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Introduction

Orcisaprogramming language designed to make distributed and concurrent programs simple and intuitive
to write. Orc expresses orchestration, atype of structured concurrency. It emphasizes the flow of control
and gives a global view of a concurrent system. Orc is well-suited for task orchestration, a form of
concurrent programming with applications in workflow, business process management, and web service
orchestration. Orc provides constructs to orchestrate the concurrent invocation of serviceswhile managing
time-outs, priorities, and failures of servicesor communication. To learn more about Orc and run your own
Orc programs, visit thewebsite: htt p: // orc. csres. ut exas. edu/ [http://orc.csres.utexas.edu/].

Unless otherwise noted, all material in this document pertains to the Orc language implementation version
1.00.

Vii
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Chapter 1. The Orc Programming
Language

1.1. Introduction

This chapter describes the Orc programming language in three steps. In Section 1.2, we discuss a small
subset of Orc called Cor. Cor isapure functional language, which has no features for concurrency, has no
state, and does not communi cate with external services. Cor introduces us to the parts of Orc that are most
familiar from existing programming languages, such as arithmetic operations, variables, conditional s, and
functions.

In Section 1.3, we consider Orc itself, which in addition to Cor, comprises external services and
combinators for concurrent orchestration of those services. We show how Orc interacts with these
external services, how the combinators can be used to build up complex orchestrations from simple base
expressions, and how the functional constructs of Cor take on new, subtler behaviors in the concurrent
context of Orc.

In Section 1.4, we discuss some additional features of Orc that extend the basic syntax. These are useful
for creating large-scale Orc programs, but they are not essentia to the understanding of the language.

1.2. Cor: A Functional Subset

In this section we introduce Cor, a pure functional subset of the Orc language. Users of functional
programming languages such as Haskell and ML will already be familiar with many of the key concepts
of Cor.

A Cor program is an expression. Cor expressions are built up recursively from smaller expressions. Cor
evaluates an expression to reduce it to some simpl e value which cannot be evaluated further, for example
alist of numbers or a Boolean truth value. Thisvalueis called the result of the expression.

In the following subsections we introduce the concepts of Cor. First, we talk about simple constants, such
as numbers and truth values, and the operations that we can perform on those values. Then we introduce
conditionals (i f t hen el se). Then we introduce variables and binding, as a way to give a name to
the value of an expression. After that, we talk about constructing data structures, and examining those
structures using patterns. Lastly, we introduce functions.

Table 1.1 describes the syntax of Cor. Each part of the syntax is explained in a subsequent section.
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1.2.1.

1.2.2.

Table 1.1. Syntax of the Functional Subset of Orc (Cor)

E = Expression
C constant value
| X variable
| (E, .., E) tuple
| T E, ..., E] list
| X(E, .., E) function call
| EopE operator
| if EthenEelseE conditional
| lanbda (P, .., P) =E closure
| DE scoped declaration
C ::= Boolean | Number | String Constant
X = ldentifier Identifier
D := Declaration
val P=E value declaration
| def X( P, .., P)=E function declaration
P:= Pattern
X variable
| C constant
| wildcard
| (P, .., P) tuple
| [P, .., P] list

Where relevant, syntactic constructs are ordered by precedence, from highest to lowest. For example,
among expressions, calls have higher precedence than operators, which in turn have higher precedence
than conditionals.

Constants

The simplest expression one can write is a constant. It evaluates trivially to that constant value.
Cor hasthree types of constants, and thus for the moment three types of values:

* Boolean:true andf al se

* Number: 5, -1, 2.71828,

e String:"orc","ceci n'est pas une |"

Operators

Cor has a standard set of arithmetic, logical, and comparison operators. As in most other programming
languages, they are written in the usual infix style. They have Java-like operator precedence, which can
be overridden by adding parentheses.

Examples

e 142 evauatesto 3.
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« (98+2)*17 evaluatesto 1700.

* 4 = 20 / 5evduatestotr ue.

* 3-5 >= 5-3 evauatestof al se.

e true && (false || true) evauatestotr ue.
 "leap" + "frog" evauatesto"| eapfrog".

Here isthe full set of operators that Cor supports:

Table 1.2. Operatorsof Cor

Arithmetic Comparison Logical String

+ addition = equality && logical and +  concatenation
- subtraction / = inequality || logica or

*  multiplication < lessthan ~ logical not

| division >  greater than

% modulus <= lessthan or equa

**  exponent >= greater than or equal

Thereis also aunary negation operator, written - , for example- (2 ** 5).

The = operator can compare values of any type. Values of different type are always unequal; for example,
10 = true evauatestof al se.

Numbers with no decimal part, such as 3, are treated as integers. Arithmetic operators with two integer
arguments will perform an integer operation and return an integer result; for example, 5 / 2 performs
integer division and evaluatesto 2. However, if either argument to an operator has adecimal part (even if
itistrivia, asin 3. 0), the other argument will be promoted, and a decimal operation will be peformed.
For example,5 / 2.0and5. 0 / 2 both perform decimal division and evaluateto 2. 5.

1.2.2.1. Silent Expression

1.2.3.

There are situations where an expression evaluation is stuck, because it is attempting to perform some
impossible operation and cannot compute a value. In that case, the expression is silent. An expression is
alsosilent if it depends on the result of a silent subexpression. For example, the following expressions are
silent: 10/ 0,6 + false,3 + 1/0,4 + true = 5.

Cor isadynamically typed language. A Cor implementation does not statically check the type correctness
of an expression; instead, an expression with atype error issimply silent when it is evaluated.

Warning

Silent expressions can produce side effects. For example, on encountering atype error, Orc will
print an error message to the console. However the expression containing the type error will not
publish avalue, and in this respect it is silent.

Conditionals

A conditional expressionin Cor isof theformi f Et hen Fel se G. ltsmeaningissimilar to that in other
languages: the value of the expression isthe value of Fif and only if E evaluatesto true, or the value of G




The Orc Programming Language

1.2.4.

if and only if E evaluates to false. Note that G is not evaluated at all if E evaluates to true, and similarly
Fisnot evaluated at all if E evaluatesto false. Thus, for example, evaluationof i f true then 2+3
el se 1/ 0 doesnot evaluate 1/ 0; it only evaluates 2+3.

Unlike other languages, expressionsin Cor may besilent. If E issilent, then the entire expression is silent.
And if E evaluates to true but F is silent (or if E evaluates to false and G is silent) then the expression
issilent.

Note that conditionals have lower precedence than any of the operators. For example,i f fal se t hen
1 else 2 + 3isequivdenttoif false then 1 else (2 + 3),not(if false then
1 else 2) + 3.

The behavior of conditionalsis summarized by the following table (v denotes avalue).

E F G if EthenFelseG
true % - %
true silent - silent
fal se - \Y %
fal se - silent silent
silent - - silent
Examples

*if true then 4 el se 5 evauatesto4.
e if 2 <3 &% 5 < 4 then "blue" el se "green" evauatesto "green".
e if true || "fish" then "yes" else "no" issilent.

«if false || false then 4+5 el se 4+trueissilent.

e ijf O <5 then 0/5 el se 5/0 evauaestoO.

Variables

A variable can be bound to avalue. A declaration binds one or more variables to values. The simplest
form of declarationisval , which evaluates an expression and binds its result to a variable. Declarations
follow the rules of lexical scoping [http://en.wikipedia.org/wiki/Lexical_scope].

val X

1+2
val vy X X

+
+
These declarations bind variable x to 3 and variable y to 6.

If the expression on the right side of aval is silent, then the variable is not bound, but evaluation of

other declarations and expressions continues. If an evaluated expression depends on that variable, that
expression is silent.

1/0
4+5

val x
val vy
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if false then x else y

Evaluation of the declarationval y = 4+5 andtheexpressioni f fal se then x el se y may
continue even though x is not bound. The expression evaluates to 9.

Data Structures

Cor supports two basic data structures, tuples and lists.

1.2.5.1. Tuples

A tuple expression is a comma-separated sequence of at least two expressions, enclosed by parentheses.
Each expression is evaluated; the value of the whole tuple expression is a tuple containing each of these
valuesin order. If any of the expressionsis silent, then the whole tuple expression is silent.

Examples
e (1+2, 7) evauatesto(3,7).

e ("true" +"false", true || false, true & fal se) evauatesto("truefal se",
true, false).

« (2/2, 2/1, 2/0) issilent.

1.2.5.2. Lists

A list expression is a comma-separated sequence of expressions enclosed by square brackets. It may be
of any length, including zero. Each expression is evaluated; the value of the whole list expression isalist
containing each of these valuesin order. If any of the expressionsis silent, then the whole list expression
issilent.

Examples

* [1,2+3] evauatesto[ 1, 5].

e [true && true] evauatesto[true].

* [] evauatesvacuously to[ ], the empty list.

e [5 5 + true, 5] isslent.

There is also a concatenation (cons) operation on lists, written F: G, where F and G are expressions. Its

result is a new list whose first element is the value of F and whose remaining elements are the list value
of G. The: operator isright associative, soF: G: HisF: (G: H) .

Examples

e (1+3):[2+5, 6] evauatesto[ 4, 7, 6] .

* 2:2:5:[] evaluatesto[ 2, 2, 5] .

» Supposet isboundto[3,5]. Then 1: t evaluatesto[ 1, 3, 5] .

e 2: 3 issilent, because 3 isnot alist.
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1.2.6.

1.2.7.

Patterns

We have seen how to construct data structures. But how do we examine them, and use them? We use
patterns.

A pattern is a powerful way to bind variables. When writing val declarations, instead of just binding one
variable, we can replace the variable name with a more complex pattern that follows the structure of the
value, and matches its components. A pattern's structure is called its shape; a pattern may take the shape
of any structured value. A pattern can hierarchically match a value, going deep into its structure. It can
also bind an entire structure to avariable.

Examples

e val (x,y) = (2+3,2*3) bindsx to5andy to6.

e val [a,b,c] = ["one", "two", "three"] bindsa to"one", b to"two", and ¢ to "three".
* val ((a,b),c) =((1, true), (2, false)) bindsatol,btotrue,andcto(2, fal se).

Patterns are linear; that is, a pattern may mention a variable name at most once. For example, ( X, Yy, X)
isnot avalid pattern.

Note that a pattern may fail to match a value, if it does not have the same shape as that value. In aval
declaration, this has the same effect as evaluating a silent expression. No variable in the pattern is bound,
and if any one of those variablesislater evaluated, it issilent.

It is often useful to ignore parts of the value that are not relevant. We can use the wildcard pattern, written
_, todo this; it matches any shape and binds no variables.

Examples
«val (x, , ) =1(1,(2,2),[3,3,3]) bindsx to 1.

eval [[_,x],[_y]l]l] =11[12,3],[2,4]] bindsx to3andy to4.

Functions

Like most other programming languages, Cor provides the capability to define functions, which are
expressions that have a defined name, and have some number of parameters. Functions are declared using
the keyword def , in the following way.

def add(x,y) = x+y
The expression on the right of the = is called the body of the function.

After defining the function, we can call it. A call looksjust like the left side of the declaration except that
the variable names (the formal parameters) have been replaced by expressions (the actual parameters).

To evaluate a call, we treat it as a sequence of val declarations associating the formal parameters with
the actual parameters, followed by the body of the function.

{- Evaluation of add(1+2,3+4) -}
val x = 1+2
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val y = 3+4
X+y
Examples

e add( 10, 10*10) evaluatesto 110.
» add(add(5, 3),5) evaluatesto 13.

Notice that the evaluation strategy of functions allows a call to proceed even if some of the actua
parameters are silent, so long as the values of those actual parameters are not used in the evaluation of
the body.

def cond(b,x,y) =if b then x else vy
cond(true, 3, 5/0)

Thisevaluatesto 3 even though 5/ 0 issilent, becausey is not needed.

A function definition or call may have zero arguments, in which case we write () for the arguments.

def Zero() =10

1.2.7.1. Recursion

Functions can be recursive; that is, the name of a function may be used in its own body.

def sumo(n) =if n <1 then O else n + Sunto(n-1)
Then, sumt o( 5) evauatesto 15.

Mutual recursion is also supported.

def even(n) =
if (n >0) then odd(n-1)
else if (n < 0) then odd(n+1)
el se true

def odd(n) =
if (n >0) then even(n-1)
else if (n < 0) then even(n+l)
el se fal se

There is no special keyword for mutual recursion; any contiguous sequence of function declarations is
assumed to be mutually recursive.

1.2.7.2. Closures

Functions are actually values, just like any other value. Defining afunction creates a special value called
aclosure; the name of the function isavariable and its bound value is the closure. Thus, a closure can be
put into a data structure, or bound to some other variable, just like any other value.

def a(x) = x-3
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def b(y)
val funs

y*4
(a, b)

Like any other value, a closure can be passed as an argument to another function. This means that Cor
supports higher-order functions.

def onetwosum(f) = f(1) + f(2)
def triple(x) = x * 3

Then, onet wosum(triple) istriple(1l) + triple(2),whichisl * 3 + 2 * 3 which
evaluatesto 9.

Since al declarations (including function declarations) in Cor are lexically scoped, these closures are
lexical closures. Thismeansthat when aclosureiscreated, if the body of thefunction containsany variables
other than the formal parameters, the bindings for those variables are stored in the closure. Then, when the
closureis called, the evaluation of the function body uses those stored variable bindings.

1.2.7.3. Lambda

Sometimes one would like to create a closure directly, without bothering to give it a name. There is a
special keyword | anbda for this purpose. By writing a function definition without the keyword def
and replacing the function name with the keyword | anbda, that definition becomes an expression which
evaluates to a closure.

def onetwosunm(f) = f(1) + f(2)

onetwosum( | anmbda(x) = x * 3 )
{_
identical to:
def triple(x) =x * 3
onetwosum(tripl e)
-}
Then, onet wosun{ | anbda(x) = x * 3 ) evauatesto9.

Since a function defined using | anbda has no name, it is not possible to define a recursive function in
thisway. Only def can create arecursive function.

1.2.7.4. Clauses

The combination of functions and pattern matching offers a powerful capability: clausal definition of
functions. We can define expressions which execute different code depending on the structure of their
arguments.

Here's an example.

def sum([]) =0
def sum(h:t) = h + sum(t)

sun( | ) publishesthe sum of the numbersinthelist| . It hastwo clauses: one which matches the empty
list, and one which matches any nonempty list. If itsargument isan empty list, it returns 0, the appropriate
sum for an empty list. If the argument is a nonempty list, it adds the first element of that list to the sum of
all of the other elements. In thisway, it recursively finds the sum of thelist.
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A function may have multiple clauses, each of which has a sequence of patterns to match each argument,
and abody expression. Naturally, all clauses of afunction must have the same number of arguments. Any
contiguous sequence of definitions with the same name and different argumentsisinterpreted as a clausal
definition, where each individual declaration is a clause of the larger function.

When the function is called, the clauses are tried in the order in which they appear until amatch is found.
If no clause matches, the call remains silent.

We allow anew form of pattern which isvery useful in clausal definition of functions: a constant pattern.

A constant pattern is a match only for the same constant value. We can use this to define the "base case"
of arecursive function in a straightforward way.

{- Fi bonacci nunbers -}

def fib(0) = 1
def fib(1) = 1
def fib(n) = if (n < 0) then 0 else fib(n-1) + fib(n-2)

This definition of the Fibonacci function is straightforward, but slow, dueto the repeated work in recursive
calstofi b. We can define alinear-time version, again with the help of pattern matching:

{- Alternate definition of the Fibonacci function -}

{- A helper function: find the pair (Fibonacci(n-1), Fibonacci(n)) -}
def H(0) = (1,1)

def H(n) =
val (x,y) = H(n-1)
(y, x+y)
def fib(n) =
if (n<0) then O
el se (
val (x,_) = H(n)
X
)

Asamore complex example of matching, consider the following function which takes alist argument and
returns a new list containing only the first n elements of the argument list.

def take(0,_ ) =1]
def take(n,h:t) =if (n > 0) then h:(take(n-1,t)) else []

Mutual recursion and clausal definitions are allowed to occur together. Here are two functions, st ut t er
and nut t er , which are each mutually recursive, and each have multiple clauses. st ut t er (1) returns
| with every odd element repeated. mut t er (1) returns| with every even element repeated.

def stutter([]
def stutter(h:
def nmutter([])
def rmutter(h:t

) =1
t) =
=1

]
) = h:stutter(t)

]
h: h: mutter(t)
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1.2.8.

stutter([1,2,3]) evaluatesto[ 1, 1, 2, 3, 3] .

Clauses of mutually recursive functions may also be interleaved, to make them easier to read.

def even(0) = true
def odd(0) = false
def even(n) = odd(if n > 0 then n-1 el se n+l)
def odd(n) = even(if n > 0 then n-1 el se n+l)

Comments

Cor has two kinds of comments.

A line which begins with two dashes (- - ), preceded only by whitespace, is a single line comment. The
region from the two dashes to the next encountered newline, inclusive, isignored.

-- This is a single |line conment.
-- This is also a single |ine coment.

Multi-line comments are enclosed by matching braces of the form {- -} . Multi-line comments may be
nested. They may appear anywhere, even in the middle of an expression.

{_
This is a
mul tiline comment.

-}
{- Multiline cooments {- can be nested -} -}

{- They may appear anywhere, -}
1 +{- evenin the mddle of an expression. -} 2 + 3

1.3. Orc: Orchestrating services

Cor is a pure declarative language. It has no state, since variables are bound at most once and cannot be
reassigned. Evaluation of an expression resultsin at most onevalue. It cannot communicatewith the outside
world except by producing a value. The full Orc language transcends these limitations by incorporating
the orchestration of external services. We introduce the term site to denote an external service which can
be called from an Orc program.

As in Cor, an Orc program is an expression; Orc expressions are built up recursively from smaller
expressions. Orcisasuperset of Cor, i.e., al Cor expressionsare also Orc expressions. Orc expressionsare
executed, rather than eval uated; an execution may call external servicesand publish some number of values
(possibly zero). Different executions of the same expression may have completely different behaviors; they
may call different services, may receive different responses from the same site, and may publish different
values. Expressions in the functional subset, though, will display the same behavior in all executions.

In the following sections we discuss the features of Orc. First, we discuss how Orc communicates with
external services. Then we introduce Orc's concurrency combinators, which combine expressions into
larger orchestrations and manage concurrent executions. We have already discussed the functional subset
of Orc in our coverage of Cor, but we reprise some of those topics; some Cor constructs exhibit new
behaviorsin the concurrent, stateful context of Orc.
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The following figure summarizes the syntax of Orc as an extension of the syntax of Cor. The original Cor
grammar rules are abbreviated by ellipses(...).

Table 1.3. Basic Syntax of Orc

D:=.. Declaration
| site X =address site declaration
C:u= .. Constant
| signal signal value
E:=.. Expression
| stop silent expression
| E>P> E sequential combinator
| ECE parallel combinator
| E <P< E pruning combinator
| E; E otherwise combinator

1.3.1. Communicating with external services

An Orc expression may be a site call. Sites are called using the same syntax as a function call, but with a
dightly different meaning. Sites are introduced and bound to variables by a specia declaration.

1.3.1.1. Calling a site

Suppose that the variable Googl e is bound to a site which invokes the Google search engine servicein
"I'm Feeling Lucky" mode. A call to Googl e looks just like a function call. Calling Googl e requests
the URL of the top result for the given search term.

{- Get the top search result for "conputation orchestration" -}
Googl e("conput ati on orchestration")

Once the Google search service determines the top result, it sends aresponse. The site call then publishes
that response. Note that the service might not respond: Google's servers might be down, the network might
be down, or the search might yield no result URL.

A site call sends only a single request to an external service and receives at most one response. These
restrictions have two important consequences. First, al of the information needed for the call must be
present before contacting the service. Thus, site calls are strict; all arguments must be bound before the
call can proceed. If any argument is silent, the call never occurs. Second, a site call publishes at most one
value, since at most one response is received.

A call to asite has exactly one of the following effects:

1. Thesitereturnsavalue, called its response.

2. The site communicates that it will never respond to the call; we say that the call has halted

3. The site neither returns a value nor indicates that the call has halted; we say that the call is pending.

Inthelast two cases, the site call issaid to be silent. However, unlike asilent expressionin Cor, asilent site
call in Orc might perform some meaningful computation or communication; silence does not necessarily
indicate an error. Since halted site cals and pending site calls are both silent, they cannot usualy be
distinguished from each other; only the otherwise combinator can tell the difference.

11
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A siteisavalue, just like an integer or alist. It may be bound to a variable, passed as an argument, or
published by an execution, just like any other value.

{-
Create a search site froma search engi ne URL,
bind the variable Search to that site,
then use that site to search for a term

-}

val Search = SearchEngi ne("http://ww. googl e. com ")

Search("first class val ue")

A site is sometimes called only for its effect on the external world; its return value is irrelevant. Many
sites which do not need to return a meaningful value will instead return a signal: a special value which
carriesno information (analogousto the unit value () in ML). Thesignal value can bewritten assi gnal
within Orc programs.

{_
Use the "println' site to print a string, followed by
a newine, to an output console.
The return value of this site call is a signal.

-}

printin("Hello, World!")

1.3.1.2. Declaring a site

1.3.2.

A si t e declaration makes some service available as a site and binds it to a variable. The service might
be an object in the host language (e.g. a class instance in Java), or an external service on the web which
is accessed through some protocol like SOAP or REST, or even a primitive operation like addition. Many
useful sites are aready defined in the Orc standard library, documented in Appendix B. For now, we
present a simple type of site declaration: using an object in the host language as a site.

Thefollowing example instantiates a Java object to be used asasite in an Orc program, specifically aJava
object which provides an asynchronous buffer service. The declaration uses a fully qualified Java class
name to find and load a class, and creates an instance of that class to provide the service.

{- Define the Buffer site -}
site Buffer = orc.lib.state. Buffer

The concurrency combinators of Orc

Orc has four combinators: parallel, sequential, pruning, and otherwise. A combinator forms an
expression from two component expressions. Each combinator captures a different aspect of concurrency.
Syntacticaly, the combinators are written infix, and have lower precedence than operators, but higher
precedence than conditionals or declarations.

1.3.2.1. The parallel combinator

Orc's simplest combinator is| , the parallel combinator. Orc executes the expression F | G, where F and
G are Orc expressions, by executing F and G concurrently. Whenever F or G communicateswith aservice
or publishesavalue, F| G doesso aswell.

12
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-- Publish 1 and 2 in parallel
1] 1+1

{_

Access two search sites, Google and Yahoo, in parallel.
Publish any results they return.

Since each call may publish a value, the expression
may publish up to two val ues.

-}

Googl e("cupcake") | Yahoo("cupcake")

The parallel combinator isfully associative: (F| G)| HandF| (G| H)andF| G| H areall equivaent.

Itisalso commutative: F| GisequivdenttoG| F.

-- Publish 1, 2, and 3 in parallel
140 | 1+1 | 1+2

1.3.2.2. The sequential combinator

Now that we have expressions which publish multiple values, what can we do with those publications? The
sequential combinator, written F >x> G, combines the expression F, which may publish some values,
with another expression G, which will use the values as they are published; x transmits the values from
FtoG.

The execution of F >x> G starts by executing F. Whenever F publishes a value, a new copy of G is
executed in parallel with F (and with any previous copies of G); in that copy of G, variable x is bound
to the value published by F. Values published by copies of G are published by the whole expression, but
the values published by F are not published by the whole expression; they are consumed by the variable
binding.

-- Publish 1 and 2 in parallel
(0] 1) >n> n+l

-- Publish 3 and 4 in parallel
2 >n> (n+1 | n+2)

-- Publish 0, 1, 2 and 3 in parallel
(O] 2) >n> (n | n+l)

-- Prepend the site nane to each published search result

-- The cat site concatenates any nunber of arguments into one string
Googl e( " cupcake") >s> cat("CGoogle: ", s)

| Yahoo("cupcake") >s> cat("Yahoo: ", s)

The sequential combinator may be written as F >P> G, where P is a pattern instead of just a variable
name. Any value published by F is matched against the pattern P. If this match is successful, a new copy
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of G is started with al of the bindings from the match. Otherwise, the published value is simply ignored,
and no new copy of G is executed.

-- Publish 3, 6, and 9 in arbitrary order.
(3,6,9) >(x,y,2)> (x| yl| z)

-- Filter out values of the form(_, fal se)
( (4,true) | (5,false) | (6,true) ) >(x,true)> x
-- Publishes 4 and 6

Wemay also omit thevariable entirely, writing >> . Thisisequivalent to using awildcard pattern: >_>

We may want to execute an expression just for its effects, and hide al of its publications. We can do this
using >> together with the special expression st op, which is always silent.

{_
Print two strings to the consol e,
but don't publish the return values of the calls.

-}
( println("goodbye") | println("world") ) >> stop

The sequential combinator isright associative: F >x> G >y> HisequivalenttoF >x> (G >y> H).
It has higher precedence than the parallel combinator: F >x> G| Hisequivalentto(F >x> G) | H.

The right associativity of the sequential combinator makes it easy to bind variables in sequence and use
them together.

{_
Publ i sh the cross product of {1,2} and {3, 4}:
(1,3), (1,4, (2,3), and (2,4).

-}

(1] 2) >x> (3| 4) >y> (x,Y)

1.3.2.3. The pruning combinator

The pruning combinator, written F <x< G, allows us to block a computation waiting for a result, or
terminate a computation. The execution of F <x< G starts by executing F and G in parallel. Whenever
F publishes avalue, that value is published by the entire execution. When G publishesitsfirst value, that
value isbound to x in F, and then the execution of G isimmediately terminated. A terminated expression
cannot call any sites or publish any values.

During the execution of F, any part of the execution that depends on x will be suspended until x isbound (to
thefirst value published by G). If G never publishesavalue, that part of the execution is suspended forever.

-- Publish either 5 or 6, but not both
X+2 <x< (3 ]| 4)

-- Query Google and Yahoo for a search result
-- Print out the result that arrives first; ignore the other result
println(result) <result< ( CGoogl e("cupcake") | Yahoo("cupcake") )
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Though aterminated execution may not make any new calls, the callsthat it hasalready madewill continue
normally; their responses are simply ignored. This may have surprising consequences when acall has side
effects, asin the following example.

{_
This exanple actually prints both "true" and "false" to the
consol e, regardless of which call responds first.

-}

stop <x< println("true") | println("false")

Both of the pri ntl n cals are initiated before either one of them publishes a value and terminates
the expression. Once the expression is terminated, no new calls occur, but the other pri nt | n cal still
proceeds and still has the effect of printing its message to the console.

The pruning combinator may include afull pattern Pinstead of just avariable name. Any value published
by G is matched against the pattern P. If this match is successful, then G terminates and all of the bindings
of the pattern Pare madein F. Otherwise, the published valueissimply ignored and G continuesto execute.

-- Publish either 9 or 25, but not 16.
X*x <(x,true)< ( (3,true) | (4,false) | (5,true) )

Notethat evenif (4, f al se) ispublished before( 3, t rue) or (5, true),itisignored. Theright side
continues to execute and will publishoneof (3, t rue) or (5, true).

The pruning combinator isleft associative: F <x< G <y< Hisequivaentto(F <x< G) <y< H.It
has lower precedence than the parallel combinator: F <x< G| HisequivalenttoF <x< (G| H).

1.3.2.4. The otherwise combinator

Orc has a fourth concurrency combinator: the otherwise combinator, written F ;  G. The execution of
F ; G proceedsasfollows. First, F is executed. If F completes, and has not published any values, then
G executes. If F did publish one or more values, then G is ignored. The publications of F ; G are those
of Fif F publishes, or those of G otherwise.

We determine when an expression compl etes using the following rules.

» A Cor expression completeswhen it isfully evaluated; if it is silent, it completes immediately.
» A site call completes when it has published a value or halted.

* F| G completeswhen its subexpressions F and G have both completed.

* F >x> G completeswhen F has completed and all instantiated copies of G have completed.

* F <x< G completes when F has completed, and G has either completed or published a value. Also,
if G completes without publishing a value, then all expressions in F which use x also complete, since
they will never be able to proceed.

* F; G completes either when F has published a value and subsequently completed, or when F and G
have both completed.

* st op completesimmediately.

The otherwise combinator is fully associative, soF; G; Hand(F; G); HandF; (G; H) areal
equivalent. It has lower precedence than the other three combinators.
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1.3.3.

The otherwise combinator was not present in the original formulation of the Orc concurrency calculus; it
has been added to support computation and iteration over strictly finite data. Sequential programs conflate
the concept of producing avalue with the concept of compl etion. Orc separatesthese two concepts; variable
binding combinators like >x> and <x< handle values, whereas; detectsthe completion of an
execution.

Revisiting Cor expressions

Some Cor expressions have new behaviors in the context of Orc, due to the introduction of concurrency
and of sites.

1.3.3.1. Operators

The arithmetic, logical, and comparison operators are actually calls to sites, simply written in infix style
with the expected operator symbols. For example, 2+3 isactualy (+) ( 2, 3) , where ( +) isaprimitive
site provided by the language itself. All of the operators can be used directly as sites in this way; the
name of the site is the operator enclosed by parentheses, e.g. (**), ( >=), etc. Negation (unary minus)
isnamed (0-) .

1.3.3.2. Conditionals

The conditional expressioni f Et hen Fel se Gisactualy aderived form based on asite named i f .
Thei f site takes a boolean argument; it returns a signal if that argument ist r ue, or remains silent if
theargumentisf al se.

if EthenFel seGisequivdentto( if(b) >> F | if(~b) >> G) <b< E

When the el se branch of aconditional is unneeded, we can writei f Ft hen G, withno el se branch.
Thisisequivaenttoi f (E) >> F.

1.3.3.3. val

The declaration val x = G, followed by expression F, is actually just a different way of writing the
expresson F <x< G. Thus, val sharesall of the behavior of the pruning combinator, which we have
already described. (Thisis also true when a pattern is used instead of variable name x).

1.3.3.4. Nesting Orc expressions

The execution of an Orc expression may publish many values. What does such an expression mean in a
context where only one value is expected? For example, what does2 + (3 | 4) publish?

The specific contexts in which we are interested are as follows (where E is any Orc expression):

EopE operand
if Ethen.. conditional test
X( .., E, ..) call argument
(.., E, ..) tuple element
[ ..., E, ..] list element

Whenever an Orc expression appears in such a context, it executes until it publishes its first value, and
then it is terminated. The published value is used in the context as if it were the result of evaluating the
expression.
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-- Publish either 5 or 6
2+ (3] 4

-- Publish exactly one of 0, 1, 2 or 3
(0] 2) + (0] 1)

To be precise, whenever an Orc expression appears in such a context, it istreated asif it was on the right
side of a pruning combinator, using a fresh variable name to fill in the hole. Thus, C[E] (where E is the
Orc expression and C is the context) is equivalent to the expression C[x] <x< E.

1.3.3.5. Functions

1.3.4.

The body of afunction in Orc may be any Orc expression; thus, function bodiesin Orc are executed rather
than evaluated, and may engage in communication and publish multiple values.

A function call in Orc, asin Cor, binds the values of its actual parameters to its formal parameters, and
then executes the function body with those bindings. Whenever the function body publishes a value, the
function call publishes that value. Thus, unlike a site call, or a pure functional Cor call, an Orc function
call may publish many values.

-- Publish all integers in the interval 1..n, in arbitrary order.
def range(n) =if (n > 0) then (n | range(n-1)) else stop

-- Publish 1, 2, and 3 in arbitrary order.
range(3)

In the context of Orc, function calls are not strict. When a function call executes, it begins to execute the
function body immediately, and also executes the argument expressions in parallel. When an argument
expression publishes a valug, it is terminated, and the corresponding formal parameter is bound to that
value in the execution of the function body. Any part of the function body which uses aformal parameter
that has not yet been bound suspends until that parameter is bound to avalue.

Time

Orc is designed to communicate with the external world, and one of the most important characteristics
of the external world is the passage of time. Orc implicitly interacts with the passage of time by calling
external services which take time to respond. However, Orc can aso explicitly wait for some amount of
time, using the special siteRt i ner .

ThesiteRt i mer isarelativetimer. It takes as an argument a number of millisecondsto wait. It waits for
exactly that amount of time, and then responds with a signal.

-- Print "red", wait for 3 seconds (3000 ns), and then print "green"
printin("red") >> Rtinmer(3000) >> println("green") >> stop

The following example defines a metronome, which publishes a signal once every t milliseconds,
indefinitely.
def netronome(t) = signal | Riimer(t) >> netronone(t)

Wecanasouse Rt i mer together with the pruning combinator to enforce a timeout.
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{_
Publish the result of a Google search.
If it takes nore than 5 seconds, tinme out.
-}
result
<result< ( CGoogle("inpatience")
| Rtinmer(5000) >> "Search timed out.")

We present many more examples of programming techniques using real time in Chapter 2.

1.4. Advanced Features of Orc

In this section we introduce some advanced features of Orc. These include curried function definitions
and curried calls, writing an arbitrary expression as the target of acall, a special syntax for writing calls
in an object-oriented style, extensions to pattern matching, and new forms of declarations, and ML-style
datatypes.

Table 1.4. Advanced Syntax of Orc

E = .. Expression
| EG+ generalized call
G = Argument group
(E, .., E) curried arguments
| . field field access
P .= .. Pattern
| Pas X as pattern
| =X equality pattern
| X(P, .., P) datatype pattern
D= .. Declaration
| cl ass X = classname class declaration
| typeX=DT]| ..| DT datatype declaration
| include" filename™" inclusion
DT = X(_, ...,_) Datatype

1.4.1. Special call forms
1.4.1.1. The . notation

In many object-oriented programming languages, one calls a method or accesses afield of an object using
the dot operator; for example, obj . m() callsthe method mof the object obj .

Thereisaspecial kind of site call in Orc which serves a similar purpose. One may write x. nsg, for any
identifiersx and nsg. Thistreats the value bound to x asasite, and callsit with a special message value
nsg. If the site understands the message nsg (for example, if x is bound to a Java object with a field
caled nsQ), the site interprets the message and responds with some appropriate value. If the site does not
understand the message sent to it, it does not respond, and no publication occurs. If x cannot beinterpreted
asasite, no call ismade.
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Typically this capability is used so that sites may be syntactically treated like objects, with multiple
methods and fields. For example, achannel ¢ might understand the messagesget and put , to get values
from and put values on that channel, respectively. Such callswould be writtenc. get (), orc. put ( 6).

A call suchasc. put (6) actually occursin two steps. First c. put sends the message put to the site
c; this publishes a site whose only purpose is to put values on the channel. Next, that site is called on
the argument 6, sending 6 on the channel. Readers familiar with functional programming will recognize
this technique as currying.

1.4.1.2. Currying

It is sometimes useful to stage the arguments to a function; that is, rather than writing a function on two
arguments, one instead writes a function on one argument which returns a function taking the second
argument and performing the remainder of the evaluation.

Thistechniqueisknown ascurrying and it iscommon in functional programming languages. We can write
curried functions using closures. Suppose we want to define acurried addition function on two arguments,
and | ater apply that function to the arguments 3 and 4. We could write such aprogram in the following way:

def Sum(a) = ( lanbda(b) = a+b )
val f = Sum(3)
f(4)

This definesafunction Sumwhich, given an argument a, creates afunction which will take an argument b
and add a to b. It then creates the function which adds 3 to its argument, bindsthat to f , and then invokes
f on4 toyield 3+4.

When defining a curried function, we have abstracted it in two steps, and when applying it we have
written two separate calls. However, thisis verbose and not very clear. Orc hasaspecial syntax for curried
function definitionsand curried applicationsthat will simplify both of these steps. Function definitionsmay
have multiple argument sequences; they are enclosed in parentheses and concatenated. Curried function
calls chain together multiple applications in a similar way. Here is the previous program, written in this
simplified syntax:

def Sum(a)(b) = a+b
Sum(3) (4)

Naturally, this syntax is backwards compatible; e.g. both of the following programs are also equivalent:

def Sum(a) = ( lanbda(b) = a+b )
Sun(3) (4)

def Sun{a)(b) = atb
val f = Sum(3)
f(4)

Warning
Clauses of a function may be defined with both curried arguments and patterns in arguments.

However, the combination of these two features can produce unintuitive behavior. Consider the
following clausal, curried function definition:
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def sun(x)(0)
def sum(x)(y)
sunm(2) (3)

One might expect sun( 2) ( 3) to evaluate to 5. However, thisis not the case; instead sun( 2)
( 3) remainssilent dueto apattern matching failure. Thisisbecause the compiler always expands
curried definitions before considering patterns, so the above program isin fact equivalent to:

X
X +y

def sum(x) = ( lanmbda(0) = x )
def sum(x) = ( lanbda(y) = x +vy)
sum(2) (3)

Now the problem becomes apparent. The first clause will always match when the function is
applied to its first argument, and then only one clause is available when the second argument is
available: the clause with succeeds only on 0.

Therefore, use caution when writing function definitions that use both currying and clauses.
1.4.2. Extensions to pattern matching
1.4.2.1. As pattern

In taking apart a value with a pattern, it is often useful to capture intermediate results.

val (a,b) = ((1,2),(3,4))
val (ax,ay) = a
val (bx,by) =0b

We can use the as keyword to simplify this program fragment, giving a name to an entire sub-pattern.
Here is an equivalent version of the above code.

val ((ax,ay) as a, (bx,by) as b) = ((1,2),(3,4))
1.4.2.2. Equality pattern

When a variable occurs in a pattern, it is bound to the value being matched against that pattern. What if
instead we would like to use the value of a bound variable as a test pattern, in away similar to aliteral
valuelike0?

We can use an equality pattern to do this. An equality pattern is a variable name preceded by =. Consider
the following definition, which compares its argument to the value bound to variable x, returning t r ue
if they areequal and f al se otherwise.

def isx(=x) = true
def isx(_) = false

The equality pattern becomes much more useful when it is embedded within other patterns. For example,
consider thisdefinitionwi t hz. If one of the arguments passed to it isequal to z, then the function returns
its other argument. Otherwise it remains silent.
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1.4.3.

1.4.4.

def withz(=z,y)
def withz(x, =2z)

xX <

Datatypes

We have seen Orc's predefined data structures: tuples and lists. Orc also provides the capability for
programmers to define their own data structures, using a feature adopted from the ML/Haskell language
family called datatypes (also called variants or tagged sums).

Datatypes are defined using the t ype declaration:

type Tree = Node(_, , ) | Enpty()

This declaration defines two new sites named Node and Enpt y. Node takes three arguments, and
publishes atagged value wrapping those arguments. Enpt y takes no arguments and does the same.

Once we have created these tagged values, we use a new pattern called a datatype pattern to match them
and unwrap the arguments:

type Tree = Node(_, _,_) | Enpty()
{- Build up a small binary tree -}

val | = Node(Empty(), 0, Empty())
val r = Node(Empty(), 2, Empty())
val t = Node(l,1,r)

{- And then match it to extract its contents -}
t >Node(l,j,r)>

[ >Node(_,i,_)>

r >Node(_, k,_)>

(il il k)

One pair of datatypesis so commonly used that it is already predefined in the standard library: Some( )
and None() . These are used as return values for calls that need to distinguish between successfully
returning a value (Some( v) ), and successfully completing but having ho meaningful value to return
(None() ). For example, alookup function might return Sorre( r esul t) if it found a result, or return
None() if it successfully performed the lookup but found no suitable result.

New forms of declarations

1.4.4.1. cl ass declaration

When Orc is run on top of an object-oriented programming language, classes from that language may be
used as sitesin Orc itself, viathe cl ass declaration.

{- Use the String class fromJava's standard library as a site -}
class String = java.lang. String

val s = String("foo")

s.concat ("bar")

This program binds the variable St r i ng to Java's String class. When it is called as a site, it constructs a
new instance of String, passing the given arguments to the constructor.
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This instance of String is a Java object; its methods are called and its fields are accessed using the dot
(. ) notation, just as one would expect in Java. For complete details of how Orc interacts with Java, see
Java Integration.

1.4.4.2. i ncl ude declaration

It is often convenient to group related declarations into units that can be shared between programs. The
i ncl ude declaration offers asimple way to do this. It names a source file containing a sequence of Orc
declarations; those declarations are incorporated into the program as if they had textually replaced the
include declaration. An included file may itself containi ncl ude declarations.

{- Contents of fold.inc -}

def foldl (f,[],s) = s

def foldl (f,h:t,s) = foldl (f,t,f(h,s))
def foldr(f,l,s) = foldl(f,rev(l),s)

{- This is the sane as inserting the contents of fold.inc here -}
i ncl ude "fold.inc"

def sum(L) = foldl (lanbda(a,b) = a+b, L, 0)

sum([1, 2, 3])

Note that these declarations still obey the rules of lexical scope. Also, Orc does not detect shared
declarations; if the samefileisincluded twice, its declarations occur twice.
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Chapter 2. Programming Methodology

In Chapter 1, we described the syntax and semantics of the Orc language. Now, we turn our attention to
how the language is used in practice, with guidelines on style and programming methodology, including
anumber of common concurrency patterns.

2.1. Syntactic and Stylistic Conventions

2.1.1.

2.1.2.

In this section we suggest some syntactic conventionsfor writing Orc programs. None of these conventions
arerequired by the parser; newlinesare used only to disambiguate certain corner casesin parsing, and other
whitespace is ignored. However, following programming convention helps to improve the readability of
programs, so that the programmer's intent is more readily apparent.

Parallel combinator

When the combined expressions are small, write them al on oneline.

F|] G| H
Note that we do not need parentheses here, since| isfully associative and commutative.

When the combined expressions are large enough to take up a full line, write one expression per line,
with each subsequent expression aligned with the first and preceded by | . Indent the first expression to
improve readability.

| ong expression
| long expression
| long expression

A sequence of parallel expressions often form the left hand side of a sequential combinator. Since the

sequential combinator has higher precedence, use parentheses to group the combined parallel expressions
together.

( expression

| expression

) >x>

anot her expression

Sequential combinator

When the combined expressions are small, write a cascade of sequential combinators al on the sameline.

F >x> G >y> H

Remember that sequential isright associative; in thisexample, x isbound in both G and H, and y isbound
inH.
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2.1.3.

When the combined expressions are large enough to take up afull line, write one expression per line; each
line ends with the combinator which binds the publications produced by that line.

| ong expression >x>
| ong expression >y>
| ong expression

For very long-running expressions, or expressions that span multiple lines, write the combinators on
separate lines, indented, between each expression.

very |l ong expression
>X >

very |l ong expression
>y >

very |l ong expression

Pruning combinator

When the combined expressions are small, write them on the same line;

F <x< G

When multiple pruning combinators are used to bind multiple variables (especially when the scoped
expression is long), start each line with a combinator, aligned and indented, and continue with the
expression.

| ong expression
<x< G
<y< H

The pruning combinator is not often written in its explicit form in Orc programs. Instead, the val
declaration is often more convenient, sinceit is semantically equivalent and mentionsthe variablex before
its use in scope, rather than after.

val x = G
val y = H
| ong expression

Additionally, when the variable is used in only one place, and the expression is small, it is often easier to
use a nested expression. For example,

val x = G
val y = H
M X, Y)

isequivalent to

MG H)
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Sometimes, we use the pruning combinator simply for its capability to terminate expressions and get a
single publication; binding avariableisirrelevant. Thisisaspecial case of nested expressions. We usethe
identity sitel et to put the expression in the context of afunction call.

For example,

X <x< F| G| H

isequivalent to

let(F | G| H

The trangdlation uses a pruning combinator, but we don't need to write the combinator, name an irrelevant
variable, or worry about precedence (since the expression is enclosed in parentheses as part of the call).

2.1.4. Declarations

Declarations should always end with a newline.

def add(x,y) = x +vy
val z =7
add( z, z)

Whilethe parser does not require anewlineto end adeclaration, it usesthe newlineto disambiguate certain
corner cases in parsing, such as function application.

When the body of a declaration spans multiple lines, start the body on a new line after the = symbol, and
indent the entire body.

def f(x,y) =
decl aration
decl aration
body expression

Apply this style recursively; if adef appears within a def, indent its contents even further.

def f(x,y) =
decl arati on
def hel per(z) =
decl aration in hel per
decl aration in hel per
body of hel per
decl arati on
body expression

2.2. Programming Idioms

In this section we give Orc implementations of some standard idioms from concurrent and functional
programming. Despite the austerity of Orc's four combinators, we are able to encode a variety of idioms
straightforwardly.
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2.2.1.

2.2.2.

2.2.3.

Channels

Orc has no communication primitives like pi-calculus channels' or Erlang mailboxes’. Instead, it makes
use of sitesto create channels of communication.

The most frequently used of these sitesis Buf f er . When called, it publishes a new asynchronous FIFO
channel. That channel is a site with two methods: get and put . Thecall c. get () takesthe first value
from channel ¢ and publishesit, or blocks waiting for a value if none is available. The call c. put (v)

putsv asthelast item of ¢ and publishesasignal.

A channel may be closed to indicate that it will not be sent any more values. If the channel ¢ is closed,
c. put (v) alwayshalts(without modifying the state of the channel), andc. get () hatsoncec becomes
empty. Thechannel ¢ may beclosed by callingeither c. cl ose() , whichreturnsasigna oncec becomes
empty, or c. cl osenb() , which returns asignal immediately.

Lists

In the section on Cor, we were introduced to lists: how to construct them, and how to match them against
patterns. Whileit is certainly feasible to write a specific function with an appropriate pattern match every
timewewant to accessalist, it is helpful to have ahandful of common operations on lists and reuse them.

One of the most common uses for alist isto send each of its elements through a sequential combinator.
Sincethelist itself isasingle value, we want to walk through the list and publish each one of its elements
in parallel asavalue. Thelibrary function each does exactly that.

Suppose we want to send the messagei nvi t e to each email addressinthelisti nvi t eLi st :

each(invitelList) >address> Enmnil (address, invite)

Orc also adopts many of the list idioms of functional programming. The Orc library contains definitions
for most of the standard list functions, such as nap and f ol d. Many of the list functions internally
take advantage of concurrency to make use of any available parallelism; for example, the map function
dispatches all of the mapped calls concurrently, and assembles the result list once they all return using
afork-join.

Streams

Sometimes asource of datais not explicitly represented by alist or other data structure. Instead, it is made
available through a site, which returns the values one at atime, each timeit iscalled. We call such asitea
stream. It isanalogousto an iterator in alanguage like Java. Functions can also be used as streams, though
typically they will not be pure functions, and should only return one value. A call to astream may halt, to
indicate that the end of the data has been reached, and no more values will become available. It is often
useful to detect the end of a stream using the otherwise combinator.

Streams are common enough in Orc programming that thereisalibrary function to take al of the available
publications from a stream; it iscalled r epeat , and it isanalogousto each for lists.

def repeat(f) = f() >x> (x | repeat(f))

IR, Milner. Communicati ng and Mobile Systems: the #-Cal culus. Cambridge University Press, May 1999.
2, Armstrong, R. Virding, C. Wikstr'om, and M. Williams. Concurrent programming in ERLANG (2nd ed.). Prentice Hall International (UK) Ltd.,
Hertfordshire, UK, UK, 1996.
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The r epeat function calls the site or function f with no arguments, publishes its return value, and
recurses to query for more values. r epeat should be used with sites or functions that block until avalue
isavailable. Noticethat if any call tof halts, thenr epeat (f) consequently halts.

For example, it is very easy to treat a channel ¢ as a stream, reading any values put on the channel as
they become available:

repeat (c. get)

2.2.4. Arrays

While lists are a very useful data structure, they are not indexed; it is not possible to get the nth element
of alist in constant time. However, this capability is often needed in practice, so the Orc standard library
provides afunction | Ar r ay to create immutable arrays. Once initialized, an immutable array cannot be
rewritten; it can only be read.

| Arr ay takestwo arguments: an array size, and a function to initialize the array. The function takes the
index being initialized as an argument (indices start at 0), and publishes the value to be stored at that array
position. Here are afew examples:

{- Create an array of 10 elenents; elenent i is the ith power of 2 -}
| Array(10, lanbda(i) = 2 ** i)

{- Create an array of 5 elenents; each elenment is a newWy created buffer -}
| Array(5, lanbda(_) = Buffer())

The array isused like afunction; thecall A(i) returnsthei th element of the array A. A call with an out-
of-bounds index halts.

{- Create an array of 3 buffers -}
val A = | Array(10, lanbda(_) = Buffer())

{- Send true on the 0th channel
and listen for a value on the Oth channel. -}
A(O).put(true) | A(0).get()

Since arrays are accessed by index, thereis alibrary function specifically designed to make programming
with indices easier. The function upt o( n) publishesall of the numbers from O to n- 1 simultaneously;
thus, it is very easy to access al of the elements of an array simultaneously. Suppose we have an array A
of n email addresses and would like to send the message mto each one.

upto(n) >i> A(i) >address> Enail (address, m

2.2.5. Mutable Storage

Variablesin Orc are immutable. There is no assignment operator, and there is no way to change the value
of abound variable. However, it is often useful to have mutable state when writing certain algorithms. The
Orc library contains two sites that offer ssmple mutable storage: Ref and Cel | .

The Ref site creates rewritable reference cells.
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val r = Ref(0)
println(r.read()) >>
r.-wite(2) >>
println(r.read()) >>
stop

Thesearevery similartoML'sr ef cells.r. write(v) storesthevaluev inthereferencer , overwriting
any previous value, and publishesasignal. r . r ead() publishesthe current value storedinr .

However, unlikein ML, areference cell can be left initially empty by calling Ref with no arguments. A
read operation on an empty cell blocks until the cell iswritten.

{- Create a cell, and wait 1 second before initializing it. -}
{- The read operation blocks until the wite occurs. -}

val r = Ref()

r.read() | Rtinmer(1000) >>r.wite(l) >> stop

The Orc library aso offerswrite-once reference cells, using the Cel | site. A write-once cell hasnoinitial
value. Read operations block until the cell has been written. A write operation succeeds only if the cell is
empty; subsequent write operations simply halt.

{- Create a cell, try to wite to it twice, and read it -}
{- The read will block until a wite occurs
and only one wite will succeed. -}
val r = Cell ()
Rtimer(1000) >>r.wite(2) > println("Wote 2") >> stop
| Rinmer(1000) >> r.wite(3) >> printIn("Wote 3") >> stop
| r.read()

Write-once cells are very useful for concurrent programming, and they are often safer than rewritable
reference cells, since the value cannot be changed once it has been written. The use of write-once cellsfor
concurrent programming is not a new idea; they have been studied extensively in the context of the Oz
programming language [ http://en.wikipedia.org/wiki/Oz_programming_language].

A word of caution: References, cells, and other mutable objects may be accessed concurrently by many
different parts of an Orc program, so race conditions may arise.

2.2.5.1. Reference Syntax
Orc provides syntactic sugar for reading and writing mutable storage:

» X?isequivalenttox. r ead() . Thisoperator isof equal precedence with the dot operator and function
application, so you can write things like x. y?. v?. This operator is very similar to the C languages's
* operator, but is postfix instead of prefix.

* X = yisequivalenttox. wite(y). This operator has higher precedence than the concurrency
combinators and if/then/else, but lower precedence than any of the other operators.

Here is a previous example rewritten using this syntactic sugar:

{- Create a cell, try to wite to it twice, and read it -}
{- The read will block until a wite occurs
and only one wite will succeed. -}
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2.2.6.

2.2.1.

val r = Cell ()

Rtimer (1000) >>r
| Rtiner(1000) >>r
| r?

2 >> println("Wote 2") >> stop
3 >> println("Wote 3") >> stop

Loops

Orc does not have any explicit looping constructs. Most of the time, where aloop might be used in other
languages, Orc programs use one of two strategies:

1. When the iterations of the loops can occur in parallel, write an expression that expands the datainto a
sequence of publications, and use a sequential operator to do something for each publication. Thisis
the strategy that uses functionslikeeach, r epeat , and upt o.

2. When theiterations of theloops must occur in sequence, write atail recursive function that iterates over
the data. Any loop can berewritten asatail recursion. Typically the dataof interestisin alist, so one of
the standard list functions, such asf ol dl , applies. The library also defines afunction whi | e, which
handles many of the common use cases of while loops.

Parallel Matching

Matching a value against multiple patterns, as we have seen it so far, is alinear process, and requires a
def whose clauses have patterns in their argument lists. Such a match is linear; each pattern istried in
order until one succeeds.

What if we want to match a value against multiple patterns in parallel, executing every clause that
succeeds? Fortunately, thisis very easy to do in Orc. Suppose we have an expression F which publishes
pairs of integers, and we want to publish asignal for each 3 that occurs.

We could write:

F >(x,y)>
( 1f(x=3) >> signal
| if(y=3) >> signal )

But there is amore general aternative:

F >x>
( x >(3,_)> signal
| x >(_,3)> signal )

Theinteresting caseisthe pair ( 3, 3) , which is counted twice because both patterns match it in parallel.

This parallel matching technique is sometimes used as an alternative to pattern matching using function
clauses, but only when the patterns are mutually exclusive.

For example,

def helper([]) =0
def helper([_]) =1

def helper(_:_:) 2
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hel per ([ 4, 6])

is equivalent to

[4,6] >x>
x >[]1>0
| x >[_]>1
| x >: : >2

whereas

def helper([]) =0
def hel per([_])

def helper(_ ) =
hel per ([ 5])

=1
2

isnot equivalent to

[5] >x>
x >[]>0

| x >[_]>1

| x > > 2

because the clauses are not mutually exclusive. Function clauses must attempt to match in linear order,
whereas this expression matches all of the patternsin parallel. Here, it will match [ 5] two different ways,
publishing both 1 and 2.

2.2.8. Fork-join

One of the most common concurrent idiomsis afork-join: run two processes concurrently, and wait for a
result from each one. Thisisvery easy to expressin Orc. Whenever wewriteaval declaration, the process
computing that value runs in parallel with the rest of the program. So if we write two val declarations,
and then form atuple of their results, this performs afork-join.

val x = F
val vy = G
(X,y)

Fork-joins are a fundamental part of all Orc programs, since they are created by all nested expression
trandations. In fact, the fork-join we wrote above could be expressed even more simply asjust:

(F.Q

2.2.8.1. Example: Machine initialization

In Orc programs, we often use fork-join and recursion together to dispatch many tasksin parallel and wait
for al of them to complete. Suppose that given a machine m calling m i ni t () initializes mand then
publishes asignal when initialization is complete. The functioni ni t Al | initiaizesalist of machines.

def initAll([]) = signal

30



Programming M ethodol ogy

def initAll(mms) = ( minit() , initAl(m) ) >> signal

For each machine, wefork-join theinitialization of that machine(m i ni t () ) withtheinitialization of the
remaining machines (i ni t Al | (rs) ). Thus, al of theinitializations proceed in parallel, and the function
returns asignal only when every machine in the list has completed itsinitialization.

Note that if some machine failsto initialize, and does not return asignal, then the initialization procedure
will never complete.

2.2.8.2. Example: Simple parallel auction

We can also use a recursive fork-join to obtain a value, rather than just signaling completion. Suppose
we have alist of biddersin a sealed-bid, single-round auction. Calling b. ask() requests abid from the
bidder b. We want to ask for one bid from each bidder, and then return the highest bid. The function
auct i on performs such an auction for alist of bidders (max finds the maximum of its arguments):

def auction([])

=0
def auction(b:bs) =

max(b. ask(), auction(bs))
Note that all bidders are called simultaneously. Also note that if some bidder fails to return a bid, then

the auction will never complete. Later we will see a different solution that addresses the issue of non-
termination.

2.2.8.3. Example: Barrier synchronization

2.2.9.

Consider an expression of the following form, where F and G are expressionsand M and N are sites:

M) >> F| N) >y> G

Suppose we would like to synchronize F and G, so that both start executing at the same time, after both
M) and N() respond. Thisis easily done using the fork-join idiom. In the following, we assume that x
does not occur freein G, nory in F.

(M) . N) ) >x9)> (F| G)
Sequential Fork-Join

Previous sections illustrate how Orc can use the fork-join idiom to process a fixed set of expressions or a
list of values. Suppose that instead we wish to process al the publications of an expression F, and once
this processing is complete, execute some expression G. For example, F publishes the contents of a text
file, oneline at atime, and we wish to print each line to the console using the site pr i nt | n, then publish
asignal after al lines have been printed.

Sequential composition aloneis not sufficient, because we have no way to detect when all of thelines have
been processed. A recursive fork-join solution would require that the lines be stored in a traversable data
structure like alist, rather than streamed as publications from F. A better solution usesthe ; combinator
to detect when processing is compl ete:

F >x> println(x) >> stop ; signal

Since; only evaluatesitsright sideif the left side does not publish, we suppress the publications on the
left side using st op. Here, we assume that we can detect when F halts. If, for example, F is publishing
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the lines of the file as it receives them over a socket, and the sending party never closes the socket, then
F never halts and no signal is published.

2.2.10. Priority Poll

The otherwise combinator is also useful for trying alternatives in sequence. Consider an expression of the
foomFy ; F1 ; F» ; ....If Fdoesnot publish and halts, then Fi1; is executed. We can think of
the F's as a series of alternativesthat are explored until a publication occurs.

Suppose that we would like to poll alist of buffers for available data. The list of buffers is ordered by
priority. The first buffer in the list has the highest priority, so it is polled first. If it has no data, then the
next buffer is polled, and so on.

Hereisafunction which pollsaprioritized list of buffersin thisway. It publishesthefirst item that it finds,
removing it from the originating buffer. If al buffers are empty, the function halts. We use the get nb
("get non-blocking") method of the buffer, which retrievesthe first available item if thereis one, and halts
otherwise.

def priorityPoll ([]) = stop
def priorityPoll (b:bs) = b.getnb() ; priorityPoll (bs)

2.2.11. Parallel Or

“Paradlel or" is a classic idiom of parallel programming. The “parallel or" operation executes two
expressions F and G in parallel, each of which may publish a single boolean, and returns the disjunction
of their publications as soon as possible. If one of the expressions publishest r ue, then the disunction
ist rue, soitisnot necessary to wait for the other expression to publish a value. This holds even if one
of the expressionsissilent.

The “parallel or" of expressions F and G may be expressed in Orc as follows:
I et (

val a
val b

E
G

(a || b)

| if(a) >> true

| if(b) >> true
)

Theexpression(a || b) waitsfor botha and b to become avail able and then publishestheir disunction.
However if either a or b is true we can publish t r ue immediately regardiess of whether the other
variable is available. Thereforewerunif(a) >> trueandif(b) >> true inpardle towait
for either variable to become t r ue and immediately publish the result t r ue. Since more than one of
these expressions may publisht r ue, thesurrounding | et (. . . ) isnecessary to select and publish only
the first result.

2.2.12. Timeout

Timeout, the ahility to execute an expression for at most a specified amount of time, is an essential
ingredient of fault-tolerant and distributed programming. Orc accomplishes timeout using pruning and the
Rt i mer site. Thefollowing program runs F for at most one second, publishing itsresult if available and
the value O otherwise.
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let( F| Riner(1000) >> 0)
2.2.12.1. Auction with timeout

In the auction example given previously, the auction may never complete if one of the bidders does not
respond. We can add atimeout so that a bidder has at most 8 seconds to provide a bid:

def auction([]) =0

def auction(b:bs) =
val bid = b.ask() | Rinmer(8000) >> 0
max(bi d, auction(bs))

This version of the auction is guaranteed to complete within 8 seconds.

2.2.12.2. Detecting timeout

Sometimes, rather than just yielding a default value, we would like to determine whether an expression
has timed out, and if so, perform some other computation. To detect the timeout, we pair the result of the
original expression with t r ue and the result of the timer with f al se. Thus, if the expression doestime
out, then we can distinguish that case using the boolean value.

Here, we run expression F with atime limit t . If it publishes within the time limit, we bind its result to
r and execute G. Otherwise, we execute H.

val (r, b) = (F, true) | (Rtiner(t), false)
if bthen Gelse H

Instead of using a boolean and conditional, we could use pattern matching:

val s = Some(F) | Riner(t) >> None()
s >Sone(r)> G
| s >None()> H

2.2.13. Priority

We can use a timer to give a window of priority to one computation over another. In this example, we
run expressions F and G concurrently. For one second, F has priority; F's result is published immediately,
but G's result is held until the time interval has elapsed. If neither F nor G publishes a result within one
second, then the first result from either is published.

val x F
val vy G
let( y | Riner(1000) >> x )

2.2.14. Metronome

A timer can be used to execute an expression repeatedly at regular intervals, for exampleto poll aservice.
Recall the definition of met r onone from the previous chapter:
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def metronone(t) = signal | Riiner(t) >> nmetronone()

The following example publishes "tick" once per second and "tock" once per second after an initial half-
second delay. The publications alternate; "tick tock tick tock ...". Note that this program is not defined
recursively; the recursion is entirely contained within met r onone.

net r onone(1000) >> "tick"
| Rtinmer(500) >> netronone(1000) >> "tock"

2.2.15. Routing

The Orc combinators restrict the passing of values among their component expressions. However, some
programs will require greater flexibility. For example, F <x< Gprovides F with the first publication of
G, but what if F needs the first n publications of G? In cases like this we use channels or other stateful
sites to redirect or store publications. We call this technique routing because it involves routing values
from one execution to another.

2.2.15.1. Generalizing Termination

The pruning combinator terminates an expression after it publishesits first value. We have aready seen
how to use pruning just for itstermination capability, without binding avariable, usingthel et site. Now,
we use routing to terminate an expression under different conditions, not just when it publishes a value;
it may publish many values, or none, before being terminated.

Our implementation strategy is to route the publications of the expression through a channel, so that we
can put the expression inside a pruning combinator and still seeits publications without those publications
terminating the expression.

2.2.15.1.1. Enhanced Timeout

As a simple demonstration of this concept, we construct a more powerful form of timeout: alow an
expression to execute, publishing arbitrarily many values (not just one), until atime limit is reached.

val ¢ = Buffer()
repeat (c.get) <<
F >x> c.put(x) >> stop
| Rtinmer(1000) >> c.closenb()

This program allows F to execute for one second and then terminates it. Each value published by F is
routed through channel ¢ so that it does not terminate F. After one second, Rt i mer (1000) responds,
triggering thecall c. cl osenb() . Thecall c. cl osenb() closesc and publishesasignal, terminating
F. Thelibrary function r epeat isused to repeatedly take and publish values from c until it is closed.

2.2.15.1.2. Test Pruning

We can also decideto terminate based on the val ues published. Thisexpression executesF until it publishes
a negative number, and then terminates it:

val ¢ = Buffer()
repeat (c.get) <<
F >x>
(if x>=0
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then c.put(x) >> stop
el se c.closenb())

Each value published by F istested. If it is non-negative, it is placed on channel ¢ (silently) and read by
repeat (c. get) .If itisnegative, the channel is closed, publishing asignal and causing the termination
of F.

2.2.15.1.3. Interrupt

We can use routing to interrupt an expression based on a signal from elsewhere in the program. We
set up the expression like a timeout, but instead of waiting for a timer, we wait for the semaphore
done to be released. Any call to done. r el ease will terminate the expression (because it will cause
done. acqui re() to publish), but otherwise F executes as normal and may publish any number of
values.

val ¢ = Buffer()
val done = Semaphore(0)
repeat (c.get) <<
F >x> c.put(x) >> stop
| done.acquire() >> c.closenb()

2.2.15.1.4. Publication Limit

We can limit an expression to n publications, rather than just one. Here is an expression which executes
F until it publishes 5 values, and then terminates it.

val ¢ = Buffer()
val done = Senaphore(0)
def allow(0) = done.release() >> stop
def allowmn) = c.get() >x> (x | allow(n-1))
all ow(5) <<
F >x> c.put(x) >> stop
| done.acquire() >> c.closenb()

We use the auxiliary function al | owto get only the first 5 publications from the channel ¢. When no
more publications are allowed, al | ow usesthe interrupt idiom to halt Fand close c.

2.2.15.2. Non-Terminating Pruning
We can use routing to create a modified version of the pruning combinator. Asin F <x< G, well run F

and G in parallel and make the first value published by G available to F. However instead of terminating
G after it publishes avalue, we will continue running it, ignoring its remaining publications.

val r = Ref()
(F <x<r.read()) | (G>x>r.wite(x))

2.2.15.3. Publication-Agnostic Otherwise

We can also use routing to create amodified version of the otherwise combinator. We'll run F until it halts,
and then run G, regardless of whether F published any values or not.
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val ¢ = Buffer()
repeat (c.get) | (F >x> c.put(x) >> stop ; c.close() > @Q

Weusec. cl ose() instead of themorecommonc. cl osenb() toensurethat G does not execute until
all the publications of F have been routed. Recall that c. cl ose() doesnot return until ¢ isempty.

2.2.16. Interruption

We canwriteafunctioni nt er r upt i bl e that implementstheinterrupt idiom to execute any functionin
aninterruptibleway. i nt er rupt i bl e( g) calsthefunction g, whichisassumed to take no arguments,
and silences its publications. It immediately publishes another function, which we can call at any time to
terminate the execution of g. For simplicity, we assume that g itself publishes no values.

Here is a naive implementation that doesn't quite work:

def interruptible(f) =
val done = Senmaphore(0)
done. rel ease
<< f() >> stop
| done.acquire() >> c.closenb()

{- wong! -}
val stopper = interruptible(qg)

The functioni nt er rupt i bl e is correct, but the way it is used causes a strange error. The function g
executes, but is always immediately terminated! This happens because the val declaration which binds
st opper asokillsall of the remaining computationini nt er r upt i bl e( g) , including the execution
of g itself.

The solution isto bind the variable differently:

def interruptible(f) =
val done = Senmaphore(0)
done. rel ease
<< f() >> stop
| done.acquire() >> c.closenb()

interruptibl e(g) >stopper>

Thisidiom, wherein afunction publishes some value that can be used to monitor or control its execution,
arises occasionally in Orc programming. When using this idiom, always remember to avoid terminating
that execution accidentally. Since Orc isastructured concurrent language, every processis contained with
some other process; kill the containing process, and the contained processes die too.

2.2.17. Lifting

Itisoften useful to explicitly lift an execution, so that it isin some sense protected from being terminated.
We can do this by running a"lifter" process, to which we can send functions that will be executed by the
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lifter and thuswill not be terminated unlessthe lifter itself isterminated. Such alifter iswritten by creating
a channel, and running a loop which listens for functions to be sent on the channel and executes those
functions as they arrive. The lifter publishes only the put method for the channel; the loop itself publishes
no values, since the values published by the lifted functions are silenced. Here, we write such alifter, and
then use it to protect afunction call from atimeout.

def lifter() =
val ¢ = Buffer()
def loop() = c.get() >f> ( f() >> stop | loop() )
c.put | loop()

def delayedPrint() = Rtinmer(1500) >> println("Delayed 1.5 seconds")

lifter() >lift>

(
println("Running...")

<< Rtinmer(1000) | delayedPrint() | lift(delayedPrint)
)

The timeout stops the execution of del ayedPri nt (), so it does not print a result. However, the
lifted execution of del ayedPri nt does succeed, since it is executing within theloop of I i fter (),
unaffected by the timeout.

2.2.18. Fold

We consider various concurrent implementations of the classic "list fold" function from functional
programming:

X
f(x, fold(xs))

def fold(_, [x])
def fold(f, x:xs)

Thisisaseedlessfold (sometimescaled f ol d1) which requiresthat thelist be nonempty and usesitsfirst
element as a seed. Thisimplementation is short-circuiting --- it may finish early if the reduction operator
f does not use its second argument --- but it is not concurrent; no two callsto f can proceed in parallél.
However, if f is associative, we can overcome this restriction and implement fold concurrently. If f is
also commutative, we can further increase concurrency.

2.2.18.1. Associative Fold

We first consider the case when the reduction operator is associative. We define af ol d(f, xs) where
f isabinary associative function and xs is anon-empty list. The implementation iteratively reduces xs
to asingle value. Each step of the iteration applies the auxiliary function st ep, which halves the size of
xs by reducing digoint pairs of adjacent items.

def afold(_, [X]) = X
def afold(f, xs) =
def step([]) =[]
def step([x]) = [
def step(x:y:xs)
afol d(f, step(xs))

X]
= f(x,y):step(xs)
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Notice that f (x, y) : st ep(xs) isan implicit fork-join. Thus, the call f (x, y) executes in paralléel
with the recursive call st ep(xs) . Asaresult, al callsto f execute concurrently within each iteration
of af ol d.

2.2.18.2. Associative, Commutative Fold

We can make the implementation even more concurrent when the fold operator is both associative and
commutative. We definecf ol d( f, xs) , wheref isaassociative and commutative binary function and
XS is anon-empty list. The implementation initially copies al list items into a buffer in arbitrary order
using the auxiliary function xf er , counting the total number of items copied. The auxiliary function
conbi ne repeatedly pulls pairs of items from the buffer, reduces them, and places the result back in the
buffer. Each pair of itemsis reduced in parallel as they become available. The last item in the buffer is
theresult of the overal fold.

def cfold(f, xs) =
val ¢ = Buffer()

def xfer([])
def xfer(x:xs)

0
c.put(x) >> stop | xfer(xs)+1

def conbi ne(0)
def conbine(1)
def combi ne(m

stop

c.get ()

c.get() >x> c.get() >y>

( c.put(f(x,y)) >> stop | conbine(m1l))

xfer(xs) >n> conbi ne(n)

2.3. Larger Examples

In this section we show a few larger Orc programs to demonstrate programming techniques. There are
many more such examplesavailableat the Orc website, onthe community wiki [http://orc.csres.utexas.edu/
wiki/Wiki.jsp?page=WikiL ab].

2.3.1. Dining Philosophers

The dining philosophers problem is a well known and intensely studied problem in concurrent
programming. Five philosophers sit around acircular table. Each philosopher hastwo forksthat she shares
with her neighbors (giving five forks in total). Philosophers think until they become hungry. A hungry
philosopher picks up both forks, one at a time, eats, puts down both forks, and then resumes thinking.
Without further refinement, this scenario alows deadlock; if all philosophers become hungry and pick
up their left-hand forks simultaneously, no philosopher will be able to pick up her right-hand fork to eat.
Lehmann and Rabin's solution®, which we implement, requires that each philosopher pick up her forksin
arandom order. If the second fork is not immediately avail able, the philosopher must set down both forks
andtry again. Whilelivelock isstill possibleif all philosopherstakeforksin the same order, randomization
makes this possibility vanishingly unlikely.

def shuffle(a,b) =if (random(2) = 1) then (a,b) else (b, a)

def take((a,b)) =
a.acquire() >> b.acquirenb()

3D. J. Lehmann and M. O. Rabin. On the advantages of free choice: A symmetric and fully distributed solution to the dining philosophers problem.
In POPL, pages 133138, 1981.
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a.rel ease() >> take(shuffle(a,b))
def drop(a,b) = (a.release(), b.release()) >> signal

def phil(n,a,b) =
def thinking() =
println(n + " thinking") >>
if (random(10) < 9)
then Rtimer(randon(1000))
el se stop
def hungry()
def eating()
println(n + " eating") >>
Rti mer (random(1000)) >>
println(n + " done eating") >>
drop(a, b)
t hi nki ng() >> hungry() >> eating() >> phil(n,a,b)

take((a, b))

def phil osophers(1, a, b)
def phil osophers(n, a, b)
val ¢ = Semaphore(1)

phi | osophers(n-1,a,c) | phil(n,c,b)

phi | (1, a, b)

val fork = Semaphore(1)
phi | osophers(5, fork, fork)

The phi | function simulates a single philosopher. It takes as arguments two binary semaphores
representing the philosopher's forks, and calls the t hi nki ng, hungry, and eat i ng functions in a
continuous loop. A t hi nki ng philosopher waits for a random amount of time, with a 10% chance of
thinking forever. A hungry philosopher uses the t ake function to acquire two forks. An eat i ng
philosopher waits for a random time interval and then uses the dr op function to relinquish ownership
of her forks.

Cdling t ake( a, b) attemptsto acquire a pair of forks ( a, b) in two steps: wait for fork a to become
available, then immediately attempt to acquire fork b. The call b. acqui r enb() either acquiresb and
responds immediately, or halts if b is not available. If b is acquired, signal success; otherwise, release
a, and then try again, randomly changing the order in which the forks are acquired using the auxiliary
functionshuf fl e.

The function call phi | osopher s(n, a, b) recursively creates a chain of n philosophers, bounded by
fork a on theleft and b on theright. The goal expression of the program callsphi | osopher s to create
achain of five philosophers bounded on the left and right by the same fork; hence, aring.

This Orc solution has several nice properties. The overal structure of the program is functional, with
each behavior encapsulated in its own function, making the program easy to understand and modify.
Mutable state is isolated to the "fork” semaphores and associated t ake and get functions, simplifying
the implementation of the philosophers. The program never manipulates threads explicitly, but instead
expresses rel ationships between activities using Orc's combinators.

Hygienic Dining Philosophers

Here we implement a different solution to the Dining Philosophers problem, described in "The Drinking
Philosophers Problem", by K. M. Chandy and J. Misra. Briefly, thisalgorithm efficiently and fairly solves
the dining philosophers problem for philosophers connected in an arbitrary graph (as opposed to asimple
ring). The algorithm works by augmenting each fork with aclean/dirty state. Initially, al forksaredirty. A
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philosopher is only obliged to relinquish afork to its neighbor if the fork is dirty. On receiving afork, the
philosopher cleansit. On eating, the philosopher dirties all forks. For full details of the algorithm, consult
the original paper.

{_

Start a phil osopher actor; never publishes.

Messages sent between phil osophers include:

- ("fork"™, p): philosopher p relinquishes the fork

- ("request", p): philosopher p requests the fork

- ("runble", p): sent by a philosopher to itself when it should
becorme hungry

nane: identify this process in status nmessages
nmbox: our mail box; the "address" of this philosopher is mbox. put
m ssing: set of neighboring phil osophers hol ding our forks
-}
def phil osopher(name, nbox, nmissing) =
{- deferred requests for forks -}
val deferred = Buffer()
{- forks we hold which are clean -}
val clean = Set()

def sendFork(p) =
{- remenber that we no |longer hold the fork -}
m ssi ng. add(p) >>
p(("fork", mnbox.put))

def requestFork(p) =
p(("request”, nbox.put))

{- Start a timer which will tell us when we're hungry. -}
def digesting() =
println(nane + " thinking") >>
t hi nki ng()
| Rtimer(randon(1000)) >>
nmbox. put (("runbl e", mbox.put)) >>
stop

{- wWait to become hungry -}
def thinking() =
def on(("rumble", )) =
println(nane + " hungry") >>
map(request For k, m ssing) >>
hungry()
def on(("request", p)) =
sendFor k(p) >> thinking()
on(nmbox. get ())

{- Eat once we receive all forks -}
def hungry() =
def on(("fork™, p)) =
m ssi ng. renove(p) >>
cl ean. add(p) >>
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if mssing.isEnmpty()

then println(name + " eating"”) >> eating()

el se hungry()
def on(("request", p)) =

i f clean.contains(p)

then deferred. put(p) >> hungry()

el se sendFork(p) >> request Fork(p) >> hungry()
on(nmbox. get ())

{- Dirty forks, process deferred requests, then digest -}
def eating() =

clean.clear() >>

Rti mer (random(1000)) >>

map(sendFork, deferred.getAll()) >>

di gesting()

{- Al'l philosophers start out digesting -}
di gesting()

{_

Create an NxN 4-connected grid of philosophers. Each phil osopher
holds the fork for the connections below and to the right (so the
top left phil osopher holds both its forks).

def philosophers(n) =
{- Aset with 1 item-}
def Setl(item) = Set() >s> s.add(item) >> s
{- Aset with 2 itens -}
def Set2(il, i2) = Set() >s> s.add(il) >> s.add(i2) >> s

{- create an NxN matrix of nail boxes -}
val c¢cs = uncurry(lArray(n, lanbda (_) = IArray(n, ignore(Buffer))))

{- create the first row of philosophers -}
phi | osopher ((0,0), c¢s(0,0), Set())
| for(1l, n) >>
phi | osopher ((0,j), c¢s(0,j), Setl(cs(0,j-1).put))

{- create remaining rows -}
| for(1l, n) >i> (
phi | osopher ((i,0), cs(i,0), Setl(cs(i-1,0).put))
| for(1l, n) >>
phi | osopher ((i,j), cs(i,j), Set2(cs(i-1,j).put, cs(i,j-1).put))
)

{- Simulate a 3x3 grid of philosophers for 10 seconds -}
I et (

phi | osopher s( 3)
| Rtinmer(10000)
) >> "HALTED'

Our implementation is based on the actor model [http://en.wikipedia.org/wiki/Actor_model] of
concurrency. An actor is a state machine which reacts to messages. On receiving a message, an actor can
send asynchronous messages to other actors, change its state, or create new actors. Each actor is single-
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threaded and processes messages sequentially, which makes some concurrent programs easier to reason
about and avoids explicit locking. Erlang [http://www.erlang.org/] is one popular language based on the
actor model.

Orc emulates the actor model very naturally. In Orc, an actor is an Orc thread of execution, together with
aBuf f er which serves as amailbox. To send a message to an actor, you place it in the actor's mailbox,
and to receive a message, the actor gets the next item from the mailbox. The internal states of the actor
are represented by functions: while an actor's thread of execution is evaluating afunction, it is considered
to be in the corresponding state. Because Orc implements tail-call optimization [http://en.wikipedia.org/
wiki/Tail_call], state transitions can be encoded as function calls without running out of stack space.

Inthisprogram, aphilosopher isimplemented by an actor with three primary states: eat i ng, t hi nki ng,
and hungry. An additional transient state, di gest i ng, is used to start a timer which will trigger the
statechangefromt hi nki ng tohungr y. Each stateisimplemented by afunction which reads a message
from the mailbox, selects the appropriate action using pattern matching, performs the action, and finally
transitions to the next state (possibly the same as the current state) by calling the corresponding function.

Forks are never represented explicitly. Instead each philosopher identifies a fork with the
"address' (sending end of a mailbox) of the neighbor who shares the fork. Every message sent includes
the sender's address. Therefore when a philosopher receives arequest for afork, it knows who requested
it and therefore which fork to relinquish. Likewise when a philosopher receives afork, it knowswho sent
it and therefore which fork was received.

Readers-Writers

Here we present an Orc solution to the readers-writers problem [http://en.wikipedia.org/wiki/Readers-
writers_problem]. Briefly, the readers-writers problem involves concurrent access to a mutable resource.
Multiple readers can access the resource concurrently, but writers must have exclusive access. When
readers and writers conflict, different solutions may resolve the conflict in favor of one or the other, or
fairly. In the following solution, when a writer tries to acquire the lock, current readers are allowed to
finish but new readers are postponed until after the writer finishes. Lock requests are granted in the order
received, guaranteeing fairness. Normally, such a service would be provided to Orc programs by a site,
but it is educational to see how it can be implemented directly in Orc.

-- Queue of lock requests

val m = Buffer()

-- Count of active readers/witers
val ¢ = Counter()

{-- Process requests in sequence --}
def process() =
-- Grant read request
def grant((false,s)) = c.inc() >> s.rel ease()
-- Gant wite request
def grant((true,s)) =
c.onZero() >> c.inc() >> s.release() >> c.onZero()
-- Coal expression of process()
mget () >r> grant(r) >> process()

{-- Acquire the lock: argunment is "true" if witing --}
def acquire(wite) =

val s = Semaphore(0)

mput ((wite, s)) >> s.acquire()
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{-- Release the lock --}
def release() = c.dec()

{-- These definitions are for testing only --}

def reader(start) = Rtimer(start) >>
acquire(false) >> println("START READ") >>
Rtimer(1000) >> println("END READ') >>
rel ease() >> stop

def witer(start) = Riimer(start) >>
acquire(true) >> println("START WRI TE") >>
Rtimer(1000) >> println("END WRI TE") >>
rel ease() >> stop

I et (
process() {- CQutput: -}
| reader(10) {- START READ -}
| reader(20) {- START READ -}
{- END READ -}
{- END READ -}
| witer(30) {- START WRITE -}
{- ENDWRITE -}
| reader(40) {- START READ -}
| reader(50) {- START READ -}
{- END READ -}
{- END READ -}
-- halt after the last reader finishes
| Rtimer(60) >> acquire(true)

)

The lock receives requests over the channel mand processes them sequentially with the function gr ant .
Each request includes a boolean flag which is true for write requests and false for read requests, and
a Semaphor e which the requester blocks on. The lock grants access by releasing the semaphore,
unblocking the requester.

The counter ¢ tracks the number of readers or writers currently holding the lock. Whenever the lock is
granted, gr ant increments ¢, and when the lock is released, ¢ is decremented. To ensure that a writer
has exclusive access, gr ant waits for the ¢ to become zero before granting the lock to the writer, and
then waits for ¢ to become zero again before granting any more requests.

2.3.4. Quicksort

The original quicksort algorithm 4 was designed for efficient execution on a uniprocessor. Encoding
it as a functional program typically ignores its efficient rearrangement of the elements of an array.
Further, no known implementation highlights its concurrent aspects. The following program attempts to
overcome these two limitations. The program is mostly functional in its structure, though it manipulates
the array elementsin place. We encode parts of the algorithm as concurrent activities where sequentiality
is unneeded.

The following listing gives the implementation of the qui cksort function which sorts the array a in
place. The auxiliary function sor t sorts the subarray given by indices s through t by calling part to
partition the subarray and then recursively sorting the partitions.

4C. A. R. Hoare. Partition: Algorithm 63, Quicksort: Algorithm 64, and Find: Algorithm 65. Communications of the ACM, 4(7):321-322, 1961.
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def quicksort(a)

def swap(x, y) = a(x)? >z> a(x) := a(y)? >> a(y) :=z
def part(p, s, t) =
def Ir(i) =if i <t & a(i)? <= p then Ir(i+1) else
def rl(i) =if a(i)? >p thenrl(i-1) else
(Ir(s), rl(t)) >(s', t')>
(if (s" +1<t") > swap(s', t') >> part(p, s'+1, t'-1)
| if (s* +1 =1t") > swap(s', t') >> s’
| if (s +1>t") > t'
)

def sort(s, t) =
if s >=1 then signal
el se part(a(s)?, s+1, t) >np
swap(m s) >>
(sort(s, m1l), sort(mtl, t)) >>
si gnal

sort (0, a.length()-1)

Thefunction par t partitionsthe subarray given by indicess throught intotwo partitions, one containing
values less than or equal to p and the other containing values > p. The last index of the lower partition is
returned. Thevalueat a( s- 1) isassumed to belessthan or equal top --- thisis satisfied by choosingp =
a(s-1) ?initialy. To create the partitions, par t calstwo auxiliary functions| r and r | concurrently.
These functions scan from the left and right of the subarray respectively, looking for out-of-place elements.
Oncetwo such elements have been found, they are swapped using theauxiliary function swap, andthenthe
unscanned portion of the subarray is partitioned further. Partitioning is complete when the entire subarray
has been scanned.

This program uses the syntactic sugar x? for x. read() andx : = y forx. wite(y).Alsonotethat
theexpressiona(i ) returnsareference to the element of array a at index i , counting from 0.

Meeting Scheduler

Orc makes very few assumptions about the behaviors of servicesit uses. Therefore it is straightforward
to write programs which interact with human agents and network services. This makes Orc especially
suitable for encoding workflows, the coordination of multiple activities involving multiple participants.
The following program illustrates a simple workflow for scheduling a business meeting. Given alist of
people and a date range, the program asks each person when they are available for a meeting. It then
combines all the responses, sel ects a meeting time which is acceptable to everyone, and notifies everyone
of the selected time.

i nclude "net.inc"
val during = Interval (Local Dat e(2009, 9, 10),
Local Dat e( 2009, 10, 17))
val invitees = ["]john@xanpl e.cont, "jane@xanple.con]

def invite(invitee) =
Form() >f>




Programming M ethodol ogy

f.addPart (Dat eTi neRangesFi el d("ti mes",

"When are you avail able for a neeting?", during, 9, 17)) >>
f.addPart (Button("submt", "Submt")) >>
SendFor n{f) >receiver>
SendMai | (invitee, "Meeting Request”, receiver.getURL()) >>
recei ver.get() >response>
response. get ("ti mes")

def notify([]) =
each(invitees) >invitee>
SendMai | (invitee, "Meeting Request Fail ed",
"No neeting tine found.")
def notify(first:_) =
each(invitees) >invitee>
SendMai | (i nvitee, "Meeting Request Succeeded",
first.getStart())

map(invite, invitees) >responses>
afol d(l anbda (a,b) = a.intersect(b), responses) >tines>
notify(times)

This program begins with declarations of duri ng (the date range for the proposed meeting) and
i nvit ees (thelist of people to invite represented by email addresses).

Thei nvi t e function obtains possible meeting times from a given invitee, asfollows. First it useslibrary
sites(For m Dat eTi neRangesFi el d, But t on, and SendFor j to construct aweb form which may
be used to submit possible meeting times. Then it emails the URL of this form to the invitee and blocks
waiting for a response. When the invitee receives the email, he or she will use aweb browser to visit the
URL, complete the form, and submit it. The corresponding execution of i nvi t e receives the response
inthevariabler esponse and extracts the chosen meeting times.

Thenot i fy function takes alist of possible meeting times, selects the first meeting time in the list, and
emails everyonewith thistime. If the list of possible meeting timesis empty, it emails everyoneindicating
that no meeting time was found.

The goal expression of the program uses the library function map to apply not i f y to each invitee and
collect the responsesin alist. It then usesthelibrary function af ol d to intersect all of the responses. The
result is a set of meeting times which are acceptable to everyone. Finaly, not i f y iscalled to select one
of these times and notify everyone of the result.

This program may be extended to add more sophisticated features, such as a quorum (to select a meeting
as soon as some subset of invitees responds) or timeouts (to remind invitees if they don't respond in a
timely manner). These modifications are local and do not affect the overall structure of the program. For
complete details, see examples on our website [http://orc.csres.utexas.edu/tryorc.shtml].
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Chapter 3. Accessing and Creating
External Services

3.1. Introduction

3.2.

3.2.1.

There are two primary ways to create sites which can be used in Orc:

1. Implement sites as regular Java classes. Orc programs can import and use these classes directly with
thecl ass declaration. This approach is easy for anyone aready familiar with Java, and such sites are
straightforward to share between Orc and Java code. However such sites are limited in how they can
interact with the Orc engine.

2. Implement sites using Orc's low-level site API. Orc programs can import and use these sites with the
si t e declaration. This approach provides full accessto the features of the Orc engine. However such
sites are difficult to use from Java code.

External services (including web services) are handled using the Proxy pattern [http://en.wikipedia.org/
wiki/Proxy_pattern]. A site implemented in Java (using one of the two techniques above) must act as the
local proxy for the service, tranglating Orc site call sinto the appropriate requests and trand ating responses
into site return values, halts, or errors.

cl ass Sites

Java classes can be imported into Orc as sitesusing the ¢l ass declaration. Imported classes must bein
the classpath of the JVM running the Orc interpreter. The following sections describe in detail how such
imported classes behave in Orc programs.

Dot Operator

X. menber , where x evaluatesto a Java class or object, is evaluated as follows:

« If x has one or more methods named nenber , a"method handle" siteis returned which may be called
like any other Orc site. When a method handle is actually called with arguments, the appropriate Java
method is selected and called depending on the number and type of arguments, as described in Method
Resolution below.

» Otherwise, if x has a field named nenber , the object's field is returned, encapsulated in a Ref
object [76]. The Ref object hasr ead and wr i t e methods which are used to get and set the value
of thefield.

Note that no distinction is made between static and non-static members; it is an error to reference a non-
static member through aclass, but this does not change how members are resolved. Note also that if afield
shares a name with one or more methods, there is no way to access the field directly.

The following (rather useless) example illustrates how the dot operator can be used to access both static
and non-static methods and fields:

{- bind Integer to a Java class -}
class Integer = java.lang.|nteger
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{- call a static nethod -}

val i = Integer.decode("5")

{- read a field -}

val m = Integer. M N _VALUE. read()
{- wite a field -}

Integer. M N_VALUE. wite(5) >>

{- call a non-static nethod -}
i.toString()

Direct Calls

When x evaluates to a Java object (but not a Java class), the syntax x(...) is equivaent to
x.apply(...).

When x evaluates to a Java class, the syntax x (. . . ) callsthe class's constructor. In case of overloaded
constructors, the appropriate constructor is chosen based on the number and types of arguments as
described in Method Resolution.

Pattern Matching

If Cisbound to a Java class, it can be used as a pattern. A pattern C( x) matches any Java object of that
class or any of its subclasses. The variable x is simply bound to the object again; thus the matcher is just
apartial identity function.

Method Resolution

When a method handle is called, the actual Java method called is chosen based on the runtime types of
the arguments, as follows:

1. If only one method has the appropriate number of arguments, that method is called.

2. Otherwise, each method taking the appropriate number of argumentsistested for type compatibility as
follows, and the first matching method is called.

a. Every argument is compared to the corresponding formal parameter type as follows. All arguments
must match for the method to match.

i. If theargument is null, then the argument matches

ii. If theformal parameter typeis primitive (int, char, float, ...) and the argument is an instance of a
wrapper class, then the argument is unboxed (unwrapped) and coerced to the type of the formal
parameter according to Java's standard rules for implicit widening coercions.

iii.If the formal parameter type is a primitive numeric type and the argument is an instance of
Bi gDeci mal , the argument isimplicitly narrowed to the formal parameter type.

iv.If the formal parameter type is a primitive integral type and the argument is an instance of
Bi gl nt eger , the argument isimplicitly narrowed to the formal parameter type.

v. Otherwise, the argument must be a subtype of the formal parameter type.
The reason for the unusual implicit narrowing of Bi gDeci mal and Bi gl nt eger isthat Orc numeric

literals have these types, and it would be awkward to have to perform an explicit conversion every time
such avalueis passed to a Java method expecting a primitive.
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3.2.5.

3.2.6.

3.2.7.

Currently we do not implement specificity rulesfor choosing the best matching method; the first matching
method (according to some unspecified order) is chosen. Note al so that we do not support varargs methods
explicitly, but instead varargs may be passed as an array of the appropriate type.

Orc values in Java

Orc values are implemented by Java objects, so in general any Orc value may be passed to a site
implemented in Java. Standard Orc values have the following Java types:

string java.l ang. String

boolean j ava. |l ang. Bool ean

number j ava. | ang. Nurrber

tuple orc. runtine.val ues. Tupl eVal ue
list orc.runtime. val ues. Li st Val ue
function orc.runtine.val ues. C osure

Currently it is not possible to call Orc functions from Java code.
site orc.runtine.values.Site

Currently it is not possible to directly call Orc sites from Java code. However if you are
implementing a site yourself, you may provide methods which can be called from Java
code to invoke the behavior of the site.

Java Values in Orc

Java objects may be used directly as values anywhere in an Orc program. Primitive Java values cannot be
used directly in an Orc program, but are automatically boxed (and unboxed) as necessary.

When both arguments of an arithmetic or comparison operator are Java numeric types, the arguments are
implicitly coerced to the widest of the two argument types. "Widest" is defined by the following relation,
where ">" means "is wider than": BigDecimal > Double > Float > Biglnteger > Long > Integer > Short
> Byte

Cooperative Scheduling and Concurrency

3.2.7.1. Overview

In order to support massive concurrency efficiently in Java, Orc uses cooperative threading. Orc programs
are broken into discrete stepswhich are executed by afixed-size thread pool. This approach worksfor Orc
expressions, but the internals of an Orc site written in Java cannot be easily broken down. So Orc has two
choices when it needsto call alocal Javasite:

* Runthesite call in anew thread. This means site calls never unnecessarily block the Orc engine, but it
introduces the potentially-unnecessary overhead of creating and context-switching threads.

* Runthesitecal inthe samethread as the Orc engine, which is efficient and conserves thread resources
but may block the engine from making further progress until the site call finishes.

Fortunately, in practice most Orc site call stake a short, deterministic amount of time to complete. Of those
that don't, it's usually only because they are blocked waiting for some external event, like another site call.
In this case, instead of blocking the site can return control to the Orc engine, asking to be run again when
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the external event occurs. In typical Java applications this kind of non-blocking behavior isimplemented
using callbacks (or in its most general form, continuation passing). Unfortunately this creates convoluted
and verbose code: what if you need to block in the middle of af or loop, for example?

Kilim [http://kilim.malhar.net/] resolves this issue by allowing programmers to write code in a natura
blocking style and then rewriting the bytecode to perform a form of CPS conversion, so that instead of
blocking the code actually returns control to ascheduler. Orc supportsKilim, allowing site authorsto write
sites with internal concurrency and blocking behavior which don't use Java threads and cooperate with
the Orc engine.

3.2.7.2. Kilim Fundamentals

For a full introduction to Kilim [http:/kilim.malhar.net/], see A Thread of One's Own [http:/
www.malhar.net/sriram/kilim/thread_of _ones_own.pdf], by Sriram Srinivasan. In the following, we will
cover just enough to get you started writing Orc sites using Kilim.

Kilim introduces three key primitives:

Pausabl e
This checked exception marks methods which may block. Y ou should never catch this exception, and
you should aways declare it even if you have aready declaredt hr ows Excepti on ort hr ows
Thr owabl e. In al other respects it follows the normal rules for checked exceptions: an override
can only throw it if the superclass method throws it, and you must throw it if you call any method
which throwsit.

Originally Kilim used annotationsto mark pausable methods. It turned out that j avac would sometimes
manipulate code in ways which violate the invariants regarding use of the annotation. Annotations
also have the disadvantage that the invariants on their use are not checked automatically by toolslike
Eclipse.

Mai | box
A multiple-producer, single-consumer queue used to communi cate between tasks. The most important
methods are put ( Obj ect ), which places an item in the mailbox, and get () , which blocks until
the mailbox is non-empty and then returns the first item.

Task
Kilim analogue of a Thr ead. Every Pausabl e method must be run within a task. To create and
run atask:

new Task() {
public void execute() throws Pausable {
/1 do sone stuff
}

}.start();

Together, these primitives alow you to write highly-concurrent Java programsin afamiliar threaded style.
Under the hood, Kilim can schedul e any number of concurrent tasks on afixed number of physical threads,
providing better scalability and performance than possible with Java threads.

When writing Orc sites you rarely need to use tasks explicitly because every Orc site call isimplicitly run
inside aKilim task if necessary. Therefore all you need to do is mark Pausabl e methods. Here's a short
example of abuffer site written using Kilim Mai | boxes:

public class KilinBuffer<Vv> {
private LinkedLi st<Mail box<V>> waiters =
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new Li nkedLi st <Mai | box<V>>() ;
private LinkedLi st<V> buffer = new Li nkedLi st <V>();
public synchronized void put(V o) {
Mai | box<V> waiter = waiters.poll();
if (waiter !'= null) waiter. putnb(o);
el se buffer.add(o);
}
public synchronized V get() throws Pausable {
V out = buffer.poll();
if (out '=null) return out;
el se {
Mai | box<V> waiter = new Mail box<V>();
wai ters. add(wai ter);
return waiter.get();
}
}
}

Classesusing Kilim can beimported like other Javaclassesusingthe Orccl ass declaration. For example,
we can usetheKi | i nBuf f er class defined above:

class Buffer = orc.lib.state.KilinBuffer
val b = Buffer()
Rtinmer(1000) >> b.put("1 second later") >> null

| b.get()

Warning
Theversion of Kilim bundled with Orc does not support callsto pausable methods in constructor
arguments. For example, this does not work:

new Foo( bar. pausabl e());

The workaround is to use atemporary variable:

oj ect tnp = bar. pausabl e();
new Foo(tmp);

3.2.7.3. When you must block

Sometimes blocking is unavoidable, for exampleif a site must perform blocking 1O. For such cases, Orc
provides a utility method or c. runti me. Ki | i m#r unThr eaded( Cal | abl e) which farms work
out to a thread pool. The advantage of doing this over spawning your own thread is that there is no
chance of using too many threads; if no thread is available, the method pauses until one becomes available.
The disadvantage is that if you have too many Java methods which must communicate with each other
concurrently and can't use Mailboxes, there won't be enough threads for them all and execution will
deadlock. This situation is sufficiently rarethat r unThr eaded isusually the correct approach.

3.2.7.4. Compiling Kilim Sites

Code which uses Kilim must be processed with the Kilim "weaver" after compiling and before running.
The weaver is bundled with the Orc source code, or may be downloaded separately from the Kilim project
site [http://www.malhar.net/sriram/kilim/].
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3.3.
3.3.1.

To process compiled classes, run ki | i m t ool s. Weaver . If your . cl ass filesare in the bui | d/
directory, you would run the weaver like this: java -cp kilim.jar:build/ kilim.tools.Weaver -d build/
build/

The Orc source distribution includes an ant kilim task (inbui | d. xml ) which weaves compiled classes
inthebui | d directory. If you are compiling Orc in Eclipse, an Eclipse "Builder" isincluded which does
this automatically whenever any source files change.

si t e Sites

Fundamentals

Orc sites imported with the site declaration are implemented as Java classes which extend
orc.runtine.sites. Site.Herewewill summarize the most important features of this and related
classes; for a detailed description, refer to the Javadoc [http://orc.csres.utexas.edu/javadoc/STABLE/
index.html].

Sites must implement asingle method: cal | Site( Args args, Token token). The Orcengine
callsthis method whenever the siteis called by the Orc program.

Thear gs argument (of type Ar gs) is used to get the arguments which were passed to the site call by the
Orc program. It has the following important methods:

get Arg(int n)
returns the value of the (n+1)th argument, as an Obj ect . For example, to get the value of the first
argument, call ar gs. get Arg(0) .

intArg(int n),stringArg(int n),bool Arg(int n),etc
returns the value of the (n+1)th argument cast to the appropriate type. If the argument is not the
appropriate type, throws an Ar gunent TypeM snat chExcept i on.

Thet oken argument (of type Token) isasort of callback which is used by the site to return avalue or
signal that it has halted. It has the following important methods:

resume( Obj ect val ue)
return the vaue val ue from the site call. For example, to return the number 5,
cal token.resune(5). To publish a signa without returning any specific value, call
t oken. resumne() .

error ( TokenExcepti on problem
halt without publishing a value and report an error. This method is an appropriate way to report
Java exceptions encountered during a site call. Alternatively, a site can simply throw a checked
exception from the cal | Si t e method; the engine will call t oken. error on its behaf. To
convert a Java exception to the necessary TokenExcepti on type, wrap it in an instance of
orc.error.runtine. JavaExcepti on.

di e()
halt, without publishing avalueor reporting an error. For example, thebuilt-insitei f usesthismethod
to halt when called with af al se argument.

The cal | Si t e method must return control to its caller within a short, deterministic amount of time.
To implement a site which blocks or waits for some condition, cal | Si t e must save thet oken and
return without calling any of the above methods. Then when it is time for the site call to return, call the
appropriate method on the t oken.

51


http://orc.csres.utexas.edu/javadoc/STABLE/index.html
http://orc.csres.utexas.edu/javadoc/STABLE/index.html
http://orc.csres.utexas.edu/javadoc/STABLE/index.html

Accessing and Creating
External Services

3.3.2.

More Site Classes

3.3.2.1. EvalSite

Many sites are deterministic, always returning a value immediately when called. Such sites can be
implemented easily by extending or c. runti me. si t es. Eval Si t e and implementing the method
eval uat e( Args ar gs) . Thismethod should read the argumentsfrom ar gs asusual, and then return
the value to be returned from the site call, or throw a checked exception to indicate an error.

3.3.2.2. ThreadedSite

Some sites need to perform blocking 10 or use other Java blocking methods like Cbj ect #wai t () .
This cannot be done directly inthecal | Si t e or Eval Si t e#eval uat e methods because that might
block the Orc engine. Instead, extend or c. runti ne. si t es. Thr eadedSi t e and implement the
method eval uat e( Args ar gs) . This method should read the arguments from ar gs as usual, and
then return the value to be returned from the site call, or throw a checked exception to indicate an error.
Your eval uat e method will be automatically run asynchronously in a new thread so that it does not
interfere with the Orc engine.

Beware that the Orc engine may be configured to only allow a fixed number of site threads. If too many
sites need to use threads simultaneously, some will block until threads become available.

3.3.2.3. DotSite

3.3.3.

Recall that the notation X. nsg corresponds to calling the site x with the special message value nsg. To
implement a site which responds to such messages, extendor c. runti ne. sites. Dot Si t e.

In your site's constructor, call the method addMenber (Stri ng nessage, bj ect val ue) once
for each message you wish the siteto respond to. Thecall addMenber (m v) instructsthe siteto return
thevalue v when it is called with the message m

Any object can be used as a member value, even another site. Anonymous inner classes extending Si t e
are often used as member values which behave like methods of the enclosing Dot Si t e.

Tutorial Example

We will implement asimplified version of Orc's Buf f er site, called Exanpl eBuf f er . The goa will
be to be able to run this Orc program:

-- Inport the site definition
site Exanpl eBuf fer = Exanpl eBuffer
-- Create a new buffer site

val b = Exanpl eBuffer()

-- wait for a value in the buffer
b. get ()

-- put a value in the buffer

| b.put(3) >> stop

-- Publishes: 3

Thefirst step isto create Exanpl eBuf f er. j ava. The Exanpl eBuf f er siteisactually adiscovery
site: al it does when called is create and return areference to a new site (the buffer instance).

52



Accessing and Creating
External Services

public class Exanpl eBuffer extends Eval Site {
public Object evaluate(Args args) {
return new Exanpl eBuf ferlnstance();
}
}

Next we must implement Exanpl eBuf f er | nst ance, which defines the behavior of an individual
buffer. We can put this class either in its own file or in Exanpl eBuf f er . j ava, sincethat is the only
class which refers to it directly. How does an instance behave? If we write b. get () , that means that
b responds to the message get with a site which we call to get a value from the buffer. So we'll extend
Dot Si t e, telling it to respond to the message "get" with aGet Met hod site, and likewisefor "put". Welll
use alinked list to store the actual contents of the buffer.

cl ass Exanpl eBufferlnstance extends DotSite {
private LinkedLi st<(hject> contents = new Li nkedLi st <(hj ect >();
publ i c Exanpl eBufferlnstance() {
addMenber ("get", new CGet Met hod());
addMenber ("put”, new Put Met hod());
}
}

The Get Met hod site isimplemented as an inner class so it has easy access to the contents of the buffer.
In the implementation we first check if there is an item in the buffer. If so, we return it. Otherwise, we
must store the token in a queue to be notified when the next item is put in the buffer. We synchronize on
the outer object to protect against concurrent modification.

private LinkedLi st<Token> waiters = new LinkedLi st <Token>();
private class GetMethod extends Site {
public void call Site(Args args, Token token) {
synchroni zed (Exanpl eBufferlnstance.this) {
if (!contents.isEmpty()) {
t oken. resune(contents.renoveFirst());
} else {
wai t er s. add(t oken);
}

}
}
}

Put Met hod iseven simpler since it doesn't need to block. If thereis atoken waiting for an item, we give
it the item. Otherwise we put the item in the buffer. We synchronize on the outer object to protect against
concurrent modification. When done we return adummy "signal" value.

private class Put Met hod extends Eval Site {
public Object evaluate(Args args) {
hject item= args.get Arg(0);
synchroni zed (Exanpl eBufferlnstance.this) {
if ('waiters.isEmpty()) {
waiters.removeFirst().resune(iteny;
} else {
contents. add(item;

}
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}

}

return signal ();

}

Putting it all together, here is the entire implementation:

i mport java.util.LinkedList;

i mport orc.runtime.sites. Eval Site;
import orc.runtimne.sites.DotSite;
import orc.runtinme.sites.Site;

i mport orc.runtime. Token;

public class Exanpl eBuffer extends Eval Site {

}

public Object evaluate(Args args) {
return new Exanpl eBuf ferl nstance();

}

cl ass Exanpl eBufferlnstance extends DotSite {

private LinkedLi st<(hject> contents = new Li nkedLi st <Qbj ect >();
private LinkedLi st<Token> waiters = new Li nkedLi st <Token>();

private class Get Method extends Site {
public void call Site(Args args, Token token) {
synchroni zed (Exanpl eBufferlnstance.this) {
if (!contents.isEmpty()) {
t oken. resunme(contents.renoveFirst());
} else {
wai t er s. add(t oken);

}
}
}
}

private class Put Met hod extends Eval Site {
public Object evaluate(Args args) {
hject item= args.get Arg(0);
synchroni zed (Exanpl eBufferlnstance.this) {
if ('waiters.isEmpty()) {
waiters.removeFirst().resune(iteny;
} else {
contents. add(item;

}
}
return signal ();
}
}

publ i c Exanpl eBufferlnstance() {
addMenber ("get”, new CGet Met hod());
addMenber (" put”, new Put Met hod());
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}
}

3.4. Web Services

3.4.1.

3.4.2.

3.4.3.

Introduction

While we believe Orc is an excellent language for web service scripting, currently the library support
for such tasks is at a proof-of-concept level. The web service libraries are not bundled with the core Orc
distribution, do not have stable APIs, and are not officially documented. However this section should
provide you with enough information to get started.

Downloading and Running Examples

All Orc sites related to web services are bundled in a separate "OrcSites' library. As with the core Orc
distribution, you can either download thislibrary as a prepackaged JAR or check out the source code from
the "OrcSites' module in version control. We generally recommend the latter approach, since the source
code provides severa examples which can be used as a basis for creating your own web service sites.

Within the OrcSites source code you will find:
* Javasource code for web servicesites: src/ orc/ | i b/ net/
* Orc source code for programs using web services. exanpl es/

Severa of the examplesrequireyou to create. pr operti es filesand place themin your classpath. The
simplest way to do this is to make sure the exanpl es/ directory is in your classpath, and place the
necessary . properti es filesthere.

Protocols Supported

Web servicesuseavariety of protocols, sothereareavariety of waysto contact them. All of them boil down
to creating a Java proxy site for the service and calling that. Previous sections explain how to implement
such Java sites which can be called in Orc. Because web services tend to use blocking 1/0, Java wrappers
make frequent use of ThreadedSite and Kilim to ensure that web service calls don't block the Orc engine.

3.4.3.1. Java APlIs

Some web services provide Java APIs specifically for the service. For example, Google Calendar. In these
cases we just use the Java API from Orc, either directly or via a small Java wrapper which simplifies the
interface.

OrcSites includes cl ass orc.lib. net. Googl eCal endar as an example of this type of web
service.

3.4.3.2. SOAP RPC

OrcSitesincludesagenericsite orc. i b. net. Wbser vi ce which allows you to connect to any
SOAP RPC (specifically rpc/encoded) service, without writing Javawrappers. Instead Apache Axis[http://
ws.apache.org/axis/] is used to generate Java wrappers on-demand.

http://www.xmethods.net is a good place to find examples of SOAP RPC services:
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3.4.4.

1. Find the RPC "Style" service which does what you want.
2. Click on the name of the service.
3. Click on "View RPC Profile" for asummary of the methods available.

4. Construct instances of the service by passing the WSDL URL to the Webser vi ce site. E.g.
Webservice("http://site.comwsdl").

5. Cdl methods on the service as you would with any Java object. The JAX-RPC specification
[http://jcp.orglen/jsr/detail 2id=101] has complete details on how SOAP operations and data types
are represented in Java. Beware: method names always begin with a lower-case letter, even if the
corresponding operation does not.

Example:

site orc.lib.net.Wbservice
{_
Fi nd docunentation of this service at:
htt p: // ww. xmet hods. net / ve2/ WSDLRPCVi ew. po?
key=uui d: BF3EFCDD- FCD4- 8867- 3AAC- 068985E7CB89
-}
val service = Webservice(
"http://ww. ebob42. conf cgi-bin/"
+ "Romul an. exe/ wsdl /| Roman")
service. i nt ToRoman(451)

REST

Many servicesuse ad-hoc REST/XML protocols. Unfortunately, thereisno REST equivalentto WSDL, so
there's no way to automatically generate an API for REST services. We're not trying to solve this problem
with Orc, but when the web services community reaches some kind of consensus, Orc will support it.

For now you must write a Java wrapper for each service which handles marshalling and unmarshalling
the data. There's no reason such marshalling code couldn't be written in Orc, calling low-level HTTP and
XML libraries directly, but there would be no advantage to doing so, so we let each language play to its
strengths. OrcSitesincludes utility classes to assist with submitting requests and parsing responses.

OrcSites includes the following examples of this type of service:
e class orc.lib.net. Upconi ng
* site orc.lib.net. TrueRandom

e site orc.lib.net.YahooSpell Factory
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Chapter 4. Type Checking

The Orc language, asit is described in Chapter 1, is dynamically typed. If an operation occurs at runtime
which is not type-correct, the call which attempted that operation becomes silent, and produces a type
error that is reported on the console.

Orc aso has an optional static typechecker, which will guarantee that a program is free of type errors
before the program is run. For every expression in the program, the typechecker triesto find the types of
valuesthat it could publish, and checksthat all such types are consistent. It performsalimited form of type
inference, so it can discover many types automatically; however, the programmer must provide additional
type information for defined functions, and in afew other specific cases.

The typechecker uses the loca type inference algorithm described by Pierce and Turner in their
paper, Local Type Inference [http://www.cis.upenn.edu/~bcpi erce/paperd/Iti-toplas.pdf]. It extends this
algorithm with polymorphic type constructors (e.g. Li st and Buf f er ), user-defined datatypes (which
may also be polymorphic), and a typing strategy for external services. The typechecker supports both
parametric polymor phism (generics) and inclusion polymor phism (subtyping), though it does not currently
implement the extended version of the algorithm which alows both of them simultaneously (bounded
polymorphism).

The typechecker is disabled by default, though typed syntax is still permitted (and types are still checked
for syntax errors) even when the typechecker is not used. It may be enabled as a project property in the
Eclipse plugin, or by using the - t ypecheck switch on the command line.

If the typechecker can verify that a program is correctly typed, it will display the message
T

on the console. The symbol : : means "hastype”, and T is the type of any value that the program might
publish.

4.1. Simple Typing

4.1.1.

In this section we will see how Orc programs are typechecked, starting with simple expressions like
constants and arithmetic operations, and working up to more interesting cases such as defined functions,
the concurrency combinators, and calls to external services.

Values and Operators

Each of the Orc constants has the expected type:

e true , false :: Bool ean

e .. -1, 0, 1 .. :: Integer

e .. "orc" , "ceci n'est pas une |" .. :: String
« ... 0.001, -1.5, 2.71828 .. :: Nunber

The expression si gnal hasitsown uniquetype, Si gnhal .

Orc allows subtyping: sometypesareincluded in other types. For example, Integer isasubtype of Number,
because all Integers are also Numbers.

Each of the primitive operators typechecks in the obvious way; for example && requires two Boolean
operands and returns aBool ean result. Some of the arithmetic operators al so support ad-hoc polymor phism;
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for example, a + expression with two Integer operands has type Integer, but with one or more Number
operands it instead has type Number.

4.1.2. Top and Bot

There are two other important types: Top and Bot .
Top isthe universal type; it isthe type of any value, and all other types are subtypes of it.

Bot isthe empty type; no value has type Bot . It is a subtype of all other types. Expressions with type
Bot are expressions that the typechecker can verify will never publish any values. In particular, st op
will never publish, so it has type Bot .

Bot hasan interesting statusin Orc. In other typed languages, if an expression hastype Bot , thisusually
indicates a guaranteed error, infinite loop, or other failure to return avalue. Since sequential programming
rarely involves subexpressions that are guaranteed never to return, Bot is usualy just a curiosity or a
formal artifact of the type system, and indeed many static type systems do not have aBot typeat all. In
Orc, however, Bot isvery useful, sinceit is frequently the case that Orc expressions are written to carry
out ongoing concurrent activities but never publish any values, and the type system can use the type Bot
to indicate that no publications will ever be seen from such expressions.

4.1.3. Tuples

The type of atupleisatuple of the types of each of its elements.
e (3+3, true) :: (Integer, Bool ean)

e ("orc", (2, "orc")) :: (String, (Integer, String))

4.1.4. Combinators
4.1.4.1. Parallel

Thetypeof F| Gisthejoin of thetypesof F and G.

A common supertype of two types Sand T is any type U such that Sand T are both subtypes of U. The
join Jisthe least common supertype of Sand T, that is, Jis a common supertype, and Jis also a subtype
of every other common supertype.

The most common caseisthe join of atype T with itself. Then thejoinisjust T. This happens when both
parallel branches publish the same type of values.

e 3+4 | 5 :: Integer

If Sisasubtype of T, thejoin of Sand T is T. This happens when one branch is publishing aless specific
type of value. To be safe, the whole expression then has that 1ess specific type.

« 3| 3.1 :: Nunber
As a special case, the join of any type T with Bot is T. This occurs when one branch publishes values
and the other one never publishes. Thus, it is safe to use the type of values from the first branch, since the

second branch contributes no values at all.

« "all quiet on the western front" | EasternFront() >> stop :: String
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In any other case, the typechecker will try to infer the join. However, it may not always find the least
supertype, and in some cases there may not even be a useful common supertype. In these cases it will
default to the Top type, which is a supertype of all other types, and is therefore always a safe join, if not
avery useful one.

e 3| "three" :: Top

4.1.4.2. Sequential

Thetype of F>x> G isthetype of G using the assumption x :: T, where T isthe type of F.

If apattern is used instead of a variable, the structure of the pattern must match the structure of the type
of F, and the types for each variable bound in G are taken from the corresponding pieces of the type of F.
For example, inthe expression F>( x, b) > G, whereF: : (I nt eger, Bool ean), Gistypechecked
with theassumptionsx :: Integer andb :: Bool ean.

4.1.4.3. Pruning

Thetype of F <x< Gisthetype of F using the assumption x :: T, where T isthe type of G.

When adeclarationval x = F occurs, the expression in scope for the declaration is typechecked using
the assumption x :: T, where T isthe type of F.

Patterns in the pruning combinator and in val declarations are typechecked in the same way as in the
seguential combinator.

4.1.4.4. Otherwise

4.1.5.

4.1.6.

Thetypeof F; Gisthejoin of thetypes of F and G, as described for the parallel combinator.

Conditionals

In the conditional expressioni f Et hen Fel se G, the expression E must have type Bool ean, and the
type of the whole expression is the join of the types of F and G, as described for the parallel combinator.

Defined Functions

Though the typechecker can infer the types of many expressions without additional information from
the programmer, there are some cases where the algorithm does need assistance. In particular, whenever
a function is defined (using the def keyword), the programmer must also include a signature for that
function, supplying its argument types and return type.

A signature immediately precedes a function definition, and is written as follows:

def nmagsq(Nunber, Nunber) :: Number
def magsq(x,y) = X*x + y*y

Argument typesreplacethearguments, : : replaces=, and thereturn type (the type of the body expression)
replaces the body expression. If the function is not recursive, then the return type is optional, because
the typechecker can infer it from the body expression without additional information. So, in this case, we
could have just written:
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4.1.7.

4.1.8.

def magsq(Nunber, Nunber)
def magsq(x,y) = x*x + y*y

It is also possible to include the argument types and return type directly in a definition, rather than as a
separate signature. The signature and definition above could be written together as:

def magsq(x :: Nunber, y :: Nunber) :: Nunber = x*x + y*y

Anargument x withtypeTisreplacedby x : : Tintheargument list. Thereturn typeisinserted between
the argument list and the = sign. This form is not typically used for functions with multiple clauses or
pattern matches, though it is allowed in those cases so long as only one clause has the type information.

| anbda expressions are a special case: the type information must be included directly in thisway, since
there is no way to declare the signature separately. Specifying the return type of a lambda is always
optional, since it is not possible for an anonymous function to make a recursive call. Written as a typed
lambda function, the magsq definition looks like:

lanbda (x :: Nunber, y :: Nunber) = x*x + y*y

When the typechecker has enough information to check the type of a lambda against a given function
type, rather than needing to infer it, the argument types of the lambda are also optional. This occurs, for
example, when alambdais given as an argument to a defined higher-order function.

Once defined, functions are values, and thus have a special type of their own. The type of a function is
written very much like asignature, but using thel anbda keyword instead of def and the function name.

* nmagsq, defined earlier, hastypel anbda ( Nunber, Nunber) :: Nunber
e lanbda (x :: Integer) = x+1 hastypel anbda (I nteger) :: I|nteger

 lanbda () = signal hastypel anbda () :: Top

e lanbda (a :: Bool ean, b :: Boolean) = (b,a) has type | anbda
(Bool ean, Bool ean) :: (Bool ean, Bool ean)
Ascriptions

In addition to annotation defined functions with asignature, the typechecker can also accept programmer-
supplied typeinformation for any expression. Anascription, writtenE : : T, asksthetypechecker to verify
that expression E hastype T.

Normally, the typechecker would simply find thetype of E by inference, but in certain situationsitiseasier
to check a given type. For example, the typechecker may not be able to infer the correct join type for a
parallel combinator, but it is always able to check that both branches are subtypes of an aready provided
type. Furthermore, adding extratype information makesit easier to pinpoint the source of atypechecking
failure.

Ascriptions are also allowed in patterns; P: : T isavalid pattern, instructing the typechecker to verify
that the value fragment bound by the pattern P will always be of type T.

Aliasing
When adding function signatures and ascriptions, it is often helpful to have ssmpler names for complex
typesthat frequently occur. In the same way that variable binding can be used to give aname to a complex
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value, there is atype declaration that binds a complex type to atype variable. Thisis called aliasing, and
it is accomplished using the t ype definition.

-- Arectangle is defined by its lower |eft and upper right coordinates.
type Rect = ((Nunber, Nunber), (Nunmber, Nunber))

-- Transpose such a rectangle, rotating it around an x=y axis
def flip(Rect) :: Rect
def flip( ((a, b), (c, d)) ) = ((a b), (d c))

While it does not change the behavior of the typing algorithm, aliasing can substantially improve
readability and make the intention of one's code much clearer.

4.1.9. Datatypes

We have aready seen user-defined datatypes in the untyped Orc language. In the typed language, they
are declared in the same way, except that the slots in the datatype, which previously were always _, now
contain the actual types that go in those slots. As an example, here is a datatype for geometric shapes.

{-
Rect(w, h): A rectangle with width w and hei ght h.
Crcle(r): Acircle with radius r.
Regul ar Pol ygon(n,1): A regular polygon with n sides, each of length I.

-}
type Shape = Rect(Nunber, Nunber) | GCircle(Nunber) | Regul arPol ygon(Ilnteger, Numbe

We will see how to declare generic datatypes, like Tr ee or Opt i on, in the next section.

4.1.10. Interacting with External Services

In addition to verifying the correctness of code written within Orc itself, the typechecker must also ensure
that external services are used correctly in the context of the Orc program.

When an external siteismade availableto Orc withthesi t e declaration, itstypeisalso made availableto
the Orc typechecker. Thetype of asiteisitself treated like aservice; it is passed the types of its arguments,
and responds with areturn type for those arguments. Thus, a site call can typecheck in ways not possible
for function calls or other expressions. For example, sites can support ad-hoc polymorphism. Also, sites
can respond to messages sent using the dot operator. In fact, Orc has no native record type, because the
dot operator only appliesto sites, so the type of the site can interpret the message internally and determine
the correct type to return, if any.

Additionally, a site can introduce new types into Orc. For example, the Sermraphor e site responds with
new instances of semaphores. And just as sites can be declared using si t e, these types can be declared
using t ype. Typically they are represented as Java classes, just as sites are. As an example, here isa
program which declares the Sermaphor e type, and then defines a function which "toggles' a pair of
semaphores by acquiring the first and releasing the second.

type Semaphore = orc.lib.state.types. SemaphoreType

def toggl e(Semaphore, Semaphore) :: Top
def toggle(s, t) = s.acquire() >> t.release()

Notice that it is not possible to typecheck t oggl e without first giving a name to the Semaphore type,
because it isused in the signature of t oggl e.
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t ype definitions occur alongside si t e definitions in the standard library, so the types returned by many
of the library functions are already available.

4.1.11. Assertions

While the typechecker can be helpful, it will not accept programs that are not safe according to its
algorithm, which can be burdensome when the programmer knows that an expression will have a certain
type but the typechecker cannot verify it.

Since the typechecker is optional, it can always be turned off in these cases. But this is often too drastic
a solution: typechecking difficulties often arise from small segments of a much larger program, and the
rest of the program still benefits from typechecking.

Fortunately, the typechecker can be selectively disabled for parts of a program. For this purpose, the
typechecker supports a special operation called an assertion, writtenE :!: T, whereEisanexpression
and T isits asserted type. An assertion is used like an ascription, but rather than verifying that E has type
T, the typechecker instead assumes that E has type T, without inspecting E at all. Thus, the programmer
can supply the correct type T without being restricted by the typechecking algorithm.

This feature should be used sparingly, with the knowledge that it does compromise the integrity of the
typechecking algorithm. If the supplied type is wrong, runtime type errors could propagate to any part
of the program that depends on that type. Assertions are useful for rapid prototyping, but they are not
recommended for production code.

4.2. Polymorphism

4.2.1.

4.2.2.

In this section we examine apowerful feature of Orc'stypechecker: parametric polymorphism. Thisalows
us to define types that take other types as parameters; the same theory underlies Java's generics.

Parametric types

What isthetype of [ 1, 2, 3] ? It is aligt, containing Integers. What about [t rue, true] ? Agan
a list, but it contains Booleans instead. It would be very cumbersome to have separate types such as
I nt eger Li st and Bool eanLi st for each of these possihilities, and in fact infinitely many such types
are possible. What we would like instead is one Li st type, with a parameter which gives us the types
contained in the list.

Such atypeis caled a parametric, or generic, type. It contains two parts: a type operator, such asLi st
followed by a sequence of paramemters enclosed in brackets [ .. .]. For example, [ 1, 2, 3]
List[Integer],and[true,true] :: List[Boolean].

Lists are not the only parametric type. The standard library includes other parametric types, such as
Option, Buffer, and Cel | . Type operators, such as Li st, are declared using the same t ype
declarations as any other type. For example, the declaration

type Buffer = orc.lib.state.types. BufferType
is part of the standard library; it declares the Buf f er type operator.
Parametric functions

How do we write functions that use parametric types? Consider the following definition of the append
function, which appends two lists:
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4.2.3.

4.2.4.

def append[T](List[T], List[T]) :: List[T]
def append([], I) =1
def append(h::t, |) = h::append(t,!)

The function append has atype argument, T, in its signature. The type T is the type of elementsin the
lists that we are appending. Notice that both argument lists must contain the same type of elements. The
resulting list contains elements of that same type.

Generic calls

When calling the append function, in addition to providing its normal arguments, we must also provide
its type argument;

append[Integer]([1,2,3], [4,5])

However, it would be very burdensome and verbose to provide type arguments to al such calls.
Fortunately, in most cases, the type checker can infer the correct type arguments, in the same way that it
infers the correct type for many expressions without any additional information. So in this case, we can
simply write:

append([1,2,3], [4,5])
and the typechecker infers that the parameter T is | nt eger, since both argument lists are of type
Li st[ I nt eger] . For amore thorough explanation of how this inference occurs, please refer to Pierce

and Turner's paper.

Inference of type arguments will always fail on certain kinds of calls, because the typechecker does not
have enough information to infer the correct type. The most common case is a site call which constructs
a parametric type without taking any arguments. For example:

val b = Buffer()

will never typecheck, since there is no way for the typechecker to know what type of elements the buffer
should contain. In other languages such as ML, the typechecker might be able to infer this information
from the rest of the program, but Orc's typechecker is based on local type inference, which must find the

information locally, such as from the types of the arguments. So, to construct a buffer that will contain
Numbers, atype parameter must be given:

val b = Buffer[Nunber] ()

Polymorphic aliases

A type alias may have type parameters. For example, hereis atype aiasfor triples:

type Triple[T] = (T, T, T)

Tri pl e isnow atype operator that takes one parameter. Any occurrence of Tr i pl e[ T] isequivalent
to(T, T, T).
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4.2.5. Polymorphic datatypes

Datatypes can also have type parameters. This allows a programmer to define very useful generic data
structures. For example, thisis necessary to define a reasonable datatype for trees:

type Tree[T] = Node(Tree[T], Tree[T], T) | Leaf()

Notice that the datatype is recursive, and the type parameter T is passed recursively to Tr ee to define
the type of the subtrees.

4.3. Interacting with Java

When a Java class is made accessible to Orc using the cl ass declaration, the Orc typechecker interacts
with the Java type system to make Java types available in Orc. This feature is experimental and does not
allow access to all of Java's typing features (for example, interfaces are not fully supported), but it does
allow the typechecker to handle many of the common cases.

The type returned by the constructor of a class has the same name in Orc as the class. It is the Orc type
of Java objects of that class.

class File = java.io.File
File("test.orc") :: File

If acl ass declaration binds a generic Java class, that type shows up in Orc as a parametric type, and its
constructor takes type arguments. For example:

class TreeSet = java.util.TreeSet
TreeSet[String] () :: TreeSet[String]

There is a correspondence between Orc's primitive types and the equivalent classes in Java; they are
interchangeable. For example, acall expectingaj ava. | ang. | nt eger canbegivenanOrcl nt eger .

Subtyping between Java object typesis determined by Java's subtyping relation: if one classis a subclass
of the other, then one type will be a subtype of the other. The typechecker does not implement support a
full join operation for Javatypes; it will not find the least common ancestor of two classes as the join.

4.4. Syntax of Typed Orc

The following figure summarizes the syntax of typed Orc as an extension of untyped Orc. The original
Orc grammar rules are abbreviated by ellipses (...).

Table4.1. Typed Orc

T = Type
X Type variable

| I nteger |Bool ean|String|Nunber Ground type
| Si gnal | Top | Bot

| (T, .., T) Tuple type
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| lambda[ X, .., X] (T, ..., T) :: Function type
T
| X[ T, .., T] Type application
nE Declaration
| type X =classname type import
| type X[ X, .., X] =T typealias
| typeX[ X, .., X] =TC]|...|TC datatype declaration (typed)
| def X[ X, .., X] (T, .., T):: T function signature
=X(T, ., T) Constructor
(typed)
= Expression
| E:: T type ascription
| E:!: T type assertion
| lanbda[ T, .., T] (P, .., P):: closure (typed)
T=E
n= Argument group
[T, ., T](E, .., E) type parameters plus
arguments
n= o Pattern
| P:: T type ascription
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Table A.1. Complete Syntax of Orc

E .=

C

X
stop
(E, ..
[ E, ..
EG+
opE
EopE
E >P> E

ECE

E <P< E

E; E

| anbda ( P, ..., P) =E
lambda[ T, ..., T] ( P, ..
. T=E

if EthenEel seE

DE

» E)
. El

. P)

m
—

(E, .., E)

[T, ..., TI (E, .., E)

. field

?

Boolean | Number | Sring | si gnal |
nul |

identifier

val P=E
site X = address

cl ass X = classname

i ncl ude" filename"
def X( P, .., P) =E

def X[ X, v, X1 (T, ..
T

, T)

Expression

Argument group

Constant

Variable
Declaration

constant value
variable

silent expression
tuple

list

call

prefix operator

infix operator
sequential combinator
parallel combinator
pruning combinator
otherwi se combinator
closure (untyped)
closure (typed)

conditional

scoped declaration
type ascription
type assertion

arguments

type parameters plus
arguments

field access
dereference

value declaration
site declaration
class declaration
inclusion

function declaration
function signature
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| type X = classname
| typeX[ X, .., X] =T
| typeX=UC]...|UC

| typeX[ X, ..., X] =TC]|...|TC

UC = X(_, .y ) Constructor
(untyped)

TC:=X(T, .., T) Constructor (typed)
P = Pattern

T = Type

| Integer |Boolean|String|
Nunber |Si gnal |Top | Bot

| (T, .., T)

| lanmbda[ X, ..., X] (T, .., T)
0T

| X[ T, .., T]

Where relevant, syntactic constructs are ordered by precedence, from highest to lowest. For example,
among expressions, calls have higher precedence than any of the combinators, which in turn have higher

precedence than conditionals.

type import
type alias

datatype declaration

(untyped)

datatype declaration (typed)

variable
constant
wildcard
datatype pattern
tuple pattern

list pattern

cons pattern

as pattern
equality pattern
type ascription

Type variable
Ground type

Tuple type
Function type

Type application
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B.1. Overview

The standard library is a set of declarations implicitly available to al Orc programs. In this section we
give an informal description of the standard library, including the type of each declaration and a short
explanation of its use.

Orc programs are expected to rely on the host language and environment for all but the most essential
sites. For example, in the Javaimplementation of Orc, the entire Java standard library is available to Orc
programsviacl ass declarations. Thereforethe Orc standard library aimsonly to provide conveniencefor
the most common Orc idioms, not the compl ete set of features needed for general-purpose programming.

B.2. Types and Notation

Thestandard library isfully compatible with the static type checker; al library declarations have associated
type declarations, which also serve as helpful documentation.

The documentation of library functions uses specia notation for parametric types that have dot-accessible
members. Member names are written in the form Type.member, e.g. Foo. get referstotheget member
of an object of type Foo. The object type can include type variables which are referenced by the member
type, sofor examplesite Buffer[ A].get() :: Ameansthat whentheget methodiscalled on
aBuf f er holding an arbitrary element type A, it will return avalue of the same type.

B.3. Reference

B.3.1. core.inc: Fundamental sites and operators.

Fundamental sites and operators.

These declarations include both prefix and infix sites (operators). For consistency, al declarations are
written in prefix form, with the site name followed by the operands. When the site name is surrounded in
parentheses, asin ( +) , it denotes an infix operator.

For a more complete description of the built-in operators and their syntax, see the Operators section of

the User Guide.
| et site let() :: Top
When applied to no arguments, return asignal.
| et site let[AI(A) :: A
When applied to a single argument, return that argument (behaving as the identity
function).
| et site let[A ...]1(A ...) :: (A ...)
When applied to two or more arguments, return the argumentsin atuple.
i f site if(Boolean) :: Top

Fail silently if the argument is false. Otherwise return asignal.
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Example:

-- Publishes: "Al ways publishes"
if(false) >> "Never publishes"
| if(true) >> "Al ways publishes"”

error site error(String) :: Bot
Halt with the given error message.

Example, using er r or to implement assertions:

def assert(b) =
if b then signal else error("assertion failed")

-- Fail with the error nessage: "assertion failed"
assert (fal se)

(+) site (+)(Nunmber, Nunber) :: Nunber
a+b returns the sum of a and b.

(-) site (-)(Nunber, Nunber) :: Nunber
a- b returns the value of a minusthe value of b.

(0-) site (0-)(Nunber) :: Nunmber

Return the additive inverse of the argument. When this site appears as an operator, it
iswritten in prefix form without the zero, i.e. (- a)

(*) site (*)(Nunmber, Nunber) :: Nunber
a* b returns the product of a and b.

(**) site (**)(Nunber, Nunmber) :: Number
a ** breturnsa®, i.e a raised to the bth power.

(1) site (/) (Number, Number) :: Nunber

al b returns a divided by b. If both arguments have integral types, (/) performs
integral division, rounding towards zero. Otherwise, it performs floating-point
division. If b=0, a/ b halts with an error.

Example:
7/ 3 -- publishes 2
| 7/3.0 -- publishes 2.333...
(99 site (9% (Nunber, Nunber) :: Nunber

a%b computes the remainder of a/ b. If a and b have integral types, then the
remainder is given by the expression a - (a/b)*b. For a full description,
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(<)

(<=)

(>)

(>=)

(=)

(~)

(&&)

)

()

see the Java Language Specification, 3rd edition [http://java.sun.com/docs/books/jls/
third_edition/html/expressions.html#15.17.3].

site (<)(Top, Top) :: Bool ean

a < breturnstrueif a islessthan b, and false otherwise.

site (<=)(Top, Top) :: Bool ean

a <= b returnstrueif a islessthan or equal to b, and false otherwise.
site (>)(Top, Top) :: Bool ean

a > breturnstrueif a is greater than b, and false otherwise.

site (>=)(Top, Top) :: Bool ean

a >= b returnstrueif a is greater than or equal to b, and false otherwise.
site (=)(Top, Top) :: Bool ean

a = breturnstrueif a isequal to b, and false otherwise. The precise definition of
"equal" depends on the values being compared, but always obeys the rule that if two
values are considered equal, then one may be substituted locally for the other without
affecting the behavior of the program.

Two values with the same object identity are always considered equal. In addition,
Cor constant values and datastructures are considered equal if their contentsareequal .
Other typesarefreeto implement their own equality relationship provided it conforms
to the rules given here.

Note that athough values of different types may be compared with =, the
substitutability principle requires that such values are always considered inequal, i.e.
the comparison will return f al se.

site (/=)(Top, Top) :: Bool ean

al/ =b returnsfaseif a=b, and true otherwise.

site (~)(Bool ean) :: Bool ean

Return the logical negation of the argument.

site (&&) (Bool ean, Bool ean) :: Bool ean

Return the logical conjunction of the arguments. This is not a short-circuiting
operator; both arguments must be evaluated and available before the result is
computed.

site (|])(Bool ean, Bool ean) :: Bool ean

Return thelogical disjunction of thearguments. Thisisnot ashort-circuiting operator;
both arguments must be evaluated and available before the result is computed.

site (:)[AI(A List[A]) :: List[A
Thelist a: b isformed by prepending the element a to thelist b.

Example:
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abs

si gnum

fl oor

-- Publishes: (3, [4, 5])
3:4:5:[] >x:xs> (X, XS)

In patterns, the (: ) deconstructor can be applied to avariety of list-like values such
asArraysandJaval t er abl es,inwhich caseit returnsthefirst element of thelist-
like value, and a new list-like value (not necessarily of the same type as the original
list-like value) representing thetail. Modifying the structure of the original value (e.g.
adding an elementtoan | t er abl e) may render old "tail"s unusable, so you should
refrain from modifying avalue while you are deconstructing it. Thisfeature is highly
experimental and will probably change in future versions of the implementation.

def abs(Nunber) :: Number
Return the absolute value of the argument.
Implementation.

def abs(Number) :: Number
def abs(x) = if x < 0 then -x else x

def signunm{Nunber) :: Number
si gnun( a) returns- 1 if a<0, 1 if a>0, and 0 if a=0.
Implementation.
def signum(Nunber) :: Number
def signum(x) =
if x <0then -1
else if x >0 then 1
else O

def mn[Al(AA :: A

Return the lesser of the arguments. If the arguments are equal, return the first
argument.

Implementation.

def min[A](AA :: A
def mn(x,y) =if y <x then vy else x

def max[ Al (AA :: A

Return the greater of the arguments. If the arguments are equal, return the second
argument.

Implementation.

def max[Al (A A :: A
def max(x,y) =if x >y then x else vy

site floor(Nunber) :: Integer

Return the greatest integer less than or equal to this number.
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ceil

site ceil (Nunber) :: Integer

Return the least integer greater than or equal to this number.

B.3.2. state.inc: General-purpose supplemental data

structures.

General-purpose supplemental data structures.

Some

None

Semaphor e

site Some[ Al (A) :: Option[A
An optional value which isavailable. This site may also be used in a pattern.

Example:

-- Publishes: (3,4)
Sone((3,4)) >s> (
s >Some((Xx,y))> (X,y)
| s >None()> signal

)

site None[ Al () :: Option[A

An optional value which is not available. This site may also be used in a pattern.
site Semaphore(lnteger) :: Semaphore

Return a semaphore with the given value. The semaphore maintainsthe invariant that
its value is always non-negative.

An example using a semaphore as alock for a critical section:

-- Prints:

-- Entering critical section

-- Leaving critical section

val 1 ock = Semaphore(1)

| ock. acquire() >>

println("Entering critical section") >>
println("Leaving critical section") >>
| ock. rel ease()

acquire site Semaphore.acquire() :: Top
If the semaphore's value is greater than O, decrement the
semaphore and return a signal. If the semaphore's value is 0,
block until it becomes greater than 0.

acqui renb site Semaphore.acquirenb() :: Top

If the semaphore's value is greater than 0, decrement the
semaphore and return asignal. If the semaphore'svalueisO, halt.

rel ease site Semaphore.release() :: Top
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Buf f er

If any callsto acqui r e are blocked, allow the oldest such call
to return. Otherwise, increment the value of the semaphore. This
may increment the value beyond that with which the semaphore
was constructed.

snoop site Semaphore.snoop() :: Top

If any callstoacqui r e are blocked, return asignal. Otherwise,
block until some call to acqui r e blocks.

snoopnb site Semaphore. snoopnb() :: Top

If any callstoacqui r e are blocked, return asignal. Otherwise,
halt.

site Buffer[A]() :: Buffer[A]

Create anew buffer (FIFO channel) of unlimited size. A buffer supports get, put and
close operations.

A buffer may be either empty or non-empty, and either open or closed. When empty

and open, callstoget block. When empty and closed, callstoget halt. When closed,

callsto put halt. In all other cases, callsreturn normally.

Example:

-- Publishes: 10

val b = Buffer()

Rti mer (1000) >> b. put(10) >> stop

| b.get()

get site Buffer[A]l.get() :: A
Get an item from the buffer. If the buffer is open and no items
are available, block until one becomes available. If the buffer is
closed [73] and no items are available, halt.

getnb site Buffer[A]l.getnb() :: A
Get an item from the buffer. If no items are available, halt.

put site Buffer[A].put(A :: Top
Put an item in the buffer. If the buffer is closed [73], halt.

cl ose site Buffer[A].close() :: Top
Close the buffer and block until it is empty. This has the effect
of immediately causing any blocked calls to get to halt. In
addition, any subsequent calls to put will halt, and once the
buffer becomes empty, any subsequent callsto get will halt.

cl osenb site Buffer[A].closenb() :: Top
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BoundedBuf f er

Close the buffer and return a signal immediately. This has the
effect of immediately causing any blocked callsto get to halt.
In addition, any subsequent callsto put will halt, and once the
buffer becomes empty, any subsequent callsto get will halt.

i sCl osed site Buffer[A].isC osed() :: Bool ean

If the buffer is currently closed, return true, otherwise return
fase.

get Al l site Buffer[Al.getAll() :: List[A]

Get al of the items currently in the buffer, emptying the buffer
and returning alist of the items in the order they were added. If
there are no items in the buffer, return an empty list.

site BoundedBuffer[A] (I nteger) :: BoundedBuffer][A]

Create a new buffer (FIFO channel) with the given number of sots. Putting an item
into the buffer fills a dlot, and getting an item opens a slot. A buffer with zero slots
is equivalent to a synchronous channel [75].

A bounded buffer may be empty, partly filled, or full, and either open or closed. When
empty and open, callsto get block. When empty and closed, callsto get halt. When
full and open, callsto put block. When closed, callsto put halt. In al other cases,
callsreturn normally.

Example:

-- Publishes: "Put 1" "Got 1" "Put 2" "Got 2"
val c¢ = BoundedBuffer(1)
c.put(l) >> "Put " + 1
| c.put(2) >> "Put " + 2
| Rtinmer(1000) >> (
c.get() >n> "CGot " + n
| c.get() >n> "CGot " + n

)

get site BoundedBuffer[A].get() :: A
Get an item from the buffer. If the buffer is open and no items
are available, block until one becomes available. If the buffer is
closed [75] and no items are available, halt.

getnb site BoundedBuffer[A].getnb() :: A
Get an item from the buffer. If no items are available, halt.

put site BoundedBuffer[A].put(A) :: Top
Put an item in the buffer. If no slots are open, block until one
becomes open. If the buffer is closed [75], halt.

put nb site BoundedBuffer[A].putnb(A) :: Top
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SyncChannel

cl ose

cl osenb

i sCl osed

get Open

get Bound

get Al l

Put an item in the buffer. If no slots are open, halt. If the buffer
isclosed [75], halt.

site BoundedBuffer[A].close() :: Top

Close the buffer and block until it is empty. This has the effect
of immediately causing any blocked calls to get to halt. In
addition, any subsequent calls to put will halt, and once the
buffer becomes empty, any subsequent calls to get will halt.
Note that any blocked callsto put initiated prior to closing the
buffer may still be allowed to return as usual.

site BoundedBuffer[A].closenb() :: Top

Close the buffer and return a signal immediately. This has the
effect of immediately causing any blocked callsto get to halt.
In addition, any subsequent callsto put will halt, and once the
buffer becomes empty, any subsequent calls to get will halt.
Note that any blocked callsto put initiated prior to closing the
buffer may still be allowed to return as usual.

site BoundedBuffer[A].isC osed() :: Bool ean

If the buffer is currently closed, return true, otherwise return
fase.

site BoundedBuffer[A].getOpen() :: Integer

Return the number of open dots in the buffer. Because of
concurrency thisvalue may become out-of-date so it should only
be used for debugging or statistical measurements.

site BoundedBuffer[A].getBound() :: Integer
Return the total number of slots (open or filled) in the buffer.
site BoundedBuffer[A].getAll () :: [A]

Get all of theitems currently in the buffer or waiting to be added,
emptying the buffer and returning alist of the itemsin the order
they were added. If there are no items in the buffer or waiting to
be added, return an empty list.

site SyncChannel [A] () :: SyncChannel [ A]

Create a synchronous channel, or rendezvous.

Example:

-- Publish:

10

val ¢ = SyncChannel ()

c. put (10)

| Rtiner(1000) >> c.get()

get

site SyncChannel [A].get() :: A
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Cel |

Ref

Receive an item over the channel. If no sender is available, block
until one becomes available.

put site SyncChannel [A].put(A) :: Top

Send an item over the channel. If no receiver is available, block
until one becomes available.

site Cel ITA] () :: Cell[A
Create a write-once storage location.
Example:
-- Publishes: 55
val ¢ = Cell ()
c.wite(5) >> c.read()
| Rtinmer(1) >> ( c.wite(10) ; c.read() )
read site Cell[A].read() :: A

Read a value from the cell. If the cell does not yet have avalue,
block until it receives one.

readnb site Cell[A]l.readnb() :: A
Read a value from the cell. If the cell does not yet have avalue,
halt.

wite site CelI[Al.wite() :: Top

Write avalue to the cell. If the cell already has avalue, halt.
site Ref[A] () :: Ref[A]
Create arewritable storage location without an initial value.
Example:
val r = Ref()

Rtimer(1000) >>r :=5 >> stop
| println(r?) >>

r := 10 >>
println(r?) >>
stop
Ref site Ref[A] (A :: Ref[A
Create a rewritable storage location initialized to the provided
value.
read site Ref[A].read() :: A
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Read the value of the ref. If the ref does not yet have a value,
block until it receives one.

readnb site Ref[A].readnb() :: A

Read the value of theref. If theref doesnot yet haveavalue, halt.

wite site Ref[A]l.wite(A) :: Top
Write avalue to the ref.
(?) def (?)[AI(Ref[A]) :: A

Get the value held by areference. x? isequivalenttox. read() .
Implementation.

def (?)[A](Ref[A]) :: A
def (?)(r) = r.read()

(:3) def (:=)[A(Ref[A], A :: Top
Set thevalue held by areference. x : = y isequivaenttox. write(y).
Implementation.

def (:=)[Al(Ref[A], A :: Top
def (:=)(r,v) =r.wite(v)

swap def swap[A] (Ref[A], Ref[A]) :: Top
Swap the values in two references.
Implementation.

def swap[A] (Ref[A], Ref[A]) :: Top
def swap(r,s) = (r?,s?) >(rval,sval)> (r :=sval, s :=rval) >> sign:

Array site Array[A] (Integer) :: Array[A]
Create anew native array of the given size. The array isinitialized to containnul | s.
The resulting array can be called directly with an index, asif itstype were | anbda
(Integer) :: Ref[A] In this case it returns a Ref [76] pointing to the
element of the array specified by anindex, counting from 0. Changes to the array are
reflected immediately in the ref and visa versa.
Simple example:
-- Publishes: 3
val a = Array(1l)
a(0) := 3 >
a(0)?

More complex example:
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-- Publi shes:

012

val a = Array(3)
for(0, a.length()) >i>

a(i)
st op

a(0)? |

Array

get

set

slice

| ength

fill

a(1)? | a(2)?

site Array[Al (Integer, String) :: Array[A

Create a new primitive array of the given size with the given
primitive type. The initial values in the array depend on the
primitive type: for numeric types, it is 0; for booleans, f al se;
for chars, the character with codepoint 0.

The element type of the array should be the appropriate wrapper
typefor the given primitive type, although atypechecker may not
be able to verify this. This constructor is only necessary when
interfacing with certain Java libraries; most programs will just
usethe Array( | nt eger) constructor.

site Array[A].get(Integer) :: A

Get the element of the array given by the index, counting from
0.a.get (i) isequivadenttoa(i) ?.

site Array[A].set(Integer, A :: Top

Set the element of the array given by the index, counting from 0.

a.set (i,v) isequivalenttoa(i) := v.
site Array[A].slice(Integer, Integer)
Array[ Al

Return a copy of the portion of the array with indices covered
by the given half-open range. The result array is still indexed
counting from 0.

site Array[A].length() :: Integer

Return the size of the array.

site Array[A].fill (A :: Top

Set every element of thearray to the given value. Thegivenvalue
is not copied, but is shared by every element of the array, so
for examplea. fi |l | ( Semaphore(1)) would alow you to
access the same semaphore from every element a.

This method is primarily useful to initialize or reset an array to

aconstant value, for example:

-- Publishes: 0 0O
val a = Array(3)
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a.fill(0) >> each(a)

| Array def I Array[A] (I nteger, |anbda (Integer) :: A)(Integer)
A

Thecal | Array(n, f), wheren is anatural number and f atotal function over
natural numbers, creates and returns a partial, pre-computed version of f restricted to
therange (0, n-1). If f haltson any number inthisrange, thecall tol Ar r ay will halt.

The user may also think of the call asreturning an array whosei th elementisf (i ).

Thisfunction providesasimpleform of memoisation; weavoid recomputing thevalue
of f (i) by storing theresult in an array.

Example:
val a = I Array(5, fib)
-- Publishes the 4th nunmber of the fibonnaci sequence: 5
a(3)
Implementation.
def 1 Array[A](Integer, lanbda (Integer) :: A(Integer) :: A
def I Array(n, f) =
val a = Array[ Al (n)
def fill(Integer, lanbda (Integer) :: A :: Top
def fill(i, f) =
if i <0 then signal
else (a.set(i, f(i)), fill(i-1, f)) >> signal
fill(n-1, f) >> a.get
Set site Set[A]() :: Set[A]
Construct an empty mutable set. The set considerstwo values a and b to be the same
if andonly if a=b. Thissiteconformsto the Javainterfacej ava. uti | . Set , except
that it obeys Orc rules for equality of elements rather than Javarules.
add site Set[A].add(A) :: Boolean

Add a value to the set, returning true if the set did not already
contain the value, and false otherwise.

renove site Set[A].renove(Top) :: Bool ean

Remove a value from the set, returning true if the set contained
the value, and false otherwise.

contai ns site Set[A].contains(Top) :: Bool ean

Return true if the set contains the given value, and false
otherwise.

i SEnpty site Set[A].isEmpty() :: Bool ean

Return true if the set contains no values.
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Map

Count er

cl ear site Set[A].clear() :: Top
Remove all values from the set.
si ze site Set[A].size() :: Integer

Return the number of unique values currently contained in the
Set.

site Map[K, V] () :: Map[K V]
Construct an empty mutable map from keysto values. Each key contained in the map
isassociated with exactly onevalue. The mapping considerstwo keysa and b to bethe
sameif and only if a=b. Thissite conformsto the Javainterfacej ava. uti | . Map,
except that it obeys Orc rules for equality of keys rather than Javarules.
put site Map[K, V].put(K, V) :: V
map. put (k, v) associatesthe value v with the key k in map,
such that map. get (k) returnsv. Return the value previously
associated with the key, if any, otherwisereturn Nul | () .
get site Map[K,V].get(K) :: V

Return the value currently associated with the given key, if any,
otherwisereturn Nul | () .

renove site Map[K, V].renove(Top) :: V

Removethe given key from the map. Return the value previously
associated with the key, if any, otherwisereturn Nul | () .

contai nskey site Map[K, V].containsKey(Top) :: Bool ean

Return true if the map contains the given key, and false
otherwise.

i SEnpty site Map[K,V].isEnpty() :: Bool ean
Return true if the map contains no keys.
cl ear site Map[K,V].clear() :: Top
Remove al keys from the map.
si ze site Map[K,V].size() :: Integer
Return the number of unique keyscurrently contained inthe map.
site Counter(lnteger) :: Counter
Create a new counter initialized to the given value.
Count er site Counter() :: Counter

Create a new counter initialized to zero.
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Dictionary

i nc site Counter.inc() :: Top
Increment the counter.
dec site Counter.dec() :: Top

If the counter is already at zero, halt. Otherwise, decrement the
counter and return asignal.

onZer o site Counter.onZero() :: Top

If the counter is at zero, return asignal. Otherwise block until the
counter reaches zero.

val ue site Counter.value() :: Integer
Return the current value of the counter.

Example:

-- Publishes five signals
val ¢ = Counter(5)
repeat (c. dec)

site Dictionary() :: Dictionary

Create anew dictionary (a mutable map from field namesto values), initially empty.
The first time each field of the dictionary is accessed (using dot notation), the
dictionary creates and returns a new empty Ref [76] which will also be returned on
subsequent accesses of the same field. Dictionaries allow you to easily create object-
like data structures.

Example:

-- Prints: 1 2

val d = Dictionary()
println(d.one.read()) >>
println(d.two.read()) >>
st op

| d.one.write(l) >>
d.two.wite(2) >>
st op

Here is the same exampl e rewritten using Orc's reference syntax to improve clarity:

-- Prints: 1 2

val d = Dictionary()
println(d.one?) >>
println(d.tw?) >>

stop
| d.one := 1 >>
d.tw 1= 2 >>
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Record

f st

snd

I nt er val

st op

To create amulti-level dictionary, you must explicitly create sub-dictionariesfor each
field. For example:

-- Prints: 2

val d = Dictionary()
d.one := Dictionary() >>
d.one?.two := 2 >>
println(d. one?.tw?) >>
stop

Note that you cannot write d. one. t wo: because d. one is a reference to a
dictionary, and not simply a dictionary, you must dereference before accessing its
fields, asind. one? >x> x.two. For readers familiar with the C language, thisis
the samereason you must writes- >f i el dinstead of s. fi el d whens isapointer
to astruct.

site Record(String, A String, B, ...) :: Record[A B, ...]

Create a new record (an immutable map from field names to values). Arguments are
consumed in pairs; the first argument of each pair is the key, and the second is the
value for that key.

To accessthevalueinrecordr for key " x", usethe syntax r . x. For example:

-- Publishes: 1
val r = Record(

“one", 1,
"t\l\D" , 2)
r.one

def fst[A BJ((AB) :: A
Return the first element of apair.
Implementation.

def fst[AB((AB)) :: A
def fst((x,_)) =x

def snd[A B]((A B)) :: B
Return the second element of a pair.
Implementation.

def snd[A B]((A'B)) :: B
def snd((_,y)) =y

site Interval [A] (A A :: Interval [A]
I nterval (a, b) returnsan object representing the half-open interval [a,b).

i SEnpty site Interval [A].isEmpty() :: Bool ean
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Interval s

spans

i ntersects

i nt ersect

conti guous

Return trueif thisinterval is empty.
site Interval [A].spans(A) :: Bool ean
Return true if the interval spans the given point, false otherwise.

site Interval [A].intersects(Interval [A]) ::
Bool ean

Return true if the given interval has a non-empty intersection
with this one, and fal se otherwise.

site Interval[A].intersect(Interval[A])
I nterval [ A]

Return the intersection of this interval with another. If the two
intervals do not intersect, returns an empty interval.

site Interval [A].contiguous(lnterval [A]) ::
Bool ean

Return true if the given interval is contiguous with this one
(overlaps or abuts), and false otherwise.

uni on site Interval [A].union(Interval [A])
I nterval [ A]
Return the union of thisinterval with another. Haltswith an error
if the two intervals are not contiguous.

site Interval s[A] () :: Interval s[A]

Return an empty set of intervals. An Intervals object isiterable; iterating over the set
returns digoint intervalsin increasing order.

i SEnpty

spans

i nt ersect

uni on

site Interval s[A].isEnpty() :: Bool ean
Return trueif this set of intervalsis empty.
site Interval s[A].spans(A) :: Bool ean

Return trueif this set of intervals spansthe given point, and false
otherwise.

site
Interval s[A].intersect(Interval s[A])
I nterval s[ Al

Return the intersection of this set of intervals with another.

site Intervals[A].union(lnterval[A])
I nterval s[ Al

Return the union of this set of intervals with the given interval.
This method is most efficient when the given interval is before
most of the intervalsin the set.
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B.3.3. idioms.inc: Higher-order Orc programming idioms.

Higher-order Orc programming idioms. Many of these are standard functional -programming combinators
borrowed from Haskell or Scheme.

apply site apply[A, ..., B](lanbda (A, ...) :: B, List[A]) :: B
Apply afunction to alist of arguments.

curry def curry[A B, Cl(lanbda (A B) :: O(A(B) :: C
Curry afunction of two arguments.
Implementation.

def curry[A B, C](lanbda (A/B) :: OQ(A(B) :: C
def curry(f)(x)(y) = f(x,y)

curry3 def curry3[A B C D (lanbda (A B,C :: D(A(B(C :: D
Curry afunction of three arguments.
Implementation.

def curry3[A B C D](lanbda (A B,C :: D(A(B(C :: D
def curry3(f)(x)(y)(z) = f(x,vy, z)

uncurr def uncurry[ A B, lanbda (A)(B) :: Q(A B) :: C
y y

Uncurry afunction of two arguments.

Implementation.

def uncurry[A B, C](lanmbda (A (B) :: O(A B) :: C
def uncurry(f)(x,y) = f(x)(y)

uncurry3 def uncurry3[A B, C, D (lanmbda (A (B)(C :: D(ABOQC :: D
Uncurry afunction of three arguments.
Implementation.

def uncurry3[A B, C D (lanmbda (A (B)(CO :: D(ABCQC :: D
def uncurry3(f)(x,y,z) = f(x)(y)(2)

flip def flip[A B, C(lanbda (A B) :: Q(B, A :: C
Flip the order of parameters of atwo-argument function.
Implementation.

def flip[A B, C(lanbda (A B) :: O(B, A :: C
def flip(f)(x,y) = f(y,x)

const ant def constant[A]J(A)() :: A

Create a function which returns a constant value.
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def er

def er2

i gnore

i gnore2

conpose

whi | e

Implementation.

def constant[Al(A)() :: A
def constant (x)() = X

def defer[A B](lanbda (A) :: B, A() :: B
Given afunction and its argument, return a thunk which applies the function.
Implementation.

def defer[A B](lanbda (A) :: B, A() :: B
def defer(f, x)() = f(x)

def defer2[A B, Cl(lanbda (A B) :: C A B{() :: C
Given afunction and its arguments, return a thunk which applies the function.
Implementation.

def defer2[A B, Cl(lanbda (A/B) :: C A B)() :: C
def defer2(f, x, y)() = f(x, vy)

def ignore[A B](lanbda () :: B)(A) :: B
From afunction of no arguments, create afunction of one argument, whichisignored.
Implementation.

def ignore[A B](lanbda () :: B)(A) :: B
def ignore(f)(_) = f()

def ignore2[A B, Cl(lanbda () :: OQ(A B) :: C

From a function of no arguments, create a function of two arguments, which are
ignored.

Implementation.

def ignore2[A B, Cl(lanbda () :: OQ(A B) :: C
def ignore2(f)(_, ) =f()

def conpose[ A B, C](lanbda (B) :: C, lanbda (A :: B)(A) ::
C

Compose two single-argument functions.
Implementation.

def conpose[A B, C](lanbda (B) :: C,
|l anbda (A) :: B)(A) :: C
def conpose(f,g)(x) = f(g(x))
def while[ Al (I anbda (A) :: Bool ean, lanbda (A) :: A)(A) ::
A

Iterate a function while a predicate is satisfied, publishing each value passed to the
function. The exact behavior is specified by the following implementation:
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def while(p,f) =
def loop(x) =if(p(x)) >> ( x| loop(f(x)) )
| oop

Example:

-- Publishes: 012 345

whi | e(
| ambda (n) = (n <= 5),
| anbda (n) = n+l

) (0)

Implementation.

def whil e[ Al (lanbda (A) :: Bool ean,
lambda (A) :: A (A
A
def while(p,f) =
def loop(A) :: A
def loop(x) =if(p(x)) >> ( x| loop(f(x)) )
| oop

r epeat def repeat[A](lanbda () :: A :: A
Call a function sequentially, publishing each value returned by the function. The
expressionr epeat (f) isequivaent to theinfiniteexpressionf () >x> ( x |
f() >x> (x| f() >x> ... ) )

Implementation.

def repeat[A](lanmbda () :: A :: A
def repeat(f) = f() >x> (x | repeat(f))

fork def fork[A](List[lanbda () :: A]) :: A
Call alist of functionsin paralel, publishing all values published by the functions.

The expression f or k([ f, g, h]) isequivalent to the expressionf () | g() |

h()
Implementation.
def fork[A](List[lanmbda () :: A]) :: A
def fork([]) = stop
def fork(p:ps) = p() | fork(ps)
for kMap def forkMap[A B](lanbda (A) :: B, List[A]) :: B

Apply a function to a list in parallel, publishing al values published by the
applications.

Theexpressionf or kMap(f, [a, b, c]) isequivaenttotheexpressionf (a) |

f(b) | f(c)
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seq

seqgMap

join

j oi nivap

Implementation.

def forkMap[A B](lanmbda (A) :: B, List[A]) :: B
def forkMap(f, []) = stop
def forkMap(f, x:xs) = f(x) | forkMap(f, xs)

def seq[A](List[lanbda () :: A]) :: Top

Call alist of functions in sequence, publishing a signal whenever the last function
publishes. The actual publications of the given functions are not published.

Theexpressionseq([f, g, h]) isequivalent totheexpressionf () >> g() >>
h() >> signal

Implementation.

def seq[A](List[lanbda () :: A]) :: Top
def seq([]) = signal
def seq(p:ps) = p() >> seq(ps)

def seqMap[ A B] (lanbda (A) :: B, List[A]) :: Top

Apply a function to a list in in sequence, publishing a signal whenever the last
application publishes. The actual publicationsof the given functionsare not published.

The expressionsegMap(f, [a, b, c]) isequivalent totheexpressionf (a) >>
f(b) >> f(c) >> signal

Implementation.

def segMap[ A B] (lanbda (A) :: B, List[A]) :: Top
def seqMap(f, []) = signal
def segMap(f, x:xs) = f(x) >> segMap(f, xs)

def join[Al(List[lanbda () :: A]) :: Top

Call a list of functions in parallel and publish a signal once al functions have
completed.

The expression j oi n([f, g, h] ) is equivalent to the expression (f (), g(),
h()) >> signal

Implementation.

def join[Al(List[lanbda () :: A]) :: Top
def join([]) = signal
def join(p:ps) = (p(), join(ps)) >> signal

def joinMap[A B](lanbda (A) :: B, List[A]) :: Top

Apply afunction to alist in parallel and publish a signal once al applications have
completed.

Theexpressionj oi nMap(f, [a, b, c]) isequivalent totheexpression(f(a),
f(b), f(c)) >> signal

Implementation.
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al t

al t Map

por

pand

def joinMap[A B](lanbda (A) :: B, List[A]) :: Top

def joinMap(f, []) = signal

def joinMap(f, x:xs) = (f(x), joinMap(f, xs)) >> signal
def alt[A](List[lanbda () :: A]) :: A

Call each functionin the list until one publishes.

Theexpressional t ([ f, g, h]) isequivalenttotheexpressionf () ; g() ; h()

Implementation.

def alt[A](List[lanbda () :: A]) :: A
def alt([]) = stop
def alt(p:ps) = p() ; alt(ps)

def altMap[ A B](lanbda (A) :: B, List[A]) :: B
Apply the function to each element in the list until one publishes.

The expression al t Map(f, [a, b, c]) isequivalent to the expressionf (a) ;
f(b) ; f(c)

Implementation.

def altMap[ A B](lanbda (A) :: B, List[A]) :: B
def altMap(f, []) = stop

def altMap(f, x:xs) = f(x) ; altMap(f, xs)

def por(List[lanbda () :: Boolean]) :: Bool ean

Parallel or. Evaluate alist of boolean functionsin parallel, publishing avalue as soon
as possible, and terminating any unnecessary ongoing computation.

Implementation.

def por(List[lanbda () :: Boolean]) :: Bool ean
def por([]) = fal se
def por(p:ps) =

| et (
val bl = p()
val b2 = por(ps)
if(bl) >> true | if(b2) >> true | (bl || b2)
)
def pand(List[lanbda () :: Boolean]) :: Bool ean

Parallel and. Evaluate a list of boolean functions in parallel, publishing a value as
soon as possible, and terminating any unnecessary ongoing computation.

Implementation.

def pand(List[lanbda () :: Boolean]) :: Bool ean
def pand([]) = true
def pand(p:ps) =

| et (
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val bl = p()
val b2 = pand(ps)
if(~bl) >> false | if(~b2) >> false | (bl && b2)
)
col | ect def collect[A](lambda () :: A :: List[A

Run a function, collecting all publicationsin alist. Return the list when the function

terminates.

Example:

-- Publishes: [signal, signal, signal, signal, signal]
col l ect (defer(signals, 5))

Implementation.

def collect[A](lambda () :: A :: List[A]
def collect(p) =

val b = Buffer[A]()

p() >x> b.put(x) >> stop

7 b.getAll ()

B.3.4. list.inc: Operations on lists.

Operations on lists. Many of these functions are similar to those in the Haskell prelude, but operate on
the elements of alist in parallél.

each def each[A](List[A]) :: A
Publish every value in alist, ssmultaneoudly.
Implementation.

def each[ A] (
def each([])
def each(h:t

List[A]) :: A
st

Al
op
) = h|

each(t)
map def map[ A B](lanmbda (A) :: B, List[A]) :: List[B]
Apply afunction to every element of alist (in paralel), returning alist of the results.
Implementation.
def map[ A B](lanmbda (A) :: B, List[A]) :: List[B]
def map(f,[]) =[]
def map(f,h:t) = f(h): map(f,t)
reverse def reverse[Al(List[A]) :: List[A]
Return the reverse of the given list.

Implementation.

def reverse[Al(List[A]) :: List[A]
def reverse(l) =
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def tailrev(List[A], List[A]) :: List[A]
def tailrev([],x) = X
def tailrev(h:t,x) = tailrev(t, h:x)
tailrev(l,[])
filter def filter[A](lanbda (A) :: Boolean, List[A]) :: List[A]

Return alist containing only those elements which satisfy the predicate. The filter is
applied to dl list elementsin parallel.

Implementation.
def filter[A](lanbda (A) :: Boolean, List[A]) :: List[A]
def filter(p,[]1) =1[]
def filter(p, x:xs) =
val fxs = filter(p, Xxs)
if p(x) then x:fxs else fxs
head def head[ Al (List[A]) :: A
Return the first element of alist.

Implementation.

def head[ Al (List[A]) :: A
def head(x:xs) = x

tail def tail [Al(List[A]) :: List[A]
Return al but the first element of alist.
Implementation.

def tail [AJ(List[A]) :: List[A]
def tail (x:xs) = xs

init def init[A(List[A]) :: List[A]
Return al but the last element of alist.
Implementation.
def init[Al(List[Al) :: List[Al
def init([x]) =1]
def init(x:xs) = x:init(xs)

| ast def last[A](List[A]) :: A
Return the last element of alist.
Implementation.
def last[A](List[A]) :: A
def last([x]) = X

def last(x:xs) = |ast(xs)

enpty def enpty[ Al (List[A]) :: Bool ean
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i ndex

append

fol di

foldl1l

fol dr

Isthe list empty?
Implementation.

def enpty[ Al (List[A]) :: Bool ean
def enpty([]) = true
def enpty(_) = false

def index[ Al (List[A], Integer) :: A

Return the nth element of alist, counting from O.
Implementation.

def index[ Al (List[A], Integer) :: A

def index(h:t, 0) =h

def index(h:t, n) = index(t, n-1)

def append[ Al (List[A], List[A]) :: List[A]
Return the first list concatenated with the second.
Implementation.

def append[ Al (List[A], List[A]) :: List[A]
def append([],l) =1

def append(h:t,l) = h:append(t,I)

def foldl[A B](lanbda (B, A :: B, B, List[A]) :: B

Reduce alist using the given left-associative binary operation and initial value. Given
thelist[ x1, x2, x3, ...] andinitial vauexO, returnsf (... f(f(f(x0,
x1), x2), x3) ...)

Exampleusing f ol dl toreversealist:

-- Publishes: [3, 2, 1]
foldl (flip((:)), [1, [1,2,3])

Implementation.

def foldl[A B](lanbda (B, A :: B, B, List[A]) :: B
def foldl(f,z,[]) =z
def foldl (f,z,x:xs) = foldl(f,f(z,x),xs)

def foldl 1[A] (lanbda (A, A) :: A List[A]) :: A

A special case of f ol dl which uses the last element of the list as the initial value.
It isan error to call thison an empty list.

Implementation.

def foldl 1[A] (I anbda (A, A :: A List[A]) :: A
def foldl 1(f,x:xs) = foldl (f, x, xs)

def f