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Chapter 1

| ntroduction

The Fortress™ Programming Language is a general-purpose, statically typed, component-based programming lan-
guage designed for producing robust high-performance software with high programmer productivity.

In many ways, Fortress is intended to be a growable language , i.e., a language that can be gracefully extended
and applied in new and unanticipated contexts. Fortress supports state-of-the-art compiler optimization techniques,
scaling to unprecedented levels of parallelism and of addressable memory. Fortress has an extensible component
system, allowing separate program components to be independently devel oped, deployed, and linked in amodular and
robust fashion. Fortress also supports modular and extensible parsing, allowing new notations and static analyses to
be added to the language.

The name Fortress is derived from the intent to produce a s ecure Fortran, i.e., a language for high-performance
computation that provides abstraction and type safety on par with modern programming language principles. Despite
this etymology, the language is a new language with little relation to Fortran other than its intended domain of ap-
plication. No attempt has been made to support backward compatibility with existing versions of Fortran; indeed,
many new language features were invented during the design of Fortress. Many aspects of Fortress were inspired
by other object-oriented and functional programming languages, including The Java™ Programming Language [5],
NextGen [6], Scala[20], Eiffel [16], Self [1], Standard ML [17], Objective Caml [14], Haskell [22], and Scheme[13].
The result is a language that employs cutting-edge features from the programming-language research community to
achieve an unprecedented combination of performance and productivity.

1.1 Overview of Fortress

Two basic concepts in Fortress are that of object and of trait. An object consists of elds and methods. The elds of
an object are speci ed in its de nition. An object de nition  may also include method de nitions.

Traits are named program constructs that declare sets of methods. They were introduced in the Self programming
language, and their semantic properties (and advantages over conventional classinheritance) were analyzed by Scharli,
Ducasse, Nierstrasz, and Black [23]. In Fortress, a method declared by a trait may be either abstract or concrete:
abstract methods have only headers; concrete methods also have de nitions . A trait may extend other traits: it inherits
the methods declared by thetraitsit extends (except thosethat it overrides). A trait declaresthe methodsthat it inherits
aswell as those explicitly declared in its de nition.

Every object has a set of traits; an object includes every method declared by any of its traits. An object inherits the
concrete methods of its traits and must include ade nition f or every method declared but not de ned by itstraits. Itis

9



10 CHAPTER 1. INTRODUCTION

also allowed to override the de nition of a concrete method i nherited from atrait.

object traits StarSystem O bitingQObject
sun = Sol
pl anets =
Mercury, Venus, Earth, Mars,
Jupiter, Saturn, Uranus, Neptune, Pluto

position = Pol ar (25000 |ightYear, O radian)
radian/s := 2 radian / 226 mllion year in s

accelerate( ) = 1= +
end

In this example, the object Sol ar Syst emis de ned with the traits St ar Syst emand Or bi ti ngQbj ect . The
elds andposi ti on arede ned with appropriate quantities. The eld sun isde ned to be another object named
Sol , and the eld pl anet s is dened to be a set of objects. The method accel er at e is de ned to take a single
parameter , and update the  eld of the object. As this example illustrates, Fortress pr ovides static checking of
physical units and dimensions on quantities.

Note that the identi ers used in this example are not restric ted to ASCII character sequences. Fortress allows the use
of Unicode charactersin program identi ers, aswell as subs cripts and superscripts. (See Appendix C for adiscussion
of Unicode and suggested input methods for Fortress program editors). Fortress also allows multiplication to be
expressed by simple juxtaposition, as can be seen in the denitions of and posi ti on. Fortress also allows for
operator overloading, as well asafacility for extending the syntax with domain-speci ¢ languages.

Although Fortressis statically and nominally typed, types are not speci ed for all elds, nor for al method parameters
and return values. Instead, wherever possible, type inference is used to reconstruct types. In the examples throughout
this speci cation, we often omit the types when they are clear from context. Additionally, types can be parametric
with respect to other types and values (most notably natural numbers).

These design decisions are motivated in part by our goal of making the scientist/programmer’s life as easy as possible
without compromising good software engineering. In particular, they alow usto write Fortress programs that preserve
the look of standard mathematical notation.

In addition to objects and traits, Fortress allows the programmer to de ne top-level functions. Functions are rst-cla ss
values: They can be passed to and returned from functions, and assigned as valuesto elds and variables. Functions

and methods can be overloaded, with calls to overloading methods resolved by multiple dynamic dispatch. Keyword
parameters, variable size argument lists, and multiple return values are also supported.

Fortress programs are organized into components, which export and import apis and can be linked together. Apis
describe the shape of a component, specifying the typesin traits, objects and functions provided by a component.
All external references within a component (i.e., references to traits, objects and functions implemented by other
components) are to apis imported by the component. We discuss components and apisin detail in Chapter 4.

To address the needs of modern high-performance computation, Fortress also supports a rich set of operations for
de ning parallel execution and distribution of large data s tructures. This support is built into the core of the language.
For example, f or loopsin Fortress are parallel by default.
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1.2 Organization

This language speci cation is organized as follows. In Chap ter 2, the basic concepts of the Fortress programming
model are explained, including objects, types, and functions. Many examples illustrating the concrete syntax are
provided. In Chapter 3, advanced language constructs are described. In particular, the Fortress model of parallelism
and support for domain-speci ¢ languages are discussed. In Chapter 4, the compilation and deployment model is
described, including a discussion of Fortress components and apis. In Chapter 5, the abstract syntax is explained.
Finally, in Chapter 6, the Fortress concrete syntax is de ne d in BNF notation.
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Chapter 2

Basic Concepts

2.1 Expressions, Values, and Types

Expressions are program constructs that reduce to values. Every value has alocation. Every location holds a single
value. Two values are identical iff they have the same location. Every expression has a static type. Every value hasa
runtime type. Some types have names; two types with the same name are identical. Generic types are parametric with
respect to types and values. Two instantiations of a generic type areidentical iff their arguments are identical.

Types are related by a subtyping relation, which is re exive , transitive, and antisymmetric. Fortress programs are
checked before they are executed to ensure that if an expression reducesto avaue , the runtime type of isa
subtype of the static type of .

Some types are de ned by programs; others are built into the | anguage. The built-in type Any is a supertype of al
types. Every nite set of types isitself atype, referred to as the intersection of

is asubtype of al of its subsets. An intersection typeisnot a rst-class type; intersection types are used for bounds
on trait parameters, trait variables in wher e clauses as described in Section 2.5.2, and for type inference. They cannot
appear in programs as explicit expression types and they cannot be nested.

For every nite set of types, there is also a type denoting a un ique least upper bound of those types. The least upper
bound of aset of types isasupertype of every type and of the least upper bound of every proper subset of
Least upper bound types are not rst-class types; they are us ed solely for type inference and they cannot be expressed
directly in programs. In some circumstances, a named type isidenti ed with aleast upper bound type, as discussed in
Section 2.2.

There are built-in typesfor Bool , Char, St ri ng, the specia type () (pronounced void ), and several numeric types.
These types are mutually exclusive; no value has more than one of them. Values of these types are immutable. Many
of them are identi ed with special expressionscalled literals.

The two values of type Bool are the literals True and Fal se. Two expressions and can be compared via an
expression of theform = (wherethetypesof and are not mutually exclusive). An expression of this form
evaluatesto True iff and reduceto identical values.

Values of type Char are arbitrary charactersin Unicode 4.0.0 [8], enclosed in single quotes (eg., "a’, " A", ).

Values of type St ri ng are sequences of characters enclosed in quotation marks (e.g., " ). Escape sequencesin
strings abide by the conventions of the Java Programming Language.

13



14 CHAPTER 2. BASIC CONCEPTS

The only value with type () istheliteral () . Referencesto the value () asopposed to thetype () are determined by
context.

The numeric types share the common supertype Num Fortress includes types for arbitrary-precision integers (of type

), rational numbers (of type ), xed-sizerepresentationsfor integersincludingthety pes 8, 16, 32, 64, 128,
their unsigned equivalents 8, 16, 32, 64, 128, oating-point numbers of various precisions (somehav ing hard-
ware support), intervals (of typel nt er val X , abbreviated as X, where X can be instantiated with any number type),
and imaginary and complex numbers of xed size (inrectangul ar form withtypes  for and
polar form with type Pol ar X where X can be instantiated with any complex number type).

For oating-point numbers, Fortress supports types and to be 32 and 64-bit IEEE 754 oating-point numbers
respectively, and de nes two functions on types. Doubl e F is a oating-point type twice the size of the oating-
point type F, and Ext ended F is a oating-point type suf ciently larger than the oating -point type F to perform
summations of reasonable size. * Other built-in types are introduced in this speci cation as they are needed.

211 Numerals

Every numeral is a non-empty sequence of digits and letters with an optional decimal point, starting with a digit
(possibly zero), and an optional radix as a subscript.

Examples: 27 7fff  Offf 3.14159265 3.11037552

Numerals are not directly converted to any of the number types because, in common mathematical usage, we expect
them to be polymorphic. As a simple example, consider the literal 3. 1415926535897932384; it is a bad idea to
immediately convert it to a oating-point number because th at may introduce a rounding error. If that literal is used
in an expression involving oating-point intervals, it is b etter to convert it directly to an interval. Therefore literals

that would be considered REAL in Fortran have their own typesin Fortress, Numer al X (where X is the radix). This
approach allows library designers to decide how literals should interact with other types of objects.

2.1.2 Aggregate expressions

Aggregate expressions reduce to val ues that are themselves homogeneous collections of values. Aggregate expressions
in Fortress are provided for sets, maps, lists, tuples, matrices, and arrays.

Set expressions.  Elements are enclosed in braces and separated by commas, e.g.,
{0, 1, 2, 3, 4, 5} (* This set has six elenents. *)

This expression evaluates to a set containing six elements, as explained in the comment immediately proceeding it.
Commentsin Fortress are delimited by tokens (* and *) and can be nested.

Thetype of aset expressionisSet T , where T isthe least upper bound of the types of all element expressions of the
set. Thistype can be abbreviated as T in contexts where there is no ambiguity with intersection types.

Set containment is checked with the operator . For example:

3 0, 1, 2, 3, 4, 5
1 This formulation of oating-point types follows a proposal under consideration by the IEEE 754 committee.
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reducesto Tr ue. The subset relationship is checked with the operator . For example:

01 11 2 0, 3, 2

reducesto Fal se.

Map expressions: Elements are enclosed in brackets, separated by commas, and matching pairs are separated by
, eg.,

[0 'a, 1 'b,2 'c]

The type of a map expression is Map[ S, T] where S is the least upper bound of the types of al domain element
expressions, and T is the least upper bound of the types of all range element expressions. This type can be abbreviated
as[s T].

A map isindexed by placing an element in the domain of  enclosed in brackets immediately after an expression
evaluatingto . For example, if:

m=['a 0, 'b 1, '¢c’ 2]

Thenn{’ b’ ] evaluatesto 1.

List expressions. Elements are enclosed in angle brackets and and are separated by commas, e.g.:

0,1,2,3

Thetype of alist expressionisLi st T whereT isthe least upper bound of the types of all elements. This type can
be abbreviatedas T .

A list isindexed by placing an index enclosed in angle brackets immediately after an expression evaluating to . For
example:

3,2,1,0 2

evaluatesto 1.

Tupleexpressions. Elements are enclosed in parentheses and separated by commas, e.g:

(0,1,2)

Unlike other aggregate expressions, tuple expressions do not evaluate to values; they evaluate to tuples of values. This
distinction is subtle but important. For example, variables cannot be bound to atuple of values (as discussed in Section
2.1.6). Ifanelement of atuple expression evaluatesto atuple, theelementsof are attened into . For example,
the expression:
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((0,1),(2,(3),4).5)

evaluates to the tuple of values:

(0,1,2,3,4,5)

A tuple of one element is attened to its element. The expression (0) evaluatesto the value0.

The static type of atuple expression has atuple type: ( , ). A well-formed tuple type does not contain
tuple types itself. Thetype of atuple expression isformed by attening the types of all elementsinto . For
example, the type of:

((0,1),(2,(3),4).5)

(Nurmeral 10, Numeral 10, Nuneral 10, Numeral 10, Numeral 10, Nuneral 10)

Matrix expressions. Elements are enclosed in brackets. Elements along arow are separated only by whitespace, as
in the following example:

[1 0 0]

All matrices have two or more elements. All matrices have two or more dimensions. Two dimensional matrices of
size are row vectors. Two dimensional matrices of size are column vectors. Two dimensional matrix
expressions are written by separating rows with newlines or semicolons. If a semicolon appears, whitespace before
and after the semicolon isignored, asin the following four examples, which are all equivalent:

(3 4 (34 [3 4

5 6] 56 ] [34; 5 6]

, 561

The parts of higher-dimensional matrices are separated by repeated-semicolons, where the dimensionality of the result
isegual to one plus the number of repeated semicolons. Hereisa matrix:
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[oNeN
o O
= OO

or o
SR =N
or o

=N
or o
R OoOR

[eNeN
(ol SN
= OO

or o

= o

or o
SR =N
or o
—OoR

The elements in a matrix expression may be either scalars or matrices themselves. If they are matrices, then they are

attened into the enclosing matrix, as discussed in Secti  on 3.3. The elementsalong arow (or column) must have the
same number of columns (or rows), though two elementsin different rows (columns) need not have the same number
of columns (rows).

Thetypeof a dimensional matrix expressionisMatri x T [ ], where T isthe least upper bound of the
types of the elements and are the sizes of the matrix in each dimension. This type can be abbreviated
asT| 1.

An -dimensional matrix  is indexed by placing a sequence of  indices enclosed in brackets, and separated by
commas, after an expression evaluatingto . For example:

M=[123 456 789

then M 1, 0] evaluatesto 4.

Array expressions.  Elements are enclosed in brackets. Elements along arow are separated by commas:

[1, O, O]

Elements of multidimensional arrays are separated by newlines and sequences of semicolons, as with matrices. (Note
that there is no con ict with matrix notation because all mat rices have at least two elements). Thetypeof a dimen-

sional array expressionisArray T[ , 1, where T is the least upper bound of the types of the elements
and are the sizes of the array in each dimension. This type can be abbreviated as T[ , 1.

(Note that there is no con ict with matrix type notation beca use matrices must have at least two dimensions).

Arrays are indexed in the same manner as matrices.
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2.1.3 If expressions

Ani f expression consists of thereserved wordi f followed by atest expression, followed by the reserved word t hen,
a sequence of expressions, a sequence of el i f clauses (each consisting of the reserved word el i f followed by a
test expression, the reserved word t hen, and a sequence of expressions), an optional el se clause (consisting of the
reserved word el se followed by a sequence of expressions), and nally the reser ved word end. For example,

if x 0, 1, 2 then O
elif x 3, 4, 5 then 3
el se 6 end

Thetypeof ani f expression isthe least upper bound of the types of al clauses. If thereisno el se clauseinani f
expression, then the last expression in every clause must evaluateto () .

2.1.4 Whileloops
whi | e loops are written as follows:

whi l e expr do
exprs
end

Thevalue of awhi | e loopis() .

2.1.5 For loops
f or loops are written as follows:

for ,

do
exprs
end

The loop header is made up of a series of generators. Generators are described in Section 3.2.2. Each generator binds
one or more loop variables. A loop variable scopes over the remaining generators and over the body of the loop. By
default, loop iterations are assumed to run in parallel. The order of nesting of generators does not imply anything
about the relative order of loop iterations. Multiple nested loops preserve the order of loop iterations. The value of a
for loopis().

2.1.6 Bindings

A binding isan expression that declares avariable. The name of avariable can be any valid Fortressidenti er , whichis
anon-empty sequence of alphanumeric charactersin Unicode 4.0.0 that begins with aletter, and that is not areserved
word. Throughout this text, reserved words are identi ed when th ey are rst discussed.
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The scope of avariable is the rest of the innermost enclosing context of its binding. Several Fortress language con-
structs de ne new enclosing contexts; we mention each such ¢ onstruct when we de ne it.

There are four forms of binding expression. The rst form:

name: type = expr

declares name to be an immutable variable with static type type whose value is computed to be the value of the
expression expr. The static type of expr must be a subtype of type.

The second (and most convenient) form:

name = expr

declares name to be an immutable variable whose value is computed to be the value of the expression expr; the static
type of the variable is the static type of expr.

The third form:

var name: type= expr

declares name to be a mutable variable of type type whose initial value is computed to be the value of the expression
expr. As before, the static type of expr must be a subtype of type. The modi er var isoptional when *: =" is used
instead of ‘=" asfollows:

[var] name: type: = expr

The rst three forms are referred to as de ned bindings . The fourth form:

[var] name: type

declares a variable without giving it an initial value (where mutability is determined by the presence of the var
modi er). It is a static error if the variable is referred to b efore it has been given a value either by another binding
expression or by assignment. Whenever avariable bound in this manner is given avalue, the type of that value must be
a subtype of its declared type. Thisform allows declaration of the types of variables to be separated from de nitions,
and it allows programmers to delay assigning to a variable before a sensible value is known.

All forms can be used with tuple notation to bind multiple variables together. A tuple of variablesto bind is enclosed
in parentheses and separated by commas, as are the types declared for them:

(namel , name] ) : (type[, type] )

Alternatively, the types can be included al ongside the respective variables, optionally eliding typesthat can be inferred
from context:

(namef : type] [, name]: type] ] )
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Alternatively, asingle, non-tuple, type can be declared for all of the variables:
(name[, name] ) : type

This notation is especially helpful when afunction application returns atuple of values. Note, however, that tuples are
not valuesin Fortress. In particular, asingle variable cannot be bound to atuple.

Here are some simple examples of binding expressions:

= 3.141592653589793238462643383279502884197169399375108209749445923078
bindsthe variable to an approximate representation of the mathematical object . Itisalsolegal to write:

: Float = 3.141592653589793238462643383279502884197169399375108209749445923078

This denition enforcesthat  has static type Fl oat .

In this example, the declaration of the type of a variable and its de nition are separated:

: Fl oat
= 3. 141592653589793238462643383279502884197169399375108209749445923078

The following example binds multiple variables using tuple notation.

var (x, y): Int = (5, 6)

The following three expressions are equivalent:

(X, y, z): (Int, Int, Int) = (0, 1, 2)
(x:Int, y:Int, z:Int) = (0, 1, 2)
(x, y, z): Int = (0, 1, 2)

2.1.7 Comprehensions

Fortress provides comprehension syntax for several of th e built-in aggregate types.

Set comprehensions are enclosed in braces, with a left-hand expression separated by a| from a sequence of boolean
expressions and generators. The generators bind variables exactly asin af or loop. The boolean expressions act as
Iters. For example, the comprehension:

X | x 0,1,2,3,4,5, x MD2 =0

denotes the set
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{0, 4, 16}

Array comprehensions are like set comprehensions (except that they are syntactically enclosed in brackets). However,
an array comprehension may have multiple clauses as follows:

a=[ (x,y,1) =0.0 | x 1: xSi ze, y 1:ySize
(1,y,z) =0.0 | vy 1:ySize, z 2:2zSi ze
(x,1,z) =0.0 | x 2:XxSi ze, z 2:2zSi ze
(X,¥,2) = x+y*z | X 2:xSi ze, y 2:ySize, z 2:zSi ze ]

Each clause conceptually corresponds to an independent loop. Clauses are run in order.

2.1.8 Function de nitions

A function de nition is similar to a binding expression for a n immutable variable: it establishes a name for afunction
whose scope isits entire enclosing context. Function de ni tions can be mutually recursive.

Syntactically, a function de nition consists of the name of the function, followed by all type parameters (described
in Section 2.5), all value parameters with their (optionally) declared types, the optional types of al return values, the
thrown exceptions, an optional contract for the function (discussed in Section 2.1.21), and nally the body. Value
parameters cannot be mutated inside the function body. For example, hereis a de nition of a simple function:

swap(x: Any, y:Any):(Any, Any) = (y, X)

This function has no type parameters, throws no checked exceptions, and has no contract. It takes two parameters of
type Any and returns a tuple of two values. Namely, it returns its parameters in reverse order. If the return type is
elided, it isinferred to be the static type of the body. The following de nition of swap has the same return type as the
above de nition:

swap(x: Any, y:Any) = (y, X)

Similarly, function parameter types can often be inferred from the body of the function. When aleast upper bound can
be inferred for a parameter from the body of the function, that parameter need not be declared explicitly. In the case
of swap, the unique least upper bound of both x and y happensto be type Any. Thus, the following de nition of swap
has the same parameter types and return type as the above de n itions:

swap(x, y) = (y, X)

When afunction is called, the body of the function is evaluated in a new enclosing context, extending the enclosing
context in which it is de ned with all parameters bound to the ir arguments.

A function parameter is alowed to include a default expression, which is used when no argument is bound to the
parameter explicitly. The default expression of a parameter  of function is evaluated each time the function is
called without avalue provided for  at the call site. All parameters declared to the right-hand side of  must include
default expressionsaswell and  scopes over the remaining parameters and over the body of the function. The default
expression of  is evaluated in an environment extending the environment in which  is de ned with all parameters
textually preceding bound to their arguments.
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If no typeis declared for a parameter with a default, the type is inferred from the static type of its default expression.
Syntactically, this default value is speci ed after an = sign. For example, we can write:

wrap(xs, ys = xs) = [Xs, ys]

The function wr ap returns an array containing its parameters. If a value for only the parameter xs is given to wr ap
at acal site, the value of xs isbound to ys aswell, and an array that contains xs as both of its indices is returned.
Default parameters can be bound at acall site by keyword arguments, as described in Section 2.1.9.

The rightmost parameter of afunction de nition that does no t have a default expression is allowed to have typeT. . .
for any type T. A parameter with thistype is avarargs parameter; it is used to pass a variable number of argumentsto
afunction asasingle array. For example:

asArray(xs: Qoject...) = xs

takes an arbitrary number of arguments and returns an array containing them all.

If afunction does not have avarargs parameter then the number of argumentsis xed by the function’stype. A varargs
parameter is not allowed to have a default expression.

Function de nitions can be immediately preceded by the foll owing special modi ers:

io:  Functions and methods which perform externally visible effects such as 1/0 are said to be i o functions. Ani o
function must not be invoked from anon-i o function.

pure: If amethod has no visible side effects, it is said to be pur e. This meansthat no side effects are performed to
references. New objects may be allocated freely. A pure function invokes only other pure functions.

2.1.9 Function calls

A function value consists of three parts: the function’s type, its body, and the environment in which it is de ned.

As with languages such as Scheme and the Java Programming Language, function calls in Fortress are call-by-value.
Each argument passed to afunction is evaluated to a value before the function is applied. Argumentsto afunction can
be speci ed at acall sitein one of two ways, positionally or by as keyword arguments.

1. Positionaly. If none of the parameters of a function de n ition include default expressions, the arguments are
passed to the function as atuple of expressions. The values of these expressions are bound to the parameters of
the function in the order speci ed in the function declarati on. If the last parameter p in the function declaration
hastypeT... for sometype T, then all arguments whose position is greater than or equal to the position of p
are placed in an immutable array (i.e., an object of type Array T ), and bound to p.

2. With keyword arguments. If afunction de nition consists of parameters without default expressions (and no
varargs parameter) followed by parameters with default expressions, then there isa sequence of — expressions
passed positionally, followed by a sequence of bindings to parameters with default values. The rst  arguments
are bound to the rst  parameters of the function, as speci ed in its de nition. Th e remaining arguments are
passed ashindings = . For eachbinding = ,thevalueof isbound tothe parameter with name . If aboolean
expression = ispassed asanargument, it must be parenthesizedas( = ). If thefunctionhas parameters






