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High-Performance Computing Today

Currently, high-performance computing relies on 
Fortran and C++, which are ill-suited for the task

> They have ill-defined semantics

> They are unsafe

> Their definitions have no provision for concurrency
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High-Performance Computing Today

¥ Programs are unnecessarily long

¥ Errors are difficult to detect

¥ Hardware parallelism is difficult to exploit
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We Want to Change the Way that 
High-Performance Computing is Done

¥ Allow scientists to program closer to problem domain

¥ Allow for abstraction and reuse without overhead

¥ Make errors easier to detect and correct

¥ Make parallelism and data distribution easier to get right
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Project Fortress

¥ New language designed for high performance with 
high programmer productivity

¥ Parallel features built into the core of the language
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Status

¥ Draft specification and preliminary open source 
release available

¥ BSD license

¥ http://research.sun.com/projects/plrg
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Wherever possible, consider whether a proposed 
language feature can be provided by a library rather 
than having it wired into the compiler.
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Design Strategy

¥ Devise a specification, implementation, formal 
semantics, and library code in parallel

¥ Each provides different insights into the language

¥ Each provides feedback to the others
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Fortran 77

      SUM=0.0
      DO 43 I=1,20
43  SUM=SUM+A(I)*X**I
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Fortran 90

      SUM=0.0
      DO I=1,20
        SUM=SUM+A(I)*X**I
      END DO
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Fortran 90

SUM((/ A(I)*X**I,I=1,20 /))
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Fortress

trait List !X extends Y " extends List !Y " where { Y extends Object}
cons(y : Y ): List !Y " = Cons!Y "(x, self )

object Empty extends List !Z" where { Z extends Object}

7 + ((Empty.cons(5)) .hd)

trait List !X extends Y " extends List !Y " where { Y extends Object}
canBelong(x : Object) =

typecase x in
X ! true
else ! false

end
end

object Empty extends List !Z" where { Z extends Object}

Empty.canBelong(5)

(Empty in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B!X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B!Y " where { Y extends Number} end

a: A = C
a.f (5)

object C extends B!Y " where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i ! 1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B: Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end

2
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Support for Mathematical Notation

trait List !X extends Y" extends List !Y " where { Y extends Object}
cons(y : Y ): List !Y " = Cons!Y "(x, self )

object Empty extends List !Z " where { Z extends Object}

7 + ((Empty.cons(5)) .hd)

trait List !X extends Y" extends List !Y " where { Y extends Object}
canBelong(x : Object) =

typecase x in
X ! true
else ! false

end
end

object Empty extends List !Z " where { Z extends Object}

Empty.canBelong(5)

(Empty in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B !X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B !Y" where { Y extends Number} end

a: A = C
a.f (5)

object C extends B !Y" where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i ! 1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B : Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end
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Fortress is not a sequential language with some features for 
parallelism grafted on; rather, it is designed from the bottom up 
to encourage the use of parallelism wherever possible and 
appropriate. 
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A Parallel Computation

a: R Length/ Time2 = 9.8m/ s2

m: R Mass= 100kg
f : R Force = ma

a = 9.8m/ s2

m = 100kg
f = ma

atomic do
hist [aij ] + = 1

end

for (j , k) ! A.indices do
Ajk := Bjkxk

end

(f (x), g(x), h(x))

3
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Parallel Loops

trait List !X extends Y" extends List !Y " where { Y extends Object}
cons(y : Y ): List !Y " = Cons!Y "(x, self )

object Empty extends List !Z " where { Z extends Object}

7 + ((Empty.cons(5)) .hd)

trait List !X extends Y" extends List !Y " where { Y extends Object}
canBelong(x : Object) =

typecase x in
X ! true
else ! false

end
end

object Empty extends List !Z " where { Z extends Object}

Empty.canBelong(5)

(Empty in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B !X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B !Y" where { Y extends Number} end

a: A = C
a.f (5)

object C extends B !Y" where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i ! 1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B : Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end
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Parallel Loops

trait List !X extends Y " extends List !Y " where { Y extends Object}
cons(y : Y ): List !Y " = Cons!Y "(x, self )

object Empty extends List !Z" where { Z extends Object}

7 + ((Empty.cons(5)) .hd)

trait List !X extends Y " extends List !Y " where { Y extends Object}
canBelong(x : Object) =

typecase x in
X ! true
else ! false

end
end

object Empty extends List !Z" where { Z extends Object}

Empty.canBelong(5)

(Empty in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B!X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B!Y " where { Y extends Number} end

a: A = C
a.f (5)

object C extends B!Y " where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i ! 1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B: Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end

2
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Parallel Loops

trait List !X extends Y " extends List !Y " where { Y extends Object}
cons(y : Y ): List!Y " = Cons!Y "(x, self )

object Empty extends List !Z " where { Z extends Object}

7 + ((Empty.cons(5)) .hd)

trait List !X extends Y " extends List !Y " where { Y extends Object}
canBelong(x : Object) =

typecase x in
X ! true
else ! false

end
end

object Empty extends List !Z " where { Z extends Object}

Empty.canBelong(5)

(Empty in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B !X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B !Y " where { Y extends Number} end

a: A = C
a.f (5)

object C extends B !Y " where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i ! 1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B : Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end

2
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Parallel Loops

typecase x in
X ! true
else ! false

end
end

object Empty extends List !Z" where { Z extends Object}

Empty.canBelong(5)

(Empt y in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B!X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B!Y " where { Y extends Number} end

a: A = C
a.f (5)

object C extends B!Y " where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

k←A
prime k

2k

!

i←1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B: Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end

a: R Length/Time2 = 9.8m/s2

m: R Mass= 100kg
F : R Force= m a

a = 9.8m/s2

m = 100kg
F = m a

2

19
19



Sun Confidential: Internal Only  

Atomic Blocks

a: R Length/ Time2 = 9.8m/ s2

m: R Mass= 100kg
f : R Force = ma

a = 9.8m/ s2

m = 100kg
f = ma

atomic do
hist [aij ] + = 1

end

for (j , k) ! A.indices do
Aj k := Bj k xk

end

3
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Locality-Guided Execution

typecase x in
X ! true
else ! false

end
end

object Empty extends List !Z " where { Z extends Object}

Empty.canBelong(5)

(Empt y in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B !X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B !Y" where { Y extends Number} end

a: A = C
a.f (5)

object C extends B !Y" where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i←1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B : Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end

a: R Length/ Time2 = 9.8m/ s2

m: R Mass= 100kg
F : R Force= m a

a = 9.8m/ s2

m = 100kg
F = m a

atomic do
hist [aij ] += 1

end

for (j , k) " A.indices do
Aj k := Bj k xk

end

(f (x), g(x), h(x))

factorial (n) requires { n $ 0} =
if n = 0 then 1

221
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Physical Units and Dimensions as Types

typecase x in
X ⇒ true
else⇒ false

end
end

object Empty extends List !Z " where {Z extends Object}
Empty.canBelong(5)

(Empt y in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B !X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B !Y" where {Y extends Number} end

a: A = C
a.f (5)

object C extends B !Y" where {Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i ! 1:20
ai xi

A: Set!Z" = {1, 2, 3, 4, 8, 13, 21}
B : Set!Z" = {2k | k ← A, prime k }
C: Set!Z" = B ∪ { 2a3b | a← A, b← B }
for k ← A, prime k do

result += 2k
end

a: R Length/ Time2 = 9.8m/ s2

m: R Mass= 100kg
F : R Force= m a

a = 9.8m/ s2

m = 100kg
F = m a

atomic do
hist [aij ] += 1

end

for (j , k) ← A.indices do
Aj k := Bj k xk

end

(f (x), g(x), h(x))

factorial (n) requires {n ≥ 0} =
if n = 0 then 1

2
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Type Inference

typecase x in
X ! true
else! false

end
end

object Empty extends List !Z " where { Z extends Object}

Empty.canBelong(5)

(Empt y in List !Z").canBelong(5)

trait A
f (x : Object): Number = . . .

end

trait B !X extends Number" extends A
f (x : Object): X = . . .

end

object C extends B !Y" where { Y extends Number} end

a: A = C
a.f (5)

object C extends B !Y" where { Y extends Number}
f (x : Object): Null = . . .

end

a: A = C
a.f (5)

!

i ! 1:20
ai xi

A: Set!Z" = { 1, 2, 3, 4, 8, 13, 21}
B : Set!Z" = { 2k | k " A, prime k }
C: Set!Z" = B # { 2a3b | a " A, b " B }

for k " A, prime k do
result += 2k

end

a: R Length/ Time2 = 9.8m/ s2

m: R Mass= 100kg
F : R Force= m a

a = 9.8m/ s2

m = 100kg
F = m a

atomic do
hist [aij ] += 1

end

for (j , k) " A.indices do
Aj k := Bj k xk

end

(f (x), g(x), h(x))

factorial (n) requires { n $ 0} =
if n = 0 then 1

2
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Support for Functions and Operators

¥ Functions defined at top-level allow functionality to 
be added to existing types

¥ Overloaded functions are resolved via multiple 
dynamic dispatch

¥ Lack of runtime ambiguity is statically ensured

24
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Support for Functions and Operators

atomic do
hist [aij ] += 1

end

for (j, k) ! A.indices do
Aj k := Bj k xk

end

(f (x), g(x), h(x))

factorial (n) requires { n " 0} =
if n = 0 then 1
else n factorial (n # 1) end

opr (n)! requires { n " 0} =
if n = 0 then 1
else n(n # 1)! end

opr (n)! requires { n " 0} =
∏

i ! 1:n
i

trait List !X extends Y " extends List !Y "
where { Y extends Object }
cons(y : Y, self ) = Cons(y, self )

end

cons(5.7, < |4, 3, 2, 1, 0| >)

F = m a

3
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Support for Functions and Operators

atomic do
hist [aij ] += 1

end

for (j , k) ! A.indices do
Aj k := Bj k xk

end

(f (x), g(x), h(x))

factorial (n) requires { n " 0} =
if n = 0 then 1
else n factorial (n # 1) end

opr (n)! requires { n " 0} =
if n = 0 then 1
else n(n # 1)! end

opr (n)! requires { n " 0} =
∏

i ! 1:n
i

trait List !X extends Y" extends List !Y "
where { Y extends Object }
cons(y : Y, self ) = Cons(y, self )

end

cons(5.7, < |4, 3, 2, 1, 0| > )

F = m a

3
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Parallel Factorial

atomic do
hist [aij ] += 1

end

for (j , k) ! A.indices do
Aj k := Bj k xk

end

(f (x), g(x), h(x))

factorial (n) requires { n " 0} =
if n = 0 then 1
else n factorial (n # 1) end

opr (n)! requires { n " 0} =
if n = 0 then 1
else n(n # 1)! end

opr (n)! requires { n " 0} =
!

i ! 1:n
i

trait List !X extends Y" extends List !Y "
where { Y extends Object }
cons(y : Y, self ) = Cons(y, self )

end

cons(5.7, < |4, 3, 2, 1, 0| > )

F = m a

3
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Trait-Based Programming

¥ In Fortress, traits are like Òinterfaces with codeÓ

> No fields

> Multiple inheritance

> Methods can contain definitions

28
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componentsample0

export Executable

trait List end

run (args: String . . .) = do end

end

componentsample0

export Executable

trait List
cons(Þrst: Z64):List
append(rest! : List): List

end

run (args: String . . .) = do end

end

componentsample0

export Executable

trait List
cons(Þrst: Z64):List
append(rest! : List): List

end

object Empty extends List
cons(Þrst! : Z64):List = Cons(Þrst! , self )
append(rest! : List): List = rest!

end

object Cons(Þrst: Z64, rest: List) extends List
cons(Þrst! : Z64):List = Cons(Þrst! , self )
append(rest! : List): List = rest.append(rest!).cons(Þrst)

end

printList (xs) = do
print (Ò<| Ó)
typecase xs of

Empty ⇒ ()
else⇒ do

print (xs.Þrst)
printListHelp er(xs.rest)

end
end
print (Ò|> Ó)

end

printListHelp er(xs) =
typecase xs of

Empty ⇒ ()
else⇒ do

print (Ò, Óxs.Þrst)
printListHelp er(xs.rest)

end

1
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export Executable

trait List
cons(Þrst! : Z64):List
append(rest! : List): List

end

run (args: String . . .) = do end

end

component Lists
export Lists

value trait List !T extends U" extends List !U" where { U extends Object}
excludes { T}
comprises { Empty, Cons!T"}
cons(Þrst! : U, self ): List !U" = Cons(Þrst! , self )
append(self , rest! : List !U"): List !U"

end

value object Empty extends List !T" where { T extends Object}
append(self , rest! : List !T"): List !T" = rest!

end

value object Cons!T"(Þrst: T, rest: List !T") extends { Cons!U", List !U"}
where { U extends Object}
append(self , rest! : List !T"): List !T" = cons(Þrst, append(rest, rest!))

end

end

api Lists

value trait List !T extends U" extends List !U" where { U extends Object}
excludes { T}
comprises { Empty, Cons!T"}
cons(Þrst! : U, self ): List !U"
append(self , rest! : List !U"): List !U"

end

value object Empty extends List !T" where { T extends Object} end

value trait Cons!T" extends { Cons!U", List !U"} comprises {}
where { U extends Object }
Þrst: T
rest: List !T"

end

end

component ListBoxes
import Lists
export ListBoxes

object ListBox!T"(settable elts : List !T")
coercion (xs: List !T") = ListBox!T"(xs)

end

end

1
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trait List 
   cons(first': ZZ64): List
   append(rest': List): List
end

31



componentsample0

export Executable

trait List
cons(Þrst! : Z64):List
append(rest! : List): List

end

run (args: String . . .) = do end

end

component Lists
export Lists

value trait List !T extends U" extends List !U" where { U extends Object}
excludes { T}
comprises { Empty, Cons!T"}
cons(Þrst! : U, self ): List !U" = Cons(Þrst! , self )
append(self , rest! : List !U"): List !U"

end

value object Empty extends List !T" where { T extends Object}
append(self , rest! : List !T"): List !T" = rest!

end

value object Cons!T"(Þrst: T, rest: List !T") extends { Cons!U", List !U"}
where { U extends Object}
append(self , rest! : List !T"): List !T" = cons(Þrst, append(rest, rest!))

end

end

api Lists

value trait List !T extends U" extends List !U" where { U extends Object}
excludes { T}
comprises { Empty, Cons!T"}
cons(Þrst! : U, self ): List !U"
append(self , rest! : List !U"): List !U"

end

value object Empty extends List !T" where { T extends Object} end

value trait Cons!T" extends { Cons!U", List !U"} comprises {}
where { U extends Object }
Þrst: T
rest: List !T"

end

end

component ListBoxes
import Lists
export ListBoxes

object ListBox!T"(settable elts : List !T")
coercion (xs: List !T") = ListBox!T"(xs)

end

end

1
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Objects

¥ At the leaves of the trait hierarchy are object types

¥ Objects define fields and methods

¥ Singleton object definitions define a single instance

¥ Parametric object definitions define constructors

33



componentsample0

export Executable

trait List end

run (args: String . . .) = do end

end

componentsample0

export Executable

trait List
cons(Þrst: Z64):List
append(rest! : List): List

end

run (args: String . . .) = do end

end

componentsample0

export Executable

trait List
cons(Þrst: Z64):List
append(rest! : List): List

end

object Empty extends List
cons(Þrst! : Z64):List = Cons(Þrst! , self )
append(rest! : List): List = rest!

end

object Cons(Þrst: Z64, rest: List) extends List
cons(Þrst! : Z64):List = Cons(Þrst! , self )
append(rest! : List): List = rest.append(rest!).cons(Þrst)

end

printList (xs) = do
print (Ò<| Ó)
typecase xs of

Empty ! ()
else ! do

print (xs.Þrst)
printListHelp er(xs.rest)

end
end
print (Ò|> Ó)

end

printListHelp er(xs) =
typecase xs of

Empty ! ()
else ! do

print (Ò, Óxs.Þrst)
printListHelp er(xs.rest)

end

1
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Functional Methods

¥ Method declarations can specify that the self 
parameter occurs in an ordinary parameter position

¥ Effectively, such methods define new top-level 
functions

35



component sample0

export Executable

trait List
cons(Þrst! : Z64, self): List
append(self, rest! : List): List

end

object Empty extends List
cons(Þrst! : Z64, self): List = Cons(Þrst! , self)
append(self, rest! : List): List = rest!

end

object Cons(Þrst: Z64, rest: List) extends List
cons(Þrst! : Z64, self): List = Cons(Þrst! , self)
append(self, rest! : List): List = cons(Þrst, append(rest, rest!))

end

printList (xs) = do
print (Ò<| Ó)
typecase xs of

Empty ! ()
else! do

print (xs.Þrst)
printListHelp er(xs.rest)

end
end
print (Ò|> Ó)

end

printListHelp er(xs) =
typecase xs of

Empty ! ()
else! do

print (Ò, Óxs.Þrst)
printListHelp er(xs.rest)

end
end

run (args: String . . .) = do
l0 = Cons(0, Cons(1, Cons(2, Empty)))
l1 = Cons(3, Cons(4, Cons(5, Empty)))
printList (append(l0, l1))

end

end

component sample0

export Executable

value trait List !T" extends List !U" where { T extends U}
excludes { T}
comprises { Empty, Cons!T"}

1
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componentsample0

export Executable
trait List

cons(Þrst! : Z64, self ): List = Cons(Þrst! , self )
append(self , rest! : List): List

end

object Empty extends List
append(self , rest! : List): List = rest!

end

object Cons(Þrst: Z64, rest: List) extends List
append(self , rest! : List): List = cons(Þrst, append(rest, rest!))

end

printList (xs) = do
print (Ò<| Ó)
typecase xs of

Empty ! ()
else ! do

print (xs.Þrst)
printListHelp er(xs.rest)

end
end
print (Ò|> Ó)

end

printListHelp er(xs) =
typecase xs of

Empty ! ()
else ! do

print (Ò, Óxs.Þrst)
printListHelp er(xs.rest)

end
end

run (args: String . . .) = do
l0 = Cons(0, Cons(1, Cons(2, Empty)))
l1 = Cons(3, Cons(4, Cons(5, Empty)))
printList (append(l0, l1))

end

end

componentsample0

export Executable
trait List excludes { Z64}

cons(Þrst! : Z64, self ): List = Cons(Þrst! , self )
append(self , rest! : List): List

end

1
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Additional Type Constraints

¥ excludes clauses ensure that two types do not share 
a subtype

¥ comprises clauses restrict the set of immediate 
subtypes of a type
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component sample0

export Executable

trait List excludes { Z64}
cons(Þrst! : Z64, self): List = Cons(Þrst! , self)
append(self, rest! : List): List

end

object Empty extends List
append(self, rest! : List): List = rest!

end

object Cons(Þrst: Z64, rest: List) extends List
append(self, rest! : List): List = cons(Þrst, append(rest, rest!))

end

printList (xs) = do
print (Ò<| Ó)
typecase xs of

Empty ! ()
else! do

print (xs.Þrst)
printListHelp er(xs.rest)

end
end
print (Ò|> Ó)

end

printListHelp er(xs) =
typecase xs of

Empty ! ()
else! do

print (Ò, Óxs.Þrst)
printListHelp er(xs.rest)

end
end

run (args: String . . .) = do
l0 = Cons(0, Cons(1, Cons(2, Empty)))
l1 = Cons(3, Cons(4, Cons(5, Empty)))
printList (append(l0, l1))

end

end

component sample0

export Executable

trait List excludes { Z64} comprises { Empty, Cons}
cons(Þrst! : Z64, self): List = Cons(Þrst! , self)
append(self, rest! : List): List

end

1
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componentsample0

export Executable

trait List excludes { Z64} comprises { Empty, Cons}
cons(Þrst′: Z64, self ): List = Cons(Þrst′, self )
append(self , rest′: List): List

end

object Empty extends List
append(self , rest′: List): List = rest′

end

object Cons(Þrst: Z64, rest: List) extends List
append(self , rest′: List): List = cons(Þrst, append(rest, rest′))

end

printList (xs) = do
print (Ò<|Ó)
typecase xs of

Empty ! ()
else ! do

print (xs.Þrst)
printListHelp er(xs.rest)

end
end
print (Ò|>Ó)

end

printListHelp er(xs) =
typecase xs of

Empty ! ()
else ! do

print (Ò, Óxs.Þrst)
printListHelp er(xs.rest)

end
end

run (args: String . . .) = do
l0 = Cons(0, Cons(1, Cons(2, Empty)))
l1 = Cons(3, Cons(4, Cons(5, Empty)))
printList (append(l0, l1))

end

end

componentsample0

export Executable

value trait List excludes { Z64} comprises { Empty, Cons}
cons(Þrst′: Z64, self ): List = Cons(Þrst′, self )
append(self , rest′: List): List

end

1
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Value Traits and Value Objects

¥ A value object must not contain mutable fields

¥ A value trait can be extended only by other value 
traits and value objects

¥ Value objects can be copied

¥ Copies are identified
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componentsample0

export Executable

value trait List excludes { Z64} comprises { Empty, Cons}
cons(Þrst! : Z64, self ): List = Cons(Þrst! , self )
append(self , rest! : List): List

end

value object Empty extends List
append(self , rest! : List): List = rest!

end

value object Cons(Þrst: Z64, rest: List) extends List
append(self , rest! : List): List = cons(Þrst, append(rest, rest!))

end

printList (xs) = do
print (“<| ”)
typecase xs of

Empty ! ()
else ! do

print (xs.Þrst)
printListHelp er(xs.rest)

end
end
print (“|> ”)

end

printListHelp er(xs) =
typecase xs of

Empty ! ()
else ! do

print (“, ” xs.Þrst)
printListHelp er(xs.rest)

end
end

run (args: String . . .) = do
l0 = Cons(0, Cons(1, Cons(2, Empty)))
l1 = Cons(3, Cons(4, Cons(5, Empty)))
printList (append(l0, l1))

end

end

componentsample0

export Executable

value trait List !T" excludes { T} comprises { Empty!T", Cons!T"}
cons(Þrst! : T, self ): List !T" = Cons(Þrst! , self )
append(self , rest! : List !T"): List !T"

end

1
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Generic Types

¥Trait and object definitions (and method and 
function definitions) can be parametric

¥Parametric instantiations are retained at run time
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componentsample0

export Executable

value trait List !T " excludes { T } comprises { Empty!T ", Cons!T "}
cons(Þrst! : T, self ): List !T " = Cons(Þrst! , self )
append(self , rest! : List !T "): List !T "

end

value object Empty!T " extends List !T "
append(self , rest! : List !T "): List !T " = rest!

end

value object Cons!T "(Þrst: T, rest: List !T ") extends List !T "
append(self , rest! : List !T "): List !T " = cons(Þrst, append(rest, rest!))

end

printList !T "(xs) = do
print (“<| ”)
typecase xs of

Empty!T " ⇒ ()
else⇒ do

print (xs.Þrst)
printListHelp er!T "(xs.rest)

end
end
print (“|> ”)

end

printListHelp er!T "(xs) =
typecase xs of

Empty!T " ⇒ ()
else⇒ do

print (“, ” xs.Þrst)
printListHelp er!T "(xs.rest)

end
end

run (args: String . . .) = do
l0 = Cons(0, Cons(1, Cons(2, Empty!Z64")))
l1 = Cons(3, Cons(4, Cons(5, Empty!Z64")))
printList (append(l0, l1))

end

end

componentsample0

export Executable

value trait List !T " excludes { T } comprises { Empty!T ", Cons!T "}
cons(Þrst! : T, self ): List !T " = Cons(Þrst! , self )
append(self , rest! : List !T "): List !T "

end

1
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Hidden Type Variables

¥Type definitions can be universally quantified with 
respect to additional, hidden, type variables that 
are not type parameters
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componentsample0

export Executable

value trait List !T " excludes { T } comprises { Empty, Cons!T "}
cons(Þrst! : T, self ): List !T " = Cons(Þrst! , self )
append(self , rest! : List !T "): List !T "

end

value object Empty extends List !T " where { T extends Object}
append(self , rest! : List !T "): List !T " = rest!

end

value object Cons!T "(Þrst: T, rest: List !T ") extends List !T "
append(self , rest! : List !T "): List !T " = cons(Þrst, append(rest, rest!))

end

object ListBox!T "(settable elts : List !T ")
coercion (xs: List !T ") = ListBox!T "(xs)

end

length!T "(xs: List !T "): Z32
length!T "(xs: Empty) = 0
length!T "(xs: Cons!T ") = 1 + length(xs.rest)

nth!T "(n: Z32, xs: List !T "): List !T "
requires { 0 ! n < length(xs) }

nth!T "(n: Z32, xs: Empty) = throw new UncheckedException()

nth!T "(n: Z32, xs: Cons!T ") =
if n = 0 then xs.Þrst
else nth(n " 1, xs.rest) end

nth!T "(n: Z32, xs: List !T "): List !T "
requires { 0 ! n < length(xs) } = do
typecase xs of

Empty # throw new UncheckedException()
else # if n= 0 then xs.Þrst

else nth(n " 1, xs.rest) end
end

end

printList !T "(xs) = do
print (Ò<| Ó)
typecase xs of

Empty # ()
else # do

print (xs.Þrst)
printListHelp er!T "(xs.rest)

end
end
print (Ò|> Ó)

end

printListHelp er!T "(xs) =
typecase xs of

Empty # ()
else # do

1
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componentsample0

export Executable

value trait List !T extends U" extends List !U" where { U extends Object}
excludes { T}
comprises { Empty, Cons!T"}
cons(Þrst! : U, self ): List !U" = Cons(Þrst! , self )
append(self , rest! : List !U"): List !U"

end

value object Empty extends List !T" where { T extends Object }
append(self , rest! : List !T"): List !T" = rest!

end

value object Cons!T extends U"(Þrst: T, rest: List !T") extends List !U"
where { U extends Object}
append(self , rest! : List !U"): List !U" = cons(Þrst, append(rest, rest!))

end

object ListBox!T"(settable elts : List !T")
coercion (xs: List !T") = ListBox!T"(xs)

end

length!T"(xs: List !T"): Z32
length!T"(xs: Empty) = 0
length!T"(xs: Cons!T") = 1 + length(xs.rest)

nth!T"(n: Z32, xs: List !T"): List !T"
requires { 0 ! n < length(xs) }

nth!T"(n: Z32, xs: Empty) = throw new UncheckedException()

nth!T"(n: Z32, xs: Cons!T") =
if n = 0 then xs.Þrst
else nth(n " 1, xs.rest) end

nth!T"(n: Z32, xs: List !T"): List !T"
requires { 0 ! n < length(xs) } = do
typecase xs of

Empty # throw new UncheckedException()
else # if n= 0 then xs.Þrst

else nth(n " 1, xs.rest) end
end

end

printList !T"(xs) = do
print (Ò<| Ó)
typecase xs of

Empty # ()
else # do

print (xs.Þrst)
printListHelp er!T"(xs.rest)

end
end
print (Ò|> Ó)

end

printListHelp er!T"(xs) =

1
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Encapsulated Upgradable Components

¥ Separate program components are decoupled and 
compiled against APIs

¥ Components with matching APIs can be linked, and 
constituents can be upgraded

¥ Components provide the sharing and upgradability 
of dynamic linking with the robustness of static 
linking
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Physical Simulation

Sparse

IO SparseMatrix

SolveSystem Fortress.IO Fortress.Sparse

Fortress.IO
Fortress.Sparse

Executable

MatrixSolver
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Physical Simulation

CoolSolver

Sparse

IO SparseMatrix

SolveSystem Fortress.IO Fortress.Sparse

Fortress.IO
Fortress.Sparse

Executable
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Domain-SpeciÞc Languages

¥ Syntax for domain-specific languages can be 
defined in libraries

¥ Programmers can write expressions in domain-
specific languages, inlined with the rest of the 
program

¥ These expressions are parsed and checked along 
with the rest of the program
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Domain-SpeciÞc Languages

IdentiÞer(Ò10Ó))) ,
Call(Empty,

List( ÒJavaIncrement Ó.
IdentiÞer(Òi Ó))) ,

Call(Empty,
List( ÒJavaCall Ó,

IdentiÞer(ÒSystem.out.println Ó),
IdentiÞer(Òi Ó)))))

whichcorrespondsto theFortressconcretesyntax:

JavaFor(JavaBinding(Òi Ó, Ò0Ó),
JavaOp(Ò<Ó, Òi Ó, Ò10Ó),
JavaIncrement( Òi Ó),
JavaCall(ÒSystem.out.println Ó, Òi Ó))

Alternatively, theparse functionscould bedeÞned so that usesitesexpand into a SyntaxTree for aFortress for loop.

30.4 EscapeCharacters

Programmers are encouraged to declare escape characters in their expanders. Escape characters allow for nested
program fragments in another concretesyntax. They aredeclared immediately before the = sign of an expander. An
escape character is declared by the reserved word escape followed by a delimiter String. For example, we modify
ourSQLexpanderasfollows:

syntax sql e Þnish escape ! = parseSQL(e)

An occurrenceof theescapecharacter at ausesitebeginsan escaped clause, which iseither the immediately following
identiÞer or a SourceAssembly enclosed in any of thestandard parentheses. Thedelimited SourceAssembly isparsed
as a Fortress expression. This expression is allowed to be a use site of a syntactic expander, which may itself have
escaped clauses.

We can now embed program fragments in other domain-speciÞc languages at a use site of this expander. For example,
wecouldwrite thefollowing function:

spectralClass(star : SourceAssembly) = sql
SELECTspectral classFROM

SELECT! star FROMstars
Þnish

30.5 Declarationsof SyntaxExpanders

A declaration of a syntax expander is syntactically identical to the deÞnition of a syntax expander, except that =
and the body of the expander (i.e., the expression following the = sign in an expander deÞnition) are elided. Syntax
expander declarations must occur only in APIs. A component that exports an API A must provide, for each syntax
expanderdeclarationd in A, asyntaxexpanderdeÞnitionwith aheaderidenticalto d.

176
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Fostering Community Development

¥ An effective language needs good compilers, tools, 
development environments, libraries, tutorials

¥ An effective language should belong to the community

¥ An effective language should be built by the community
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Establishing an Open Source 
Community

¥ Establish open source projects as enabling technologies

¥ Provide initial code and participate in extensions

¥ Establish Cooperative Research agreements with 
external teams (in academia, industry, non-profits)
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http://research.sun.com/projects/plrg
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