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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
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without default expressions followed by a varargs parameter p, then any arguments after the rst  that are not
passed as bindings are placed in an immutable array and bound to p. Parameters speci ed with default values
can be bound only by keyword arguments.

Parameters not explicitly bound are bound to their default values. If a parameter that has no default value is not
explicitly bound to an argument, a static error is signaled.

If the application of afunction ends by calling another function , tail-call optimization must be applied. Storage
used by the new environments constructed for the application of must be reclaimed.

Examples:
sqrt (x)
atan(y, Xx)

makeCol or (red=5, green=3, bl ue=43)
processString(s, start=5, end=43)

If the function takes a single argument, then the argument need not be parenthesi zed:

sgrt 2
sin x
log log n

Most function applications do not include explicit instantiations of type arguments; the type arguments are statically
inferred from the context of the function application.

2.1.10 Operator applications

To support arich mathematical notation, Fortress allows most Unicode charactersthat are speci ed to be mathematical
operators to be used as operators in Fortress expressions, as well as these characters and character combinations:

In addition, atoken that is made up of a mixture of uppercase |etters and underscores (but no digits), does not begin or
end with an underscore, and contains at least two different letters is also considered to be an operator:

MAX  MN SOQRT  TIMES

Some of these uppercase tokens are considered to be equivalent to single Unicode characters, but even those that are
not can still be used as operators.

All of the operators described above can be used aspre x, in X, post X, or no x operators as described in Section 2.7;
the xity of an operator is determined syntactically, and th e same operator may have de nitionsfor multiple xities. A
simple exampleisthat ‘-’ may be either in x or pre x, asis conventional. As another e xample, the Fortress standard
library (discussed in Chapter 4) denes* !’ to be a post x operator that computes factorials when appli ed to integers.
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Simplejuxtaposition isalso regarded asan in x operator in Fortress. When the left operand isafunction, juxtaposition
performs function application; when the left operand is a number, juxtaposition conventionally performs multiplica-
tion; when the left operand is a string, juxtaposition conventionally performs string concatenation.

Here are some examples of Fortress expressions where the brackets indicate subscripts:

(-b + sqrt(b2 - 4ac))/ 2a
nn e(-n) sgrt(2 pi n)

a[ k] b[ n-k]

x[1] y[2] - x[2] y[1]

1/2 gt2

n(n+l)/2

(j+k)'/(jr k)

1/3 3/55/7 7/9 9/11

17.3 neter/second

17.3 m/s_

u DOT (v CRCSS w)

u (v W)

(A UNI ON B) | NTERSECT C

(A B C

i <] <=k AND p PREC q

i j k p ¢

print("The answers are " (p+qQ)

and " (p-q))

Another class of operatorsisawayspost x: a‘ ’ followed by any ordinary operator (with no intervening whitespace)
is considered to be a superscripted post x operator. For example,“ * "and‘ + ' and* ? ’ are available for use as part
of the syntax of extended regular expressions. As a very special case, ‘ T’ is aso considered to be a superscripted
post x operator, typically used to signify matrix transpos ition.

Certain in x mathematical operators that are traditionall y regarded as relational operators, delivering boolean re-
sults, may be chained. For example, an expression suchasA B C D itistreated as being equivalent to
(A B) (B © (C D) except that the expressions B and C are evaluated only once (which matters
only if they have side effects). Fortress restricts such chaining to operators of the same kind and having the same sense
of monotonicity; for example, neithera B CnorA B Cispermitted.

Any in x operator that does not chain may be treated as multi x . If occurrences of the same operator separate

operands where , then the compiler rst checks to see whether there is a deni tion for that operator that
will accept arguments. If so, that denition is used; if not, then the ope rator is treated as left-associative and
the compiler looks for a two-argument de nition for the oper ator to use for each occurrence. As an example, the
cartesian product S S S of setsmay usefully bede ned asamulti x operator, but ordina ry addition
p+q+r + sisnormalytreatedas((p + q) + r) + s.

Finally, more than two dozen pairs of brackets are available that can be de ned by the user as functions on any number
of arguments. For example, angle brackets  (hot to be confused with the less-than and greater-than signs< >) may
be used as a de ned function of any desired number of argument s:

opr x: Num : Num= x2

opr X: Num y: Num  Num=x2 +vy2

opr X:Num y:Num z:Num :© Num=x2 +y2 + 22
3 (* evaluates to 9 *)
3, 4 (* evaluates to 25 *)
2, 3, 4 (* evaluates to 29 *)
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Alternatively, we might have written a single de nition to h andle any number of arguments:

opr  x:Num .. : Num=SUMa x] aZ2
(* evaluates to 0 *)

3 (* evaluates to 9 *)
3, 4 (* evaluates to 25 *)
2, 3, 4 (* evaluates to 29 *)
2, 3, 4, 5 (* evaluates to 54 *)

While the standard Fortress libraries are quite rich, there are many possible operators that are not prede ned by the
standard Fortress libraries and so are available for language extension by users.

Every operator application is equivalent in behavior to a function call. The behavior of every Fortress operator is
de ned by an explicit operator declaration. Frequently suc h a declaration will simply invoke an appropriate method.
For example, the boolean operators AND, OR, XOR, and NOT are de ned in the standard Fortress library as

opr AND(Bool Operators x, Bool Operators y) = x.and(y)
opr OR (Bool Operators x, Bool Operators y) = x.or (y)
opr XOR(Bool Operators x, Bool Operators y) = x.xor(y)
opr NOT(Bool Operators x ) = X.not()

(The arguments are of type Bool Oper at or s so that these operator de nitions may be shared by other type s, such as
Bool I nt er val , that support such operators. Thetrait Bool extendsthetrait Bool Qper at or s. These are details that
are of concernto library designers; application programmers need not be aware of them.)

2.1.11 Assignments

An assignment expression consists of a left-hand side indicating one or more variables to be updated, an assignment
token, and a right-hand-side expression.

The assignment token may be ‘: =", to indicate ordinary assignment; or may be any operator (other than *: * or ‘=" or
‘<"or‘>"or'‘/") followed by ‘=" with no intervening whitespace, to indicate compound (updating) assignment.

A left-hand side may be a single variable or atuple. If it isatuple, then the right-hand side must be either a tuple of
equal length or afuntion application that returns multiple values, equal in number of the length of the left-hand-side
tuple.

If the left-hand side is a tuple and the assignment token is ‘: =', then each element of the tuple may be a variable or
a binding consisting of a variable, a colon, and atype (in which case the variable is declared as a local variable and
initialized to a value rather than being assigned). If the left-hand side is a tuple and the assignment token is other
than': =*, then each element of the tuple must be a variable; bindings are not permitted in this case. Examples:

x 1= f(0)

cli,jl :=c[i,j] + a[i,k] b[k,j]

(a, b, ¢) := (b, c, a) (* Permute a, b, and c *)
(g:Int, r:Int) := quotient AndRenni nder (x, Y) (* Bind g and r *)

(g, s:Int) := quotient AndRemai nder (x, YY) (* Assign q but bind s *)
X +=1

(x, y) += (delta_x, delta_y)
nmyBag = nyBag new tens
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myBag = newltens

Variables updated in assignment expressions must be already declared.

The value of an assignment expressionis() .

2.1.12 Block expressions

A block expression consists of the reserved word do, a series of expressions, and the reserved word end. The value of
ablock expression is the value of the last expression in the block. Some compound expressions have clauses that are
implicitly block expressions. Here are examples of function de nitions whose bodies are block expressions:

f(x: ) = do
(sin(x)
end

2.1.13 Labelled block expressions

Block expressions may be labelled with a name and any inner expression can exit the labelled block with an optional
value. The same nameis required after both | abel and end.

| abel 195
i f goi ngTo(Sun)
then exit 195 with x32B
end

end 195

2.1.14 Caseexpressions

A case expression evaluates atest expression and determines which of a set of case clauses appliesto the test expres-
sion’s value. When an applicable case clause is found (checking from left to right), the body of that case clause (and
only that clause) is evaluated. If no applicable clause is found, an exception is thrown.
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To nd which case clause applies, the guarding expression of each case clause is evaluated in turn and compared to
the value of the test expression. The two values are compared according to an optional binary method named by an
identi er speci edinthe case expression immediately after the test expression. For example, we could write:

case pl anet of

Mercury, Venus, Earth, Mars "inner"
Jupiter, Saturn, Uranus, Neptune, Pluto "outer”
el se "renot e"

end

The special caseclauseel se alwaysapplies; if it appearsin acase expression, it must appear asthe rightmost clause.

If the binary method is omitted, it defaultsto = or

case 2 + 2 of

4 "it really is 4"
5:7 "we were wrong again”
end

The special reserved words | ar gest and smal | est may appear in atest expression context to select the largest (or
smallest) quantity from a set of case clauses:

case | argest of

mile "mles are larger"
ki | orret er "we were w ong again"
end

A more interesting example is described in Section 3.3.

2.1.15 Atomic expressions

An atomic expression consists of the reserved word at oni ¢ followed by a block expression. The block expressionis
executed as an atomic transaction. See Section 3.2.5 for adiscussion of atomic memory transactions.

A function or method with modi er at oni ¢ actsasif its entire body were surrounded in an at oni ¢ expression.

2.1.16 Throw expressions

A t hr ow expression consists of the reserved word t hr ow followed by an expression which has the trait Except i on.
The thrown exception must be caught in an enclosingt r y expression or declared inthet hr ows clause of the enclosing
function de nition.

2117 Try expressions

try expressions start with the reserved word t r y followed by a sequence of expressions, and then cat ch, f or bi d,
andfi nal | y clauses, asin the following example:
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try
do
in =read(file)
wite(in, newrile)
end
catch e
| OExcepti on t hr owExcepti on(e)
end

If athrown exception matches the exception in af or bi d clause, an exceptoin is thrown. For example, we could also
write the abovet ry expression as follows:

try
do
in =read(file)
wite(in, newrile)
end
forbid | OException
end

finally clausesintry expressions are like fi nal I y blocks in the Java Programming Language. Thefinally
clause is executed after the exception handler completes. For example,

try
open(file)
do
in =read(file)
write(in, newrile)

end
catch e

| OExcepti on t hr owExcepti on(e)
finally

close(file)
end

2.1.18 Function expressions

Function expressions denote functions. They start with the reserved word f n followed by a parameter list, optional
return type, , and nally an expression. Unlike de ned functions, functi on expressions are not alowed to include
type parameters, wher e clauses, and contracts described in Section 2.5.8. Hereis asimple example:

fn(x: doubl e) if x <0then -x else x end

2.1.19 Dispatch expressions

Fortress supportsdi spat ch expressions, which provide a shorthand for multiple dispatch on a sequence of types. The
form of these expressionsis as follows:
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dispatch ( =, = ,..., =) in
C v .00 ) exprs
C v ..o ) exprs
C v o) exprs
end
A dispatch expression evaluates the expressions and then performs a type dispatch, exactly as if each

clause were the header of an overloaded function described in Section 2.2.1. The most speci ¢ clause is chosen, and
the corresponding value expressions exprs  are evaluated (and the value of the last expression of exprs isthe value
of the construct). All the rules of function overloading apply; in particular, ambiguity is not allowed and the order of
the clausesisirrelevant.

If , the parentheses may be elided, asin the following example:

di spatch x = nyLoser.nyField in
String X. append("fo0")
Num X + 3
Thr ead X. run()
hj ect yogi Ber r aAut ogr aph
end

Notethat x hasadifferent typein each clause.

The syntactic sugar

di spat ch in... end

(where isavalidlocal identi er) is equivalent to:
di spat ch = in... end

At least one clause’s type must be a supertype-or-equal of all the other clauses’ types.

2.1.20 Typecase expressions

At ypecase exression hasthe same syntax asadi spat ch expression except that the reserved word t ypecase occurs
in place of di spat ch. However, at ypecase expression evaluates its clauses from top to bottom, and the rst match
is chosen. What would be forbidden ambiguity in adi spat ch expressionisallowed inat ypecase expression.

2.1.21 Function contracts

Function contracts consist of three parts: ar equi r es part, an ensur es part, and ani nvari ant part.

Ther equi r es part consists of a sequence of expressions of type Bool . Ther equi r es clauseis evaluated during a
function call before the body of the function. If any expression in ar equi r es clause does not evaluate to Tr ue, an
exception is thrown. For example, we can add ar equi r es clauseto our f act ori al function asfollows:
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factorial (n:Int)
requires n 0
=if n=0then 1
else n factorial (n-1) end

The ensur es part consists of a sequence of ensur es clauses. Each such clause consists of a sequence of expres-
sions of type Bool , optionally followed by a pr ovi ded clause. A provi ded clause begins with the reserved word
provi ded followed by an expression of type Bool . For each clause in the ensur es part of a contract, the pr ovi ded
clause is evaluated immediately after the r equi r es clause during afunction call (before the function is executed). If
aprovi ded clause evaluates to Tr ue, then the expressions preceding this pr ovi ded clause are evaluated after the
function is executed. If any of the expressions evaluated after function execution does not evaluate to Tr ue, an excep-
tion is thrown. The expressions preceding the pr ovi ded clause can refer to the return value of the function. If there
isasingle return value for the function, ar esul t variable isimplicitly bound to the return value of the function. If
there are multiple return values, an immutable array named r esul t containsthese values. A r esul t variable scopes
over the expressions preceding the pr ovi ded clause. For example, we can write the following function:

print(input:List)
ensures sorted(result) provided sorted(input)
=if x Enpty then
print(first(input))
print(rest(input))
end

Thei nvari ant clause consists of a sequence of expressions of any type. These expressions are evaluated before and
after afunction call. For each expression in this sequence, if the value of when evaluated before the function call
is not equal to the value of  after the function call, an exception is thrown.

2.2 Traits

Programmers can de ne new types in their programs through traits. Traits are named collections of methods, which
are functions that can be inherited and overridden. Methods are invoked on objects, which are values that have traits.

Syntactically, atrait de nition starts with a sequence of m odi ers followed by the reserved word t rai t , followed by
the name of the trait, an optional set of extended traits, an optional set of excluded traits, an optional set of bounds on
the trait, alist of method declarations and de nitions, and the reserved word end. Syntactically, a method declaration
isidentical to afunction declaration, except that aspecial sel f parameter is provided immediately before the name of
the method. When amethod isinvoked, the sel f parameter is bound to the object on which it isinvoked. If no sel f
parameter is provided explicitly, it isimplicitly a parameter with namesel f .

For example, the following trait de nition:

trait Catal yst extends Ml ecul e
sel f.catal yze(reaction: Reaction): ()
end

denesatrait Catal yst with no modi ers, no excl udes clauses, and no bounds clauses. Trait Cat al yst extends
a single trait named Mol ecul e. A single method (named cat al yze) is declared, which has a parameter of type
React i on and thereturn type () .
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Methods are invoked with the following syntax:

receiver. app

where receiver evaluates to the receiver of the invocation (bound to the sel f parameter of the method). There must
be no whitespace on either side of the ‘. ', and there must be no whitespace between the method name and the left
parenthesis of the argument list. app is syntactically identical to a function application, except that the non-sel f
arguments must be parenthesized, even if thereis only one of them. All non-sel f parameters are bound in a manner
identical to function application. Examples:

nmyString. t oUppercase()
nmyString. replace("foo", "few")
Sol ar System accel erate(( /2 radian) / 452 nmillion year)

Even if amethod takes a single argument, it must nevertheless be parenthesized:

myNum add( ot her Num (not myNum add ot her Nunj

Every trait extends the built-in trait Obj ect . Every trait with an ext ends clause extends every trait appearing in its
ext ends clause. If atrait extendstrait ,wecal asubtraitof and asupertrait of . Extensionistransitive;
if extends italsoextendsall supertraitsof . Extensionisalsoreexive:  extendsitself. The extension relation
induced by a program is the smallest relation satisfying these conditions. This relation must form an acyclic hierarchy
rooted at trait Cbj ect .

We say that trait  strictly edtends trait  if and only if (i) extends and (i) isnot . We say that trait
immediately extendstrait if andonlyif (i) strictly extends and (ii) thereisnotrait suchthat strictly extends

and strictly extends . Wecal animmediate supertrait of and an immediate subtrait of . If atrait
denition of  includes a bounds clause, the trait must not be extended with immediate subtraits other than those
that appear in itsbounds clause. Furthermore,  serves as the least upper bound of the traits appearing in itsbounds
clause. For example, the trait:

trait Ml ecule
bounds {Organi cMbl ecul e, | norgani chbl ecul e}
mass(): Mass

end

is bounded by two traits: Or gani cMol ecul e and | nor gani cMol ecul e. Therefore, the following trait de nition is
not allowed:

(* Not allowed! *)
trait Exclusi veMdl ecul e extends Mol ecul e end

If atrait excludes atrait , the two traits are mutually exclusive. No object can have them both, no third trait
can extend them both, and neither can extend the other.  can optionally exclude . For example, we de ne traits
Or gani cMol ecul e and | nor gani cMol ecul e asfollows:

trait Organi cMl ecul e extends Ml ecul e
excl udes {1 norgani cMl ecul e}
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end

trait I norgani cMol ecul e extends { Ml ecul e} end

Or gani cMol ecul e excludes! nor gani cMbl ecul e. It doesnot matter that | nor gani cMol ecul e hasnoexcl udes
clause; the traits are mutually exclusive solely on account of the de nition of Or gani cMol ecul e. For example, the
following trait de nition is not allowed:

(* Not allowed! *)
trait InclusiveMlecul e extends {lnorgani cMdl ecul e, Organi cMdl ecul e} end

A trait is alowed to have multiple immediate supertraits. The following trait has two immediate supertraits:

trait Enzyme extends {Organi cMol ecul e, Catal yst}

reacti onSpeed(): Speed

catal yze(reaction) = reaction.accel erate(reacti onSpeed())
end

Traits inherit methods from their immediate supertraits; In fact, a trait inherits every method from every one of its
immediate supertraits except for methods that are overridden by declarationsin thetrait itself. In our example, Enzyne
inherits the abstract method mass from Or gani cMol ecul e and overrides the abstract method cat al yze from trait
Cat al yst.

We say that a declaration of a function or method occurs in atrait de nition if and only if the trait de nition either
syntactically contains the declaration or inherits the declaration. If a declaration occursin atrait de nition, we say
the trait de nition supplies the declaration. For example, trait Enzyne supplies methods mass and cat al yze, but it
syntactically contains only the declaration of method cat al yze.

2.2.1 Overriding and overloading

A signature of a method consists of the name of the method, the number and types of its formal parameters, and the
names of keyword arguments. Note that the type of the receiver of a method and the return type of a method are not
parts of its signature. A method declaration overrides a declaration in a supertrait if and only if the signatures of the
two declarations match exactly. If a declaration with return type T is overridden by a declaration with return type U,
then Umust extend T. It is not permitted for an abstract method declaration to override a concrete method declaration.

If atrait inherits multiple methods with the same name, those declarations must conform to the restrictions explained
in Section 2.6 on multiple dispatch.

For every trait, there is a corresponding static type with the same name, called atrait type. If trait extendstrait

thenthetrait typeof isasubtype of thetrait typeof . If anexpression hasatrait type, then any method supplied
by the trait can beinvoked on .

2.2.2 Method contracts

Contracts on methods are handled similarly to the manner described in [10]. In particular, substitutability under
subtyping is preserved.
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Evaluation of acall site , where has static type , proceeds as follows. First, isreducedtoavalue with
runtimetype .Let bethecontract declaredinthedeclarationof determined by statictype . Wecall thepivot
contract of the call site. Ther equi res clauseof ischecked. If that r equi r es clausefails, aCal | er Vi ol ati on
exception is thrown.

Otherwise, consider every contract  in every declaration of  that overrides the declaration of  determined by
aswell asdeclarationsof inany supertypeof .If occursinatype thatisasupertypeof ’'sruntimetype
thenther equi res clauseof  ischecked. If any suchrequi r es clausefails, aCont r act Hi er ar chy exceptionis
thrown.

Otherwise, consider every contract in every declaration of  that occurs either in a supertype of  (including

itself). The provi ded clauses of are evaluated. For every provi ded clause that evaluates to Tr ue, the
corresponding ensur es clauseisrecorded in atable for later evaluation. Similarly, thei nvari ant clauses of
are evaluated and theresults are stored in ~ for later comparison.

Then the body of  (as determined by ’'sruntimetype ) isevaluated. After evaluation of the body, al ensures
clausesin that are declared in the contract in  are checked, and al i nvari ant clausesin declaredin are
checked to ensure that they reduce to values equal to the values they reduced to before evaluation of the body. If any
such check fails, aCal | eeVi ol at i on exception is thrown. Otherwise, all other ensur es clausesand i nvari ant
clausesin  are checked. If any of these clausesfail, aCont r act Hi er ar chy exception is thrown.

2.3 Objects

Objects are values that have object types described in Section 2.5.1. Objects contain elds and methods, and have a
set of traits from which they inherit methods.

Syntactically, an object de nition begins with a sequence o f modi ers followed by the reserved word obj ect, fol-
lowed by the name of the object, the traits of the object, the elds of the object, the methods of the object, and nally
the reserved word end. Thetraits of an object are listed in an optional t r ai t s clause, which starts with the reserved
wordt r ai t s followed by a sequence of one or moretrait references separated by commas and enclosed in braces* ’
and‘ . If atraits clause contains only one trait, the enclosing braces may be elided. If an object de nition has no
traits clause, the object is understood to have only trait Cbj ect .

For example, we de ne an empty list object with trait Li st asfollows:

object Enpty traits {List}
first() = throw Error
rest() = throw Error
cons(x) = Cons(x, self)
append(xs) = xs

end

This abject has no elds and four methods.

Fields are variables local to an object. They must not be referred to outside their enclosing object de nitions. Field
declarations in an object are syntactically identical to de ned bindings, with the same meanings attached to the form
of binding. However, special modi ers can precede a eld dec laration:

hidden: By default, a eld declaration implicitly denesa getter method for the eld. This method takes no argu-
ments, has the same name as the eld, and a return type equal to the eld type. The implicitly de ned getter returns
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the value of the eld when called. A eld with modi er  hi dden has no implicitly de ned getter.

settable: A eld with this modi er has an implicitly dened setter. This method takes a single parameter (with
no default) whose type is the type of the eld. It returns (). When called, the implicitly de ned setter rebinds the
corresponding eld to its argument. A settable eld must not be immutable.

Method declarations in objects are identical to their syntax in traits.
The implicitly de ned getters and setters of elds can be ove rridden with methods with the appropriate signatures,
names, and return types. An explicitly de ned getter must in clude the modi er get t er. An explicitly de ned setter

must include the modi er setter.

A getter method must be invoked with the syntax:
expr. name

where name is the name of the getter.

A setter method must be invoked with the assignment syntax:
expr . name: = expr

Getter and setter methods can be declared in traits as well. Syntactically, such de nitions are bindings. If such
abinding is a de ned binding, a getter is de ned with the expr ession in the de ned binding. If the binding is not a
de ned binding, the getter isabstract. If thebindinginclu desthemodi er set t abl e an abstract setter isalso declared.
If the binding includes the modi er sett abl e and hi dden, only an abstract setter is declared. Such a binding must
not include the modi er hi dden without set t abl e, or astatic error is signaled.

A getter must not be overridden by a method other than a getter. A setter must not be overridden by a method other
than a setter.

2.3.1 Object expressions

Object expressions denote objects. They start with the reserved word obj ect followed by the ordinary aspects of
an object de nition (except for the name). Unlike top-level object de nitions, object expressions are not allowed to
include type parameters, wher e clauses, and contracts. For example, the following is avalid Fortress expression:

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

position = Polar (25000 |ightYear, O radi an)
cradian/s := 2 radian / 226 mllion year in s

accelerate( ) = D= +
end

This expression evaluates to a new object, with traits St ar Syst emand Or bi t i ngbj ect .



2.3. OBJECTS 35
2.3.2 Parametric objects

Object de nitions are also allowed to be parametric with res pect to other objects. Object parameters are speci ed after
an object’stype parameters. They are enclosed in parentheses and are separated by commas. Syntactically, each object
parameter isidentical to the beginning of a eld de nition; it consists of asequence of modi ersfollowed by the name
of the parameter, followed by a: , atype, and, optionally, a default value. Here is an example of a parametric Cons
object with trait Li st T :

object Cons T
( first: T,
rest : List T )
traits List T
cons (X )
append( xs)
end

Cons(x, sel f)
Cons(first, rest.append(xs))

Note that this declaration implicitly introduces the factory function:

Cons T (first: T, rest:List T)

which is used in the body of the trait to de ne the cons and append methods. Multiple factory functions can be
de ned by overloading a parametric object with functions. F or example:

Cons T (first:T) = Cons(first, Enpty)

transient: A parameter to a parametric object can be declared t r ansi ent , indicating that it doesn’t correspond to
a eldinaninstantiation of the object. transi ent parametersarein scopeonly in other eld de nitions of anob ject;
they are not in scopein the object’s method de nitions.

Fields can be explicitly de ned within a parametric object a susual. All elds of an object are initialized before that
object is made available to subsequent computations.

Aswith functions, parametric object de nitionsare allowe dto include contracts(r equi r es, ensur es, andi nvar i ant
clauses). Syntactically, these contracts appear after thetrai t s clause and before the eld de nitions of an object.
They are called at the appropriate times during an instantiation of the object.

wrapped: Ifthe eld withtraittype isdeclaredtohave modi er wr apped, then the enclosing object implicitly
includes forwarding methods for all methodsin . Each of these methods simply calls the corresponding method on
the object referred to by eld . If the object de nition enclosing  explicitly denesamethod  that conicts with
animplicitly de ned forwarding method  , then the enclosing object containsonly method ,not . Thesignature
of must beavalid overriding signatureof  or astatic error is signaled.

For example, in the following de nitions:

trait Dictionary T
put (x:T): ()
get(): T

end
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obj ect WappedDictionary T
( wrapped val :Dictionary T )
traits Dictionary T
get() = throw Error

end

the parametric object W appedDi ct i onar y implicitly includes the following forwarding method:
put (x) = val . put(x)

If get were not explicitly denedin W appedDi cti onary, then W appedDi ct i onary would aso include the for-
warding method:

get () = val.get()

2.4 Value Objects

Thereisa special modi er val ue in the language. Conceptually, an object de nition with mod i er val ue is under-
stood to de ne what is called in many languages a primitive value. For example, here is a de nition of a parametric,
primitive, Conpl ex number:

val ue obj ect Compl ex(real : Doubl e, imagi nary: Doubl e)
opr +(other: Conpl ex) = Conplex(real + other.real (),
i mgi nary + other.imginary())

end

A variable de ned with modi er val ue (including the name of an object de nition) implicitly has m odi er pure,
indicating that it must not be assigned to. The eldsof a val ue object areimplicitly pur e, indicating that they cannot
be assigned to.

24.1 Valueobject types

If atrait T hasmodi er val ue, al objectswith that trait are required to be value objects. The object type de ned by a
value object implicitly hasthe modi er val ue.

2.4.2 Predened value objects

We are now in aposition to expand our description of several of the built-in types, and, in some cases, how they might
beimplemented in alibrary. For Javathere was a conscious attempt to minimize the number of distinct primitive types
to reduce programmer confusion. Fortress has aricher set of typesto address aricher set of programming situations.
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Booleans

Booleans include the traditional Tr ue/Fal se objects:

value trait Bool end
val ue object True traits Bool end
val ue object False traits Bool end

opr (b0:Bool, bl:Bool): Bool
opr (b0:Bool, bl:Bool): Bool
opr (bO0: Bool): Bool

opr (bO:Bool, bl:Bool): Bool

opr (bO: True, bl:Bool)
opr (bO: True, bl:Bool)
opr (b0O:True) = Fal se
opr (bO:True, bl:Bool) = bl

bl
True

opr (bO:False, bl:Bool) = Fal se
opr (bO:False, bl:Bool) = bl
opr (bO:False) = True

opr (bO:False, bl:Bool) = bl

We also provide for Bool intervals and possibly other Bool algebras.

Characters

In addition to the Char and St ri ng types already described, Unicode also has the idea of a grapheme, which is sort
of like a character but may be represented as a sequence of Unicode code points, typically a base character plus a set
of combining marks such as accents. We may want to allow for grapheme and grapheme string data types. For
this purpose, Gr aphene and St r i ng should be traits, which various sorts of objects may have. Because users of other
languages will expect Char to be small and cheap, we will use that to name the value type of Unicode characters, and
it will have the trait Gr aphene, but so will other objects that contain appropriate sequences of characters. Similarly,
UTF32Stri ng, UTF8St ri ng, G apheneSt ri ng, and so on may havethetrait Stri ng.

Numbers

I'n addition to the number types already described, Fortress allows various numeric (and other) types of traitsin libraries
that represent algebraic structures of interest such as monoids, groups, rings, and elds. For example, reduction
operators generally can accept any type of amonoid trait with the appropriate binary operator.

2.5 Types

Typesin Fortress include all built-in types, all trait types, and all object types. Additionally, Fortress supports several
forms of parametric polymorphism, described in this section.
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25.1 Object types

A dened object has an object type (of the same name). The obje ct type de ned by an object de nition includes,
as abstract methods, all of the public methods, including all implicitly de ned getters and setters, introduced by the
object de nition (i.e., those methods not declared by any tr aits of the object). It extends al of the declared traits of the
object. No other objects can have the object type and no traits can extend an object type

25.2 Trait parameters

A trait isallowed to be parametric with respect to other traits. Thesetrait parametersare listed in white square brackets
‘T and‘ ’ immediately after the name of the trait. We use the term naked trait variable to refer to an occurrence of
atrait variable as a stand-alone trait (rather than as a syntactic subcomponent of a larger trait reference). They arein
scope in the entire body of the trait de nition, and can appear in any context that an ordinary type can appear, except
that a naked trait variable must not appear in the ext ends clause of the trait de nition. Here is a parametric version
of trait Li st :

trait List T
first(): T
rest (): List T
cons (x: T): List T
append(xs: List T): List T
end

Trait parameters are allowed to have bounds placed on them in awher e clause. A wher e clause begins with the re-
served word wher e, followed by a sequence of trait parameter constraints enclosed inbraces* ' and‘ ' and separated
by commas. For example, we could place a constraint on the trait parameter of Li st asfollows:

trait List T where T extends Conparable
first(): T
rest (): List T
cons (x: T): List T
append(xs: List T): List T
sort (): List T
end

A wher e clauseis alowed to introduce new trait variables, i.e., identi ers for traits that may not be trait parameter s.
Trait variables that are not also trait parameters are in scope only in the ext ends and wher e clauses of a trait. For
example, we can write atrait de nition like the following:

trait CS extends DT
where S extends T
end

Inthisexample, for every subtypeSof T,C S isasubtypeof D T . For example, bothC Qbj ect and C Sol ar Syst em
are subtypes of D Qbj ect .

Each trait constraint in awher e clause is either a type alias (described in 2.5.6) or begins with the name of a naked
trait variable, followed by the reserved word ext ends, followed by atrait reference. Thistrait reference is allowed
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to be any valid trait reference in the enclosing scope including a naked trait variable. Mutually recursive bounds are
allowed in wher e clauses. A trait parameter that is not explicitly bound in awher e clause isimplicitly bound by trait
Qbj ect . All trait variables in an object or trait de nition must occ ur either as a trait parameter or as a bound trait
variablein awher e clause.

Trait de nitions are allowed to extend other instantiation s of themselves. For example, we can write;

trait CS extends CT
where S extends T
end

In this de nition, for every subtype Sof T, CS isasubtype of CT .2 A trait parameter that is bound by a naked
trait variable must not appear in the types of method parameters. A trait parameter that serves as the bound of atrait
variable must not appear in the types of method return values. These restrictions apply both to programmer-de ned
methods and to the implicitly de ned methods such as getters .

In fact, trait de nitions need not have any trait parameters in order to have awher e clause. For example, the following
trait de nition is legal:

trait Cextends DT
where T extends bject
end

In this de nition, trait Cis a subtrait of every instantiation of parametric trait D. Thus, trait C has al of the methods
of every instantiation of D. By thinking of the declaration this way, we can see what limitations we need to impose on
the body of trait Cin order for it to be sensible. If trait Cinherits amethod de nition that refersto T, it really contains
in nitely many methods (one for each instantiation of T), so it must be possible to infer which method is referred to
at acal site. If Cinherits an abstract method de nition, then an object with t rait C must be able to de ne this method
without referring to trait variable T, (which is not in scope in the de nition of C, nor in any object de nition with trait
C). In Fortress, the only valid way to write such a method body isto throw an exception.

Object de nitions are also allowed to include wher e clauses. Hereis an aternative de nition of an Enpt y list:

object Enpty traits List T where T extends Object
first() t hrow Error
rest () throw Error
cons(x) = Cons(x,self)
append(xs) = xs
end

where Cons isde ned in Section 2.3.2 and sel f denotes the object itself.

2.5.3 Nat type parameters

Trait de nitions are allowed to be parametric with respect t 0 a sequence of nat type parameters. These parametersare
instantiated at runtime with numeric values. They are allowed to be used to instantiate other nat type parameters, or
to appear in any context that avariable of typenat can appear, except that they cannot be assigned to. Syntactically, a

2Effectively, we have expressed the fact that the type parameter S of Cis covariant.
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nat type parameter is declared along with other type parameters, and begins with the reserved word nat followed by
avariable name. For example, the following function f :

f nat n(x:Length™: Length" = sqgrt(x)

declaresanat type parameter n, which appears in both the parameter type and return type of f .

The set of expressions allowed to instantiate a nat type parameter includes all nat constants along with al nat
type parameters, and is closed under addition and multiplication. Static determination of the equivalence of such
expressions is limited to a simple normalization process where all factors are distributed, the variables of each term
are put in lexicographic order, and the normalized terms are put in lexicographic order. For example, the nat type:

(d +a) (c + b
is normalized to:
ab+ac+bd+cd

Method and function de nitions are also allowed to be parame tric with respect to a sequence of nat type parameters.

254 Dimensions

There are special types called dimensions that are separate from traits. Dimensions must be declared globally in a
program component. For every two dimensions D and E, there is a dimension D E, corresponding to the product of
the dimensions D and E and a dimension ¥ E, corresponding to the quotient of the dimensions D over E. There is
also adimension Dn (henceforth written D) for every nat type n. Instances of a given dimension are referred to as
guantities. The set of declared dimensions have the algebraic structure of a free abelian group. The identity element
of this group is dimension Uni t y which represents dimensionless quantity. The syntactic sugar 1/ D is equivalent to
Uni t y/ Dfor al dimensions D.

For each dimension D referred to in a Fortress program component other than dimension Uni t y, exactly one variable
of that dimension must be declared globally asauni t variable and must not include a de nition. This variable may

appear in the de nitions of other variables of the same dimen sion. For example, we might include the following
declarations in a program:

di m Length
unit m: Length
k = 1000

circunference = 40075 k m

Although exactly oneuni t variable of each dimension must not include a de nition, oth er variables are allowed to be
uni t variables along with ade nition. If multiple imported vari ables of a given dimension are declared to be uni t ,
all but one must be given a de nition in the importing program component.
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25.5 Dimension parameters

Trait de nitions are allowed to be parametric with respect t 0 a sequence of dimension parameters. Syntactically, a
parameter begins with the reserved word di mfollowed by a variable name, and occurs alongside other type parameter
declarations. For example, hereis afunction that is parametric with respect to a dimension:

trait Coordinates dimD
nth(n:Int):D
end

These parameters are allowed to appear in any context that a dimension can appear.

25.6 Typealiases

Fortress allows namesto serve as aliases for more complex type instantiations. The type alias begins with the reserved
word t ype followed by the alias name, followed by =, followed by the type it stands for. Here are some examples:

type IntList = List Int
type Area = Lengt h?
type Bi nOp = (Fl oat, Float) Fl oat

All uses of type aliases are expanded before type checking. Type aliases do not de ne nominal equivalence relations
among types. Type aliases must not be recursively de ned.

2.5.7 Operator parameterson traits

Traits may be parameterized with respect to operator symbols and names of methods. Syntactically, these parameters
occur along with other trait parameters and are pre xed with the reserved word opr . Here are some examples:

trait UnaryOperator T, opr OPR
where T extends UnaryQperator T, OPR
OPR(): T

end

trait BinaryOperator T, opr OPR
where T extends BinaryQperator T, OPR
OPR(that:T): T

end

trait UnaryPredicate T, opr OPR
where T extends UnaryPredicate T, OPR
OPR() : Bool

end

trait BinaryPredicate T, opr OPR
where T extends BinaryPredicate T, OPR
OPR(t hat: T) : Bool

end
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258 Parametric functions

Functions and methods are also allowed to be parametric with respect to a sequence of trait, nat, and dimension
parameters. Syntactically, these trait parameters are listed in white square brackets immediately before a function’s
ordinary parameters. They are in scope in the entire body of the method de nition, and are allowed to appear in all
contextsthat ordinary types appear. Bounds may be put on these parametersin awher e clause occurring after all other
parts of the header of afunction. For example, here is a simple polymorphic function for creating lists:

List T(rest: T...) where T extends hject =
do
length = rest. | ength()
if length = 0 then Enpty
el se Cons(rest[0], List(rest.asTuple(l, length - 1)) end
end

Here isasimple function that is parametric with respect to a dimension:

squar e di mD(x:D):D2 = x2

259 Array types

Array typesarewrittenasT[ , , ..., ] where T isthe type of the lementsand  ( ) iseither a
nat type corresponding to the size of the -th dimension of thearray ortherange :  meaning that an index of the
-th dimension of the array isbetween  (inclusive) and  (exclusive).

2510 Arrow types

Functions can be passed as arguments and returned as values. The types of function values are called arrow types. An
arrow type speci es the types of parameters to the function, the types of return values, and (optionally) the checked
exceptions of thrown values. Syntactically, an arrow type occursin either of the following forms:

1. Positionally. The type consists of a sequence of parameter types in parentheses followed by the token
followed by a sequence of return types, and optionally at hr ows clause. Here are some examples:

(Fl oat, Float) Fl oat
I nt (I'nt, Int) throws | CException

2. With keyword arguments. This form is like the positional form, except that some parameters have names. All
parameters with names are default parameters that should be called with keyword arguments. For example:

(Int, Int, p:Printer) I nt

2.6 Overloading and Multiple Dispatch

Fortress allows functions and methods to be overloaded in the context of a single lexical scope. Calls to overloaded
functions and methods are resolved via dynamic dispatch. In this section, we de ne the mechanism for this dynamic
dispatch, and the restrictions placed on overloaded de nit ions. First, we introduce some terminol ogy.



2.6. OVERLOADING AND MULTIPLE DISPATCH 43

Recall that two traits can also be de ned to be disjoint, acco rding to their excl udes clauses. Therefore any two traits
Aand B are related by exactly one of the following relationships:

equality A B AisB

subtrait A B Adgtrictly extendsB
supertrait A B Bgtrictly extends A
incompatible A B  Aisdigoint from B
incomparable A B none of the above

WewriteA Btomeanthat AextendsB (thatis, A B A B);similarly, wewriteA  Bto mean that B extends
A(thatiss, A B A B).

Similarly, atrait can be de ned to have a xed set of immediat e subtraits, according to its bounds clause.

We write T to mean a sequence of typesT T T , and we write T to mean a sequence of types
TTT T . Henceforth we assumethat  isthe same for all sequences under discussion, restricting our atten-
tion to only functions and methodsthat have parametersand to function callsand method callsthat have arguments.
Everything that follows is true separately for each possible value of . Method declarations, function declarations,
method calls, and function calls do not interact at al if they have different valuesfor . Functions and methods with
variable argument parameters must not be overloaded. Similarly, functions and methods with keyword parameters
must not be overloaded. However, there can be a single function with keyword parameters and with the same name as
a set of overloaded functions; callsto this function can be determined syntactically, as keyword arguments are always
present. For brevity, we refer to functions and methods that can be overloaded as dispatched functions.

Any two sequences of types are related by one of ve relations hips:

equality T u T U

morespecic T u T U andnotT u
less speci ¢ T u T U andnotT U
incompatible T U T U

incomparable T U  none of the above

WewriteA Btomean A B A B ;smilaly, wewriteA Btomean A B A B.

A dispatched function is overloaded only with other dispatched functions whose de nitions appear in the same lexical
scope. If a dispatched function de nition uses the same name as a function or method in an enclosing scope, all
dispatched functions with that name in the enclosing scope are shadowed; only functions of that name in the new
scope are accessible. When asubtrait T of atrait Sde nes a set of overloaded methods N with the same name as a set
of overloaded methods M in S, the methods N override the methods M if and only if for every method min N thereis
amethod min M with the same signature; a call to such a method on an object O with trait T dispatches to a method
inN.

A declaration is visible from a given program point Z if it occursin atrait de nition or block B that lexically contains
Z.

We writef (P ) torefer to a declaration for a function named f whose parameter types are the sequence P . By an
abuse of notation, we similarly writef (A ) to refer to acall to afunction named f where the arguments given in the
call have (static) types A . By afurther abuse of the notation, we write f (X ) to describe a call to a function for
which the dynamic object types of the calculated actual arguments at run time are X . (Note that if the type systemiis
sound which we certainly hopeitis! then X A P .) Context will distinguish which of these three cases are
meant.

A declarationf (P ) ismore speci ¢ than another declarationf (Q ) iff P Q.
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A declarationf (P ) isdynamically applicabletoafunctioncall f (X ) with dynamic argument typesX iff P X .
A declarationf (P ) isstatically applicableto afunction call f (A ) with static argument typesA iff P A .

A declaration f (P ) isaccessibleto afunction call f (X ) iff itisvisible from the function call.

A declarationf (P ) isapplicableto afunction cal f (X ) iff it isdynamically applicable to the function call.

The basic principle for a function call or method call, as in Java, is that we wish to identify a unique concrete dec-
laration that is the most speci ¢ among all declarations that are both accessible and applicable at the point of the
call. (However, the meanings of the terms accessible and applicable are slightly different for Fortress from their
meanings for Java.) If thereis no such concrete declaration, it is of course an error; moreover, if there are two or more
such concrete declarations, no one of which ismore speci ¢t han all the others, the call is said to be ambiguous, which
isalso an error.

Now we introduce arequirement on programs that is more stringent than in Java.

The Meet Rule (for functions): Suppose that two distinct declarations for a function named f are
accessible at some point Z in a Fortress program (Z need not be the site of a function call); call these
two declarationsf (P ): R andf(Q ):S ,whereP andQ arethe sequencesof parameter typesand
R andS arethe sequences of return types for the two declarations. It is a static error if the following
condition does not hold:

either
P Q
[parameter types are disjoint at some parameter position]
or
all three of
P Q P Q P Q
[parameter types are comparable at all positions]
and
P Q
[parameter types differ at some position]
and
thereisadeclaration visiblefromZforf (P Q ): T ,whereT R T S
[if there is an ambiguity, athird declaration with more speci ¢ or equal return types must resolve it]

where the meet operator on sequences of typesis de ned as

P ifP Q
P ifP Q
P Q Q ifP Q
undened if P Q

undened if P Q

Notice that this requirement makes no mention of any speci ¢ function call that might refer to such declarations. This
isin contrast to Java, where the prohibition against ambiguity applies only to method calls that actually appear in the
program.

Notice also that it may be that P Q P orP Q Q , in which case the requirement that there be a
declarationfor f (P Q) istrivialy satised, there is no ambiguity, and a separate third declaration is not needed
after all.

To put this requirement simply: static overloading ambiguity is forbidden. If two function declarations create the
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potential for an ambiguous function call because neither is more speci ¢ than the other, then there must be a third
function declaration that is more speci ¢ than either and co vers all the ambiguous cases.

(This requirement should not be dif cult to obey, especiall y because the compiler can give useful feedback. First

example:

foo(x: Num vy:Integer)
foo(x:Integer, y:Num

Assuming that | nt eger  Num the compiler reports that these two declarations are a problem because of ambiguity
and suggests that a new declaration for f oo( | nt eger, | nt eger) would resolve the ambiguity. Second example:

bar (x: Pri nt abl e)
bar (x: Thr owabl e)

Assuming that Pri ntabl e  Throwabl e, the compiler reports that these two declarations are a problem because
Pri nt abl e and Thr owabl e are incomparable but possibly overlapping types.)

Now consider a function call f (X ) at some program point Z. Let  be the set of parameter type sequences of
function declarations of f that arevisible at Z and dynamically applicableto thecall, and let  be the set of parameter
type sequences of function declarations of f that are visible from Z and statically applicable to the call. Moreover,

let be the subset of  such that and let  be the subset of  such that
Claims (to be proved):

1.

2.

3. If then

4. If and then

Put into words:

1. Itisimpossiblefor afunction call to be statically ambiguous. (Thisis a consequence of the Meet Rule.)
2. Itisimpossiblefor afunction call to be dynamically ambiguous. (Thisis aso a consequence of the Meet Rule.)

3. If thereis astatically most speci ¢ applicable declarat ion, then there is a dynamically most speci ¢ applicable
declaration.

4. The parameter type sequence for the dynamically most speci ¢ applicable declaration is more speci ¢ than, or
the same as, the parameter type sequence for the statically most speci ¢ applicable declaration.

Therefore an implementation strategy may be used in which the statically most speci ¢ applicable declaration is
identi ed at compiletime, and the run-time dispatch mechan ism need only consider dispatching among that declaration
plus declarations that are more speci ¢ than that declarati on.
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2.6.1 Overloaded methods

Now we discuss additional rules for overloaded methods and method calls.

A method call X .n(X ) is rst resolved based on the runtime type X of the receiver, and then by the runtime types
X of the arguments. When a subtrait Q of atrait P denes aset of overloaded methods  with the same name as
a set of overloaded methods  in P, the methods  override the methods  if and only if for every method min

there is a method min  with the same signature. Furthermore, the signatures of overloaded methods in a trait
de nition must respect the same constraints as the signatur es of a set of overloaded functions.

2.7 Operator Fixity

Most operators in Fortress can be used variously as pre x, po st X, in X, no x, or multi x operators. (Some operators
can be used in pairs as enclosing (bracketing) operatorsse e Section 2.8.) The Fortress language dictates only the
rules of syntax; whether an operator has a meaning when used in a particular way depends only on whether thereisa
de nition in the program for that operator when used in that p articular way (see Section 3.4).

The xity of a non-enclosing operator is determined by conte xt. To the left of such an operator we may nd (1) a
primary expression, (2) another operator, or (3) a comma, semicolon, or left encloser. To the right we may nd (1) a
primary expression, (2) another operator, (3) a comma, semicolon, or right encloser, or (4) aline break. Considered
in all combinations, this makes twelve possibilities. In some cases one must also consider whether or not whitespace
separates the operator from what lies on either side. The rules of operator Xity are speci ed by Figure 2.1, where the
center column indicates the xity that results from the left and right context speci ed by the other columns:

left context whitespace | operator Xity whitespace right context
yes inx yes
. yes error (inx) no :
primary o post X yes primary
no inx no
yes inx yes
primary yes error (inx) no operator
no post x yes
no inx no
primary yes error (post x) , ; right encloser
no post x
. yes inx ;
primary o post X line break
operator prex primary
operator prex operator
operator error (nox) , ; right encloser
operator error (nox) line break
, left encloser prex primary
, ; left encloser prex operator
, left encloser no x , right encloser
, ; left encloser error (prex) line break

A case described in the center column of the table as an error is a static error; for such cases, the xity mentioned
in parentheses is the recommended treatment of the operator for the purpose of attempting to continuing the parse in

Figure 2.1: Operator Fixity (I)
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search of other errors.

The table may seem complicated, but it al boils down to a couple of practical rules of thumb:

1. Any operator can be pre x, post X, in X, or no x.

2. Aninx operator can be loose (having whitespace on both sides) or tight (having whitespace on neither side),
but it mustn’t be lopsided (having whitspace on one side but not the other).

3. A post x operator should have no whitespace before it and s hould be followed (possibly after some whitespace)
by a comma, semicolon, right encloser, or line break.

See Section 2.1.10 for adiscussion of how in x operators may be chained or treated as multi x operators.

2.8 Enclosing Operators
These operators are always used in pairs as enclosing operators:

(1) QU
[ ] (/] [\ ] [l

{ 1 {/ 1} {\ \} {~ *}
</ /> <\ \ >
<</ /[ >> <<\ \ >>

(ASCII encodings are shown here; they all correspond to particular single Unicode characters.) There are other pairs
aswell, such as and

These operators may also be used as enclosing operators:

I 1 [T 1
/ / I 11

\\
but there is a trick to it, because on the face of it you can't tell whether any given occurrence is a left encloser or a
right encloser. Again, context is used to decide, this time according to Figure 2.2:
Thisisvery similar to thetablein Section 2.7; arough rule of thumbisthat if an ordinary operator would be considered
apre x operator, then one of these will be considered aleft e ncloser; and if an ordinary operator would be considered

apost x operator, then one of these will be considered arigh t encloser.

Inthismanner, onemay use| | for absolutevalues,|| || for matrix norms,and// // for continued fractions.

2.9 Operator Precedence

Fortress speci es that certain operators have higher prece dence than certain other operators, so that one need not use
parenthesesin all cases where operators are mixed in an expression. However, Fortress does not follow the practice of
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left context whitespace operator Xity whitespace right context
yes inx yes
primary yes I_eft encloser no primary
no right encloser yes
no inx no
yes inx yes
primary yes I.eft encloser no operator
no right encloser yes
no inx no
primary yes error (right encloser) , ; right encloser
no right encloser
primary yes nx line break
no post x
error (left encloser) yes .
operator
P left encloser no primary
operator error (left encloser) yes operator
left encloser no
operator error (nox) , ; right encloser
operator error (nox) line break
, ; left encloser left encloser primary
,  leftencloser left encloser operator
,  left encloser no X , ; right encloser
, ; leftencloser error (left encloser) line break

Figure 2.2: Operator Fixity (I1)

other programming languages in simply assigning an integer to each operator and then saying that the precedence of
any two operators can be compared by comparing their assigned integers. Instead, Fortressrelieson de ning traditiona |
groups of operators based on their meaning and shape, and speci es speci ¢ precedence relatonships between some
of these groups. If there is no speci ¢ precedence relations hip between two operators, then parentheses must be
used. For example, Fortress does not accept the expressiona + b ¢; one must write either (a + b) c or
a + (b c). (Whether or not the result then makes any sense depends on what de nitions have been made for the
+and operators see Section 3.4.)

Here are the basic principles of operator precedence in Fortress:

Subscripting ([ 1), superscripting ( ), member selection (. ), method invocation (. name( )), and post x
operators have higher precedence than any operator listed below; within this group, these operations are | eft-
associative (performed left-to-right).

Tight juxtaposition, that is, juxtaposition without intervening whitespace, has higher precedence than any oper-
ator listed below. The associativity of tight juxtaposition is type-dependent; see Section 2.10.

Next, tight fractions, that is, the use of the operator ‘/ * with no whitespace on either side, have higher precedence
than any operator listed below. The tight-fraction operator has no precedence compared with itself, so it is not
permitted to be used more than once in atight fraction without use of parentheses.

Loose juxtaposition, that is, juxtaposition with intervening whitespace, has higher precedence than any operator
listed below. The associativity of loose juxtaposition is type-dependent and is different from that for tight
juxtaposition; see Section 2.10.

Pre x operators have higher precedence than any operator li sted below.
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Thein x operators are partitioned into certain traditiona | groups, as explained below.

Binding and assignment operators (=, : =, +=,-=, =, =, =, =, and so on) have lower precedence than any
operator listed above.

The mgjority of inx binary operators are divided into four g eneral categories. arithmetic, relational, boolean, and
other. The arithmetic operatorsare further categorized as multiplication/division/intersection, addition/subtraction/union,
and other. The relational operators are further categorized as equivalence, inequivalence, chaining, and other. The
boolean operators are further categorized as conjunctive, disjunctive, and other.

The arithmetic and relational operators are further divided into groups based on shape:

plain operators: etc.
rounded or set operators: etc.

sguare operators: etc.

curly operators: etc.

triangular relations: etc.

chickenfoot relations: etc.

The principles of precedence for binary operators are then as follows:

A multiplication or division or intersection operator has higher precedence than any addition or subtraction or
union operator that isin the same shape group.

Certain addition and subtraction operators comein pairs, suchas and ,or and ,whichareconsideredto
have the same precedence and so may be mixed within an expression and are grouped left-associatively. These
addition-subtraction pairs are the only cases where two different operators are considered to have the same
precedence.

An arithmetic operator has higher precedence than any equivalence or inequival ence operator.
An arithmetic operator has higher precedence than any relational operator that isin the same shape group.
A relational operator has higher precedence than any boolean operator.

A conjunctive boolean operator has higher precedence than any disjunctive boolean operator.

While the rules of precedence are complicated, they are intended to be both unsurprising and conservative. Note that
operator precedencein Fotrressis not alwaystransitive; for example, while + has higher precedence than < (so you can
writea + b < c without parentheses), and < has higher precedence than OR (so you can writea < b ORc < d
without parentheses), it isnot true that + has higher precedencethan ORtheexpression a OR b + c isnot permitted,
and one must instead write(a OR b) + cora OR (b + c).

Another point is that the various multiplication and division operators do not have the same precedence ; they may
not be mixed freely with each other. For example, one cannot writeu v w; one must write (u  v) w or
(more likely) u (v w) . Similarly, one cannot writea b / ¢ d; but juxtaposition does bind more tightly
than aloose (whitespace-surrounded) division slash, so oneisalowed towritea b / ¢ d, and this means the same
as(a b)/(c d).Ontheother hand, loose juxtaposition bindslesstightly than atight division slash, sothata b/c d
meansthe sameasa (b/c) d. On the other other hand, tight juxtaposition binds more tightly than tight division, so
that (n+1)/ (n+2) (n+3) meansthesameas(n+1)/ ((n+2) (n+3)).
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There are two additional rules intended to catch misleading code: it is a static error for an operand of atight in x

operator to be a loose juxtaposition, and it is a static error if the rules of precedence determine that a use of in x

operator has higher precedence than ause of in x operator , but that particular use of isloose and that particular
useof istight. Thus, for example, the expressionsi n x + y ispermitted, but si n x+y isnot permitted. Similarly,
the expressiona b + c ispermitted, asareab + c andab+c, buta b+c isnot permitted. (The rule detects
only the presence or absence of whitespace, not the amount of whitespace, so a b + cispermitted. You haveto
draw the line somewhere.)

When in doubt, just use parentheses. If there's a problem, the compiler will (probably) let you know.

2.10 Interpretation of Juxtapositions

The manner in which ajuxtaposition of three or more items should be associated requires type information and aware-
ness of whitespace. (This is an inherent property of customary mathematical notation, which Fortress designed to
emulate where feasible.) Therefore a Fortress compiler must produce a provisional parse in which such multi-element
juxtapositions are held in abeyance, then perform a type analysis on each element and use that information to rewrite
the n-ary juxtaposition into atree of binary juxtapositions. All we need to know is whether each element of a juxtapo-
sitionisafunction.

A loose juxtaposition is reassociated as follows:

First the loose juxtaposition is broken into chunks, wherever there is a non-function element followed by a
function element, the latter begins a new chunk. Thus a chunk consists of some number (possibly zero) of
functions followed by some number (possibly zero) of non-functions.

Thenon-functionsin each chunk, if any, arereplaced by asingle element consisting of the non-functions grouped
|eft-associatively into binary juxtapositions.

What remains in each chunk is then grouped right-associatively.

Finally, the sequence of rewritten chunksis grouped left-associatively.

(Notice that no analysis of the types of newly constructed chunks is needed during this process.)

Hereisan example: n (n+1) sin 3 n x log | og x. Assuming that si n and | og hame functions in the usual
manner and that n, (n+1), and x are not functions, this loose juxtaposition splits into three chunks: n (n+1) and
sin 3 n xandl og | og x. The rst chunk has only two elements and needs no further rea ssociation. In the second
chunk, the non-functions3 n x arereplaced by ((3 n) x). Inthethird chunk, there is only one non-function, so
that remains unchanged; the chunk is the right-associated to form (1 og (1 og x)). Finaly, the three chunks are
left-associated, to produce the nal interpretation ((n (n+1)) (sin ((3 n) x))) (log (log x)). Now the
original juxtaposition has been reduced to binary juxtaposition expressions.

A tight juxtaposition follows a different strategy:

If the tight juxtaposition contains no function element, or if only the last element is a function, go on to the
next step. Otherwise, consider the leftmost function element and examine the element that follows it. If that
latter element is not parenthesized, it is a static error; otherwise, replace the two elements with a single element
consisting of a new juxtaposition of the two elements (in the same order), and perform a type analysis on this
new juxtaposition. Then repeat this step on the original juxtaposition (which is now one element shorter).

L eft-associate the remaining elements of the juxtaposition.
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(Note that this process requires type analysis of newly created chunks along the way.)

Here is an (admittedly contrived) example: reduce(f) (a) (x+1)sqrt (x+2). Suppose that r educe is a curried
function that accepts a function f and returns a function that can be applied to an array a (the idea is to use the
function f, which ought to take two arguments, to combine the elements of the array to produce an accumulated
result).

The leftmost function isr educe, and the following element (f) is parenthesized, so the two elements are replaced
with one: (reduce(f))(a)(x+1)sqrt(x+2). Now type analysis determines that the element (r educe(f)) isa
function.

The leftmost functionis (r educe(f) ), and the following element ( a) is parenthesized, so the two elements are re-
placedwithone: ((reduce(f))(a)) (x+1)sqrt (x+2). Now typeanaysisdeterminesthat theelement ((r educe(f)) (a))
is not afunction.

The leftmost functionis (sqgrt ), and the following element ( x+2) is parenthesized, so the two elements are replaced
with one: ((reduce(f))(a)) (x+1) (sqgrt(x+2)). Now type analysis determines that the element (sqrt (x+2))
is not afunction.

There are no functions remaining in the juxtaposition, so the remaining elements are | eft-associated:
(((reduce(f))(a))(x+1))(sqrt(x+2))

Now the original juxtaposition has been reduced to binary juxtaposition expressions.

211 Tests

Thet est modi er on a function or variable de nition indicates that i t is part of the test suite of a component, and
can be referred to by other parts of the test suite. A test function that takes no arguments is run by default when a
component is tested. For example, we can write the following (very short) test function for f act ori al :

test testFactorial () =d
assert(factorial (0)
assert(factorial (5)

end

(This function makes use of the function asser t , provided in the Fortress standard library).

A test function may also be called directly on a component, with an appropriate set of arguments passed to it. Calling
speci ¢ test functions directly can be used to form smaller t est suites.

If avariable de nition includes the modi er t est, then the value of that variable is used as atest case. Test functions
that have one or more parameters are called with every permutation of test cases whose types are compatible with the
functions' parameters.

test zero = 0
test one =1
test five =5

test factorial (x,y) =
if x >y then
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assert factorial (x) > factorial (y)
end

If an object de nition includes the modi er t est, then the methods of that object with modi er t est are run when
the enclosing component is tested. The test cases applicable as arguments to the test methods of the object consist of
all test casesin the enclosing scope along with all elds of t he object with modi er t est .

test object TestFactorial
test zero = 0
test one =1
test five = 5

test factorial () = do
assert(factorial (0)
assert(factorial (5)
end

1
=
~

120)

test factorial (x,y) =
if x >y then
assert factorial (x) > factorial(y)
end
end

If the object de nition is parametric, thenit isinstantiat ed with every valid permutation of test cases from the enclosing
scope, and the test methods of each instantiation are run on all valid permutations of test case arguments.

The parts of a program without modi er t est must not refer to those with thet est modi er.



Chapter 3

Advanced Language Constructs

In this section, we build on the basic Fortress language elements to develop more advanced aspects of the language.
In particular, we describe the semantics of parallelism and support for domain-speci ¢ languages. First, however, we
de ne the context in which a Fortress program executes.

3.1 Execution Modd

All Fortress programs are executed in the context of a fortress, which encompasses the functionality of a virtual ma-
chine, aswell as handling the components system, as described in Chapter 4. Fortresses are responsible for managing
the execution of processes, and can run multiple processes simultaneously.

3.1.1 Processes

A Fortress process is created whenever the execut e operation isinvoked within afortress (see 4.3). This new process
object executes the code in the exec method of the speci ed component.

In the execution of a Fortress process, there is a set of threads and a set of regions. Every Fortress object resides in
some region; those objects are in close proximity with respect to communication cost.

Threads are objects, and thus every thread also resides in some region. A thread consists of a continuation , de-
scribing the remainder of the computation that  must complete, and an environment which maps variablesin  to
objects.

Regions are objects which are grouped hierarchically to form atree; thistree re ectsthe relative locality of theregio ns
it contains. Every pair of regions has a common ancestor in the tree, re ecting the degree of locality those locations

share. The different levels of this tree re ect underlying m achine structure, such as threads within a CPU, memory
shared by a group of processors, or resources distributed across the entire machine.

53
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3.2 Parallelism and L ocality

Fortress is designed to make paralel programming as simple and as painless as possible. We adopt a multi-tiered
approach to parallelism:

At the highest level, we provide libraries which allocate locality-aware distributed arrays (Section 3.2.1) and
syntax to perform parallel looping (Section 3.2.2). Our use of parallel for loops is intended to maximize
available parallelism; thisleadsto computations with lots of slack (Section 3.2.3) which are easy to |oad balance.

Immediately below that, we provide syntax for spawning a paralel block as a new thread (Section 3.2.4), and
for synchronization using transactional memory access (Section 3.2.5).

There is an extensive library of distributions, which permit the programmer to specify locality and data distri-
bution explicitly (Section 3.2.7).

Finally, there are mechanisms for constructing new distributions via recursive subdivision (Section 3.2.8) of
index spaces into tree structures with individual indices at the leaves. These mechanisms are grounded in
fundamental data structures such as Regi on and Li near St or age (Section 3.2.9).

We approach these from the highest level to the lowest level. The lowest level is bare-metal programming and best left
until the end.

3.21 Arraysaredistributed by default

Arrays in Fortress are assumed to be spread out across the machine. Like arrays in Fortran, Fortress arrays are
complex data structures; simple linear storage is encapsulated by the Li near St or age type, which is used in the
implementation of arrays (see Section 3.2.9). The default distribution of an array is determined by the Fortresslibraries;
in general it will depend on the size of the array, and on the size and locality characteristics of the machine running
the program. For advanced users, the distribution library (introduced in Section 3.2.7) provides away of combining
and pivoting distributions, or of re-distributing two arrays so that their distributions match. Arrays can be created by
calling afactory function:

a = array(xSize, ySize, zSize)

Note that matrices and vectors are subtypes of arrays. They are allocated and distributed in the same way, but also
de ne arithmetic operations such as multiplication and add ition.

3.2.2 Thef or loopisparalle by default

Gener at or isatrait in Fortress. Some common generators include:

consecutive integers beginning with
.indices() Theindex set of an array

The i ndi ces generator is of particular interest. Given a multidimensional array, it returns multiple values. The
parallelism of aloop on this generator follows the spatial distribution of the array as closely as possible.
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By default, loop iterations are assumed to run in parallel. The sequenti al distribution can be used to change this
behavior (Section 3.2.7). For a parallel loop, the order of nesting of generators does not imply anything about the
relative order of nesting of loop iterations. In most cases, multiple generators are equivalent to multiple nested loops:

for do
for do

for do
exprs
end

end
end

The compiler will make an effort to choose the best possible iteration order it can for a multiple-generator loop. There
may be no such guarantee for nested loops. Thus loops with multiple generators are preferable in general:

for
do
exprs
end
In both cases generated variables  scope over subsequent generators and over the loop body.

Iterations may be re-structured to eliminate colliding dependencies, reductions may be localized as described in Sec-
tion 3.2.6, parallel iterations may be serialized, seria iterations may be parallelized, and so forth, so long as the
compiled code executes asiif it matched the given source code.

Any loop iteration may throw an exception. In this case, the loop as a whole throws an exception; every loop iteration
either runs to completion, does not run at al, or runs until it encounters an exception. The exception thrown by the
loop can be any one of the exceptions thrown by individual loop iterations. In this respect nested loops have very
different exception behavior from a single multiple-generator loop.

3.2.3 Slack

Different iterations of aloop body may execute in very different amounts of time. A naively parallelized loop will
cause processorsto idle until every iteration nishes. The simplest way to mitigate this delay isto expose substantialy
more parallel units of work than there are threads to run them. Load balancing can move the resulting (smaller) units
of work onto idle processors to balance load.

The ratio between available work and number of threads is dubbed parallel slack by Blumofe [3, 4]. With support for
very lightweight threading and load balancing, slack in hundreds or thousands proves bene cial; very slack computa-
tions easily adapt to differences in the number of available processors. The Fortress programmer should be aware that
dlack is adesirable property, and endeavor to expose parallelism where possible.

Note that there is no particular need for dack in array layout except the desire to collocate data and computation.
In general, we expect the structure of a distributed array to be considerably simpler (and coarser-grained) than the
equivalent generator. The built-in distributions account for this difference of granularity.
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3.24 Paralld threads

We can spawn ablock of codein parallel asfollows:

v = spawn do
exprs
end

Here the block of code represented by exprs is run in parallel with any succeeding computation. We refer to v as
athread. Every thread returns a value (though that value might be ()). We write v. val ue() to obtain the value
computed by exprs. If thread v has not yet completed execution, v. val ue() will wait until it has done so. When
exprs do not return avalue, but are executed purely for effect, we may optionally omit the binding for v but notein
this case that there will be no simple way to detect the termination of the block.

In the absence of suf cient parallel resources, the compile r executes exprs before continuing execution of the code in
which the spawn occurred. We can imaginethat it isactually the rest of the computation after the parallel block which
is spawned off in paralel. Thisisasubtle technica point, but makes the sequential execution of parallel code simpler
to understand, and avoids subtle problems with the asymptotic space behavior of parallel code[18, 11].

When a paralel block throws an exception, that exception is deferred. Any invocation of v. val ue() throws the
deferred exception. If the value of the thread is discarded, the exception itself will be silently ignored.

Note that parallel loop iterations conceptually occur in separate threads. The necessary synchronization for these
threadsis performed by the compiler and runtime system.

3.25 Transactions

It is often convenient to imagine that a thread or a portion of a thread behaves transactionally: all reads and writes
appear to occur simultaneously in a single atomic step. For this purpose, Fortress provides at oni ¢ blocks. For
example:

arraySum N extends Additive, nat x (a:Nx]):N = do

sumN :=0
for i a.indices() do
atom ¢ do sum =sumtal[i] end
end
sum
end

Very long transactions can degrade performance. Two transactions conict when one attempts to read or write state
written by the other. When transactions con ict, their exec ution must be partially serialized. The exact mechanism by
which this occurs will vary; the serialization is provided by the implementation of transactional memory. In general,
the execution of one or both transactions may be abandoned, rolling back any state changes which might have occurred,
and requiring that transaction to be re-run. The longer a transaction runs and the more memory it touches the greater
the chance of conict and the larger the bottleneck that con ict may impose.

Fortress provides a user-level abor t () function which abandons execution of atransaction and rolls back its changes,
again requiring the transaction to be re-run. This permits a transaction to perform consistency checks before commit-
ting.



32 PARALLELISM AND LOCALITY 57

Fortress also includes at r yat oni ¢ construct, which attempts to run its body atomically. If it succeeds, the result is
returned; if the transaction aborts, either dueto conict o r dueto acall toabort, the Tr ansact i onFai | ed exception
isthrown. Conceptually at oni ¢ can be dened intermsof tryat oni c asfollows:

| abel Atom cBl ock
whil e True do
try
result = tryatom ¢ do body end
exit Atom cBlock with result
catch e
Transacti onFail ed () (* continue execution *)
end
end
t hr ow( Unr eachabl eCode)
end Atoni cBl ock

Transactions may be nested arbitrarily; semantically, inner transactions appear atomic within the scope in which they
occur. Unlesst ryat om ¢ is used, this has no particular semantic impact: erasing an inner at oni ¢ block can affect
the performance, but not the correctness, of a program.

When an exception of any kind isthrown fromwithinan at omi c block or at r yat omi ¢ block, and is not caught within

the block, the transaction fails. The exception continuesto propagate to the enclosing context unless  Tr ansact i onFai | ed
is thrown from inside an at oni ¢ block, in which case the transaction retries. All side effects to previously-allocated
objects are discarded. Side effects to newly-allocated objects are retained (these objects will be local; see the next
section). A local variable revertsto the value it held before the transaction began.

We do not provide input and output in the context of atransaction; thus, we may only call ani o function from outside
an at omi ¢ block. Similarly, we do not provide nested parallelism in the context of a transaction. An interesting
exception iswithin apur e function: since these functions have no visible side effects (see Chapter 2), such afunction
may contain arbitrary parallelism, even if it occurs within the scope of an at oni ¢ block. Thus, only pure andi o
functions may contain parallel blocks or parallel f or loops.

It is not dif cult to assign a semantics to arbitrary nesting s of parallelism and transactions, permitting parallelism
everywhere eveninside at oni ¢ blocks. However, at the moment no ef cient implementation s trategy is known. As
aresult, we defer transactions with non-pur e nested parallelism to future work.

3.2.6 Shared and local data

Every datum (function or object) in a Fortress program is considered to be either shared or local (collectively referred
to asthe sharedness of the datum). A local datum is accessibleto at most one running thread. It may be accessed more
cheaply than a shared datum, particularly in the case of transactional reads and writes.

The following rules govern sharedness:

Data are considered to be local by default.
The sharedness of a datum can change on the .
If adatum is transitively reachable from more than one thread at atime, it must be shared.

When a reference to alocal datum is stored into a shared datum (by eld assignment to a shared objects, or
by assigning to a mutable variable closed over by a shared function), the local datum must be published. Its
sharedness is changed to shared, and all of the datato which it refersis also published.
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Local variables referenced by a thread must be published before that thread may be run in paralel with the
thread which spawned it.

Datain a eld or closed-over variable of value type is assign ed by copying, and thus has the sharedness of the
containing object or closure.

The sharedness of a datum should only matter for performance purposes. Publishing can be expensive, particularly if
the structure being broadcast is large and heavily nested; this can cause an apparently short transaction (asingle write,
say) to run arbitrarily long. To avoid this, the programmer can request that an object be allocated as shared by tagging
acall to the factory:

x := shared Cons(x, xs)

A datum can be published early as follows:

publ i sh(x)

A local copy of an object can be obtained by copying it:

| ocal Var : = sharedVar. copy()

Note that function closures may not be localized by copying.

The functionality described so far is solely a performance optimization; we can’t tell whether a given datum is shared
or local, and sharedness will not make a difference to programs written using only these constructs. Two additional
methods are provided which can change program behavior based on the sharedness of objects:

0. i sShared() returns true when o is shared, and false when it is local. This permits the program to take
different actions based on sharedness; it should be used with caution.

0.l ocal i zeNoCopy() isequivalent to the following expression:
if o.isShared() then o.copy() else o end

| ocal i zeNoCopy can have unexpected behavior if thereis areference to o from another local object. Publish-
ing that object will cause o to be published; updates to o will be visible through the other object. By contrast, if
o was already shared, and referred to by another shared object, the newly-localized copy will be entirely distinct.

In order to perform computations as locally as possible, and avoid the need to serialize relatively simple f or loops,
Fortress gives special treatment to reductions. A reduction is a commutative, associative binary operation with an
identity (an abelian monoid) and is captured by the following trait:

trait Reduction T
op(l : T, r . T) : T
identity() : T

end

A loop body may contain as many of the following reductions as desired:



32 PARALLELISM AND LOCALITY 59

r.op(l, val ue)
r.op(val ue, )

Aslong as every assignment uses the same reduction r , and the value of | is not otherwise used in the loop body, we
say | isreduced usingr .

Several common mathematical operators are also treated as reductions. These include +, * , AND, OR, and XOR. Note
that since there are no guarantees on the order of execution of loop iterations, there are also no guarantees on the order
of reduction.

Reductions are treated roughly asin OpenMP [21]. Thelocal variable! isassignedr. i dentity() atthe beginning
of the loop body or block. At the end of the loop or block, the original variable value before the loop and the nal
variable values from each execution of the loop body are combined together using the reduction operator, in some
arbitrarily-determined order.

Consider the ar r ay Sumexample from the previous section:

arraySumN ext ends Additive, nat x (a:N[x]): N = do

sumN :=0
for i a.indices() do
atom ¢ do sum =sum+a[i] end
end
sum
end

Here the variable sumis reduced, so thisloop is equivalent to the following code:

arraySumN extends Additive, nat x (a:Nx]): N = do

sumN :=0
for i a.indices() do
var tenp: N
atonmic do
tenp: =ali]
end
sum =sumt enp
end
sum
end

3.2.7 Distributions

Most of the heavy lifting in Fortress is performed by distributions and parallel blocks. The job of a distribution is to
impose parallel structure on generators, and to provide for the allocation and distribution of arrays on the machine.

Aninstance of trait Di st ri but i on describesthe placement of dataor computation on amachine. A Di stri buti on
acts as a transducer for generators and for arrays. It copies an array, re-distributing its elements as it does so. It
organizes the data produced by a generator into the leaves of a tree whose inner nodes correspond (conceptually) to
the levels of parallelism and locality on the underlying machine. Thus, a distribution does the hard work of splitting
data up and distributing it over the machine.
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Theintention of distributionsis to separate the task of data distribution and program correctness. That is, it should be
possible to write and debug a perfectly acceptable parallel program using only the default data distribution provided
by the system. Imposing a distribution on particular computations, or designing and implementing distributions from
scratch, is atask left for performance tuning.

A distribution also acts as a factory for generators and arrays. We can think of these factories as being de ned
in terms of transducers and the built-in default factory methods. This is the default implementation provided by
the Di stri buti on trait; built-in distributions will usually override this implementation and construct arrays and
generators directly.

Thereisadef aul t distribution which is de ned by the underlying system. This distribution is designed to be reason-
ably adaptable to different system scales and architectures, at the potential cost of some runtime ef ciency. Arraysan d
generators which are not explicitly allocated through a distribution are given the def aul t distribution. Thus ar r ay
is merely a convenient shorthand for def aul t . arr ay.

We said in Section 3.2.2 that there is a generator, i ndi ces, associated with every array. This generator is distributed
in the same way as the array itself. When we re-distribute an array, we also re-distribute the generator.

There are anumber of built-in distributions:

def aul t Name for distribution chosen by system.
sequenti al Sequential distribution. Arrays are allocated in one piece of memory.
| ocal Equivalent to sequent i al .
par Blocked into chunks of size 1.
bl ocked Blocked into roughly equal chunks.
bl ocked( ) Blockedinto roughly equal chunks.
subdi vi ded Choppedinto  -sized chunks, recursively.
interleaved( |, ,... ) Therst dimensionsaredistributed accordingto ...
with subdivision alternating among dimensions.
joined( v ) The rst  dimensions are distributed accordingto ...

subdividing completely in each dimension before proceeding to the next.

From these, a number of composed distributions are provided:

morton Bit-interleaved Morton order [19], recursive subdivision
in dimensions. Local in remaining dimensions.
bl ocked( , ,... ) Blockedin dimensionsinto chunksindimension ;

remaining dimensions (if any) are local.

To allocate an array which is loca to a single thread (and most likely allocated in contiguous storage), the | ocal
distribution can be used:

a = local.array(xSi ze, ySize, zSize)

Other distributions can be requested in asimilar way.

A generator can be made sequential simply by sequentializing the distribution as follows:
sequential ()

Note that at the moment thereisno way to tell the compiler that we really mean it when we ask for sequentiality, as op-
posed to saying that we should preserve sequential semantics. In future, we may distinguish | ocal and sequenti al
distributions for this purpose.
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Distributions can be constructed and given names:

spati al Di st = blocked(n,n,1) (* Pencils along the axis *)
spaceVecs = spatial Dist.array(n,n,n,5) :Double[n, n, n, 5]
spaceMat s spatial Di st.array(n,n,n,5,5): Double[n, n, n, 5 5]

The system will lay out arrays with the same distribution in the same way in memory (as much as this is feasible),
and will run loops with the same distribution in the same way (as much asthisisfeasible). By contrast, this code will
likely divide up the arrays into the same-sized pieces as above, but these pieces need not be collocated:

spaceVecs
spaceMat s

bl ocked(n, n,1).array(n,n,n,5) :Double[n, n, n, 5]
bl ocked(n, n,1).array(n,n,n,5,5): Double[n, n, n, 5, 5]

3.2.8 Recursive subdivision

Internally, generators accomplish their task by recursive subdivision. This subdivision is guided by the distribution. It
is possible to write computations which follow this recursive structure directly. We can view the pattern of recursive
calls used by a generator as a tree with arbitrary fanout. At the leaves are sequential loops over index space. Interior
nodes represent recursive subdivision. Thus, we can break a parallel generator into a series of sequential generators.
Interior nodes generate a series of generators (children of the current generator). Leaf nodes generate the actual values
produced by the iterator. Thus, the following code follows the structure of a generator recursively, and sums the
generated values:

recSun{gen : Cenerator Int ) : Int = do
sum: Int :=0
if (gen.isSequential) then
for i gen do
sum += i
end
el se

for childGen gen. children() do
sum += recSun{ chi | dGen)
end
end
sum
end

This can be parallelized as follows. Note the use of the par distribution to make every iteration of the sequential
generator gen. chi | dren() runin paralel, and the use of a simple reduction on the variable sum

recSun{gen : Cenerator Int ) : Int = do
sum: Int :=0
if (gen.isSequential) then
for i gen do
sum += i
end
el se

for childGen par (gen.children()) do
sum += recSun{ chi |l dGen)
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end
end
sum
end

Properties of known distributions may be exploited in this way to do complex restructuring of generated traversals.
This mechanism lies at the heart of the Fortress loop compilation strategy.

3.2.9 Primitivesfor constructing distributions

Every object reference, including athread, and every array/index pair, has a corresponding region (see Section 3.1.1).
For an array, the region of the array will contain the region of any element of that array. In an array of references the
region of an array element may be different from the region of the object referred to by that element.

Non-array objects are allocated in aregion whichi sLocal To the region in which their constructor is run, unless they
are produced by afactory with an appropriate region argument (in which case the factory itself embeds aparallel block
which constructs the object in the appropriate region).

A thread can be placed in a particular region by providing that region as an argument to spawn:

v = spawn region(a,i) do
ali]
end
w = spawn Vv.region() do
v.value() * 17
end

Here the spawned thread is sent to the indicated region. Computation continues locally immediately after the spawned
region, regardless of the current load on the machine. By contrast, an ordinary unplaced spawn executes the spawned
code rst, and optionally ships the region after the spawn to another processor for execution.

Finally, Fortress provides the Li near St or age datatype. Li near St or age represents contiguous, one-dimensional,
zero-indexed memory. Arrays in Fortress are constructed from individual pieces of Li near St or age, plus objects
representing dope vectors and so forth. Again, Li near St or age isalocated in the region from which it is requested.

Recall that regions are organized into atree-structured hierarchy. Objectsare placed at an appropriate level of that hier-
archy when they are created. For example, the region of athread might refer to the particular processor core on which
itisrun, or to the multi-threaded CPU which contains that core. The region of a data object may, by contrast, refer to
the shared memory on one node of a large multiprocessor. Thus, while the memory is local to a particular thread, it
might be local to many other threads aswell. Thus, r ef . r egi on and t hr ead. r egi on need not be equal when r ef
isallocated by t hr ead. However, it should be the case that r ef . r egi on. i sLocal To(t hread. regi on) that is,
ref . regi on will beatransitive parent of t hr ead. r egi on in region hierarchy.

3.3 Matrix Unpasting

Matrix unpasting is an extension of variable declaration syntax as a shorthand for breaking a matrix into parts. On
the left-hand-side of a declaration, what looks like a matrix pasting of unbound variables serves to break the right-
hand side into pieces and bind the piecesto the variables. This syntax is concise, eliminates several opportunities for
fencepost errors, guarantees unaliased parts, and avoids overspeci cation of how the matrix should be taken apart.
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The motivating example for matrix unpasting is cache-oblivious matrix multiplication. The general plan in a cache

oblivious algorithm isto break the input apart on itslargest dimension, and recursively attack the resulting smaller and
more compact problems.

mmnat m nat n, nat p (left: T[m n], right:T[n p],

result: T[m p]): () = do
case | argest of

1 result[0,0] += (left[0,0] right[O0,0])
m [ lefttop
leftbottom ] = left
[ resulttop
resultbottom] = result
tl = spawn do m{lefttop, right, resulttop) end
mm(l eftbottom right, resultbottom
tl.wait()
p [ rightleft rightright ] = right
[ resultleft resultright ] = result
tl = spawn do m{left, rightleft, resultleft) end
mr(l eft, rightright, resultright)

tl.wait()
n [ leftleft leftright | =1left
[ righttop
rightbottom] = right
mr(leftleft , righttop , result)
nmr(l eftright, rightbottom result)
end
end

In unpasting, the element syntax is slightly enhanced both to permit some speci cation of the split location and to
receive information about the split that was performed. For example, perhaps only the upper left square of a matrix is
interesting. The programmer can add array bounds to the sguare unpasted element:

foo(AT[m n]):() = do
if m < n then
[ square:[m n] rest ] = A

elif m> n then
[ square:[n nj
rest ] = A

else (* A already square *)

end
end

If an unpasting into explicitly sized pieces does not exactly cover the right-hand-side matrix, an exception is thrown.
An element’s | ow#hi gh extent speci cation establishes the origin for the parts fr om the array. The lower extent

must be bound, either before the unpasting, or earlier (Ieft-or-above) in the unpasting. For example, suppose that an
algorithm chooses to break an array into 4 pieces, but retain the original indices for each piece:

bar nat p, nat q (X T[rO#p cO#q]): () = do



64 CHAPTER 3. ADVANCED LANGUAGE CONSTRUCTS

[ Al rO#m cO0#n] B[ r0#m c0+n#g- n]
Cro+mip-m  cO#n] DrO+m#p-m  cO+n#g-n] ] = X

end

Unpasting currently does not directly support non-uniform decomposition, and does not provide any sort of constraint
satisfaction between the extents of the parts. Thus, this decomposition would not be legal because it constrains the
split sizesto be equal without specifying the actual size.

fubar nat m nat n(XXT[m n]):() = do
(* p and g unbound *)

[ Alp d] B[p d]
Cp q Dp g ] =X

end
To get this effect, the programmer should compute the constrained values:

fubar nat m nat n (XXT[m n]):() = do
[ Alm2 n/2] B[m?2 n/ 2]
cm?2 n/2] Dfm2 n/2] ] =X

end
Some non-uniform unpastings can be obtained with composition, which can be expressed either by repeated unpasting:

unequal Rows nat m nat n(XXT[m n]):() = do
[ ci[m n/2] c2[m n/2] 1] =x
[ Al M4 n/ 2]

g 3nm4 nf2] 1 =cl
[ B[3nT4 n/ 2]
= c2

O M4 n/2] ]

end
or simply by nesting matrices in the antipasting:

unequal Columms nat m nat n(XT[m n]):() = do
[ [ Aim 2 n/4] B[m 2 3n/ 4] ]
[ m2 3n/4] D[m2 nf4] 1 1 =X

end

3.4 Operator Denitions

An operator de nition may appear anywhere a function de nit ion may appear. Such de nitions are like function
denitionsin al respects except that an operator de nitio n has the reserved word opr and has an operator instead of
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an identi er. The precise placement of the operator within t he de nition depends on the xity of the operator. Just as
functions may be overloaded, so operators may have overloaded de nitions, of the same or differing xities.

An operator denition has one of ve forms: inx/multi X ope rator denition, pre x operator de nition, post x
operator de nition, no x operator de nition, and bracketi ng operator de nition. Each isinvoked according to speci ¢
rules of syntax.

3.4.1 Inx/multi x operator de nitions

An inx/multi x operator de nition has the reserved word opr and then an operator where a function or method
de nition would have an identi er. The de nition must not ha ve any keyword parameters, and must be capable of
accepting at least two arguments. It is permissible to use a. .. parameter; in fact, this is a good way to dene a
multi X operator. Type parameters may also be present, betw een the operator and the parameter list. Example:

opr MAXT extends Rational (x:T,y:T):T=1if x >y then x else y end

An expression consisting of an in x operator applied to an ex pression will invoke an in x/multi X operator de nition.
The compiler considers all in x/multi x operator de nitio nsfor that operator that are both accessible and applicable,
and the most speci ¢ operator de nition is chosen according to the usual rules for functions. If the expression is
actually multi x, the invocation will pass more than two arg uments.

Anin x/multi x operator de nition may also be invoked by ap rex or no x (but not a post x) operator application
if the de nition is applicable.

Note that superscripting ( ) may be de ned using an in x operator de nition eventhoughi t has very high precedence
and cannot be used as a multi x operator. (An operator de nit ion for superscripting should have exactly two value
parameters.)

3.4.2 Prex operator denitions

A prex operator de nition has the keyword opr and then an operator where a function de nition would have an
identi er. The de nition must have one value parameter, whi ch must not be a keyword parameter or . . . parameter.
Type parameters may also be present, between the operator and the parameter list. Example:

opr (x:Wdget): Wdget = x.invert()

An expression consisting of a pre x operator applied to an ex pression will invoke a pre x operator de nition. The
compiler considersal pre x and in x/multi x operator de  nitionsfor that operator that are both accessible and appli-
cable, and the most speci ¢ operator de nition is chosen acc ording to the usual rules for functions.

3.4.3 Post x operator denitions

A post x operator de nition has the keyword opr where a function de nition would have an identi er; the oper ator
itself follows the parameter list. The de nition must have one value parame ter, which must not be akeyword parameter
or ... parameter. Type parameters may also be present, between the reserved word opr and the parameter list.
Example:
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opr (n:Integer)! = PRODUCT[i 1:n] i (* factorial *)

An expression consisting of apost x operator applied to apr imary expression will invoke a post x operator de nition.
The compiler considers all post x operator de nitions for t hat operator that are both accessible and applicable, and
the most speci ¢ operator de nition is chosen according tot he usual rules for functions.

3.4.4 Nox operator denitions

A no x operator denition has the keyword opr and then an operator where a function de nition would have an
identi er. The de nition must have no parameters. Example:

opr : () = InplicitRange

An expression consisting only of a no x operator will invoke a no x operator de nition. The compiler considers all
no x and in x/multi x operator de nitions for that operato r that are both accessible and applicable, and the most
speci ¢ operator de nition is chosen according to theusual  rules for functions.

Uses for no x operators are rare, but those rare examples are very useful. For example, the colon operator is used to
construct subscripting ranges, and it isthe no x de nition of : that alone: to be used as a subscript.

3.4.5 Bracketing operator de nitions

A bracketing operator de nition has the reserved word opr where a function de nition would have an identi er. The
value parameter list, rather than being surrounded by parentheses, is surrounded by the brackets being dened. A
bracketing operator de nition may have any number of parame ters, keyword parameters, and . . . parametersin the
value parameter list. Type parameters may also be present, between the reserved word opr and the parameter list. Any
paired Unicode brackets may be so de ned except ordinary parentheses and white square brackets.

(* angl e bracket notation for inner product *)
opr <| x:Vector, y:Vector |> = SUM i x.indices()] x[i] * y[i]

(* vector space norm (nmay not be the nost efficient) *)
opr ||x:Vector||] = sqrt <] x, x |>

An expression consisting of zero or more comma-separated expressions surrounded by a bracket pair will invoke a
bracketing operator de nition. The compiler considers all bracketing operator de nitions for that type of bracket pai r
that are both accessible and applicable, and the most speci ¢ function is chosen according to the usual rules. For
example, the expression <| p, g| > might invoke the sample bracketing method shown above.

3.5 Subscripting and Subscripted Assignment Operator Method De nitions

A subscripting or subscripted assignment operator method de nition may appear anywhere a method de nition may
appear. Such de nitions are like method de nitionsin al re spects except that a subscripting or subscripted assignment
operator method de nition has the reserved word opr and has special syntax instead of an identi er. Just as metho ds
may be overloaded, so subscripting and subscripted assignment operator methods may have overloaded de nitions.
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3.5.1 Subscripting operator method de nition

A subscripting operator method de nition has the reserved w ord opr where a method de nition would have an iden-
ti er. The value parameter list, rather than being surround ed by parentheses, is surrounded by a pair of brackets. A
subscripting operator method de nition may have any number of value parameters within the brackets, keyword pa
rameters, and . . . parametersin that value parameter list. Type parameters may also be present, between the reserved
word opr and the parameter list. Any paired Unicode brackets may be so dened except ordinary parentheses and
white square brackets; in particular, the ordinary square brackets ordinarily used for indexing may be used.

(* subscripting nmethod *)
opr [x:Bizarrolndex] = self.bizarroFetch(x)

An expression consisting of a subexpression immediately followed (with no intervening whitespace) by zero or more
comma-separated expressions surrounded by brackets will invoke a subscripting operator method de nition. Methods

for the expression preceding the bracketed expression list are considered. The compiler considers all subscripting
operator method de nitions that are both accessible and app licable, and the most speci ¢ method is chosen according

to the usual rules. For example, the expression f oo[ p] might invoke the sample subscripting method shown above.

3.5.2 Subscripted assignment operator method de nition

A subscripted assignment operator method de nition has the reserved word opr where a method de nition would

have an identi er. The value parameter list, rather than bei ng surrounded by parentheses, is surrounded by a pair of
brackets; this is then followed by the operator : = and then a second value parameter list in parentheses, which must
contain exactly one non-keyword value parameter. A subscripted assignment operator method de nition may have any

number of value parameters within the brackets, keyword parameters, and . . . parametersin that value parameter list.
A result type after the second value parameter list, but it must be () . Type parameters may also be present, between
the reserved word opr and the rst parameter list. Any paired Unicode brackets may be so dened except ordinary
parentheses and white square brackets; in particular, the ordinary square brackets ordinarily used for indexing may be
used.

(* subscripted assignnent nethod *)
opr [x:Bizarrolndex] := (newal ue: Wdget) = self.bizarrolnstall (x, newal ue)

An assignment statement consisting of an expression immediately followed (with no intervening whitespace) by zero
or more comma-separated expressions surrounded by brackets, followed by the assignment operator : =, followed
by another expression, will invoke a subscripted assignment operator method de nition. Methods for the expression

preceding the bracketed expression list are considered. The compiler considers all subscript operator method de -

nitions that are both accessible and applicable, and the most speci ¢ method is chosen according to the usual rules.

For example, the assignment f oo[ p] : = myW dget might invoke the sample subscripted assignment method shown
above.

3.6 Support for Domain-speci ¢ L anguages

In order to support syntax for domain-speci ¢ languages, an d to allow the Fortress language to grow with time,
programmers are allowed to extend the basic syntax of Fortressin their programs. Extensions are allowed through the
use of syntax expanders.
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Syntax expanders must be de ned in the top-level scope of a pr ogram component. There are three kinds of syntax
expanders:

Simple syntax expanders

A simple syntax expander starts with the reserved word synt ax, followed by an identi er, followed by an =, followed
by an expression with typef ort r ess. ast . Synt axTr ee, asin the following example:

syntax Area =
Rai sedTypeRef
(Si npl eTypeRef
(ldentifier("Length")),
Si mpl eTypeRef ("2"))

A usesite of asyntax expander consists solely of an occurrence of the expander’sidenti er. Thisidenti er is expanded
into the Synt axTr ee speci ed in the de nition of the expander.

Parametric syntax expanders

A parametric syntax expander starts with the reserved word synt ax, followed by an opening identi er, followed

by a contents parameter (implicitly of type f ortress. | ang. Sour ceAssenbl y, which is a sequence of Unicode
characters and abstract syntax trees) and aterminating identi er. The terminating identi er isfollowed by an = and an
expression of typef ortress. ast . Synt axTr ee. Hereis an example:

syntax sql exp end = parseSQ.(exp)

where par seSQL is a static function that takes a Sour ceAssenbl y, interprets it as an SQL query, and returns a
Synt ax Tr ee consisting of constructor callsto SQL syntax nodes (de ned in some SQL library).

Atausesite, all characters between the openingidenti er a nd theterminating identi er areturnedintoa Sour ceAssenbl y
and all escaped subsequences of this Sour ceAssenbl y are converted into abstract syntax trees (see Section 3.6.3 for

a discussion of escaped subsequences). The resulting Sour ceAssenbl y is bound to the contents parameter of the
parametric syntax expander. The use siteis then expanded by evaluating the body of the expander.

For example, we could de ne par seSQL so that a use site such as:

sql
SELECT spectral _class FROM stars
end

would be expanded into:

Cal | (Enpty,
Li st (VarRef (I dentifier("Sql Query")),
Cal | (Enpty,
Li st (VarRef (I dentifier("Select")),
String("spectral _class"))),
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Cal | (Enpty,
Li st (VarRef (I dentifier("Fronm')),
String("stars")))))

(The Enpt y lists passed to Cal | s are the lists of type parameters to these calls). Note that this Synt axTr ee corre-
sponds to the following Fortress concrete syntax:

Sql Query(Sel ect ("spectral _class"), Fronm("stars"))

Parenthesized syntax expanders

A parenthesized syntax expander starts with the reserved word synt ax, followed by an identi er, followed by a
sequence of parameters, each enclosed in parentheses of various forms. Each parameter enclosed in parenthesesisim-
plicitly of type Sour ceAssenbl y. After these parameters, an = and an expressionwithtypef ort r ess. ast . Synt axTr ee
is provided. Hereis an example of a parenthesized syntax expander that allows for Java-style f or loops in Fortress
programs:

syntax jfor (inits) bodyText = do
bindings , inits = parseBindings (inits)
termnator, inits = parseTerm nator(inits)
increment , inits = parselncrenent (inits)
body = par seFor Body(bodyText)
JavaFor (bi ndi ngs, termi nator, increnent, body)
end

Depending on how we de ne the parse functions in this expande r, we could parse the following use site of this
expander:

jfor (int i =0; i < 10; i++) {
Systemout.printlin(i);

}

into a Synt axTr ee denoting instantiations of parametric Javasyntax objec ts such asthis:

Cal | (Enpty,
Li st ("JavaFor",
Cal |l (Empty,

Li st ("JavaBi ndi ng",
Identifier("i"),
Decinal Literal ("0"))),

Cal | (Enpty,

Li st ("JavaOp",
Identifier("<"),
Identifier("i"),
Identifier("10"))),

Cal | (Enpty,

Li st ("Javal ncrenment".
Identifier("i"))),
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Cal | (Enpty,
Li st ("JavaCal |l ",
Identifier("Systemout.println"),
Identifier("i")))))

which corresponds to the Fortress concrete syntax:

JavaFor (JavaBi ndi ng("i","0"),
JavaOp("<","i","10"),
Javal ncrenent ("i"),
JavaCal | ("Systemout.println", "i"))

Alternatively, the parse functions could be de ned so that u se sites expand into aSynt axTr ee for aFortressf or loop.

Syntax expanders must not call any functions or refer to any variables except those declared to be st at i c. Addition-
aly, a syntax expander must not refer to any variables or functions that have modi er t est .

Because syntax expanders are de ned at the top-level of prog ram components, and because they are syntactically
distinguished, they can be identi ed before scanning or par sing. Use sites are then identi ed and expanded before
parsing occurs.

3.6.1 Introduced variable names

Often, when expanding concrete syntax for a domain-speci ¢ language, it is useful to introduce variable binding
constructs into the resulting Synt axTr ee. It isrequired that such bindings, in general, respect the rules of hygiene
and referential transparency [7]. Therefore, our system automatically renamesidenti ers, following the synt ax- case
system of Dybvig et al. [9].

3.6.2 Expandersfor Fortress

Asthe above examples demonstrate, it is often useful to denote Fortress abstract syntax using Fortress concrete syntax.
A special set of parametric syntax expanders are dened in th e api fortress. syntax for every nonterminal in
Fortress concrete syntax. The name of each expander consists of the name of the nonterminal in lowercase. The
terminating symbol for each nonterminal consists of its name pre xed with end_. For example, the expression:

expr
X +y
end_expr

evaluatesto the Synt axTr ee:

Cal | (Enpty,
Var Ref (1 dentifier("+"))
Var Ref (1 dentifier("x"))
Var Ref (1 dentifier("y"))
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When one of these syntax expanders parses a binding construct, the bound identi er is replaced with an identi er
resulting from a call to gensym and all variable references captured by the original identi er are replaced with refer-
ences to the new identi er.

For convenience, thereisaspecial parametric expander </ that behavesidentically to the expr expander. Uses of this
expander are terminated with / > and escaped with  (see Section 3.6.3 for a discussion of escape clauses).

Usingthef ort r ess. synt ax expanders, we can rewrite our original example of a simple expander as follows:

syntax Area = </Length />

3.6.3 Escapeclauses

Programmers are encouraged to declare escape clauses in their expanders. Escape clauses allow for nested program
fragments in another concrete syntax. They occur immediately before the = sign of an expander. They start with the
reserved word escape followed by adelimiter St ri ng. For example, we modify our SQL expander as follows:

syntax sqgl exp end escape = parseSQ(exp)

An occurrence of the escape character at ause site delimits either theimmediately proceedingidenti er or a Sour ceAssenbl y
enclosed in any of the standard parentheses. The delimited Sour ceAssenbl y is parsed as a Fortress expression. This
expression is allowed to be a use site of a syntactic expander, which may itself have an escape clause.

We can now embed program fragmentsin other domain-speci ¢ | anguages at a use site of this expander. For example,
we could write the following function:

spectral O ass(star: SourceAssenbly) = sql
SELECT spectral _cl ass FROM
SELECT star FROM stars
end

Escapes at use-sites of expanders are processed from the leftmost-innermost clause outward.
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Chapter 4

Program component compilation and
linking

Fortress programs are devel oped, compiled, and deployed as encapsulated upgradable components that exist not only
as programming language features, but also as self-contained run-time entities that are managed throughout the life
of the software. The imported and exported references of a component are described with explicit apis, which can be
thought of as interfaces of components. With components and apis, Fortress provides the stability benets of static
linking with the sharing and upgrading bene ts of dynamic li nking. *

4.1 Overview

Components are the fundamental structure of Fortress programs. They export and import apis, which serve as inter-
faces of the components. Components do not refer directly t o other components. Rather, all external references are
to apisimported by the component. These references are resolved by linking components together: the references of
a component to an imported api are resolved to a component that exports that api. Linking components produces new
components, whose constituents are the components that were linked together.

Components are similar to modules in other programming languages, such as those of ML and Scheme [17, 14, 13].
But, unlike modules in those languages, components are designed for use during both development and deployment
of software. In addition to compilation and linking, components can be produced by upgrading one component using
another component that exports some of the apis exported by the rst component.

A key aspect of Fortress componentsisthat they are encapsulated, so that upgrading one component does not affect any
other component, even those produced by linking with the component that was upgraded. Abstractly, each component
has its own copy of its constituents. However, implementations are expected to share common constituents when
possible.

Users do not manipulate components directly. Instead, every component is installed in a persistent database on the
system. We think of this database, which we call a fortress, as the agent that actually performs operations such as
compilation, linking, upgrading, and execution of components: avirtual machine, a compiler, and alibrary registry all
rolled into one. A fortress also maintains alist of apisthat areinstalled on it. A fortress also provides a shell by which
the user can issue commandsto it.

1The system described in this chapter is based on that described in [2].
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The ways in which fortresses are actually realized on particular platforms is beyond the scope of this speci cation.
An implementor might choose to instantiate a fortress as a process, or as a persistent object database stored in a le
system, with fortress operations being implemented as scripts that manipul ate this database.

In addition to an informal description of the component system, we also formally specify key functionality of the
system, and illustrate how we can reason about the correctness of the system. Components and apis are abstract
immutable objects. A fortress maps names to componentsinstalled on the system. The fortress operations are model ed
as methods of the fortress that change the mapping.

4.2 SourceCode

We call the source code for a single software component a project. Typicaly, when a project written in other
programming languages is compiled, each lein the project i s separately compiled. To ship an application, these les
are linked together to form an application or library. Fortress uses adifferent model: aproject iscompiled directly into
asingle component, which isinstalled in the compiling fortress.

From the point of view of the compiler, al the source code for aproject iscontained in asingle le. Thisapproach sim-
pli esthe design, and gives awell-de ned order for initial ization of static elements of the component. However, this
approach is unworkable for components of substantial size. Therefore, the compiler can be instructed to concatenate
several source lestogether before compiling, while maint aining the original source location information.

After these components are compiled from source les, they ¢ an then be linked together to form larger components.

Components

In this speci cation, we will refer to components created by compiling a le as simple components, while compo-
nents created by linking components together will be known as compound components .

The source code of asimple component de nition beginswith t he reserved word conponent followed by an identi er,
followed by a sequence of import and export declarations, and nally a sequence of declarations and de nitions.

Each import or export declaration includes api names. An api serves as an interface of a component; it includes the
declarations (but not de nitions!) of top-level functions, objects, traits, and other values. In our examples, we use
published descriptions of packagesin the Java 6.0 API [24] as examples of apis expressible in our component system.

We use, as hames for these apis, the names of the corresponding Java packages, with j ava replaced withf or t r ess.
For example, the following is the beginning of asource lefo r a ctiona application | r onCrypt o:

conmponent com sun. I ronCrypto

i mport fortress.io
i mport fortress.security

export fortress.crypto
end

When a component is compiled, the apis it refers to must be present in the fortress. The import declarations in a
component are not away to abbreviate unquali ed names of obj ects or functions. In our system, an import declaration
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merely allows references to the imported api to appear in the component de nition. References to elements of an
imported api must be fully quali ed.

A key design choice we make is to require that components never refer to other components directly; all external
references are to apis. This requirement allows programmers to extend and test existing components more easily,
swapping new implementations of librariesin and out of programs at will.

For convenience, the following extended forms of import declarations are provided:

import name  from api
i mport * from api

The rst declaration imports the given api and allows the lis ted elements (separated by commas) to be referred to
with their unquali ed names. The second imports the given ap i and allows all elements in that api to be referred to
with unquali ed names. If multiple elements with conictin g names are imported from separate apis, all references
to those elements within the component de nition must be ful ly quali ed. Every component implicitly imports a set

of core apis called the Fortress standard library (e.g., f ort ress. | ang and other core apis to be determined); ev-
ery fortress has at least one component implementing all of these apis. A preferred component exporting these apis
(con gurable by the user) isimplicitly linked to every comp onent installed in the fortress.

One important restriction on components is that no api may be both imported and exported by the same component.
This restriction is necessary to make sense of the operations on components that we de ne in section 4.3. Formally,
we introduce two functions on components, imp and exp, that return the imported and exported apis of the component,
respectively. For any component , imp exp . This restriction is required throughout to ground the
semantics of operations on components, as discussed in Section 4.3.

Every component has a unique name, used for the purposes of component linking. This name includes a user-provided
identi er. In the case of a simple component, theidenti er i s determined by a component name given at the top of the
source lefromwhichitiscompiled. A build script may keep a tally on version numbers and append them to the rst

line of a component, incrementing its tally on each compilation. The name of a compound component is speci ed as

an argument to thel i nk operation (described in section 4.3) that de nesit.

Component equivalence is determined nominally to allow mutually recursive linking of components. By programmer
convention, identi ers associated with components begin w ith the reverse of the URL of the development team. A
fortress does not allow the installation of distinct components with the same name. Component names are used during
I i nk and upgr ade operations to ensure that the restrictions on upgrades to a component are respected, as explained
in Section 4.3.

Every component also includes a vendor name, the name of the fortress it is compiled on, and a timestamp, denoting
the time of compilation. The time of compilation is measured by the compiling fortress, and the name of the fortress
is provided by the fortress automatically. Every timestamp issued by a fortress must be unique. The vendor name
typically remains the same throughout a signi cant portion of thelife of a user account, and is best provided as a user
environment variable.

Apis

Apis are compiled from special api de nitions. These are sou rce les which declare the entities de ned by the api,
the names of all apis referred to by those declarations, and prose documentation. In short, the source code of an api
should specify all the information that is traditionally provided for the published apis of librariesin other languages.

The syntax of an api de nition isidentical to the syntax of ac omponent de nition, except that:
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1. Anapi de nition beginswith thereserved word api rather than conponent . Aswith components, theidenti ers
associated with apis are pre xed with the reverse of the URL o f the development team.

2. An api does not include export declarations. (However, it doesincludei nport declarations, which name the
other apis used in the api de nition.)

3. Only declarations are included in an api denition. All me thod bodies and variable de nitions are elided. A
method or eld declaration may include the modi er abstract. (Whether a declaration includes the modi er
abst ract hasasigni cant effect on its meaning, as discussed below).

For example, consider the apisfortress.io, fortress.security, and fortress. crypto, with declarations
similar to those in their respective Java packages. These apis are interdependent. For example, both Publ i cKey in
fortress.security and SecretKey infortress. crypto have the trait fortress.io. Serializabl e and
the trait Ci pher Spi in fortress. crypto has methods that return values of type Al gorit hnPar aneters in
fortress. security. Sothe header of api f ort r ess. crypt o iswritten as follows:

api fortress.crypto

i mport fortress.io
i mport fortress.security

end

For the sake of simplicity, every reference in an api de niti on must refer either to a declaration in a used api (i.e., an
api named in an import declaration, or a core api, which isimplicitly imported), or to adeclaration in the api itself. In
thisway, apis differ from signatures in most module systems: they are not parametric in their external dependencies.

Every api has a unique name that consists of a user-provided identi er. As with components, api equivalence is
determined nominally. Every api also includes a vendor name, the name of the fortress it is compiled on, and a
timestamp.

Component and api names exist in separate namespaces. For convenience, acompiler can also produce an api directly
from a project with the same name as the component it is derived from. Such an api includes matching declarations
that include all the public de nitions (and only the public d e nitions) of the component.

A component must include, for every api it exports, matching de nitions for all the declarationsin . A matching
denition of a declaration isadenition  with the same name as  that includes a public member for every
member in  and that includes de nitions for all members other than thos e declared abstract in . isallowed to
include additional de nitions not declared in

Other than its identity, the only relevant characteristic of an api s the set of apis that it uses, denoted by uses
Becausean api  might expose typesdened in uses , we require that a component that exports  also exports all
apisinuses  that it doesnot import. Formally, the following condition holds on the exported apis of acomponent :

exp uses imp exp

4.3 Basic Fortress Operations

We now describe the operations that can be performed on a fortress by developers and end-users for developing,
installing, and maintai ning components. We can think of these operations as commandsto an interactive shell provided
by the fortress.
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fortress.io fortress.crypto

A f

Ironlo / IronCrypto/

fortress.io
fortress.security

Figure 4.1: Simple componentsin box notation: A component isrepresented by abox, with the name of the component
at the top of the box. The arrow protruding from the upper right corner of a box is labeled with the apis exported by
the component. The arrow pointing into the bottom of a box is labeled with apis imported by the component. If no
apis are imported, we elide the arrow.

In this section, we discuss operations on afortressin their most basic form, postponing the discussion of more advanced
options, including additional optional parameters, to Section 4.4. Although these more advanced options are critical
to performing some real-world tasks with components, it is easier to describe their behavior after the basic forms of
operations have been discussed.

Compile This operation takes the source code for a simple component (or api) de nition and produces a new com-
ponent object (or api object) that isinstalled on the fortress. Itstypeis as follows:

conmpile(file:String): ()

For example, suppose | r onCr ypt o. f ss contains the source code for the aforementioned | r onCr ypt o application,
which importsfortress.ioandfortress. security, and exportsfortress. crypto. Suppose we also have
source code, | ronl o. f ss, for another application, | r onl o, which imports nothing and exportsf ort ress. i 0. We
generate these components by compiling the source les:

conpile("lronlo.fss")
conpil e("IronCrypto. fss")

The results are depicted diagrammatically in Figure 4.1.

Formally, compilation takes a program and produces a new component with exported and imported apis as de ned in
the program. In the example above,

imp I ronCrypto fortress.io fortress.security
exp IronCrypto fortress.crypto

Link A collection of one or more components exporting different apis may be combined to form a new, compound,
component by calling the I i nk operation, passing the names of the components to link along with the name of the
resulting compound component. Syntactically, al i nk operation is written as follows:?

2We present only the basic form of | i nk here. | i nk has additional optional arguments that we discuss in the Section 4.4.
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fortress.io
fortress.crypto

f

/

| ronLi nk

fortress.io fortress.crypto

! A

Ironlo / IronCrypto/

fortress.io
fortress.security

?

fortress.security

Figure 4.2: A compound component: A component inside another component is a constituent of the component that
immediately enclosesit.

l[ink(result:String, constituents:String[]):()

The components being linked are called constituents of the resulting component, which exports al the apis exported
by any of its constituents, and imports the apis imported by at least one of its constituents but not exported by any of
them.

For example, we can link thel r onl o and | r onCr ypt o libraries compiled above:
link(lronLink, [Ironlo, IronCrypto])
The resulting component, illustrated in Figure 4.2, imports f ort ress. security and exportsfortress.io and

fortress.crypto.

I'i nk does not distinguish between simple and compound components, so we can get arbitrarily nested components.
For example, we can construct an application Cool Cr ypt oApp by compiling another sourcecode, | ronSecurity. fss,
for the library | ronSecuri ty that importsfortress. i o and exportsfortress. security, and then linking the
result with I r onLi nk.

conpil e(lronSecurity.fss)
I'i nk(Cool Crypt oApp, [IronSecurity, IronLink])
The resulting components areillustrated in Figure 4.3.

Formally, given aset of components, wede neapartial function link  that returnsthe component
resulting from  through . If link ,thenexp ep andimp imp exp
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fortress.io
fortress.crypto
fortress.security

f

Cool Crypt oApp /

fortress.io
fortress.crypto

f

| ronLi nk /
fortress.security fortress.security fortress.io fortress.crypto
I ronSecuri ty/ I ronSecuri t)/ Ironlo / IronCrypto/

!

fortress.io fortress.io fortress.io
fortress.security

fortress.security

Figure 4.3: Repeated linking

The function link is partial because we do not allow arbitrary sets of components to be linked. In particular, two
components cannot be linked if they export the same api 3 This restriction is made for the sake of simplicity; it allows
programmers to link a set of components without having to specify explicitly which constituent exporting an api
provides the implementation exported by the linked component, and which constituent connects to the constituents
that import : only one component exports , so there is only one choice. Although we lose expressiveness with this
design, the user interface to link is vastly simpli ed, and i t is rare that including multiple components that export a
given api in a set of linked components is even desirable. We discuss how even such rare cases can be supported in
Section 4.4.

For a compound component, in addition to the exported and imported apis, we want to know what its constituents
are. So we introduce another function cns, which takes a component and returns the set of its constituents. That
is, cns link . Itiis an invariant of the system that for any compound component (i.e., cns ),
any api imported by any of its constituents is either imported by or exported by one of its constituents (i.e.,

s IMP imp as &P ). This property is crucial for executing components, as we dis-
cuss below. A simple component  (i.e., one produced directly by compilation) has no constituents (i.e., cns ).

Execute Components provide implementations of the apis they export. A component is executable if it imports no
apis and it exports the special api execut abl e, de ned asfollows:

SThere is one exception to this rule: the special api upgr adabl e, which is used during upgrades discussed below.



80 CHAPTER 4. PROGRAM COMPONENT COMPILATION AND LINKING

api executabl e
public exec(args: String[]):()

An executable component may be executed by calling the execut e operation, resulting in a call to the component’s
implementation of the exec function in anew process. Arguments to the exec function are passed to the shell:

execut e( conponent Narme: String, args: String[]): ()

We say that acomponent is being executed when execut e has been called on that component and has not yet returned,
or if it is the constituent component of a component being executed. During an execution, references may be made to
apis exported by a component being executed, which may in turn make references to apis that it imports.

For referencesto anapi  exported by the component, if the component is simple, then it contains the code necessary
to evaluate any reference to an api it exports, possibly making references to apis that it imports to do so. If the com-
ponent is compound, then it contains a unique constituent that exports ; the reference is resolved to that constituent
component.

For external references within a constituent component, recall that all such references in a component must be to
apis that the component imports. A component being executed either does not import any api (and thus there are no
external references to resolve), or elseis a constituent of another component that is being executed. In the latter case,
the constituent defers the reference to its enclosing component.

For example, suppose Cool Cr ypt 0App aboveisthe constituent of some executable component, and when that compo-

nent is executed, it generatesareferenceto Secr et Key inf ortress. crypt o, which it resolvesto Cool Cr ypt 0App.

Cool Crypt oApp resolves this referenceto | r onLi nk, which resolvesit to I r onCr ypt o, which is a simple compo-
nent. Supposethat in evaluating thisreference, | r onCr ypt o generatesareferenceto Publ i cKey infortress. security.
Becausel r onCr ypt o importsf ort r ess. securi ty, it resolvesthisreferencetoitsenclosing component, I r onLi nk,
whichin turn resolvesit to Cool Cr ypt oApp, which resolvesittol r onSecuri ty, which isasimple component.

Not all projects are compiled to components that export execut abl e. For example, a library component does not
usually export execut abl e.

Upgrade Compound components may be upgraded with new constituent components by calling an upgr ade op-
eration, passing the name of the component to upgrade (the target), the name of a component to upgrade with (the
replacement), and a name for the resulting component (which we call the result). The type of the upgr ade operation
isasfollows:

upgrade(target: String, replacenent: String, result = target): ()

If no result name is provided, the result is bound to the name of the target, and the target is uninstalled (see below).

For example, we can upgrade Cool Cr ypt oApp with acomponent Cool Securi ty, whichexportsf ortress. security
and imports nothing to Cool Cr ypt oApp. 2. 0.

upgr ade( Cool Crypt oApp, Cool Security, Cool CryptoApp. 2.0)

The resulting component isillustrated in Figure 4.4. Notice that the constituent, | r onSecuri t y, exporting
fortress. security hasbeen replaced.

A component can be upgraded only if it exports the special api upgr adabl e, de ned asfollows:
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fortress.io
fortress.crypto
fortress.security
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Cool Crypt oApp. 2.0 /

fortress.io
fortress.crypto
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I ronLi nk /
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Cool Securi t)/ lronlo / IronCrypto/

fortress.io
fortress.security

fortress.security

Figure 4.4: An upgraded component

api upgradabl e
i mport {Conponent, UpgradeException} from conponents

public isValidUpgrade(that: Conponent): Bool ean
publ i ¢ upgrade(that: Conponent): Conponent throws UpgradeException

end

The upgr adabl e api imports a specia api conponent s that provides handles on Conmponent and Api objects.
The conponent s api isdescribed in Appendix B.

An upgr ade operation on a component invokes thei sVal i dUpgr ade method, as declared in the api upgr adabl e.
This function must take a component and return Tr ue iff it islega to upgrade with respect to that component. The
upgr ade operation throwsan exceptionif i sval i dUpgr ade returnsFal se. Developers can de netheir own versions
of this component to restrict how their components can be upgraded. For example, they can prevent upgrades with
older versions of acomponent, or with a matching component from an untrusted vendor.

The upgr adabl e api presents a problem for our model. Its implementation by the various constituent componentsin
a compound component must be accessed during an upgr ade operation. However, because the exported apis of the
constituent components must be digoint, they cannot al export upgr adabl e after linking.
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We solve this problem by introducing an additional step during linking. In al i nk operation, a special component,
called arestriction component, is constructed automatically, based on the provided constituents. This component ex-
portsthe upgr adabl e api; itsimplementation is afunction of all the constituents provided to thel i nk operation. The
provided constituents are then used to construct a new set of constituentsthat are identical to the provided constituents
except that they do not export upgr adabl e. These new constituents are then combined, along with the restriction
component, to form the constituents of a new compound component.

In addition to the constraints imposed by a component’si sVal i dUpgr ade method, there are several other conditions
that must be met in order for an upgrade to be valid. These conditions are necessary to ensure that the resulting
component is well-formed and imports and exports the same apis as the target: 4

1. Every api imported by the replacement must be either imported or exported by the target.
2. The apis exported by the replacement must be a subset of those exported by the target.

3. If the replacement does not subsume a constituent then either the replacement and constituent do not export any
apisin common or the constituent can be upgraded with the replacement.

Therationale for the rst two conditionsis straightforwar d: If an api isimported by the replacement but not imported
or exported by the target, then references to that api cannot be resolved in the result (unless we also import that api in
the result). If an api is exported by the replacement but not the target, then the result will export an api not exported
by the target.

Thethird condition saysthat the constituents of the target can be partitioned into three sets: those that are subsumed by
the replacement, those that are unaffected by the upgrade, and all the rest, which can be upgraded with the replacement.
This condition enables recursive propagation of upgrades. That is, an upgrade not only replaces constituents at the top
level of the the component, but is also propagated into any constituents with which it exports some apis in common.
Thus, in the example above, we could have upgraded Cool Cr ypt oApp with acomponent that exportsf ortress. i o.
However, we could not have upgraded Cool Cr ypt 0App with a component that exports both f ort r ess. security
and fortress.io because | ronLi nk exportsfortress.io but not fortress. security. In Section 4.4, we
show how hiding and constraining apis can help us get around many of the limitations that this condition imposes.

Formally, a predicate upg? takes two components and indicates whether the rst can be up graded with the second;
that is, upg? returnstrueif and only if  can be upgraded with . This predicate captures both the constraints
imposed by a component’si sVal i dUpgr ade method and the conditions that guarantee the well-formedness of the
result. That is,

upg? .isValidUpgrade
imp exp imp
exp exp
cns exp exp exp exp upg?

Recall that in our system, unlike with dynamic linking, components are encapsulated so that an upgrade to one com-
ponent does not affect any other component on the system. We can imagine that all operations on components copy
the components that they operate on rather than share them. Because components are immutable, these two inter-
pretations are semantically indistinguishable. Convenience operations that support mass upgrades are provided on
fortresses (e.g., anupgr adeAl | operation that takes acomponent and upgrades all componentsin the fortress that can
be upgraded with its argument).

4 These conditions are suf cient provided there are no hidden or constrained apis, which are discussed in Section 4.4.



4.3. BASIC FORTRESS OPERATIONS 83

Extract and install A component installed on a fortress may be extracted by calling an ext r act operation on the
fortress, passing the name of the component as an argument, along with an argument pr er eqgs, denoting the names of
all apisthat must beinstalled on any fortress before this component can be installed.

extract (conponent Nare: String, prereqgs:{String} = {}):()

Furthermore, the destination fortress must have a component that exports these apis and is a valid upgrade of the
extracted component. Intuitively, apr er eqs argument allows a component to be serialized without having to include
all of itslibraries; new libraries can be provided when the component isinstalled at a destination fortress.

The pr er eqs argument is optional; if omitted, the extracted component can be installed on any fortress. Any com-
ponent can be extracted; however only compound components can be extracted with a pr er eqs argument: because
extracted components must be upgradable with respect to a component exporting their pr er eqgs, no pr er eqs argu-
ment makes sense for a simple component.

The apis included in a pr er eqs argument must be the apis exported by some subset of the extracted component’s
constituents (or a subset of the constituents of one of its constituents, and so on, due to recursive updating).

The extracted component is seridlized to a le, including a | the apisit refersto (and, transitively, all apisthey refer to)
and all constituent components, except those that export the pr er egs. This operation does not remove the extracted
component from the fortress; there is a separate uni nst al | operation for that.

When the component is extracted, if no pr er eqs were passed to the ext r act operation, then the contents of the

le can be deserialized by any fortress into the extracted co mponent, which can be installed on the fortress. How-
ever, if prer eqs were passed to ext r act , then the le must be deserialized into a component that expo rts only the
i nstal | abl e api:

api installable

i mport Conponent from conmponents

public reconstitute(candi date: Conponent) : Conponent
end

The deserialized component is immediately linked with preferred implementations of all of its imported apis. (Pre-
ferred implementations of apis are maintained in a table by a fortress, which maps each api to alist of components
that implementsit, in order of preference). Because the deserialized and linked component exportsthei nst al | abl e
api, it hasareconsti t ut e method that takes a candidate component, which exports the pr er eq apis, and checks
whether the given component satis esthe i sVal i dUpgr ade condition of the extracted component. If so, it returnsthe
extracted component upgraded with the given component. Ther econst i t ut e method is called by the fortress with
a new component, formed by linking the preferred components for each api in the extracted components’ pr er egs
argument.

Note that an extracted component with pr er eqs apisis not the same as an extracted component that imports the same
apis but has no pr er eqs apis. The latter can always be installed on a fortress, and then can be subsequently linked
with any component that exports the imported apis. In contrast, the fortress has no access to an extracted component
with pr er egs apisunlessit hasacomponent that exports these apis and satis esthe i sVal i dUpgr ade method of the
extracted component. This difference provides ameansfor controlling accessto the extracted component, for security,
legal, or other reasons.

Syntactically, ani nst al | operation takes the name of a le constraining an extracted ¢c omponent. Thei nst al |
operation is overloaded with another operation that takes the name of a component to match pr er egs. If this op-
tional argument is provided, and the deserialized component exportsthei nst al | abl e api, thenther econsti tute
method is called with the component denoted by the optional argument of i nst al | , rather than the fortress' preferred
implementation of the pr er eq apis. Install operations are written as follows:
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install (file:String): ()
install(file:String, preregs:{String}): ()

By default, a fortress adds a newly installed component to the head of the preferred list for every api it exports.
However, this default may be overridden by the end-user; an end-user may modify the table or even map some apis
differently during aparticular installation. If one or more of the apisrequired by an extracted component is not mapped
to an api on the destination fortress, an exception is thrown.

There is a corresponding operation for apis, i nst al | Api , that takes a seriaization of a set of apis and installs them
into afortress.

install Api (file:String): ()

This set of apis must be closed under imports. If an api that isinstalled in thisway is aready installed on the fortress,
the de nitions must match exactly, or an exception is thrown .

Uninstall Anuni nst al | operation takes the name of a component as an argument and removes the top-level bind-
ing of that component from afortress. Note that the uninstalled component may have been linked to other components,
or used as areplacement in an upgrade, and the result may still be installed; an uni nst al | operation will not affect
these other components.

uninstall (file:String): ()
There is acorresponding operation for apis, uni nst al | Api , that removes an api from a fortress.
uni nstal | Api (file:String): ()

Typically, this operation is used only to remove apis that have been corrupted in some fashion.

4.4 Advanced Featuresof Fortress Operations

The system we have described thus far provides much of the desired functionality of a component system. However it
has afew signi cant weaknesses:

1. It exposesto everyone all the apis used in the development of a project.
2. By dlowing accessto these apis, it inhibits signi cant ¢ ross-component optimization.

3. It prevents components that use two different implementations of the same api from being linked, even if they
never actually pass referencesto that api between each other.

4. It restricts the upgradability of compound components, as described earlier.

We can mitigate all these shortcomings by providing two simple operations, hi de and const r ai n. Informally, hi de
makes apis no longer visible from outside the component and const r ai n merely prevents them from being exported.
An api that is constrained but not hidden can still be upgraded. There are other subtle consequences of this distinction,
which we discuss as they arise.






