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ABSTRACT

Domain-specific languages (DSLs) provide features such as notations, semantics, abstractions,
and more that help programmers solve domain problems in more direct, correct, or flexible ways
than using a general-purpose language. Embedded DSLs expand on the benefits of DSLs by pro-
viding an easier path to implementation, as well as better interoperability with a host language and
other DSLs embedded into the same host. However, embedded DSLs present additional challenges
for implementation, integration, and application.

This dissertation addresses various challenges of embedded DSLs. We address parsing em-
bedded domain-specific notations with a novel parsing algorithm. Our parsing algorithm admits
arbitrary, ambiguous, left-recursive, procedural parsers, advancing the state of the art for expressive
parsing. We address host language and DSL integration with the example of an embedded shell
language. This shell language demonstrates design for tight integration, allowing smooth growth
from interactions to programs. We address DSL application with the example of a DSL for creating
random program generators. This DSL allows fuzzers for programming language implementations

to be created quickly and with low effort.
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CHAPTER 1

INTRODUCTION

A domain-specific language (DSL) provides programmers with a framework for solving prob-
lems limited to a particular problem domain rather than being a general-purpose tool. A DSL may
provide domain-specific notations, semantics, data structures, or abstractions, or any combination
of these features. DSLs may be created for various purposes, such as to improve programming
convenience, program correctness, program legibility, programmer productivity, or accessibility to
domain experts who are not programming experts.

While DSLs may be written as stand-alone languages, DSLs often need to communicate with
general-purpose languages (GPLs) or rely on general-purpose features as part of the language such
as control flow or data structures. Embedded DSLs (EDSLs) solve this problem by being embedded
directly into a GPL. This embedding allows EDSLs to share components with the host GPL, easing
DSL development, communication between the DSL and the host, and even fine-grained mixing of
the DSL and the host within a single file, module, or expression. Because embedding eases these
concerns, it also allows multiple DSLs to be mixed together with much greater ease.

While EDSLs provide many benefits, they also pose some challenges. Parsing is more com-
plicated when dealing with the concrete syntax of a composite language with multiple notations.
Identifying useful domain targets, designing DSLs, and implementing them is a challenge requiring
expertise in problem domains as well as in programming language design and implementation.
Even when a good domain and language design are known, it can be challenging to design a good
embedding of a DSL within a host language.

This dissertation advances knowledge in language-oriented programming in the implementation,
integration, and application of domain-specific languages. We explore the implementation of DSLs
through a novel parsing algorithm that improves the expressiveness and flexibility in the concrete
syntax of DSLs. We explore the integration of DSLs through Rash, a command language that

allows shell commands and Racket functions to be mixed at the expression level. We explore the
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application of DSLs through Xsmith, a DSL for defining automatic program generators for testing
language implementations.

In our first project we design and implement a parsing system that allows improved expressivity
and compositionality of domain-specific and general-purpose programming syntax. While parsing
is a problem as old as programming, it still poses significant challenges for defining and mixing
domain-specific notations. Our algorithm is the first parsing algorithm to support arbitrary parsing
procedures, including left-recursive procedures, as parsing productions; to support data-dependent
and other context sensitive constructions; to support the full class of context-free grammars, includ-
ing ambiguous grammars; to support dynamic extensibility; and to support grammar definition and
composition with any mix of ad hoc procedures, parser combinators, and declarative formats like
Backus-Naur Form (BNF). Other algorithms lack support for many of these features, making the
definition and composition of many notations difficult, impractical, or impossible. Our algorithm
includes a novel method of handling the left-recursion problem in parsing by using first-class
delimited continuations. We implement this algorithm as a Racket library called Chido Parse.

Our second project, Rash, is a command language embedded in the general-purpose language
Racket. Command languages like the Bourne Shell provide users the ability to richly interact
with computing environments, and allow users to capture those interactions and convert them
into reusable programs. However, there are tensions between interactive conveniences and fea-
tures needed for reliable, maintainable programs. Typically, command languages allow convenient
interactions and growth to scripts that are near-literal transcriptions of interactions, but fail to
allow a gradual and full growth from these simple scripts to larger programs. Rash provides a
pipeline semantics that allows extensible, fine-grained mixing of operating system subprocesses and
Racket functions. Additionally, Rash provides a concrete syntax that allows the recursive mixing of
line-oriented shell-style code and Racket code. Rash allows a smooth path for interactions to grow
not only to simple scripts, but into full programs that can utilize all Racket features.

The goal of our third project is to develop a domain-specific language for programming language
implementation fuzzing. Fuzzers are helpful in finding bugs that developers, test suites, and type
systems have missed. However, many fuzzers can only find limited sets of shallow bugs, such
as crashing bugs in early stages of parsing or input analysis. Fuzzers that produce grammatically
and semantically valid inputs can find deep bugs that pass many layers of validation code, and

differential testing provides an oracle for a much broader class of bugs than simply detecting crash
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bugs. But fuzzers that produce tests to be useful in differential testing are difficult and expensive to
build. We propose a domain-specific language called Xsmith for building highly effective fuzzers
for programming languages. Xsmith allows users to specify their language’s grammar, type system,
and other rules to create a fuzzer that produces valid, deterministic programs. These fuzzers are
cheap to write with few lines of code, but are capable of finding deep bugs.

These projects advance the state of the art in the implementation, integration, and application of
embedded domain-specific languages. By admitting arbitrary, ambiguous, left-recursive, procedural
parsers, Chido Parse advances the state of the art for expressive parsing for embedded and mixed
notations. Rash demonstrates the design for tight integration of an embedded shell, allowing smooth
growth from interactions to programs. Xsmith applies EDSL techniques to allow fuzzers to be

implemented with low cost.



CHAPTER 2

EXPRESSIVE PARSING WITH DELIMITED
CONTINUATIONS

When creating embedded DSLs, any custom notation is constrained by parsing technology.
Different parsing technologies support different language classes, and provide different expressive
affordances to programmers. Different parsing systems also have very different attributes and
affordances when considering language composition. If a custom notation and the host notation
are to be mixed together, a composite parser must be created. While a single composite parser may
be written, it requires more effort than simply composing two parsers where possible. Also, writing
composite parsers from scratch rather than composing existing parsers does not scale to composing
several languages (all together or in pairs).

Recursive descent parsers can handle context-sensitive grammars, they can be written in a direct,
procedural style, and they can be extended easily with new parsing procedures—even dynamically.
However, recursive descent parsers do not support all context-free grammars, at least not in a direct

and extensible form, because they do not support ambiguous or left-recursive grammars.

Generalized parsing algorithms like GLL (Scott and Johnstone|[2010)), meanwhile, support all

context-free grammars, including ambiguous and left-recursive grammars, they allow for flexible

grammar composition, and they support declarative interfaces like Backus Naur Form (BNF)

[Cracken and Reilly|[2003). Then again, GLL is limited to context-free grammars, while many

constructs used in programming languages are not context-free. While procedural recursive descent
and GLL offer complimentary strengths, they have not previously been composable due to the
left-recursion problem.

Our novel parsing algorithm in Chido Parse combines the benefits of recursive descent parsing
and GLL parsing. To handle left recursion and ambiguity with procedural parsing, the algorithm
captures and schedules delimited continuations to resolve dependency cycles and to explore alter-

native parses. Chido Parse supports the entire class of context-free grammars and beyond, while
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allowing programmers to write and compose parsers using any mix of parser combinators, declar-
ative formats, and ad hoc procedures. The algorithm thus supports the entire class of context-free
grammars and beyond, while allowing programmers to write and compose parsers using any mix of

parser combinators, declarative formats, and ad hoc procedures.

2.1 Introduction

Procedural recursive descent parsing is a simple strategy that has many benefits. First, pro-
grammers use the parsing system by simply writing procedures in their programming language of
choice. Second, the parsing system can provide easy hooks for extension. For example, Racket’s
S-expression parser uses a readtable, which is a table mapping short character prefixes to parsing
procedures, and users can create new parsers by extending the current readtable with custom proce-
dures. Finally, procedural parsing systems can support dynamic extension. For example, Racket’s
default S-expression parser includes a #reader production, which causes the parser to dynamically
load a new module that is named by the next token; that module supplies a parsing procedure to
continue reading from the current input stream. Using this mechanism, programmers can extend
the grammar of their language on the fly, without needing to create separate modules for every
combination of parsers.

Although it has several benefits, classical procedural parsing also has significant limitations.
Procedural parsers are easy to compose in series, but they are difficult to compose as alternates;
some framework is required to determine which procedure is appropriate to use at a given point in
the input stream. This weakness is reflected in the traditional readtable API, which dispatches to a
parsing procedure based on a one- or two-character lookahead. A two-character lookahead is not
even good enough for Racket’s base syntax, which includes both #reader and #rx forms; parsers
for those forms must be implemented within a single procedure in Racket’s parser. Also, while
procedural recursive descent parsers can parse languages outside the formal category of context-free
grammars, they cannot parse all context-free grammars conveniently. Left-recursive grammars,
including grammars with the natural specification of infix operators, would cause infinite recursion
if they were expressed directly in recursive descent.

In contrast to recursive descent parsers, generalized parsing systems such as GLL
Johnstone[2010) and GLR support the full range of context-free grammars, including

ambiguous and left-recursive grammars. Additionally, because context-free grammars are closed
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under union, concatenation, and repetition, generalized systems based on context-free grammars
support rich composition capabilities. But while these systems support the entire set of context-free
grammars, they do not support context-sensitive grammars, which are needed by features of many
popular programming languages. For example, the off-side rule used by Haskell and Python and the
@-expression notation used in Racket’s documentation system are both context-sensitive. While
there are some extensions to GLL and GLR to support some context-sensitive languages, they also
do not support embedding existing or custom parsing procedures into a grammar, like the dynamic
grammar extension of Racket’s #reader.

Our new parsing system, Chido Parse, is organized as an extended GLL to combine the benefits
of GLL with the benefits of procedural parsing. It allows procedures as parser productions, and it

uses delimited continuations (Danvy and Filinski][T990} [Felleisen|[T988} [Sitaram|[T993)) to detect

and manage left recursion in procedural sub-parsers. To handle ambiguity, parsers can return

multiple parse derivations, and a tentative result from a parsing alternative can be discarded if it
does not succeed in later sequential combinations. By admitting arbitrary, ambiguous, left-recursive,
procedural parsers, Chido Parse achives expressiveness beyond that of existing parsing systems.

Our main contributions are the following:

e A new method for allowing left recursion, including hidden left recursion, in procedural

parsing by using delimited continuations.

A generalization of the recursive descent and GLL algorithms to allow grammar productions

to be defined by arbitrary procedures.

A concrete implementation of this system as a library called Chido Parse.

A demonstration that this new algorithm and library improve on the state of the art for the
creation of composable and extensible grammars for programming languages, discussed in

Section 2.6. 11

2.2 Motivating Examples
As a running example for this section, we will discuss an infix arithmetic expression grammar.
We will begin with just basic components, and eventually reach a language with the grammar shown

in[Figure[2.1] capable of parsing expressions such as 3*x77°6+5.
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A recursive descent parser is a function from an input stream, which is called a port in Racket
terminology, to a parse derivation, typically an S-expression enriched with source-location infor-
mation in Racket. To fit into the Chido Parse framework, a parsing function must be wrapped
with proc-parser. Procedural parsers may dispatch to other parsers using parsex-direct,
and extract parse results from returned derivations using d-result. Parse derivation objects are
assembled with the d constructor, which accepts a semantic result as well as optional keyword

arguments for subderivations or derivation end locations using Racket’s #: keyword syntax.

(define plus
;3 The functions “proc-parser™, “parsex-direct”, ~d~, and functions
;5 prefixed with “d-- are part of the Chido Parse API.
(proc-parser
(A (in)
;5 Parse an expression, an operator, and an expression in sequence.
(define 1 (parsex-direct in expression))
(define op (parsex-direct in "+"))
(define r (parsex-direct in expression))
;7 The ~d~ function constructs a derivation, and optionally
;3 includes sub-derivations with the “#:ds” keyword.
(d (list 'plus (d-result 1) (d-result r)) #:ds (list 1 op r)))))

Note that throughout the chapter, we will insert snippets of Racket code to demonstrate parsing ideas
discussed. While the snippets of code use somewhat abbreviated names, the code is otherwise real
working code. Because working code often includes details unrelated to the discussion at hand, and
to help familiarize the reader with Racket code and the Chido Parse API, we include code comments
to help the reader understand the core ideas of each example. Instead of writing parsing functions
completely by hand, they can be constructed with combinators. Chido Parse provides combinators
such as sequence, repetition, alt-parser, not-parser (which succeeds when the parser
given to it fails), and peek-parser (which parses ahead but returns a derivation that consumes no
input).

;; The ~alt-parser™, “kleene-plus™, and ~char-range-parser™ functions

;; are provided by Chido Parse.

(define expression (alt-parser plus number))
(define number (kleene-plus (char-range-parser "09")))

The above example is left recursive, because (parsex-direct in expression) leads back
to the plus parser via (alt-parser plus number). In a naive implementation of procedural
parsing, this left recursion would cause an infinite loop. By capturing first-class delimited contin-

uations, Chido Parse detects the left-recursive dependency cycle, de-schedules the procedural plus
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parser, and schedules the number parser to resolve the cycle. When there is a cycle that can not be
broken, Chido Parse detects it and fails the cyclic parser, rather than looping indefinitely.

Even with left recursion handled automatically, the example expression parser has an issue:
it implements an ambigious grammar, because the plus operator can be treated as either left- or
right-associative. If we add other operators, we will add further ambiguity due to a lack of operator
precedence.

Chido Parse allows ambiguous grammars, and its parsex function returns a lazy stream of parse
results, so the example parser so far is not necessarily wrong. Usually a single result is desirable,
however, rather than a parse forest. Worse, ambiguous operator precedence and associativity makes
the number of parse results exponential in the number of operator uses! To have an efficient
parser that returns a single canonical result, Chido Parse lets a programmer filter ambiguity at its

source with disambiguation filter (KTint and Visser[1994)) (Brand et al/[2002)) combinators such as

derivation-filter:

(define filtered-plus
;3 The ~derivation-filter™ function is a combinator from Chido Parse.
(derivation-filter plus
;; Filter to make a right-associative variant of “plus’.
;3 This checks that the parser used to build the
;3 leftmost subderivation was not the “plus” parser.
(A (d) (not (equal? (d-parser (first (d-subderivations d)))
plus)))))

For many grammars, it is nice to simply write in a declarative notation like an extended Backus-
Naur form. Below is an example use of a BNF-in-S-expressions embedded DSL, where optional
#: keyword syntax allows declarative specification of precidence and associativity.

;3 The ~define-bnf™ macro is provided by Chido Parse.
(define-bnf expression-grammar
;5 This is an alternative definition of the ~expression™ parser
;5 1n a BNF-like form encoded in S-expressions.
[expression [number]
[expression "+" expression
#:associativity 'left]
;; Each clause here represents an alternate sequence,
;5 with optional keyword arguments for disambiguation.
[expression "x" expression
#:associativity 'left
#:precedence-greater-than "+"]
"~ expression
#:associativity 'right
#:precedence-greater-than "x"]1)

[expression

Several non-procedural parsing systems, such as GLL and GLR, admit left-recursive, disambiguated

BNF-style declarations like this. However, they generally can not embed or create parsers for
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context-sensitive languages. Some extended systems, such as the extended Earley parser Yakker

let alJ2010) and the extended GLL parser Iguana (Afroozeh and Izmayloval2015)), can include data-

dependent parsing 2010). Data-dependent parsing allows sequence parsers to capture

intermediate results and use arbitrary computation with those results to filter the overall result of

the sequence. With data-dependent parsing, Yakker and Iguana can parse some context-sensitive
languages, such as XML. But data-dependent generalized parsing systems such as the above still
can not embed arbitrary parsing procedures as grammar productions.

The above bnf-parser form is simply a composition of procedural and alternative parsers in
Chido Parse, wrapped in a macro to give it a declarative BNF feel. We can extend our bnf-parser
with arbitrary parsing procedures.

(define fancy-expression-grammar
;; The “extend-bnf> macro is provided by Chido Parse.
(extend-bnf

expression-grammar

;; Here we extend the BNF grammar from the previous code snippet

;3 with three more alternates.

[expression [expression "/" expression
#:associativity 'left
#:precedence-greater-than "+"]

[procedural-complex-number-parser]
[dynamic-parse-loader]]))

(define procedural-complex-number-parser ...)
(define dynamic-parse-loader ...)

Of particular note is the above dynamic-parse-loader extension, which can dynamically
load parser modules while parsing. The dynamic-parse-loader allows fancy-expression-
grammar to be further extended dynamically within a module that uses fancy-expression-
grammar. An example of using a dynamically loaded parser is given in|Section 2.5.4

(define dynamic-parse-loader
;5 This is a parser that loads extensions dynamically based
;5 on the source code being parsed.
(proc-parser
(A (in)
(define prefix (parsex-direct in "o"))
;5 Read a module name as a symbol.
(define symbol (parsex-direct in symbol-parser))
(define dynamic-parser
;3 Dynamically load a parser from the module specified.
(dynamic-require (syntax->datum (d-result symbol))
'dynamic-parser))
define open-brace (parsex-direct in "{"))
define dynamic-parse (parsex-direct in dynamic-parser))
define close-brace (parsex-direct in "}"))
d (d-result dynamic-parse)
#:ds (list prefix symbol open-brace dynamic-parse close-brace)))))

(
(
(
(
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2.3 Core Parsing Algorithm

We will describe our algorithm by describing a procedural recursive descent algorithm, then
generalizing it.

In our presentation of recursive descent, assume all recursive parsing goes through a parse
function, which takes a parser object and an input stream, which we will call a port using Racket
terminology, and returns a parse derivation object. A derivation object is a structure that contains
a start position, end position, and a semantic result for the parse. The most basic parser is a string,
representing a literal string to be parsed. The next parser object could be a function that takes a port

and returns a parse derivation.

(A (in)
(define start (port-position in))
(define c (read-char 1in))
(d start (+ 1 start) c))

Note that our derivation constructor d used above and other parsing functions presented here are
simplified versions of those used in other sections of this chapter. Additionally, note that strings
as parsers are redundant, since parsers for literal strings may be defined as procedures. However,
literal string parsers both simplify our presentation and are convenient in practice.

A final parser object is an alternative parser, which stores a list of parsers that could be applied to
the port. How should the alternative parser choose which parser to execute? To solve this problem,
we modify our notion of procedural parsers. Rather than procedural parsers being merely a function
from port to derivation, they will be a structure containing such a function as well as a prefix. The

alternative parser can then choose a function based on longest prefix match.

(struct alt-parser (parser-list))

(struct proc-parser (prefix-string procedure))

;3 The “d° struct will define a ~d~ constructor that takes
;; three arguments, one for each field.

;3 The ~d~ constructor with optional arguments used

;; 1n the previous section is an extended wrapper for

;3 this constructor.

(struct d (start end result))

This interface defines a simple procedural recursive descent parsing system where procedures
may recur by calling parse with either an alternative or a procedural parser. However, this system
displays some classic problems with recursive descent. First, if a procedure has the empty string as
its prefix, it may “left recur” by calling parse at its starting position with itself or another parser that

is mutually left recursive with it. In a naive implementation, this dependency loop causes infinite



11

recursion or, more practically, a stack overflow error. There are various proposed methods for

solving this left-recursion problem (Frost and Hafiz[2006). However, they all either greatly increase

computational complexity or require the parser to be rewritten in a way that obscures the parsing
logic. We propose a novel method for handling left recursion by using delimited continuations to

de-schedule left-recursive parsers.

2.3.1 Delimited Continuations

Before we describe our modified algorithm, let us review the core operations of delimited contin-
uations: call-with-continuation-prompt, abort-current-continuation, call-with-
composable-continuation, and application of captured continuations (illustrated in[Figure[2.2).

The call-with-continuation-prompt (call/prompt) function takes a thunk to run, a
prompt tag, and an abort handler function. It then installs a prompt (with the supplied handler) in
the current continuation and executes the supplied thunk.

The abort-current-continuation (abort/cc) function takes a prompt tag and a value
to pass to the prompt’s abort handler. It then aborts the current continuation up to the prompt,
replacing that section of the continuation with an expression that applies the prompt’s handler to the
given value.

The call-with-composable-continuation (call/comp) function takes a function of one
argument, in this case k, and a prompt tag. It captures the current continuation up to the prompt
with the matching tag, and executes the given function, passing the continuation in as k. When
applying a captured composable continuation k, the captured continuation frames do not replace the
current continuation stack, but rather are added to the end of the stack. In other words, the captured

continuation k behaves like a normal function.

2.3.2 Parsing with Delimited Continuations

To solve the left-recursion problem with delimited continuations, the parse function must
install a delimited continuation prompt around a call to a parsing procedure. When a recursive
call is made, the parse function can de-schedule the parent parser by capturing and aborting its
continuation delimited by the previous prompt. Using this method, we can view each call to parse
as a job that can be descheduled to resolve cyclic dependencies. When jobs are descheduled, the
continuations are stored in job records along with the job’s dependency. When a dependency cycle

can not be resolved, rather than looping indefinitely, the scheduler can simply return a parse failure
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for the job that caused the cycle. While we will continue to explain the algorithm in prose here, those
desiring further clarity may wish to consult the appendix, which includes a model implementation
as a literate program.

Scheduling parse jobs begins with an original call into a parse function, and scheduling is
performed greedily to satisfy that root parse call. Each time a recursive call to one of Chido Parse’s
parsing functions is made, the current job is de-scheduled and a dependency is created linking the
de-scheduled job to the job for the recursive call.

Each parsing job contains dependency information, so we can traverse a graph of dependencies.
In particular, we can trace a path from the root job to any other parsing job. When a job J is
de-scheduled with a dependency on a job K that is already on the dependency path from the root
job to J, it indicates a left-recursive cycle.

When a left-recursive cycle is found between jobs J and K, it can potentially be resolved by
scheduling a different choice from any alternate parsers on the path between J and K (inclusive of J
and K). If all choices from alternates between J and K are stuck in cycles (or if there is no alternate
between J and K), then the cycle is broken by returning a parse failure result to job J. This situation
arises, for example, in an infix arithmetic parser when each infix operator alternate is waiting for
a parse of the left expression at a position when no non-infix expression can be parsed, or when a
series of successively larger infix expression parses finally matches the entire expression and can
not find any new ambiguous parse trees to be on the left-hand side.

The next problems with our system stem from ambiguity. Consider the following expression
grammar:

(define expression (alt-parser (list number plus)))
(define number (proc-parser "" (A (in) #|parse a number...|#)))
(define plus
(proc-parser "" (A (in)
(define start (port-position in))
;; Parse expression, op, expression in sequence.
(define 1 (parse in expression))
(define op (parse in "+"))
(define r (parse in expression))

(d start (d-end r)
(list 'plus (d-result 1) (d-result r))))))

The intent of this parser is for the expression parser to return multiple results, first for a number,
then potentially for an addition expression where the first number is its left argument. Additionally,

the grammar leaves the associativity of the plus operator ambiguous, meaning that there could be
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several valid parse derivations for a series of plus operations. However, our current parse API
returns just one derivation per call! To fix this, we can instead define parse*, which is like parse
but returns a lazy stream of results, where getting the next value in the stream forces computation
back into the parsing system. This allows alternative parsers to return results from each of its
parsers, and even multiple results from each parser. Additionally, for ease of programming, we allow
procedural parsers to return a stream tree of results, which we (lazily) flatten into a single stream
to be returned from parsex*. It should be noted that forcing computation from a stream of parse
results may trigger a left-recursive computation, so it is important that the stream implementation
wrap its computation with a continuation prompt as a parsing job.

We can now define a new version of plus that handles ambiguity:

(define plus
(proc-parser

(A (in)
(define start (port-position in))
(for/stream ([l (parsex in expression start)])
;3 For each ambiguous derivation from the previous parser,
;; use the next parser at the end point of the derivation.
(for/stream ([op (parsex in "+" (d-end 1))1)
(for/stream ([r (parsex in expression (d-end op))])
(parse-derivation start (d-end r)
(list 'plus (d-result 1) (d-result r)))))))))

Note that the implementation is much more complicated due to ambiguity. Rather than working
with a single result from each parsex, we must account for the possibility of multiple results using
the for/stream form, which lazily loops over a stream, with the body returning once per stream
element. Since multiple derivations returned by parsex* may have different lengths, we need to add
a third argument for the start location to the parsex* function. Additionally, we need a rewindable
version of our input port object.

To return our implementation of plus to its former simplicity, we introduce parsex-direct,
which leverages delimited continuations to implicitly loop over a stream. The parsex-direct
function also has an associated continuation prompt that is installed each time a job is run, after
the job prompt. When parsex-direct is called, it captures its continuation up to its prompt, then
loops over parsex*’s result stream by calling the continuation, wrapped in another parsex*-direct

prompt, inside for/stream.

(define (parsex-direct in parser position)
;; ~call/comp™ captures the continuation (without replacing it).
(call/comp (A (k) (abort/cc parsex-direct-prompt
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;5 “abort/cc” replaces the continuation with this thunk.
(A () (for/stream ([deriv (parsex in parser position)])
(k deriv)))))
parsex-direct-prompt))

By extending parsex-direct further to set the port location within the for/stream loop,
we can additionally make the start position argument optional. This allows us to write ambiguous,

left-recursive, procedural parsers in a direct style:

(define plus
(proc-parser ""
(A (in)
(define start (port-position in))
;5 Parse in series, like before, but implicitly
;5 Llooping for each ambiguous result.
define 1 (parsex-direct in expression))
define op (parsex-direct in "+"))
define r (parsex-direct in expression))
d start (d-end r)
(list 'plus (d-result 1) (d-result r))))))

(
(
(
(

To aid in understanding, [Figure2.3] provides an overview of the Chido Parse APIL.

Ultimately, delimited continuations solve two problems: the left-recursion problem and the
problem of complicated, loop-filled code to handle ambiguity. Users of a parsing system that uses
this algorithm must know that their parsing code may run multiple times in an unspecified order, and
thus program functionally to avoid race conditions. Additionally, users should filter parse ambiguity
as close as possible to its source if they want to avoid exponential complexity, and must understand
the basics of the stream API. However, users do not need to understand the delimited continuation
API or the low-level details of the parsing algorithm to write parsers against it.

With the foundation of proc-parser and alt-parser, higher-level layers may be built and
composed. Parser combinators and disambiguation filters are straightforward to implement as
functions that construct proc-parsers, and declarative DSL interfaces like extended BNF can

also be constructed to desugar to calls to combinators and filters.

2.4 Applications
We have applied the Chido Parse library to a several practical problems in the Racket ecosystem.
While every feature of Chido Parse is not leveraged by every example, supporting the suite of
examples is not possible without support for arbitrary left-recursive procedural parsers, dynamic

extensibility, context sensitivity, and composability.
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2.4.1 Readtables and S-Expressions

Much of the motivation of this parsing project was to improve the status quo for creating parsers
for DSLs in Racket. Many Racket languages use a readtable, which is a dispatch table for parsers
that are written separately and then composed together. However, readtable-based composition is
limited and brittle.

A readtable has a table mapping of single-character prefixes to parsing procedures. When a
readtable is used to parse, the first character of the input is matched against the table. If a mapping
is found, the mapped procedure is applied. If no mapping is found, a built-in symbol parser is
applied. Prefix characters in the table have not only a parsing procedure, but also a flag to indicate
whether symbol parsing should stop at that character. The extra flag for symbol parsing frees users
from needing to craft an appropriate identifer parser when extending a readtable.

Setting the current-readtable parameter installs a modified readtable, and by convention
each parser in a readtable should use current - readtable for recursive parsing. This convention
allows each parsing procedure to access a customized readtable to apply or further extend for its
own recursive calls without needing to know anything about the other extensions in the readtable.

113

Readtable extension also lends itself to Racket’s “meta-language” protocol that allows users to com-
pose parser extensions. For example, the at - exp meta-language extends the current- readtable
with the Scribble documentation notation (prefixed with the @ character). So, a user may write a
module in #lang at-exp racket to use the Racket language extended with Scribble notation.
In happy cases where extension prefixes do not conflict, multiple such meta-languages may be
composed together.

The single-character prefix of readtables, however, is very limiting to Racket DSL developers.
For example, a readtable extension can not define a dollar-prefix parenthesis grouping $( ... )
that behaves different from normal parenthesis grouping ( ... ) without blocking other exten-
sions that begin with the dollar sign or making the dollar sign unusable as a character in symbols.
The limitation is so great that Racket’s readtable includes a one-off hack, making the hash (#)
character be the prefix of a second dispatch table. While the extra dispatch mode allows limited
use of two-character prefixes, there is a clear desire for longer prefixes. In fact, Racket’s default
prefix for regular expression literals is #rx, and Racket’s default prefix for dynamic parser module

loading is #reader. Because they both begin with the prefix #r, the #rx and #reader parsers

must be built together as a single procedure that dispatches on the extended prefixes, erroring when
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none of the known prefixes match. Adding another alternate that begins with the prefix #r cannot
be done compositionally.

Thus, while readtables are useful for building parsers for certain languages, they disallow lo-
cal ambiguity, left-recursion, infix operators, and postfix operators. Languages that require these
features must be built using different parsing tools and can not share extensions or use the same
meta-language protocol as readtable languages.

Using the Chido Parse library, we have implemented a readtable-like parser constructor, called
chido-readtables. Like Racket’s readtables, chido-readtables include a default symbol parser that
can be automatically affected by extensions. Chido-readtables additionally use a similar convention
of referring to a dynamic current-chido-readtable parameter so that extensions can refer to a
fully customized table without information about the customizations. However, chido-readtables
allow arbitrary length prefixes, parsers with no static prefix, left-recursive parsers, and mixfix
operators with declarative associativity and precedence.

The following code creates three increasingly customized readtables. To create rtl, the current
readtable is accessed and extended with the “at-reader,” a parser for the context-sensitive Scrib-
ble (Flatt et alJ2009) notation. This extension automatically makes the built-in symbol reader stop
when encountering @ characters, disallowing them from symbols. This first extension matches the

capabilities of Racket’s core readtable interface.

(define rtl
;; extend to support Scribble @-reader
(extend-chido-readtable (make-at-reader-parser #:prefix "@")
(current-chido-readtable)))

;; read “$(a b c)” as " (#%dollar-paren a b c)~
(define rt2 (chido-readtable-add-list-parser "$(" ")" rtl #:wrapper '#%dollar-paren))

;5 read "a $+$ b $+$ ¢ as “($+$ ($+$ a b) c)°
(define rt3 (chido-readtable-add-mixfix-operator "_$+$_" rt2 #:associativity 'left))
However, the extensions applied to build rt2 and rt3 are possible only with the more powerful
Chido Parse readtable interface. The rt2 readtable is extended with a new list parser that begins
with the multi-character string "$(". While this extension automatically disallows symbols from
containing the string "$ (", it does not disallow dollar signs in symbols generally, or prevent other
extensions prefixed with the dollar sign. In fact, rt3 extends rt2 with the infix operator $+$. Using
rt3, users may embed Scribble documentation in their code, and code escapes inside the Scribble

documentation can still include $ () lists and infix $+$ operations. Chido-readtable extensions may
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always be added compositionally, although some compositions may ultimately create parsers for
ambiguous languages.

The chido-readtable abstraction is useful especially for extended s-expression languages, and
because Racket programmers are already comfortable using the similar readtable abstraction. Be-
cause they are simply Chido Parse parsers, chido-readtables are easily composable with other Chido
Parse parsers, giving Racket language designers extra flexibility to design and compose different

language components each with the interface that makes the most sense for that component.

2.4.2 Declarative Parsers

Grammars are often written in a declarative fashion using notations such as Backus-Naur Form
(BNF). These notations are popular because they are machine readable but also easy for humans to
read and reason about. However, it is often the case that a grammar written for humans will include
a simplified, ambiguous BNF grammar along with side-conditions that disambiguate the grammar.
Many parsing systems only allow basic BNF grammars, or even a limited subset of them due to a
lack of support for all context-free grammars. Some parsing systems such as SDF3

2002) support BNF with extensions that allow machine-readable specification of disambiguating

side conditions like operator precidence. A few systems such as Iguana (Afroozeh and Izmaylova

[2015)) support a BNF format extended to handle extra binding and computation clauses to implement
context-sensitive features such as off-side indentation rules in Haskell and Python, or tag matching
in XML.

Chido Parse allows users to write arbitrary procedures and consult arbitrary data structures to
perform parsing, to compose parsers, and to build parsing abstractions. In particular, this flexibility
allows users to build parser constructors that read BNF or other formats. We have included with
Chido Parse an extended BNF DSL that supports regular right-hand sides, capturing intermediate
results for data-dependent parsing, referencing procedural parsers as BNF productions, and declar-
ative specification of operator precedence and associativity disambiguation. Our initial BNF is
implemented as an s-expression-based DSL as demonstrated in However, we have
also used that DSL in s-expression notation to construct a parser to enable a more traditional BNF
notation.

Here is an excerpt of an XML parser written using our declarative BNF-style DSL and notation.

Extra annotations, including %, @, and /, specify details about how the semantic parse result is
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constructed, such as whether to include the name of the alternate in the result, where to splice
list elements, and whether to omit elements. Because XML requires opening and closing tags to
match, it is not a context-free language. While this XML parser is mostly declarative, it includes an
escape to use a disambiguation combinator to perform data-dependent filtering of parse results.
Specifically, it captures the result of the starting tag STag into a variable, then references that

variable to ensure that the ending tag ETag matches.

#lang chido-parse/bnf-syntactic
% element : @EmptyElemTag
| open = @STag
;; The Start Tag is captured as the variable “open-.
@content
;5 Parse an End Tag, but filter to only tags that
;7 match the Start Tag.
/$(derivation-filter
ETag
(A (close) (equal? (derivation->tag-name open)
(derivation->tag-name close))))

2.4.3 Composition

In today’s polyglot programming landscape, many programmers want to (and do) mix multiple
languages in a single file. This is particularly visible in web programming, where there is a profusion
of HTML templating languages, JavaScript and CSS embedded in HTML, and bits of HTML and
SQL embedded in strings of front-end and back-end languages.

However, language embedding and composition are often rife with problems. Embedding
and interpolating bits of language syntax in strings for later interpretation commonly suffers from
security problems, in addition to irritating string escaping. Constructing a parser that can statically
parse the mixed languages often involves writing a complex, monolithic parser that encapsulates the
grammars of all mixed languages.

With Chido Parse we can write language parsers in a modular fashion and easily compose
disparate parsers. Resulting parsers allow a mixed-language file to be parsed in one pass and are not
vulnerable to injection attacks. For example, the following example combines our XML parser with

our readtable-based S-expression parser into a parser for ParenHP, a web preprocessor language

inspired by PHP (PHP: Hypertext Preprocessor][2020)):

(define parenhp-s-exp
;; hash-tag-parser uses parenhp-parser to parse tags
(extend-chido-readtable hash-tag-parser basic-readtable))
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(define parenhp-parser
(extend-bnf xml-parser
[element ["<¢" parenhp-s-exp "é>" #:result/stx (A (L mr) m)ll))

The composite parser returns racket syntax objects where the XML portions represent expres-
sions that generate racket x-exprs, an s-expression encoding of XML data used by Racket’s web
server modules. Using this parser and some macro definitions, a user may produce a quick dynamic
web page that displays the client’s IP address and query parameters with the following code:

#lang chido-parse/demo/parenhp

<html>

<hl> Hello to <i(request-client-ip (current-request))i> </hl>
<p>Query parameters:
<¢(append #<ul/>
(for/list ([b (request-bindings (current-request))])
#<li><i(car b)é> is <é(cdr b)éi></1i>))éi>
</p>

</html>
2.4.4 Parser Profusion and Dynamic Extension

While we can create a composite parser in the manner of ParenHP by using a parsing module that
composes a set of parsers we care about, there are potentially very many interesting language combi-
nations. For example, a user might want to embed SQL queries, shell pipelines, logic programming
relations, user-defined data literals, and more, each with its own syntax. It would be impractical to
create such a module for each member of the (ever growing) superset of DSL notation parsers. It is
more tenable to allow users to create ad hoc composite languages with dynamic extension loading
and composable meta-languages.

One approach to notation mixing in macro-extensible languages like Racket is to embed DSL

code in strings and parse them during macro expansion. This approach is optionally used by some

Racket-based DSLs such as Rash (Hatch and Flatt[2018]).

(require rash)

(for/list ([x (list "earth" "mars")])
;; Use the “echo™ unix program, pipe its output to
; the Racket “string-append” function.
(rash "echo hello |>> string-append _ x"))

This delayed-string approach does not suffer from common issues with run-time code string
interpolation, because the strings are parsed as part of macro expansion during compilation, and the
approach can be used with any parsing technology. However, this approach is not well composable
with common “quasiquoting” macros, such as Racket’s syntax form used to instantiate syntax

templates. In the following example, the syntax-parse form matches the syntax object for
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the string "world" as the pattern variable X. The syntax form on the right-hand side eagerly
substitutes all instances of X in its template with the syntax for "world". But because the x on
the right hand side is inside a string that has not yet been parsed, the substitution will be missed,
resulting in an unbound variable error—or, worse, an unintentional capture of a different variable
named X.

(require rash syntax/parse)

(syntax-parse (syntax "world")
[x (syntax (rash "echo hello |>> string-append _ x"))1)

By dynamically loading parser extensions in a procedural parser like Chido Parse, embedded
notations can be parsed together in one parsing phase before macro expansion, sidestepping issues
with delayed string parsing. In the below example, we assume a module parser that includes a
parser like the dynamic-parse-loader defined in The module parser does not
include any built-in support for parsing Rash code, but it can be dynamically included using the
dynamic-parse-loader. In this manner, the module parser can provide dynamic, extended
language support without delaying any parsing to expansion time.

(require rash syntax/parse)

(syntax-parse (syntax "world")

[x (syntax ¢rash-parser{

echo hello |>> string-append _ x
Hl

While the features of the applications above can be implemented in isolation with other parsing
systems, Chido Parse enables these and other applications to be implemented and composed all

together in a single system.

2.5 Evaluation
We evaluate Chido Parse by considering aspects of its utility for parsing, including expressive-

ness, static analyzability, failure reporting, algorithmic complexity, and performance.

2.5.1 Expressiveness
The main goal of designing Chido Parse was to create a maximally expressive and flexible

parsing system. In particular, we had the goal of supporting several specific features required to
support all the applications listed in

e Support for constructing and composing parsers using any mix of ad hoc procedural parsers,

declarative formats like BNF, and parser combinators.
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Support for dynamic parser extensibility.

Support for ambiguous and left-recursive grammars.

Support for the entire class of context-free grammars.

Support for context-sensitive grammars, including but not limited to data-dependent gram-

mars (Jim et alJ2010).

As shown in Chido Parse is the first system to accomplish all of these goals.
While demonstrates Chido Parse’s expressiveness, the rest of the evaluation section

focuses on aspects of parsing where Chido Parse has room for improvement.

2.5.2 Static Analysis

For various applications it is important to statically analyze a parser. Chido Parse allows the
embedding of arbitrary parsing procedures, and even dynamic extensibility, and is therefore not
well suited to these static analyses. Other, more limited parsing systems can afford much simpler

and more effective static analyses for optimization or making guarantees about a grammar.

2.5.3 Ambiguous Failure Messages

Generalized parsing systems that allow ambiguity, including Chido Parse, can follow several
paths to multiple successful parse trees. However, when a parse is unsuccessful, multiple paths
lead to multiple failure locations and messages. These ambiguous failure messages make it much
harder to design clear and precise failure reporting. This is an active research topic, and we leave

an optimal solution to future work.

2.54 Computational Complexity

Some generalized parsing algorithms can achieve a cubic worst-case complexity by using a
compact parse representation like SPPF in which interior ambiguity is represented
by shared nodes. Because our procedural parsers can inspect intermediate results to make branching
decisions, we can not rely on a method for compacting ambiguous internal nodes to reduce complex-
ity, allowing ambiguous parsers to exhibit exponential worst-case complexity. To demonstrate this

complexity, we performed an experiment parsing the following ambiguous expression grammar:

(exp) 1:= (exp) + (exp)
| x
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Because the grammar does not specify an associativity for the + operator, the number of parse
trees for an expression is exponen