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C H

✓ Type Ǖ: Unrestricted Grammars
✓ Type ǖ: Context-Sensitive Grammars
✓ Type Ǘ: Context-Free Grammars
✓ Type ǘ: Regular Grammars

The formalism seems backwards if we want to recognize
(parse) strings in the language…



P E G (PEG)
Recognition-Based, rather than generative.

Deène nonterminals as in CFGs, but right-hand-side can involve:

e? Optional (greedy)
e∗ Zero-or-more (greedy)
e+ One-or-more (greedy)
&e Matches (does not consume)
!e Doesn’t Match (does not consume)
e1 e2 Sequencing
e1/e2 Choice (prioritized)

Advantages:

✓ Deterministic by deènition

✓ Linear-time parsing



S PEG E

A ← a b / a
B ← a / a b
C ← a a∗

D ← a∗ a

e? Optional (greedy)
e∗ Zero-or-more (greedy)
e+ One-or-more (greedy)
&e Matches (does not consume)
!e Doesn’t Match (does not consume)
e1 e2 Sequencing
e1/e2 Choice (prioritized)



R: L R

Normally, PEGs cannot be left-recursive:

E ← E + E / n

F ← n / E + E

(Recent work lifts this restriction, but we lose the
linear-time-parsing guarantee.)



U L  P
PEGs commonly combine lexing and parsing in a single grammar.
(Regexp operators make this less painful.)

Advantages:
✓ Everything in one place with one formalism
✓ No problem with context-dependent lexing, as in

▶ vector<vector<int>> v(n>>2);

Disadvantages:
✓ Need to specify whitespace in the PEG

(E.g., after every lexical token)

Identifier ← Letter (Letter / Number)∗ Whitespace
Letter ← [A-Za-z]
Number ← [0-9]
Whitespace ← ([ \t\n] / Comment)∗



L E
Character literals

Literal ← ['] (!['] Char)∗ [']
Char ← [\\] [nrt'"\[\]\\]

/ ![\\] .

Haskell comments

Comment ← "{-" (Comment / !"-}" .)∗ "-}"

End-of-èle

EndOfFile ← !.



P E (Whitespace )

Expressions:

E ← T ( "+" E / "-" E)∗

T ← F ( "*" F / "/" F)∗

F ← Number / "(" E ")"

Unambiguous if-else:

Statement ← "if" "(" Expression ")" Statement "else" Statement
/ "if" "(" Expression ")" Statement



A N-C-F PEG

A ← a A b / ε

C ← b C c / ε

S ← &(A !b) a∗ C !.



P P
Intuition: Follow the grammar (like recursive-descent), but:

ǖ. Memoize: “Have I tried to match this nonterminal at this point in the
string before? If so, how much of the input did it match?”

Ǘ. Backtracking is limited in PEGs;
Each nonterminal can match a preèx of a string in exactly one way.



P P  
A ← a A b / ε

C ← b C c / ε

S ← &(A !b) a∗ C !.

a a a b b b c c c END
a ?51 ?91 ?131 ?17X
b ?231 ?271 ?311 ?36X
c ?601 ?641 ?681
ε ?200 ?570

aAb ?46 ?84 ?122 ?16X
A ?36 ?74 ?112 ?150

bCc ?496 ?514 ?532 ?55X
C ?486 ?504 ?522 ?540
!b ?350

&(A !b) ?20
a∗ ?403 ?412 ?421 ?430
!. ?720
S ?19



A: F P L
✓ Designed for high-performance computing
✓ Developed by Guy Steele and others at Sun Labs (now Oracle)
✓ Relevance here: mathematical and extensible syntax.

cgit = 25
z := Vector[\E,n\](0)
r := x
rho := r DOT r
p := r
for j <- seq(1#cgit) do
q = A p
alpha = rho/(p DOT q)
z += alpha p
rho0 = rho
r -= alpha q
rho := r DOT r
beta = rho / rho0
p := r + beta p

end
(z, ||x - A z||)

cgit = 25
z := VectorJE,nK(0)
r := x

ρ := r · r
p := r

for j ← seq(1 # cgit) do
q = A p

α =
ρ

p · q
z += α p

ρ0 = ρ

r −= α q

ρ := r · r
β = ρ/ρ0

p := r + β p

end(
z, ‖x−A z‖

)
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Abstract
In this paper we present a macro system for the Fortress program-

ming language. Fortress is a new programming language designed

for scientific and high-performance computing. Features include:

implicit parallelism, transactions, and concrete syntax that emulates

mathematical notation.

Fortress is intended to grow over time to accommodate the

changing needs of its users. Our goal is to design and implement

a macro system that allows for such growth. The main challenges

are (1) to support extensions to a core syntax rich enough to em-

ulate mathematical notation, (2) to support combinations of exten-

sions from separately compiled macros, and (3) to allow new syntax

that is indistinguishable from core language constructs. To emulate

mathematical notation, Fortress syntax is specified as a parsing ex-

pression grammar (PEG), supporting unlimited lookahead. Macro

definitions must be checked for well-formedness before they are

expanded and macro uses must be well encapsulated (hygienic,

composable, respecting referential transparency). Use sites must

be parsed along with the rest of the program and expanded directly

into abstract syntax trees. Syntax errors at use sites of a macro must

refer to the unexpanded program at use sites, never to definition

sites. Moreover, to allow for many common and important uses of

macros, mutually recursive definitions should be supported.

Our design meets these challenges. The result is a flexible sys-

tem that allows us not only to support new language extensions, but

also to move many constructs of the core language into libraries.

New grammar productions are tightly integrated with the Fortress

parser, and use sites expand into core abstract syntax trees. Our im-

plementation is integrated into the open-source Fortress reference

interpreter.To our knowledge, ours is the first implementation of a

modular hygienic macro system based on parsing expression gram-

mars.
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1. Introduction
A programming language can be thought of as a vocabulary of

words and a set of rules that define how to combine words into

meaningful constructs [19]. One goal of language design is to cre-

ate a vocabulary and a set of rules that allow the programmer to

express ideas clearly and concisely. But the set of concepts needed

over the lifetime of a programming language is difficult to an-

ticipate and is often dependent on the development of new sys-

tems that programs must interact with (for example, new domain-

specific languages, new programming platforms, new virtual ma-

chines, etc.).

The Fortress programming language is intended to grow over

time to accommodate the changing needs of its users [4]. One

mechanism to allow for such growth is syntactic abstraction: It is

possible to add new syntactic constructs to the language in libraries,

defining new constructs in terms of old ones. In this manner, the

language can gracefully adapt to unanticipated needs as they be-

come apparent. Parsing of new constructs can be done alongside

parsing of primitive constructs, allowing programmers to detect

syntax errors in use sites of new constructs early. Programs in

domain-specific languages can be embedded in Fortress programs

and parsed along with their host programs. Moreover, the defini-

tion of many constructs that are traditionally defined as core lan-

guage primitives (e.g., for loops) can be moved into Fortress’ own

libraries, thereby reducing the size of the core language.

Designing such a syntactic abstraction mechanism for Fortress

is hard. In part, this difficulty is due to our design goal of growabil-

ity: New syntax should be indistinguishable from old syntax from

the user’s perspective. This requirement imposes several constraints

on Fortress macros: Macro definitions must be checked for well-

formedness before they are expanded; otherwise syntax errors in

the definition of a macro might not be exposed until the macro is

used. Macro uses must be well encapsulated (hygienic, compos-

able, respecting referential transparency); otherwise it would be im-

possible to safely use a macro without understanding the innards of

its implementation. Use sites must be parsed along with the rest of

the program and expanded directly into abstract syntax trees; oth-

erwise new syntax would be distinguishable from old in the sense

that use site errors of new syntax are not signaled alongside those

of old syntax. Similarly, syntax errors at use sites of a macro must

refer to the unexpanded program at use sites, never to definition

sites. And because many desirable macro definitions require recur-

sion, Fortress macros must support recursive and mutally recursive

definitions.

Difficulties also arise from another design goal of Fortress: The

concrete syntax of Fortress is designed to emulate mathematical

From Allen et al., “Growing a Syntax,” ǗǕǕǞ.
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Because grammar definitions introduce new syntax to the lan-

guage, the program itself defines how to parse it and turn it into

an AST. We call the entire process from parsing a source program

to creating a corresponding AST syntax normalization. Syntax nor-

malization consists of two stages: parsing and transformation. In

the parsing stage, the source program represented as a Unicode

string is turned into what we call a parsed program. Then, in the

transformation stage, the parsed program is transformed to a pro-

gram in Core Fortress AST. Each stage is described in detail in the

subsequent subsections.

5.1 Parsing
The parsing stage transforms a source program in a Unicode string

into a parsed program in an AST representation which describes

how the program is to be transformed into an executable Core

Fortress program. The transformation is nontrivial because a pro-

gram itself defines how it is parsed: the grammar definitions in the

program determines which syntax may occur in the grammar defi-

nitions and the main expression.

In order to resolve this self-dependency problem, we take a two-

step approach to parse Fortress programs. In the first step, we parse

all the grammars except for the action part of each variant and the

main expression. The action parts and the main expression are just

parsed as Unicode strings. This step is a standard parsing which

generates an AST where expressions are represented as strings. In

the second step, we parse each action part and the main expression.

In order to parse the action parts, we need to compute what we

call the set of available macros. In Section 5.1.2, we show how to

compute the set of available macros for a given grammar, and how

to derive a PEG from which a PackRat parser can be generated

(for example by using Rats! [17, 18]) and then used to parse the

action parts. The action parts and the main expression are parsed

into node expressions. A node expression describes how macros

are invoked to turn a macro syntax into a Core Fortress syntax. The

construction of node expressions is described in Section 5.1.3. This

two-step approach works because the grammar definitions appear

before the main expression. The approach also has the advantage

that we break the dependency in parsing recursive macros.

The parsing stage relies on Parsing Expression Grammars
(PEGs) [16] because they have some advantages over usual Context-

Free Grammars (CFG) [10] based parsing formalisms such as LL

and LALR(k). PEGs are unambiguous, are closed under union, and

integrates lexing with parsing. We need the closure property be-

cause we want to combine PEGs for different grammars and the

integrated lexing and parsing makes it easy to achieve our goal of

“similar syntax for definition and use”. Furthermore, the parsers

based on PEGs allow a linear execution time compared to the gen-

eralized CFG parsers. We briefly introduce PEGs in Section 5.1.1

along with a description of our pattern language which is effec-

tively a variant of Parsing Expressions.

5.1.1 Parsing Expression Grammars
A Parsing Expression Grammar (PEG) is a 3-tuple (N, T, s), where

N is a finite set of nonterminal definitions, T is a finite set of

terminal symbols, s ∈ N is the start nonterminal definition. A

nonterminal definition is a pair (n, cs) where n is a name and cs
is a list of prioritized alternatives, each alternative being a parsing
expression [16]. The terminal symbols and the nonterminal names

are disjoint. If e, e1, and e2 are parsing expressions then so are the

empty string �, a terminal symbol a ∈ T , a nonterminal name n, a

sequence e1 e2, an optional expression e?, zero-or-more repetitions

e∗, a not-predicate ¬e, and a and-predicate ∧e.

The main difference between PEGs and CFGs is the lack of

ambiguity in PEGs resulting from the prioritized alternatives. In a

CFG, the two nonterminal definitions A = a | ab and A = ab | a

grammar A
Nt::=

macroA ⇒ . . .
end
grammar B extends {A}

Nt|:=
macroB ⇒ <[. . .macroA . . .]>

end
grammar C extends {A}

Nt|:=
macroC ⇒ . . .

end

Figure 6. Grammars including multiple nonterminal extensions

grammar D extends {B}
Nt|:=

macroD ⇒ <[. . .macroB . . .]>
| B .Nt

(* This definition is illegal,

because macroA is not propagated by the grammar B:

Nt|:=
macroD2 ⇒ <[. . .macroB . . .macroA . . .]>

*)

end

Figure 7. Grammars should behave as usual module systems

are equivalent. However, in a PEG, the second alternative of the

former would never succeed because the first alternative is always

taken if the input string to be recognized starts with a.

The pattern language shown in Figure 5 is based on parsing ex-

pressions with some differences. If Parti (1 ≤ i ≤ n) of a sequence

of parts, (Part1, Part2, . . ., Partn), corresponds to a parsing expres-

sion ei, then the sequence of parts corresponds to the sequence of

parsing expressions with optional Fortress whitespace in between:

(e1, w, e2, w, . . ., w, en). Here w refers to the nonterminal defining

the optional whitespace in Fortress. This small difference reduces

the visual clutter when writing language extensions. We also al-

low character classes to be specified(e.g. the character class of “;”

and the lowercase letters from “a” to “z” [;a:z]). Character classes

can be trivially, but tediously, encoded in parsing expressions by

explicit enumeration of the alternatives.

5.1.2 Combining Grammars
In order to create a parser and parse the action parts in a given

grammar, we need to compute the set of available macros. The

set of available macro definitions for a grammar consists of the

macros defined by the nonterminal definitions and extensions in

the grammar and inherited from the extended grammars. However,

the multiple “inheritance” of grammars in combination with the

prioritized alternatives of PEGs makes it nontrivial to compose

nonterminal extensions.

For example, Figure 6 shows three grammars A, B, and C, each

of which defines a single macro. We write <[. . .macroA . . .]> to

indicate a template where the macro macroA occurs somewhere.

Grammar B and C extend grammar A which contains the defini-

tion of the nonterminal Nt .

The interesting question is what the semantics of a nonterminal

extension should be. It seems natural to expect that B is able to

use all the macros defined in A since it extends it. However, what

From Allen et al., “Growing a Syntax,” ǗǕǕǞ.
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will mainly happen when a macro does not deconstruct input, and
programmers writing programs with recursive functions are used to
deal with this kind of problems.

5.3 Hygiene

Fortress macros are hygienic, meaning any bindings introduced
by a macro are fresh. Our hygienic system is a simplification of
Clinger’s algorithm [11]. Since our macro system cannot introduce
macros itself, nor can a macro be hidden through a lexically bound
variable, we need not concern ourselves with much of the complex-
ity of the original hygiene algorithm.

The hygienic transformation works as follows. Before a macro
is invoked, no renaming is performed. After a macro invocation,
a flag is set which indicates that renaming should take place for
the transformation of the current node and all the children nodes.
During hygienic transformation, identifiers are looked up in a syn-
tactic environment and replaced with the renamed identifiers they
are bound to. The initial syntactic environment is the identity en-
vironment. Once the flag indicating that renaming should occur
is set, each language construct binding an identifier generates a
unique identifier and maps the original bound identifier to the new
unique identifier. Each binding construct introduces a new syntactic
environment which maintains a link to the previous environment.
Identifiers not found in the immediate environment are recursively
looked up in the parent environment until a mapping is found.

Pattern variables in a macro definition are never renamed since
they are syntactic entities being introduced into the macro. In this
way, we prevent variables passed to the macro from being renamed
by virtue of the fact that they share names with bound identifiers
introduced by the macro. Consider the following macro definition:

Expr|:= foo e : Expr ⇒ <[ fn d⇒ d + e ]>

If the macro is invoked as:

foo d

then the result after hygienic transformation should be:

fn d1 ⇒ d1 + d

6. Implementation

The syntactic abstraction mechanism is built on top of Rats!, the
underlying parser technology used to parse Fortress programs. A
key aspect of Rats! is its composition framework based on modules.
By separating grammar extensions in their own module, we were
able to extend the core Fortress grammar in a modular way.

A new parser is generated for each modified or defined nonter-
minal in an extension grammar. All the nonterminals in the gram-
mar are compiled into Rats! syntax and added into a new module,
Muser. A nonterminal that is extended originally has productions
p1 . . . pn and is modified so that Muser.nonterminal is inserted
before p1. All productions that refered to nonterminal will now
implicitly refer to Muser.

The macro system is logically broken up into two stages: pars-
ing, and transformation. The first stage consists of parsing the
grammar declaration into an AST which contains transformation
nodes instead of the template bodies. This stage has two steps:
parsing the grammar declaration and parsing the template bodies.
The core fortress parser is used to parse the grammar declarations
and then those results are used to construct a new parser that is
used to parse the templates. The system constructs a new parser
for each unparsed template body and replaces the grammar AST
node with a transformation node which contains the parsed tem-
plate body. When a component is parsed, the grammars that it im-
ports define the PEG used to parse the component body. The result-
ing AST will have nodes that specify a macro invocation. In stage

two(transformation) the AST will be run through a macro process-
ing engine which converts macro invocation nodes into their corre-
sponding template bodies.

Template bodies consist of regular Fortress syntax, macro in-
vocations, pattern variables, and ellipses nodes. During transfor-
mation, the macro system will dispatch according to these four
cases. For regular Fortress syntax the engine will recursively dis-
patch on child nodes but otherwise do no additional processing un-
less a macro has already been invoked in which case the hygiene
rules will be applied. Macro invocations will cause the engine to
look up the function defined for that macro and apply it to the pa-
rameters of the macro. Pattern variables are looked up in the cur-
rent macro’s environment and replaced with a corresponding ex-
pression. Ellipses nodes cause the engine to replicate the immedi-
ate child node of the ellipses node a number of times equal to the
length of a pattern variable that is also inside the ellipses node. The
replicated nodes are then spliced into the parent node.

7. Evaluation

We have evaluated the design of our syntactic abstraction system by
implementing the for loop example shown in Figure 3, and also a
grammar that recognizes regular expressions and one recognizing
XML. These examples show that the system is suitable for lan-
guage extensions and domain specific languages by allowing their
care-free implementation in general. The grammars for XML and
regular expressions can be found as part of the open-source Fortress
interpreter [3].

The for loop example demonstrates a weakness of the macro
system in that some macros must be split up to accomodate the
parser. The for loop cannot be written directly because when the
ellipses are expanded the intermediate commas are missing and so
the parser would not recognize the syntax as a for loop macro.
Instead, the body of the for loop is written in such a way that
no syntactic markers are needed and a separate macro is invoked
with this simpler body. This generally means that most macros
will need two forms and macro writers will have to know about
both forms when invoking another macro inside their template. A
solution to this problem would be to add operations over lists, so
that the identifiers and the corresponding expressions in the for loop
example could be zipped, and expanded with the commas in place.
In general it would be useful if one could mark local helper macros
as such, e.g. by using visibility modifiers like private in Java.

The system has a number of limitations. Syntax extensions are
imported at the component level, and so we do not support lexically
scoped syntax extensions like Scheme [2] or OMeta [37] does. Sup-
port for lexical scoping could be added later. A number of other
systems [18, 37] based on PEGs allow semantic predicates in pars-
ing expressions. A semantic action is a boolean-valued expression
which must be true in order for a parsing expression to match. Se-
mantic actions are useful in some situations, but in our exprience
we haven’t had any need for implementing any of our examples yet.

Currently the specification of syntax is not separated from the
specification of semantics(actions), e.g. like in Bracha’s [6]. Such
a separation can be useful, e.g. for visualizing the source code in
IDEs, or supporting different transformations. Explicit separation
of the syntax and transformation is possible and we would like to
investigate this in the future.

The current implementation uses Rats! to generate a parser for
each transformation expression. The overall parsing of a Fortress
program performs comparable to the parsers generated by Rats!,
that is linear time. However there is the overhead of generating a
grammar and invoking Rats! on that grammar for each transforma-
tion expression, which currently slows down the parsing first time
a macro is used. The following times are for free because the gen-

From Allen et al., “Growing a Syntax,” ǗǕǕǞ.


