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ABSTRACT programming models like array programming or relational algebra,
t complex expressions manipulating entire sets of data are easy to

Array programming shines in its ability to express computations a desi d qi | ith
a high-level of abstraction, allowing one to manipulate and query esign and aré expressed In an extremely compact_ manner, W.'t out
requiring the explicit use of loops, tests, or navigation instructions

whole setsof data aionce This paper presents the OOPAL model . . -
in a data graph. The same expressions would require several tens or

that enhances object-oriented programming with array program-h dreds of I f code | ional obi . q
ming features. The goal of OOPAL is to determine a minimum set undreds of lines of code In conventional object-oriented program-

of modifications that must be made to the traditional object model ming Iaqgugges. id h which offers hiaher-level
in order to take advantage of the possibilities of array programming. Our_a_um IS to provi € a neéw approach which ofiers higner-ieve

It is based on a minimal extension of method invocation and the caPacities for data marjlpulatlon within the .scope.of objgct-orlented
definition of a kernel of methods implementing fundamental array programming. For this purpose, we enrich obJect-_oru_ented pro-
programming operations. The OOPAL model presents a general-gramm'ng with conqepts taken from array programming in a quel
ization of traditional message passing in the sense that a messag&2/l€d OOPAL (which stands for Object-Oriented Programming

can be send to an entire set of objects. The model is validated inand Array programming Language integration). This paper presents
F-SCRIPT, a new scripting language OOPAL and its implementation in FERIPT, an object-oriented
' ' scripting language using a Smalltalk syntax. This article makes the
. . . following contributions: it identifies design principles for success-
Categones and SUbJeCt DeSCI’IptOI’S ful integration between OOP and array programming, defines the

D.3.2 [Programming Language$: Language ClassificationsGbject- OOPAL model that enables this integration, and shows how it is

oriented languages, APD.3.3 [Programming Language$: Lan- validated through implementation of Fe8IPT.

guage Constructs and Features We start by an overview of array programming (Section 2). An
example in traditional object-oriented language is compared with

General Terms its equivalent in F-8RIPT (Section 3). An analysis of the require-

ments for obtaining a successful integration is then presented in
terms of design principles (Section 4). Based on these principles,
OOPAL is described as three components: message patterns (Sec-
Keywords tion 5), mapping between basic array programming and OOP con-
F-Script, Message Pattern, Array Programming, Smalltalk, High- cepts (Section 6), and array programming operations (Section 7).

Order Messages, High-Level Language
2. ARRAY PROGRAMMING OVERVIEW

1. THE PROBLEM Array programming is the result of a mathematical notation in-
While object-oriented programming offers high-level tools for vented by Kenneth Iverson in the 1950s. The PAT system (Person-
datamodeling(abstract data type, polymorphism, inheritance), the alized Array Translator) was the first computing environment to
same is not true for datmanipulation The basic operation pro-  implement the Iverson notation, followed by APL, which was de-
vided for object manipulation is message sending, a fundamen- veloped by IBM in the 1960s and earned Iverson the Turing Award
tal operation as it supports polymorphism and encapsulation, but[28, 6]. Herb Hellerman, the creator of PAT, explains the choice of
which remains a very fine-grained low-level operation. Indeed objectan array language in [23]:
oriented programming does not offer a high-level model for manip-
ulating whole sets of data €., collections of objects). In high-level
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Major advances in programming language are desir-
able to best provide a personalized service for creative
man-machine interaction. A most promising direction
for improvement is to better respond to the fact that
most problems presented for computer solution deal
with arrays of operands rather than isolated operands.
Although modern languages include the ability to ac-
(EACM,_ZQO& ?Xﬁ:;\j :{he author’s VerS:O“ of tlzetV}'Ofk- (;F its_gots_ted q_f;]r: cess array elements by indexing, the Iverson language
ermission o Or your personal use. Not tor redistrioution. H N H i ;
d)éf?nitive version was pub){ishez in Proceedings of the 18th ACM SIG- recognizes, in its basic structurg, the ability to specify
entire arrays as operands. This not only reduces the

PLAN conference on Object-oriented programing, systems, languages, and ; .
applications, http://doi.acm.org/10.1145/949305.949312 number of program characters which must be speci-



fied to perform most program functions, it also reduces
the amount of loop control and other explicit program
logic required of the user. The language includes se-
lection operations, generation of test and argument ar-
rays, and other macro-operations in a simple consistent
manner.

Array programming is used in numerous fields and in particular

in science and finance. Some of its concepts are found in some

widely used software such as MatLab, Mathematica and IDL[42].

APL continues to be developed and has inspired numerous other

languages such as ZPL [13], Nial [39, 34], Fortran 90 and HPF
[53], K [47], J [48, 26, 27] and PDL [20].

2.1 Principles
Array programming has two key characteristics:
e Operations can be directly applied to entire arrays of values.

e A set of special functions and operators provides powerful
means of data manipulation and allows complex data manip-
ulation processes to be expressed concisely.

The fundamental principle behind array programming is that opera-
tions are directly applied to entire arrays of values, without the need
for explicit loops. For example, K andY are two arrays of num-
bers,X+Y returns a new array which contains the sum, element-
wise, of X andY as shown by Figure 2. It is also possible to com-
bine scalars and arrays in the same expression. For exaxidle,
returns an array which contains the result of multiplying each ele-
ment inX by two. In an array programming language such as For-
tran 90, the expressian = W+X*SIN(Y) is legal, not only when

W, X, Y, andZ are scalars, but also when they are arrays.

2.2 Array Programming Building Blocks

More precisely, array programming is built around scalars, multi-
dimensional arrays, functions, and operators.

Scalars. Conventional array programming languages are oriented
towards numeric computing. They offer a certain number of basic

data types, including numbers and characters, and sometimes offe

complex numbers, dates, and Booleans.

Multi-Dimensional Arrays. Traditionally, array programming sup-
ports multi-dimensional arrays and lets one specify the dimension
onto which operations are carried out. For instance, in APL, one
can index the operation symbol with a number specifying the di-
mension using [ and ]. Thus, in the expressifz]Y, the arrayy

is compressed along its Zth dimension using the Boolean atray

Functions and Operators. Furthermore, array programming fea-

Airplane Pilot

+capacity():Number +name():String
+location():String +age():Number
+model():String +address():String
1 +salary():Number
+sendMail(String):void
1

*

Flight

+arrivalLocation():String
+departureLocation():String
+arrivalDate():Date
+departureDate():Date
+airplane():Airplane
+pilot():Pilot

Figure 1: A simple domain: airplanes, flights and pilots.

3. AN EXAMPLE

To illustrate our point we use the object model presented in Fig-
ure 1 in several examples throughout the paper. It presents the mini-
mal model of an airplane company and represents flights, airplanes,
pilots, and their relationships (an airplane and a pilot are associated
with each flight). We are only interested in manipulating objects via
their behavioral interface. Thus, our UML schema does not spec-
ify the instance variables but only the methods. We define three
collections of objects nameal, F, andP which group together the
references to all instances of airplandg, (flights (F), and pilots
(P) in our airplane company’s fleet.

Suppose that we want to print the names of all the pilots, ranked
by salary in increasing order, in charge of a flight to Paris on a B747
airplane. Using Java or other mainstream object-oriented languages
we would have to write this kind of codle

Java.
TreeSet pilots = new TreeSet(new Comparator()

public int compare(Object 01, Object 02)

{
int salaryl = ((Pilot)ol).salary();
int salary2 = ((Pilot)o2).salary();
if (salaryl < salary2)
return -1;
else if (salaryl == salary?2)
return O;
else
return 1;

tures a set of powerful functions and operators which enable data _}
manipulation to be expressed in a concise manner. As pointed outJ/

by the ACM SIGAPL, "The APL primitives express broad ideas

of data manipulation. These rich and powerful primitives can be
strung together to perform in one line what would require pages
in other programming languages”. For instance, these primitives
allow one to: select some elements in an array, cumulatively ap-
ply a function to the elements of an array, transpose the elements

Iterator flightlterator = F.iterator();
while (flightlterator.hasNext())

Flight currentFlight = (Flight)flightlterator.next();
if (currentFlight.arrivalLocation().equals("PARIS”)
&& currentFlight.airplane().model().equals("B747”))

of an array, slice an array, reshape an array, or combine array ele-
ments with generalized outer and inner product operations. These
array programming operations are in synergy with the automatic
processing of arrays and offer great power for data manipulation.
For examplecompressiomay be used to select elements in an ar-

ray which meet a particular criterion. Thus, in APL the expression By using a TreeSet we can both sort the selected pilots by salary
(X < 60) / X selects elements froxk which are less tha60. in increasing order and avoid duplicates.

pilots.add(currentFlight.pilot());

Iterator pilotlterator = pilots.iterator();




while (pilotiterator.hasNext()) 1

Smalllnteger
{ false w |::> False
System.out.printin(((Pilot)pilotlterator.next()).name()); 'aString' String

}

Our solution, OOPAL, is based on the unification of array pro- fal1$e 01358 ::> Array

gramming and OOP. The main idea is that this unification lets one 'aString'

develop code using the object interfaces and still use the power of

array programming. The unification is realized by the introduction ) .

of message patterrand array programming operations (See Sec- Flgur_e 3: The need to differentiate messages sent to an array

tion 5). As the OOPAL model is supported by F@PT, a new or to its elements.

Smalltalk dialect, we use it as a notation to express the examples.
With F-ScriPT, the same operation on the same object model is

expressed as follows:

Minimal Extension to OOP. The integration of array program-
ming techniques with object technology can only be broadly ac-

F-ScRIPT. cepted if array programming is a new conceptual tool that OOP
pilots := (F at:F arrivalLocation = 'PARIS’ developers can use when appropriate. The foundation of object-

& (F airplane model = 'B747")) pilot distinct. oriented programming should therefore not be altered. Ideally, it
sys log:(pilots name at:pilots salary sort) would require no change or extension of existing languages.

The expressiofr arrivalLocation = 'PARIS’ returns an array of  The solution must minimize the extensions required to conventional
Booleans that indicates, for each flight, whether or not the arrival OOP, while featuring the main advantages of array programming.
location is 'PARIS’. Such an array combined with the other expres-
sionF airplane model = 'B747’ is then used by that: method to Extensibility. A common approach for supporting array program-
select the corresponding flights. ming features is to implement operations in a way that makes them

able to automatically process arrays element-by-element. This has
4. CHALLENGES OF SUCCESSFUL INTE- been adapted to some object-oriented languages. In Squeak [25],
for instance, some arithmetic methods are implemented in that way,
GRATION I ; _ :
) o . . making it possible to writX+Y to add whole arrays. However, in

Based on the analysis of existing object-oriented languages andap, gpject-oriented context, it is hard to generalize this solution. In-
array languages, this section presents the challenges that need to b&eed, generalizing this approach to an existing object-oriented sys-
resolved to integrate array programming in OOP and defines a list 1o would require reformulating and re-implementing each exist-
of design principles that such an integration should satisfy. ing method to make it able to functionamray mode Furthermore,

4.1 Design Principles it would require programming eacl_1 new method in th_at way. We
. . . want the OOPAL array programming model to be universally ap-

The OOPAL model is the result of a simple analysis: since mes- yjicapie e, not restricted to a set of predefined methods) and we
sage passing is the fundamental operation in object-oriented pro-4o want it to put any burden on class developers.
gramming, an array programming operation such as the addition
of two numerical arrays must be conveyed as the generation of a1pe proposed solution should be generic and not based on a prede-
certain number of messages over the array elements. For examplegine jgentification of the methods. It should work for all methods,
supposeX andY are two arrays of the same size whose elements \\ithqut requiring any special support from the methods themselves.
are instances of thdumber class, withX = {1, 2, 3, 4} andY =
{10, 20, 30, 40}. ThenX+Y must result in the generation of four  g,hh0rting Encapsulation. Encapsulation - manipulating objects
messages: 1+10, 2+20, 3+30, 4+40 (Figure 2). using their methods - is consubstantial with the notion of objects

and supports desirable characteristics such as polymorphism, im-
plementation hiding, extensibility, integrity enforcement [45]. The

X + failure to support encapsulation leads to a number of well-known
T |4+——|10 11 problems [32].
2 | «—+— |20 :> 22
+
i ¢ + ig ii The solution must therefore support encapsulation and consider
¢ that interaction with objects is carried out by sending messages.
X+Y

No Additional Constraints on Objects. Sometimes, solutions for
integrating object technology with other paradigms or the use of
Figure 2: X+Y results in the array {11, 22, 33, 44}. object-oriented frameworks place restrictions on the object-oriented

programming model. Such practices lead to upfront design deci-
Supporting All Types of Data. Traditionally, array programming sions that force developers to consider how the objects they are
supports the manipulation of numbers and characters. For integra-designing will be manipulated. Within the scope of the OOPAL
tion with OOP, we want to be able to manipulate any object with model, we believe that such constraints are undesirable.
the same ease.

Therefore, the solution should not place any constraint on objects.
Therefore, the solution should use objects as atomic data elementsDeveloper should not need to know in advance whether their ob-
and should not be limited to numbers and characters alone. jects will be manipulated using th@ OPAL model.



Handling Array Specific MessagesSince arrays are also objects,

it should be possible to send messages to the arrays themselves and

not their elements. As shown by Figure 3, we may want to access
the elements of an array or invoke methods of the array itself.

The solution must provide a means of differentiating the operations
on arrays from operations on the contents of arrays.

Nested Arrays. An operation can apply to different nested levels
as shown by Figure 4. You may wish to go to the maximum nesting
level, stop at the first level, o downto an arbitrary intermediate
nested level.

message

% ] — sty
message

[:::] g [:::] message

] [ |qmessace it

] ] i

Figure 4: The need to specify the level to which the message
applies.

The solution must support the specification of the nested level to be
reached (this is true for the receiver as well as for arguments).

Various Combinations. Until now we have imagined the imple-
mentation of operations that associate array elements one by one
However, some other useful combinations are possible. For ex-
ample, we may want to execute an outer product as in AL,
combine an array element with each element of another array as
shown by Figure 6. The number of possible combinations becomes
even larger if we consider messages with any given number of ar-
guments. Indeed, these messages can bring any number of array
and scalars into play as shown in Figure 5.

Therefore the solution must cover a large number of useful combi-
nations.

4.2 The OOPAL Model in a Nutshell

As we will present in Section 5, the OOPAL model is based
on message patternthat support the manipulation of object col-
lections in an array programming-like fashion. Message patterns
support encapsulation, extensibility, a minimal extension of the ob-

ject model, and the handling of array specific messages and nested

arrays. They also avoid the addition of constraints on object inter-
faces. Thereforanykind of object ancanykind of method can be
manipulated in an array programming-like fashion. The model is
completed with a set of specific array programming operations that
have been adapted to object-oriented programming.

5. MESSAGE PATTERNS

Now, we shall present the core aspect of OOPAlessage pat-

X1 y1 z1

X2 y2 z2

X3 y3 z3
y4 z4

x1 y1 z1

X2 y2 z2

X3 y3 z3
y4 z4

x1 y1

2 ”
Y

x3 va (z is a scalar)

Figure 5: Array elements and scalars may be combined in com-
plex ways.

5.1 Extended Message Passing

As explained, array programming enables operations to be ap-
plied to entire arrays without requiring the explicit use of a tra-
ditional loop control structure. OOPAL message patterns extend
the traditional message passing operation in a backward compati-
ble manner to support messages to be sent to collection of objects.
Message patterns allow for the sending not only of a simple mes-
sage, but of a complex group of messages. Traditional message
passing then conceptually becomes a specific case of message pat-
tern. Note that as regards speed of execution, normal method invo-
cation is not affected by message patterns.

In this paper we present the principal elements of message pat-
terns. A complete description can be found in the ER®TUser’s
Manual [36].

< Message pattern notation makes it possible to:

e Specify for each array involved in a message pattem, (
receiver and arguments) whether a loop should iterate over
the elements of this array. Moreover, the nesting level of this
loop in relation to other loops in the message pattern can be
specified.

e Specify a different message pattern for each level of array
nesting, should nested arrays be used.

e Useimplicit message pattenwhich makes notation easier.

We also propose an abstract notation that makes it possible to ex-
press the structural properties of message patterns, regardless of
their actual message selectars.( method names) and arguments.
These structural properties are called patterns. For example, the
notion of an outer product corresponds to a particular pattern.

5.2 Simple Message Patterns
The message pattern notation involves indicating iterations in the

terng. As we have mentioned, message patterns are at the heart ofmessage expression itself. When @esymbol is placed after the

the minimal extension of the traditional object model, which sup-
ports the design principles identified in Section 4.

2"Message pattern” is sometimes used in Smalltalk as a synonym
for selector with method argument. This differs from our usage in
this paper.

receiver and/or just before an argument, it means that a loop iter-
ating over the elements of such designated array(s) is executed to
generate message sends.



The two following rules using a Smalltalk synfaexpress it
(these rules can be combined, as we show later):

e rec @max:arg means that all the elementsret receive the

. X Y
messagenax: with the argumenarg. {1, 2, 3} @max:2 p 7 YT X Y2 Y ya
generates three message sends (L max:2, 2 max:2, 3 x2 y2 TIT e e o s o]
max:2) and returng2, 2, 3} x3 ¥3 G
. v & : y4 x3 *y1,x3 *y2, x3 *y3, x3 *y4

e rec max:@ arg means thatec receives the messageax:
for each elements of arg2 max:@ {1, 2, 3} generates
three message send®(, 2 max:1, 2 max:2, 2 max:3) and
returns{2, 2, 3}.

Figure 6: Outer product.

Advanced Combinations. Thus far, we have seen that by using
patterns on some arrays we generate messages that use the first el-
ement of each array, then the second, and so on. But we can also
combine array elements in other ways. For example, suppose we
want to get the outer product &fandY, using the* method (Fig-
ure 6). To do this, we have to specify that we want a looX@nd
aninnerloop onY. We therefore use a number after Besymbol

Yto state the inner level of each loop. The outer product as shown in
Figure 6 is then expressed 4@1*@2 Y.

For example, the expressiéh@airplane sends the messagér-
plane to all the elements df and returns the resulting arraiye(,

an array of airplane objects, having the same sizE, aghere the
airplane at index in this array is the airplane associated with the
flight at indexi in F). One can note that th@ form is very similar

to the EACH operator in APL.

Both receiver and arguments can be iterated upon as shown b
the following example{1, 2, 3} @+@ {10, 20, 30} returns the
array{11, 22, 33}

As shown by the second rule, a message pattern expression does For instance, XX is {1, 2, 3} andY is {10, 20, 30}, thenX

not require the receiver to be an array. In this case, the messag 1*@2 Y ret 10. 20. 30}.120. 40. 60, {30. 60. 90
pattern will only lift over the arguments designated by@rsign. @1*@2 Y retums{{10, 20, 30},{20, 40, 60}, {30, 60, 90}}.

For instance, suppose thatis a dictionary providing lookup with If Zis {2, 0, 4} thenX @1 between:@2 Y and:@3 Z re-
the methodbjectForKey:. D contains associations between coun- tums{{{fage,'true, false}, {false, true, false}, {false, true,

try names and capital city names. To get the capital city of France, false true. true. falsel. {true. true falsel. {true. true
we write D objectForKey:'France’, which returnsParis’. Thanks falsei}}’ ﬁtrue’ true’ false{‘ }true’ true’ false%’ }true‘ truey
to message patterns, we can also provide a whole set of keys With'false}},} ' ' ' ' ' ' ' '
out requiring any special support from thbjectForKey: method: '

D objectForkey:@{'France’, 'Norway’, 'Canada’, 'Japan’ } re- X @1 between:@2 Y and:@1 Z returns{{false, false, false},

turns{"Paris’, 'Oslo’, Ottawa, Tokyo's. . {true, true, true}, {false, false, false}}
The messages resulting from the execution of a message pattern

are sent sequentially. There are no parallel or asynchronous se5 3 Recursive Message Patterns
mantics attached to OOPAL message patferAgrays are iterated
from the start of the array towards the end. The method invocation
semantic is not altered by OOPAL and is defined by the object-
oriented language at use.

Simple message patterns are the most commonly used. However
they are not sufficient when dealing with nested arrays. For exam-
ple, letX be the array{{1, 'string’, {3}}, {5}}. X has two ele-
ments. The first element is an array containing a number, a string,

Composition. A message pattern has the same precedence level asand another array, and the second element is an array containing a

conventional message sends and can be composed in a similar mar2Umber. The expressio class returns the clasérray. The ex-

ner. For example, the expressier@airplane @model generates pressiorX @class returns{Array, Array} as the messageass is

the airplane array described in a previous example, and then send§:ant to the array elements. To get the class of the ?Iimz ien@ts of each
the model message to each element in this array, which returns a elemen:]'wr? use a relt\:lurs“l;e mses.sageApattern SS % CI@
new array giving the airplane model corresponding to each flight. class which returns{{Number, String, Array}, {Number}}. In

The expressiof @departureDate @> NSDate now returns a a recursivg message pattern, a pattgrn is applied to another pattern
Boolean array which indicates, for each flight, whether it will take 'PStead of justto a message. Recursive message patterns have mul-
place after the current date tiple levels. At each level is a pattern that applies to the pattern

found at the next level. The pattern at the last level applies to a
’In Smalltalk, we invoke the methoshax: with parametetb on simple message. In thé @ @class example, the first level of the
objecta with the expressioa max:b —this is the Smalltalk equiv-  message pattern is the leftma@t It indicates that the rest of the
alent of writinga.max(b) in Java. The method's name imax: message pattern, he@ class, must be applied to each elementin

and is called the selector. Unary selectars.(selectors with no . .
argument) have a higher precedence than binary selecars¢- arrayX. Each level in a recursive message pattern corresponds to a

lectors using symbols like, -, < etc.), which have themselves  nesting level in the arrays being manipulated.

a higher precedence than keyword selectoes &electors that in- Recursive message patterns can easily become very complex, but
cludes one or more colons, suchmsx: or at:put:). Thus the such complex message patterns are rarely used.

expressiora max:b+c abs will be evaluated in the same way as

max:(b+(c abs)). 5.4 Implicit Message Pattern Notation

4This is to cope with thévlinimal Extension to OORequirement . . -
expressed in section 4.1, as introducing parallel execution seman- The notation introduced previously supports the definition of mes-

tics would clearly not contribute to a minimal extension. That said, sage patterns and is fully executable in ER%T. However, this
the message pattern idea and notation certainly has good potentiakxplicit notation is still too complex compared with conventional
to be associated with parallel programming semantics. This subject
is, however, outside the scope of this article. is a class method returning the current date. NiB®ate class im-
SNSDate is the class representing the dates in &R&Tandnow plements conventional comparison methods.




array languages. In APL we writé+Y to add the arrayX andY,
with the notation presented above we must Wit@+@ Y.

To solve this problem, we introduce anplicit notation for mes-
sage patterns, which in most cases eliminates the explicit u@e of
Going back to our example, we can now wiier Y like in APL.

This approach requires the language in which it is used to be able

6.1 Scalars

The scalar data typeg.g, Booleans, numbers) manipulated by
conventional array programming languages corresponds in our model
to classes. Data is no longer limited to certain types but may be of
any class. This is possible because, in OOPAL, array programming
facilities are universal and not linked to any particular class.

to recognize the specification of a message pattern even if the mes-

sage pattern is not denoted by any particular signs. IrCR+ST,
we use the following rule to support implicit message patterns:

6.2 Multi-dimensional Arrays
Array programming allows data to be grouped togethenirti-

when a message is sent to an array, if the method invoked is notgimensionakrrays which vary in size, are heterogeneous, and may

defined by the clasArray, the message is sent to the receiver el-

ements. Moreover, if certain arguments of this message are also

arrays F-8RIPTtakes the elements in these arrays one at a time.

WhenX, Y, andZ are arrays of numbers, this rule makes it pos-
sible to write expressions such agtY, X*2, X cos, X between:Y
and:Z, andX between:10 and:Z. These expressions follow the ar-
ray semanticge., they operate on the array elements. The rule also
makes it possible to use the implicit notation for recursive message
patterns. For instancg{1, 2, 3}, {10, 3.14}} * 2 is equivalent to
{{1, 2, 3}, {10, 3.14}} @@* 2 and evaluates t§{2, 4, 6},{20,
6.28}}.

Thanks to implicit notation we can simplify the examples given
in the previous sections. Thus, we can witairplane instead
of F @airplane andF airplane model instead ofF @airplane
@model. However, implicit notation cannot always be used, es-
pecially when the receiver is not an array but arguments should be
iterated upon. For instance, the express2oh X whereX is an
array of numbers will not work. In this case, an explicit message
pattern is required2 *@ X.

Note that the proposed rule can be implemented in the message-

sending routine with nearly no performance loss.

5.5 Abstract Notation

When reasoning about message patterns, we may not be inter-
ested by the actual message selector and the actual arguments used

in the expression. We often want to think about the structural part
of a message pattern expression. We extract this structural infor-
mation, which we call a pattern, and represent it as follow:

e The pattern of the message pattern expresBi@arrival-
Date is @.

e The pattern of the message pattern expresgibn2, 3}
@+@ {10, 20, 30} is @:@.

e The pattern of the message pattern expres8iorex:@1{0,
4,8} is:@.

Given an explicit message pattern expression indrRi8T, one can
produce the associated abstract notation by applying the following
transformations:

themselves contain arrays.

In object-oriented languages the closest data-typediered col-
lection(e.qg, Listin JavaOrderedCollection in Smalltalk). OOPAL
uses the extensibility of OOP to define the main array-programming
operations as dedicated methods on collection classes. In this arti-
cle, we refer to these enriched collections as "arrays”.

Conventional object collections are one-dimensional and do not
offer direct support for the multi-dimensional manipulations which
are so dear to array programming. Nonetheless, we believe that it is
preferable in our context to avoid introducing the notion of multi-
dimensional object collections for three reasons.

e First, it would involve a substantial addition leading to nu-
merous complexities and this would contradict the minimal
extension principle.

Second, while multi-dimensional matrix manipulation may
be a common occurrence in mathematical processes it is less
useful in our context which looks at the manipulation of any
type of objects.

Third, we are not abandoning advanced support for opera-
tions requiring multi-level object nesting. Collection nesting

is still possible, as nothing prevents a collection from con-
taining collections. In OOPAL, multi-dimensional arrays
are simulated using nested arrays. The notion of recursive
message patterns allows array programming techniques to be
used on nested arrays regardless of the depth of nesting, and
the transposition operation (see section 7) caters for explicit
permutation of dimensions.

6.3 Functions and Operators

Array programming languages offer a certain number of opera-
tions, calledfunctions which may be applied to scalar data and/or
to arrays. Functions may be provided by the language such as basic
mathematical operations or array-specific functions like compres-
sion. They may also be provided by the developer or via external
libraries. In OOP, functions map naturally to methods.

Array programming also uses the notionopferators(see [29]).
An operator can be described as a function which applies to other

e Remove the sub-expressions representing the receiver andfunctions to produce a function. Array programming is widely

the arguments.
e Replace binary selectors.@, +, -, etc.) by a colon.

e Remove all the characters from the selector except the colon
characters.

Some patterns are frequently used and can be given standard, well
known names. For exampl@1:@?2 is calledouter product

6. BUILDING BLOCKS

The OOPAL model would not be complete without implement-
ing the basic elements of array programming. Now we present how
we map them into an object-oriented programming model.

based on operators for data manipulation. For example, the reduc-
tion operator enables any function with two arguments to be cumu-
latively applied to all the elements in an array. As with functions,
primitive operators exist and it is possible to define new operators.
Object-oriented programming does not have any direct equiva-
lent to the operator concept but the main advantages of operators

can be obtained by implementing methods whichaserationsas

arguments. Depending on the language, one can use constructions
such as blocks (lambda functions) or selectors in Smalltalk, anony-
mous methods in C#, selectors in Objective-C, or lambda functions
in Python, CLOS. For example, an equivalent to a reduction oper-
ator (in a slightly modified form) already exists in Smalltalk with
theinject:into: method, which takes a block as an argument.



7. ARRAY PROGRAMMING OPERATIONS
BY EXAMPLE

The notion of message pattern alone is not sufficient to fully in-

if you had entered1 + 2 + 3 + 4. Reduction may be used with
any operation (method or block) which takes two operands and re-
turns an object. Some types of reduction are used very often. For
example:

tegrate array programming in object-oriented programming. Mes-
sage patterns become powerful when they are associated with spe-
cific array programming operations. Note that these operations are
implemented as simple methods. No new syntactic notation is nec-
essary. These operations are generic and are meant to be provided
by languages supporting the OOPAL model. They do not require
support from the developer. In particular, these operations enable:

e Easy navigation in the object graph,

e Concise and readable expression of the selection of objects

e Reduction of an array of numbers using tmén: method

returns the smallest element in the array (alternativabx:
reduction returns the greatest element).

Reduction of a Boolean array using thenethod (.e., the
logical OR) enabling existential quantification. For example,
P salary > 3000 \ #| returns true if a pilot has a salary
greater than 3000.

Reduction of a Boolean array using t&emethod (.e., log-

according to arbitrarily complex criteria, ical AND) enabling universal quantification. For example,

P salary > 3000 \ #& returns true if all the pilots have a

e Sophisticated data analysis, and salary greater than 3000, otherwise false.

e Concise and readable expression of complex object manipu-

. e Reduction of a Boolean array using thenethod which pro-
lations.

vides the number of objects which check a certain predicate.
For exampleP salary > 3000 \ #+ returns the number of

As we illustrate now, using message patterns and these operations : ;
pilots whose salary is greater than 3000.

makes it possible to capitalize on the power of array programming

principles in an object-oriented context. Reduction already exists in other object-oriented languages (

7.1 Six Selected Operations inject:into: method in smallta]kr,educe function in Python). How-

. | f i i ever reduction is less used in these languages because of the ver-
_ Here, we present six examples of array specific operations, asy,qe gefinition it requires and because object collections in these
implemented in F-BRIPT, but there are many others (see [36, 37]). languages are less frequently present than in OOPAL. In OOPAL

. . . the reduction method works in synergy with the other specific high-
Compression. Compression selects certain elements of an array. j.4ar methods and idioms promoted by array programming
The result of compression is a new array which contains the se- '

lected elements. Compressi_on is an operation which req_uires WO Eytended Indexing. In array programming, an array can be in-
operands: the array from W.h'Ch we want to ‘make a Sel.eCt'On and ageye by a whole array of indices. The translation of this capacity
Boolegn arrayof th_e same Size. An_element is selected if the corre- in our OOPAL model involves the array class providing indexing
sponding Booleari €., at the same index) holds true. For example, methods able to deal with an array of indices. For instanck, if
suppose that our arrdy contains eight Pilot objects. If we want to is {1, 2, 'foo’, 'bar’, nil, 99, 100}, thenX at:{0, 2, 3} returns
select elements at index 0, 1, and 5, we can apply compression agy ’f'oo’, ’bar’l} andX a’t'{O’ > 3}’put'{-1 1 77} modifiesx
follows®: P at:{true, true, false, false, false, true, false, false}. wh’ich bécomeé-l 5 1 77 r;il 99 1'00}' Tr’1is provides a very

. Compression requires a Boolean array which specifies the selec; eneral way to designate elements of an array. Severals methods
tion that has to be made. Thanks to message patterns, such array, t one conveniently generates arrays of indices for various usages,

are very easy to generate. For examplesalary > 3000, gener- like selecting a particular region, sorting (see below), shuffling etc
ates a Boolean array which indicates, for each pilot, whether his/her gap gion, 9( ) g ete.

salary is greater ‘haf‘ 3000. The expression .is gvaluated as fOHOWS:Sorting. The result of thesort message sent to an array is an array
thesalary message is sent to each elemerithis message pat- ¢ integers containing the indices that will arrange the receiver of

tern is denoted implicitly), which produces an array of numbers. .+ i ascending order. For examplefis {5, 2, 1, 3, 6, 4}
The message- 3000 is then sent to each element in the array of o0 s oot returns{2 1 3,5, 0, 4}. We can ’thén g@t( in as-

numbers (here again, n accordance with tI_1e implicit notation of cending order by indexing it with the result of the execution of the
message patter_ns) which produces the desired Boolean array. W& o1t methodX at:X sort returns{1, 2, 3, 4, 5, 6}. The advantage

can then use this Boolean array to compressitiray and thus ¢ yhis method is that once we have the ordered index numbers, we
select only pilots whose salary is greater than 3008t: P salary can then apply them not only to the original scrambled array, but to
> 3000. any other array of the same size. For example, suppose we want to

Meszage patltlerns enable comple.x Boollean conditions to be ex'get an array of pilots sorted by ascending salary. We just have to
presse na7tura Y- For exam_pl@ at(P salary > 3000) & (P evaluate the expressiéhat:P salary sort.
address = 'PARIS’)) sendMail:'Dear Pilot, etc. etc. etc. se-

lects the pilots whose salary is greater than 3000 and who live in Joins. The OOPAL join operation, loosely named after the join

Paris, and sends them an e-mail. operation in relational algebra, is implemented by the method

. . L . . of the Array class. For each element, sayof the receiver, this
Reduction. Reducing an array consists in cumulatively evaluating oo 04 computes an array containing the positions iof the ar-

a Cu.Stom qperation on the elements of an array. INGRIBT, re- gument. It returns all the arrays packed into an array of arrays. For
duction is implemented as the methgdof the Array class. For instance {1, 2, foo’} >< {4, foo’, 1, foo’, 'foo’} returns{{2}
example, you add up _the elements of an array vx_/ith the expression:{}’ {1, 3, 4}}. This result means that the first element of the re-
{1, 2, 3, 4} \ #+ which returns10. The result is computed as  cojyer is found at index 2 in the argument, the second element of the

SHere, we have extended the Smalltalk indexing method for carry- receiver is not present at all in the argument and the third element
ing out compression when its argument is a Boolean array. of the receiver is found at indices 1, 3, and 4 in the argument.




Suppose we want to obtain, for each pilotRn the list of all
the flights that the pilot is responsible for. That is, we want to
construct an array of the same sizePasvhere each element is an

array containing the flights associated with the corresponding pilot

in P. The list of flights at index in the resulting array contains the
flights for which the pilot atindekin P is responsible. As shownin
Figure 1, thePilot class does not provide a method (sdlights”)
returning the list of flights associated with a pilot. Thus we cannot
just write something likd® flights. So, how can we navigate from
the pilots to the associated flights? Itis in this kind of situation that

the join method is useful. This method can be used here because th

Flight class provides a method (namgitbt) that makes it possible
to navigate from a flight to its associated pilot. The result can be

obtained by combining the join method, an extended indexing, and

two message patternB:at:@ P >< F pilot.

As shown here, the join method makes it possible to easily navi-
gate an object graph without requiring the object model to maintain
and provide inverse relationshipg, back-links) navigation capac-
ities. Used wisely, this characteristic can simplify the implementa-
tion of an object model and allow one to exprasishocqueries.

Transposition. ThetransposedBy: method computes and returns
an array which is a transposition of the receiver according to the

transposition vector passed as argument. A transposition involves.

restructuring a multi-dimensional array (represented in OOPAL by

nested arrays) so that its coordinates appear in a permuted orde

The element of the transposition vector at indepecifies the di-
mension of the receiver which becomes dimensionthe result.
For example{1, 2, O} as a transposition vector specifies that the

first dimension of the result is the second dimension of the receiver,
that the second dimension of the result is the third dimension of the

receiver and that the third dimension of the result is the first dimen-
sion of the result. Suppose we compdte= (A >< @ (F at@
P >< F pilot) airplane) @@count. N is an array of arrays that
gives the number of flights, for each pilot, for each airplane. That
is, to get the number of flights associated with the pilot at index
in P and the airplane at indgxn A, we can computéN at:i) at:j.
We can easily transpodéto get an array of arrays (s&it) which
gives the number of flights for each airplane, for each pilot. That
is, we can turn rows into columns and columns into rows. To do
that we execut®lt := N transposedBy:{1, 0}.

The transposition operation, which enables us to reorganize nest
arrays easily, is very useful in OLAP-like data processing.

7.2 A Final Example

Imagine we want to identify the pilots who are in charge of at
least one flight for each airplane in the fleet. In a traditional object
language like Objective-C, we would write the following code.

Objective-C

Airplane *airplane;

Pilot *pilot;

Flight *flight;

NSMutableArray *result = [NSMutableArray array];
NSEnumerator *pilotEnumerator = [P objectEnumerator];
while (pilot = [pilotEnumerator nextObject])

NSEnumerator *airplaneEnumerator = [A objectEnumerator];
while (airplane = [airplaneEnumerator nextObject])

NSEnumerator *flightEnumerator = [F objectEnumerator];
while (flight = [flightEnumerator nextObject])

if ([flight airplane] == airplane && [flight pilot] == pilot)

I

break;

if (!flight) break;
}

if (lairplane) [result addObject:pilot];

}

return result;

Below, we present the same query expressed ircR+ST. The
following technique is used by the Fe&IpT code: for each pilot

e determine the list of airplanes on which he has at least one flight,

using a join. We then use compression to select the pilots for whom
the list of airplanes contains as many elements as the total number
of airplanes in the fleet.

F-SCRIPT
P at:(F at:@ P >< F pilot) airplane @distinct @count = A count

8. IMPLEMENTATION NOTES

The OOPAL model has been implemented in ER8 T, an open-
source object-oriented scripting language available at www.fscript.org.

8.1 OOPAL in F-SCRIPT

F-ScripTis aninterpreted and interactive language implemented
in Objective-C. F-8RIPTadopts the Smalltalk syntax. Integration

of OOPAL into F-ZRIPTrequired extending the original Smalltalk
Syntax and changing the semantics of message send to handle mes-
sage patterns. F&RIPT is based on the Mac OS X native ob-
ject model. The classes representing arrays and the other basic
classes such as numbers or strings are Mac OS X classes. Ar-
ray programming-specific operations (compression, reduction, etc.)
are implemented in the form of methods. All the objects based on
the Mac OS X object model can be manipulated usingdri8T.

For example, in [38], message patterns are used to manipulate Mac
OS X native GUI widgets.

In F-ScriIPT, the main modules related to OOPAL are the parser
for the message pattern syntax, the message pattern interpreter, the
Array class and the various array programing operatiens, (re-
duction, compression). Each module is well isolated from the oth-
ers, and provides a relatively simple function, making it easy to
implement and optimize. For instance, the message pattern inter-

e|%reter, which could be considered as one of the trickiest modules

in the group, has less than two hundred lines of Objective-C code,
including the optimizations described in section 8.2.

8.2 Optimizing Performance

The performance and optimization techniques of array program-
ming languages have been widely examined and written about, in
particular, due to the frequent use of array programming in the field
of high performance financial and scientific calculations. Gener-
ally speaking, most of the principles described in the literature can
be applied to OOPAL. In this section, we look at a few OOPAL-
specific issues linked to the unification of array programming and
OOP, and show how we use an optimized message pattern engine
and smart arrays in F€RIPT. The benchmarks were carried out
on a 800MHz PowerPC G4 running Java 1.4.1, GCC 3.1, and F-
SCRIPTV1.2.4.

Even though some optimizations are based on optimizing Boolean
and number arrays, they are relevant in the specific context of in-
tegration of array programming in OOP. Indeed, in the OOPAL
model, operations on number and Boolean arrays are very frequent
during the manipulation ainy object The fundamental operations
offered by OOPAL for manipulating any type of object (compres-
sion, joins, reduction, transposition . ..) and the various associated



Table 1: Memory footprint of an array containing five million
numbers

F-ScriIPTwithout smart arrayg 176 MB
F-ScripTwith smart arrays 40 MB
C 40 MB

idioms are intrinsically based on the generation and manipulation
of number and Boolean arrays. For example, thedRIST ex-
pressiorP age < 35 & (P salary > 3000) \ #| which determines
whether any pilot under the age of thirty-five has a salary greater
than 3000, generates and uses five number and Boolean arrays.

Optimized Message Pattern Engine.OOPAL message patterns
may be compiled or interpreted. If you have a code generator and
a compiler (whether static or just-in-time), you can translate them
in compiled native code implementing nested loops. If you do not
have these modules or if you want to avoid them as they are both
cumbersome and complex, you can interpret the message patterns
at run-time using a message pattern interpreter. To avoid adversely
affecting performance, optimized (i.e. compiled) implementations
of the most common patterns can be integrated in the interpreter
itself. In F-SCRIPT, the message pattern interpreter contains op-
timized implementations for several patterns, includ@g @:,

@:@ and@1:@2. Benchmarks show that, in FERIPT, sending

a simple message to each element of an array usin@tipattern

is 23 percent faster with this optimization.

Smart Arrays. OOPAL offers the language user the notion of het-
erogeneous object arrays. But in practice, in most common cases of
use, most arrays are in fact homogenous. In addition, as we already
mentioned, array programming-specific operations produce a ma-
jority of number and Boolean arrays. These properties enable the
implementation of the main OOPAL model optimizations. At the
base of these optimizations are what we refer to hesest ar-

rays arrays capable afynamicallyadapting at run-time their inter-

e Dynamically adapting arrays and the use of optimized oper-
ations and representations are transparent for the user who
only manipulates object arrays, except when talking about
the object identity of numbers, which can be changed by op-
timized representations. When we place an object represent-
ing a number in a smart array and then retrieve it, the result is
an object with the same value as the object we placed in the
array. However, there is no guarantee that it will be the same
object in memory. This modification of the conventional se-
mantics of object arrays has few consequences, given that the
notion of object identity is almost never used with numbers.

e The way in which arrays dynamically adapt their internal
representation is based on heuristics that make it very fast.
For example, arrays that have been heterogeneous once in
their lifetime never check their content to determine if they
could benefit from a homogeneous-optimized internal repre-
sentation. This heuristic is based on a hypothesis that we
can practically summarize as follows: heterogeneous arrays
rarely become homogeneous. More generally, the internal
representation that an array possesses at a certain point in
its lifetime tells something about the way the array has been
used so far. This "something” helps the array to determine
the likely and unlikely evolutions of its content and usage.
This enables it to implement the dynamic adaptation mecha-
nism efficiently.

e The F-SRIPTSmart array system is designed to be extensi-
ble. It is based on an object-oriented framework which facil-
itates the definition of new types of internal representations
for arrays and the implementation of operations optimized
for these representations. It is thus possible to define opti-
mized operations and representations for arrays containing
objects other than numbers and Booleans.

Combined with smart arrays, the OOPAL model ensures both

code conciseness and good performance for array expressions. It

nal representation to their content so as to optimize the operationshelps F-SRIPT to overcome the handicaps of being interpreted,

carried out on the arrays and the memory footprint. INnGR®T dynamically typed, and a "pure object” language in which any

the classArray acts as a facade that hides the fact that different op- number or Boolean is manipulated by sending a message. For in-

timized classes are used to specifically handle certain arrays such astance, table 2 compares the code and time in seconds needed to add

Boolean and numerical arrays. In an array language likeR+Sr, two number arrays element-wise in F5&PT, Java and C. Each ar-

this optimization is very useful because of the pervasiveness of ho- ray contains five million of double precision numbers.

mogenous arrays. In FERIPT number and Boolean arrays use

optimized internal representations and operations: Optimizing for Hardware. Array programming has been noted to

) . be well suited to various hardware architectures such as vector pro-

* Number and Boolean arrays use an internal representation cesqors and parallel architectures (see [1, 5, 9, 12, 14, 15, 24]). For
corresponding to native data arrays of the platform. For ex- hgtance, short vector architectures, which are found in the form of

ample, in conventional 32-bit architectures, a double-precisiong;\ip (Single Instruction, Multiple Data) units in mainstream mi-

number array uses, as internal representation, a contiguous,onrgcessors, are well suited to the ultra-fast processing of entire
memory space made up of 64-bit words where each word

e - ) arrays. Array programming, which is intrinsically SIMD, makes
represents a double-precision number in native format. Ta- j; hossible to use vector architectures in order to to optimize the

ble 1 shows the memory footprint, in mega bytes, ofanarray oopaL model. Even in a pure object-oriented language, smart
which contains five million double-precision numbers. arrays allow processes relating to arrays to be implemented in an

e Sending of messages to elements of these arrays is automatOPtimizéd manner - transparent to the user - by using native SIMD
ically bypassed and replaced by the direct application of na- Instructions. For example, letus look at the expresBiage < 35
tive operations. For example, X is a number array and & (P salary > 3000) \ #|, which determines whether any pilot un-
y a number, the expressiof + y does not generate costly der the age of thirty-five has a salary greater than 3000. Of the six

sending of messages but, rather, the application of a native operatiops included in this e.xpress?on (five message patterns and
addition operation for each elementin a reduction), four could be directly implemented using the vector

unit: this involves two comparisons, a logical AND and a reduc-
e Several operations are optimized to take advantage of smarttion. On an Altivec unit, the instructionsec_cmpgt, vec_cmplt,
arrays. For example, reduction of a Boolean array by a logi- vec_and andvec_any_eq could be used. However, it should be
cal OR will stop as soon asteue value is found in the array. noted that the optimization of basic operations on arrays does not



Table 2: Code and time required to add two arrays containing five million numbers each

Code Time
Java using objects final int size = 5000000; 7s
ArrayList C = new ArrayList(size);
for (inti=0;i < size; i++)
C.add(new Double(((Double)(A.get(i))).doubleValue()
+ ((Double)(B.get(i))).doubleValue()));
Java using primitives | final int size = 5000000 05s
double[] C = new double[size];
for (inti=0;i < size; i++) CJ[i] = A[i]+B]i];
Cc const int size = 5000000; 05s
double *C = (double *)malloc(size*sizeof(double));
for (i = 0; i < size; i++) CJi] = A[i]+B]il;
F-ScRripT Ci=A+B 0.5s

guarantee that performances will be improved. Indeed, without semantics. This is the case when the language can determine that
some kind of code consolidation (see sectionl®8p Fusion and sub-expression evaluations do not interact. However, the character-
Array Reductiol, each of these operations requires a full iteration istics of object-oriented programming (polymorphism, extensibil-
on one or more arrays and, therefore, exchanges of data betweerity, etc.) make this difficult.

the processor and the memory. If memory access is slow in relation ~ Within the scope of an interpreted language with no static typing,
to processor speed, then a bottleneck will develop, which detractsin some situations, smart arrays can enable the interpreter to effec-
from the full processing power of the vector unit [43]. For example, tively determine the nature of the operations (in particular, deter-
F-ScriIPTuses the vector unit to implement the basic logical oper- mining that the operations do not modify the state of objects) thus
ations on arrays of Booleans. On machines with slow memory bus, giving the interpreter the possibility of implementing loop fusion
the performance improvements are fairly slight. In practice, it is and array reduction. In statically typed object-oriented languages,
the most complex operations (those which require many primitive loop fusion and array reduction can sometimes be applied at com-
instructions with each iteration on each element of the arrays be- pile time, as shown by the Expression Template system [49, 51],
ing processed), which reap the greatest benefits from the use of thewhich uses the C++ template engine to perform loop transforma-
vector unit [40]. For the others (like basic logical operations), the tions at compile-time.

performance improvement is closely related to the memory access Some object models facilitate the implementation of loop fusion

speed, which can vary greatly from architecture to architecture.

8.3 Other Possible Optimizations: Loop Fu-
sion and Array Reduction
Loop fusion and array reduction minimize the number of loops

and the creation of temporary arrays during expression evaluations.

T = new array

for each element e in P do
s = send message "salary" to e
addstoT

end do

R = new array
for each element e in P do

s = send message "salary" to e
R =new array b = send message "> 3000" to s
for each element e in T do addbto R

b = send message ">3000"to e end do

addbto R return R
end do
return R

P salary > 3000

Algorithm for the evaluation
of the expression. Note that
there are two loops and one
temporary array.

Algorithm after loop fusion
and array reduction. Note
that there is one loop and
no temporary array.

Array
expression

Figure 7: Example of loop fusion and array reduction in an
array/object-oriented context.

Note that loop fusion and array reduction have not yet been im-
plemented in F-8RIPT. These are very important techniques used
by some array languages to improve performance [31]. However,
these optimizations cannot be applied blindly. They change the or-
der of operation and this can modify the semantics of the evaluated

expressions. In some cases, however, the language has enough in-

formation to determine that loop fusion retains correct evaluation

and array reduction: [16] describes a model which enables reason-
ing about the disjointness of computational effects within the scope
of object-oriented programming and provides an extensive bibliog-
raphy on the subject.

9. REAL WORLD APPLICATIONS

The OOPAL model is used, through Fe8IPT, in various fields
such as data analysis, game development, application scripting, or
software debugging. In this section we give two examples of real-
world usage that are independent of our research.

OOPAL in Astrophysics. F-ScripTis used at the department of
Astronomy & Astrophysics of the University of Toronto to inter-
actively filter and manipulate data coming from the Hubble Space
Telescope. Central to the objet model of this applicatiorGsiaxy
class which offers many methods returning galaxy's properties. Pro-
fessor Roberto Abraham reports:

F-ScRripTlets one easily do pretty complex data min-
ing to drill down through samples of thousands of galax-
ies distributed throughout a very large parameter space
in order to isolate only those galaxies of interest. Amongst
the infinite number of things we might want to do is re-
strict some analysis to all galaxies with a certain class
with a median area above some value, and then work
out the mean value of a bunch of galaxy properties.
One certainly can’t anticipate beforehand what one will
want to do with the data. Since manipulation of the
data needs to be general, and the data analysis is in-
herently array based, embedding Ef8PT is perfect

for this application. It replaces having to filter mil-
lion of little ASCII text files with AWK and Perl, and



since the F-8RIPT syntax automatically threads over The confrontation between object-oriented databases and rela-
arrays no serious programming is needed to do really tional databases has led to the development of object query lan-
complicated stuff. guages, sometimes based on sophisticated object algebras and cal-
. . . culi, which provide high-level object-oriented querying models.
_ For instance, here is an Fe8IPT expression that returns the  oever, these developments, at least for the moment, have not in-
isophotal magnitudes of the galaxies that have a major axis lesseffj,enced mainstream object-oriented programming languages such
than 50:(galaxies at:galaxies majorAxis < 50) isophotalMag- as C++, Java, C#, or Smalltalk. On the contrary, in their most recent
nitude. This examplg shoyvs_ that the designer of the galaxy m_odel incarnations €.g, JDO Query Language, EJB Query Language),
expresses the_ gueries within the metaphor he created and is nobbject query languages adopt quite a low profile. They are merely
forced to manipulate naked data. used as a minimalist interface to an underlying database, for boot-
. . ) . strapping the data navigation and manipulation prodessdetting
OOPAL in Music Theory. F-SCRIPT is used at the Technical  gome elements of the object graph out of the database) which is then
University of Berlin by the Interdisciplinary Research Group for  4rried out with the host object-oriented programming language.
Mathematical Mus.ic Theory, in the context of the .Rubato project \while object query languages are mainly designed around the in-
and the OpenMusic/Humdrum/Rubato (OHR) project. ER®T teraction with persistent objects stored in a database, the OOPAL
is us_ed to aid workflow between Music anal_yslS tools making It model is primarily designed to interact with instantiated objects ly-
p053|b!e to specify music-theory ma_terlal (for |nst§nqe, a harmonlc ing in memory. Indeed, the problem we are tackling with OOPAL
analysis theory) and to exchange it between existing td@s (s 'to provide a higher-level programming model in the context of
OpenMusic and Rubato). OpenMusic is able to automatically gen- oop, not a database query language. One important consequence
erate F-$RIPT code which manipulates Rubato's objects. Among  f hs difference in focus is the support for encapsulation. For per-
other_ things, F-$R|PT is used to implement some music-related  5rmance reasons, most of the query languages provided by object-
algorithms. For instance, an Fe8IPT program has been devel-  iented databases or object/relational mapping tools break encap-
oped that makes it possible to test a new approach to harmonicgation. For example, the current version of JDOQL [46] does
analysis suggested by Fred Lerdahl within the existing applica- ot support method invocation of persisted objects but only of-
tion framework of a Riemannian functional analysis implementa- feg direct access to instance variables. The performance problem
tion (the Harmo-Rubette). 6dg Garbers, member of the Music 4t justifies breaking encapsulation is due to the fact that database
Theory Research group, notesf that message patterns are extensweuuery languages do not actually manipulate objects but object rep-
used as well as reduction and ibaperations. [17] contains further resentations stored on disk, which is a different thing. In such

description of how F-8RIPTis used in this context. a case, the use of indexes and the minimization of instantiations,
which can be achieved by breaking encapsulation, are required in
10. RELATED WORK order to achieve good performance. On the contrary, in the context

Several teams have explored integration of object technology and ©f & general purpose object-oriented language, encapsulation is of
array programming. In most cases, their goal has been to studyParamountimportance, and is well supported by OOPAL.
how object technology could enhance an existing array language. ) ) ]
See[2,4,7,8,11, 18, 19, 33, 41, 44, 48]. OOPAL takes a rather High-level object-oriented languages like Smalltalk or Python
different approach as it involves bringing the notions of array pro- commonly provide sophisticated collections classes associated with
gramming to the object world. Its goal is therefore to determine the high-level operations and constructs. A key difference between this
minimal set of modifications that must be made to the traditional @pproach and OOPAL is that the latter allows one to think in terms
object model in order to take advantage of the possibilities of array ©f whole sets of objects, while conventional object collection proto-
programming. To our knowledge, little research has been carried cols require thinking in terms of iteration over collection elements.
out in this area. For instance, compare the code needed to generate an array con-

Marcel Weiher [52], proposes a powerful model based on dy- t@ining the names of all the pilots:
namic wrappers (a.k.a. trampolines), which enables high-order
messaging. This provides an alternative approach to OOPAL’s
message pattern for high-order messaging. Unlike OOPAL, this e Python:[aPilot.name() for aPilot in P].
model can be attached to a dynamic object language without need-
ing to modify its syntax or semantics. However, it does not provide @ Ruby:P.collect {|aPilot| aPilot.name}
a notation as convenient as the one offered by OOPAL.

Several libraries provide array programming operations for ex-

isting object-oriented languages. For instance, SmartArrays [10], OOPAL’s association of message patterns and array program-
developed by APL gurus, provides an advanced array programmingming operations subsumes, for most purposes, these common high-
library for C++, Java, and C#. Other examples include the Numer- |eyel models by making it possible to express object manipula-
ical Python package, and Numarray [21], its successor, which addtjons in a more readable way and with less code. For instance,
array programming operations to Python, and the Blitz++ library the collection-protocol-based Smalltalk code to generate an array

[50] for C++. The fundamental difference between the OOPAL that contains the names of all the pilots whose age is greater than
model and such libraries is that these libraries are oriented towardsg js:

numeric computing, whereas OOPAL attempts more fundamental

integration between object-oriented programming and array pro- (p select:[:aPilot| aPilot age > 50]) collect:[:aPilot| aPilot name]
gramming to support the manipulation of any kind of object.

e Smalltalk: P collect:[:aPilot| aPilot name].

e F-SCRIPT. P name.

The same is expressed using the OOPAL model with:

Tiotais an indices generatdre., a method that allows one to easily
create arrays of integers. It is widely used in array programming, P name at: P age > 50
and has been adapted to OOPAL.



As well as showing radical gains in readability and conciseness, model shows how object-oriented programming can benefit from
this example illustrates the fact that OOPAL helps to decrease thea large proportion of these developments. This provides a high-
use of lambda expressions. This property of array programming level notation which makes it possible to easily express complex

was noted by John Backus in [3]:

We owe a great debt to Kenneth Iverson for showing us

that there are programs that are neither word-at-atime

nor dependent on lambda expressions.

We should also note that OOPAL’s array expressions allow com-
bining multiple arrays while traditional internal iterators like-

lect: only iterate over a single collectién

object manipulations. The real-world applications developed with
F-ScrIPT have shown that the integration of array technologies
with object-oriented programming adds a considerable amount of
power and ease-of-use to the latter.
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