet
investigated the direction of interfaces for exploratory programming,
and the presented interfaces are simple read-eval-print loops with ex-
ploratory programming support. This seems far from ideal, and a well-
designed environment can significantly improve the user-experience of
exploratory language development. An interface can aid management
of variants, but also simplify information extraction out of different ex-
periments with different variants, and possibly simplify variant creation
itself.

Management of, and supporting the creation of, variants is also
something that can still be explored outside of the context of interfaces
for exploratory programming. For example, investigating automatic
approaches to the creation of branches in an exploratory session, but
also the automatic management of the size of the exploration tree. A
big exploration tree not only uses memory, it can also overwhelm a
user that wants to navigate the tree. An idea into this direction is to
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use existing Git repositories to train a machine learning algorithm to
identify situations where branching might be beneficial, which can
then be suggested to a user in an exploratory session. Whether Git
branches provide the right amount of granularity for the suggestions
to be fruitful, is something that needs to be investigated.

7.2.2  Meta-level and Object-level

The current implementation of iCoLa™ provides a sufficient environ-
ment to experiment with the concept of exploratory language devel-
opment. However, certain features are required to improve the user
experience and simplify language definitions. As mentioned in Chap-
ter 4, being able to decompose semantic functions into helper functions
or only define semantic functions for a subset of the operators, can
significantly help in reducing the size of the translation functions.

Another aspect that can be investigated is the use of different se-
mantic domains in iCoLa™ to define the semantics of language variants.
Currently, we have used funcons in our investigations, and demon-
strated that it is possible to define new semantic domains in iCoLa™.
However, an interesting investigation would be to explore different
techniques for the modular definition of programming language se-
mantics, possibly using different semantic styles, such as denotational
semantics or axiomatic semantics. The call-by-push-value calculus [119]
seems to be an interesting starting point, especially when combined
with algebraic effects and handlers [129, 163, 203] to support computa-
tional effects in a modular fashion. Such experimentation would utilize
iCoLa™ as a tool for the exploration of approaches for modular seman-
tics definitions of programming language, which is something that
we have unexplored on purpose in this thesis. For instance, we have
not included the semantic engineer in the overview figure (Figure 7.1).
To actively support this activity, iCoLa™ might need to satisfy new
requirements aligning with the activity, which needs to be investigated
in future work.

Finally, the current user base of iCoLa™ is small, maybe even just
me. This makes it impossible to demonstrate and classify the effects
of exploratory language development as laid out in this thesis on
language design. In future work, user experiments with iCoLa™ could
be performed to gain a better understanding in this direction. To do
this satisfactory, iCoLa™, and the environment in which this activity is
performed, need to be extended and improved, which requires some
of the earlier points in this section to be handled first.
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7.2.3 Tooling for Free

In this thesis we have explored two directions of tooling. Many more di-
rections remain to be explored, for example, refactoring tools. Another
area that can be investigated is the usage of large language models
(LLMs) as a tool to aid the activity of program construction of newly
defined languages. This requires investigations into integrating un-
known (domain-specific) languages into the knowledge of LLMs. The
introduction of large language models also places a uncertainty on
programming languages and possibly on this work, as their introduc-
tion might make programming an activity that is performed in natural
language. Nevertheless, we expect that programming language will
not lose relevance because the LLMs still generate code. In this context,
the development of new languages can aid this process by designing
the language with LLMs in mind. For example, a language can be
designed with generation by LLMs in mind, or be designed with a
focus on readability to make it easier to evaluate the code generated by
LLMs. Advantages of DSLs can also be observed in this domain. For
example, a more expressive language for a domain might reduce the
lines needed for a solution, which can result in smaller context when
prompting an LLM where code is included in the prompt.

For the existing tooling, the work presented in Chapter 5 does not
yet fully integrate with the rest of the work. This is due to the fact that
the funcon rules do not follow the requirement set out in Chapter 5,
that requires explicit handling of heaps and frames in the operational
rules. A possible direction to solve this, is to automatically derive
such rules from the current funcon rules. Alternatively, the current
funcon rules can be adjusted to work with the approach by writing an
abstract interpreter for funcons that builds the over-approximation of
name binding. This would still be useful, since languages defined with
funcons then obtain the tooling as well.

Finally, the overview figure (Figure 7.1) does not have a dividing line
between the meta-level and object-level on the tooling side, because
tooling can be utilized at both levels. This is demonstrated with the
debugger framework presented in Chapter 6, where a language engi-
neering can also use the debugger. However, a debugger for iCoLa™
itself does not exist yet. A possible direction to explore, is to define
iCoLa™ in terms of iCoLa™, so to bootstrap iCoLa™. This would have
the effect that tooling derived from semantics specifications not only
derives tooling for object languages, but also for the meta-language
itself. How difficult this is to achieve and how it affects the interactions
with iCoLa™ needs to be investigated in future work.
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7.3 FINAL REMARKS

Exploratory language development describes a vision where new lan-
guage variants are easy to create, and experimentation with these
variants guides design choices, both at the initial design but also at
stages where the language is evolving. To make this a reality, a signif-
icant amount of effort is still required, both on the engineering side,
and on the evaluation side. The engineering side is actively explored,
with recent master’s students making valuable additions to the work
presented in this thesis, such as a more memory efficient approach for
exploratory programming [69], and a more performant implementation
of funcons [200]. On the evaluation side, it needs to be determined
whether the combination of exploratory programming and language
development is the right way to achieve the vision. With the work
presented in this thesis, a foundation is built that makes it possible to
explore this particular avenue towards realizing this vision.
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SUMMARY

Programming languages can affect the quality of software and the
activity of writing the software. For example, Python is well suited for
data science applications due to the immense number of data science
libraries available for use in Python programs. However, Python is
not suited for all applications. For instance, usage of Python in the
domain of embedded system is less likely since memory and compute
performance are not the main concerns in the design of the Python
language. For such domains, a language closer to the hardware, such as
C, is more applicable. Although Python and C are both general-purpose
languages and not designed with a specific domain in mind, they do
make different trade-offs in their design that make them suitable for
different applications. There are also languages that are specifically
designed for certain domains and using the language outside that
domain is impractical. An example of such a language is TgX, which
is designed for the domain of typesetting documents. Choosing the
right programming language for a problem is thus a consideration
between different aspects, such as performance constraints, availability
of third-party libraries, existing code to build on, expressivity of the
language in the problem domain, etc. All these aspects can affect the
quality of the software. For example, a high degree of expressivity can
result in a shorter program and make maintenance of the software
easier because the program is closer to the domain and there are less
lines to maintain.

In some cases it is more interesting to design and implement a new
language instead of using an existing language. However, developing
a new programming language requires a significant design and engi-
neering effort. Many design choices need to be made, and the right
choice is not always obvious. This can be observed in many existing
programming languages which continue to go through several high
cost revisions. To aid the language design process, exploratory pro-
gramming — a development style focused on variant creation and
evaluation — can be used to explore the design space in an interactive
and programmable manner. On the engineering side, making a pro-
gramming language executable is already a significant effort. The effort
is further increased by the myriad of auxiliary tools aiding developers,
such as debuggers and integrations with modern editors. To reduce the
engineering efforts, language workbenches can be used, which provide
systematic methods for building (domain-specific) languages.
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240 SUMMARY

In this thesis we introduce exploratory language development: an
approach that aims to improve the language creation process by combin-
ing features from language workbenches with a methodology focused
on enabling exploratory programming for programming language de-
sign. The main goal of exploratory language development is to simplify
the process of going from language idea to language prototype, experi-
ment with this prototype, modify the original prototype to create new
versions, and evaluate the different prototypes with the objective of
obtaining insights that feedback into the design process.

We make four concrete contributions.

1. We design a reusable framework for exploratory programming.

2. We design a meta-language which is focused on variability in the
language design process.

3. We design an approach that automatically derives auto-completion
systems from the semantics of a programming language.

4. We define a reusable framework for debugging of non-deterministic
programs.

The first contribution is foundational to the approach. The second
contribution builds upon the first and focuses on the variability in the
design process. The third and fourth contributions reduce engineering
efforts by automatically deriving auxiliary tooling, which can improve
the effectiveness of prototype evaluation.

Our first contribution was evaluated through case studies with a
focus on the generality of the approach. Case studies were also used
for the second contribution, to demonstrate the degree of variability
and the expressiveness of the approach. For the third contribution, we
built a benchmark to compare our approach to the state of the art in
terms of precision and recall on suggested auto-completion candidates.
And for the fourth contribution, we derived requirements from user
stories collected through case studies. Using these requirements, we
evaluated our approach on applicability and reusability compared to
the state of the art.



SAMENVATTING

Programmeertalen kunnen effect hebben op de kwaliteit van soft-
ware en de activiteit van het maken van de software. Neem bijvoor-
beeld Python, een taal zeer geschikt voor een domein als data science
door de grote hoeveelheid beschikbare libraries. Echter is Python niet
geschikt voor alle domeinen. Een voorbeeld domein waar Python
minder geschikt is is embedded systemen, aangezien bereken en
geheugen prestaties niet primair zijn in de design van Python. Voor
zulke domeinen is een taal die dichter bij de hardware staat, zoals
C, geschikter. Ondanks dat Python en C beide algemene program-
meertalen zijn, maken ze verschillende afwegingen qua ontwerpkeuzes
die ze meer of minder geschikt maken voor een bepaalde applicatie.
Er zijn ook talen die specifiek ontworpen zijn voor een domein en
daarbuiten minder geschikt zijn. Een voorbeeld van zo een taal is TgX,
welke is ontworpen voor het zetwerk van documenten. Het kiezen van
de juiste programmeertaal voor een probleem is dus een afweging,
waarbij gekeken wordt naar verschillende aspecten van de taal, zoals
het geheugengebruik van programma’s in de taal, beschikbaarheid van
bibliotheken, is de taal gebruikt voor bestaande software, hoe makkelijk
is het om het domein uit te drukken in de taal, etc. All deze aspecten
kunnen effect hebben op de kwaliteit van de geschreven software.
Een taal die dicht bij het domein staat kan beheer van programma’s
eenvoudiger maken, maar ook het schrijven van een programma zelf,
aangezien er minder code nodig is om een probleem te beschrijven.

In bepaalde gevallen is het interessanter om een nieuwe taal te on-
twerpen en implementeren. Dit is echter geen eenvoudige stap en
vereist een flinke investering in zowel ontwerp- als implementeerw-
erk. Er moeten namelijk veel ontwerpkeuzes worden gemaakt, en de
juiste keuze is niet altijd eenvoudig. Dit is evident in bestaande pro-
grammeertalen, waar ontwerpkeuzes vaak herziend worden. Om het
ontwerpproces te ondersteunen gebruiken wij explorerend program-
meren. Dat is een stijl van programmeren met een focus het creéren
en evalueren van verschillende varianten. Daarnaast is het implemen-
tatiewerk ook veeleisend. Het uitvoerbaar maken van een program-
meertaal is namelijk veel werk. Het gebruiksvriendelijk maken van
een programmeertaal, door extra tooling aan te beiden, is nog veel
meer werk. Om dit te reduceren kan er gebruik worden gemaakt van
language workbenches, welke een systematische manier aanbieden om
talen sneller te ontwikkelen.
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In dit proefschrift introduceren we exploratory language development,
een methode die het maken van nieuwe programmeertalen probeert te
vereenvoudigen. Dit doen wij door functionaliteit van language work-
benches te combineren met een methode om explorerend program-
meren mogelijk te maken voor taal implementatie. Het voornaamste
doel van onze methodologie is om het eenvoudiger te maken om van
taal idee naar taal prototype te gaan, dan experimenteren met dit proto-
type, andere variaties van de taal bouwen, en de verschillende variaties
evalueren om inzicht te krijgen in ontwerpkeuzes. Hiervoor doen wij
vier bijdragen aan de bestaande literatuur.

1. We presenteren een raamwerk voor exploreren programmeren,
waarbij een taal automatisch dit type programmeren kan onders-
teunen.

2. We ontwerpen en implementeren een nieuwe metataal met een
focus op variabiliteit om het ontwerpproces te ondersteunen.

3. We ontwerpen een methodologie waarbij auto-completion ser-
vices automatisch gegenereerd kunnen worden aan de hand van
de formele semantiek van een taal.

4. We definiéren een herbruikbaar raamwerk voor het debuggen
van niet deterministische programma’s.

De eerste contributie is een basis waarop andere contributies bouwen,
zoals de tweede contributie. De derde en vierde contributie verkleinen
het implementatiewerk door automatisch tooling for programmeertalen
te genereren aan de hand van de formele semantiek van de taal. Dit
kan bijdragen aan het schrijven van programma’s in de gedefinieerde
taal, wat weer kan bijdragen aan het evalueren van het prototype.

Onze eerste contributie is geévalueerd aan de hand van casussen
met een focus op de algemeenheid van de aanpak. Voor de tweede
contributie hebben we ook met casussen gewerkt om de mate van
variabiliteit die ondersteund wordt door de aanpak te testen. Voor
de derde contributie hebben een benchmark gemaakt van voorbeeld
programma’s om onze aanpak te vergelijken met bestaande methodes
op gebied van recall en precision van de gegeven kandidaten. For de
vierde contributie hebben we vereisten verzameld met behulp van een
casussen. Met deze vereisten hebben we onze aanpak geévalueerd en
vergeleken met een bestaande aanpak op het gebied van toepasbaarheid
en herbruikbaarheid.
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