Beyond AOP: Toward Naturalistic Programming

CristinaVideiraLopes,PaulDourish

SchoolofInformationandComputerScience

UniversityofCalifornia,Irvine

Irvine,CA92697

+1 - 949 - 824 - 1525/8127

{lopes,jpd}@ ics.uci.edu

DavidH.Lorenz,KarlLieberherr

CollegeofComputerandInformationScience

NortheasternUniversity

Boston,MA02115

+1 - 617 - 373 - 2076/2077

{lorenz,lieber}@ ccs.neu.edu

ABSTRACT

Software understanding for document ation, maintenance or evolution is one of the longest - standing proble ms in Computer

Science. The use of ^high - level~ programming paradigms and object - oriented languages helps, but fundamentallyremains far fromsolving the problem. Most programming languages and systems have fallen preyto the assumption that theyare suppo sed to capture idealized models of computation inspired by deceptivelysimple metaphors such as objects and mathematical functions. Aspect - oriented programming languages have made a significant breakthrough bynoticing that, in manysituations, humans thin k and describe in crosscutting terms. In this paper we suggest that the next break through would require looking even closer to the wayhumans have been thinking and describing complex systems for thousand of years using natural languages.

While natural lan guages themselves are not appropriate for programming, theycontain a number of elements that make descriptions concise, effective and understandable. In particular, natural languages referentialityis a keyfactor in supporting powerful programorganizati ons that can be easier understood by humans.

Categories and Subject Descriptors

D.3.3 [ Programming Languages ]: Language Constructs and

Features ˘ control structures .

D.3.2 [Programming Languages] : Language Classifications ˘

Very high - level languages .

Gen eral Terms

Documentation, Design, Human Factors, Languages .

Keywords

Language Design, Aspect - Oriented P rogramming, Natural

Language, Cognitive Foundations of P rogramming .

1. INTRODUCTION

Software systems in fields such as Science, Engineering and

Business are naturallycomplex, in that the structures and processes that theycapture have a certain level of domain - specific complexity requiring domain expertise. But, on top of that natural complexity, the problemof software development is worsened by the existing software development technologies. The kernel of the problemis that the existing description mechanisms ˘ programming lang uages ˘ are inadequate when it comes to conveying relevant information to people about the software systems. The established programming paradigms fail in providing appropriate support for non - hierarchical concerns, additional or custom - made behavior, and non - trivial domain - specific structures and processes. As a result, software systems become fragile ^monuments~ of code that onlyilluminated software ^artisans~ (i.e. projects leads) dare to modify, preventing the real domain experts to control the softwar e in a direct and systematic manner.

The use of architectural descriptions, rigorous software development practices and modern programming languages and tools helps, but fundamentallyremains far fromsolving the problem. The kernel of the problemis the lack of support for programunderstanding bythe different people involved in the project. Multithreading, exceptional cases, optimizations, and the like, contribute to the natural complexityof the programs. But a considerable part of the complexityis du e to the fact that programmers, when writing the code, are forced bythe programming language to write it down in arcane and esoteric ways that are a long wayfromexpressing the natural intentions behind the code. As a consequence, manytimes programmers prefer to write blocks of code fromscratch rather than having to understand and debug other people´s code. Especiallywhen working at the systems level, code that communicates effectively to the machine rarelycommunicates effectivelyto human readers.

1.1 Pr ogramming Reflects Thinking

Researchers are constantlylooking for ways to express the programs in a formthat more closelyfollows the way programmers think before theyare forced to break their thoughts in operational details imposed bythe existing prog ramming languages. We know that this is possible, because when programmers are asked to explain their code, theydo so concisely, skipping operational details, sometimes using a thought flow that is quite different fromthe control flow in the code. Our go al is to address the gap between those two forms of explanation.

Copyright is held bythe author/owner(s).

OOPSLA´03, October 26 ˘ 30, 2003, Anaheim, California, USA.

ACM 1 - 58113 - 751 - 6/03/0010.

Over the years, several languages, both textual and visual, have been designed that focus specificallyon issues of usabilityand expressiveness (e.g., [60] and [10] ). Theyusuallytarget children, the novice programmer, end - user programming and rapid prototyping. None of these languages, however, has had much success in systems software development. The problemis that those languages an d environments present simplified models of computation that cannot support the demands of systems programming.

In the domain of professional programming, Object - Oriented

P rogramming and Aspect - Oriented P rogramming (AOP ) [20] have been addressing some related issues within existing programming languages, targeting complex software applications.

In particular, AspectJ [1] , an AOP extension to Java, allows programmers to localize crosscutting concerns such as tracing, logging or profiling in program modules of their own and outside the classes. That way, code that reflects some important design units, but that Java forces to be spread throughout the system, can be encapsulated in their own modules, impr oving readability, maintainabilityand configurability. The success of AspectJ is due, in part, to the acknowledgement in the software industrythat the problems of programming language expressiveness are serious;

AspectJ embodies an approach which makes c ode more expressive, more readable, and more reliable, and can address industry´s need for improved reliabilityand decreased development time. AspectJ achieves this bymaking programs follow more closelythe intentions of their developers. But even

Aspect J is still far fromsupporting the natural expression forms we are looking for.

1.2 The Role of Natural Languages

Before computers came along, people were successfullydefining and disseminating complex systems for thousands of years, using a technologytheyc ome equipped with: natural language. They were writing all sorts of documents containing structure and process information, ranging fromspecification manuals of complex systems to constitutions of social organizations. Writing a structured document, for e xample, the Constitution of the State of California, requires much more than simplyputting words together in grammaticallycorrect sentences; it requires dividing the subject matter into smaller and smaller units, e.g., chapters, sections, subsections, pa ragraphs, sentences, that conveysemantic information to the reader. Those small units don´t exist in isolation; theyrefer to and use each other. Theydo so in ways that obeythe rules of the natural language and that veryrarelyobey the simple functiona l module structures supported byexisting programming languages.

Computer programs, of course, are different. Theymust define structure and process for computational systems, and therefore must address issues of data types and control flow. Systems softwa re development is hard partiallybecause of the inherent complexityof the structures and processes that theyconvey. But a considerable part of the burden of systems software development is due to the complexityadded bythe operational details imposed by programming languages, such as having to deal with temporary variables or having to cope with exceptional cases. We argue that such problems are historical artifacts. Theyreflect the legacyof traditional programming languages in either machine languages

(resulting in an overriding concern with control flow and assignment) or mathematical formalisms (resulting in an

overriding concern with binding and transformation.) Existing programming languages force programmers to express ideas using a narrow support for structural and reflective referencing and a total lack of support for temporal referencing.

1.3 Contribution

The main purpose of this paper is to re - generate some discussion around the role of Natural Languages in P rogramming Language design. We are awar e that this is a relativelyold theme that can be traced to the 1960´s [55] . A lot has happened in Linguistics and in

P rogramming Languages since then. In particular, some lessons learned fromAspect - Oriented P rogramming lead us to believe that there is value in revisiting the issue now. AOP made us pay more attention to the way certain referencing mechanisms occurring in natural languages allow us to express some ideas that can´t be easilyexpressed in traditional programming la nguages.

In this paper we suggest two new ways of thinking beyond AOP , the first one within the AOP framework, and the second outside that framework. We make the argument that the primitive abstractions in programming languages should be drawn fromthe stu dyof Natural Languages, rather than fromComputer

Engineering or Mathematics or ad - hoc metaphors such as Objects.

The reminder of the paper is organized as follows. In Section 2 we revisit AOP , highlighting the English - equivalents of the expression mechan isms in some AOP languages. In Section 3 we state some improvements that can be done in AOP systems, while remaining centered in the AOP paradigm. Section 4 builds on the observations in previous sections and drafts a programming language waybeyond AOP . S ection 5 describes the relevant fields of research that should be taken into consideration. Finally,

Section 6 concludes the paper in a rather inconclusive manner.

2. ASPECT - ORIENTED PROGRAMMING

Understanding the leap between object - oriented modular programmi ng and aspect - oriented crosscutting programming is crucial to contemplate a leap beyond AOP . We have been deeply involved in the development of Aspect - Oriented P rogramming

[20] and several flavors of it, D ( [34] , [35] , [36] ), AspectJ ( [37] ,

[21] ), Demeter [32] and Aspectual Collaborations [31] . AspectJ, now reaching the 1.0 version, is a stable extension to Java used by large numbers of software engineers in industry.

The following is a brief historical overview of AOP that illustrates how it comes one step closer to certain referencing mechanisms in natural languages.

2.1 Domain Specific Languages: D

D was a domain - specific language that targeted two issues:

synchronization of threads and parameter passing in remote method invocations. In this summarywe describe onlythe synchronization i ssue. In D, coordinator modules, separated from

Java classes, encapsulated the synchronization of threads. For example, the following coordinator module mandates the synchronization of

BoundedBuffer objects:

coordinator BoundedBuffer { selfex put, take ;

mutex {put, take};

condition empty = true, full = false;

put: requires !full;

on_exit { if (empty) empty = false;

if (usedSlots == capacity) full = true;

} take: requires !empty;

on_exit { if (full) full = false;

if (usedSlots == 0) empty = true;

}

}

What this says, in English, is the following:

· This is a coordinator for

BoundedBuffer objects.

· The operations put and take are self - e xclusive, i.e., no two threads can execute either of themsimultaneously.

· The operations put and take are also mutuallyexclusive, i.e., no two threads can execute both of them simultaneously.

· Let´s define the conditions empty , which should be true in the beginning, and full , which should be false in the beginning.

· For the operation put: its execution requires that full is false; after exiting the operation: if empty was true, then the buffer is not emptyanymore; if, on the other hand, the buffer reached i ts capacityafter this put operation, then now it´s full.

· <similar for take>

The binding between coordinator code and object code is done by the name of types, such as

BoundedBuffer , and operations, such as put and take. Coordinators could also directlyre fer to internal variables of the classes, illustrated in this case by usedSlots .

2.2 General Purpose Language: AspectJ

In AspectJ, this idea was expanded and generalized. AspectJ is a general - purpose aspect language that uses the concept of ^join point.~ Join points in AspectJ are points in the execution (run - time) of a Java programthat programmers can name and handle at programtime. Examples of join points are the beginning of a certain method execution, the invocation of an operation on an object, etc. In A spectJ, aspect modules, separated fromJava classes, can encapsulate not onlysynchronization but also a varietyof crosscutting concerns such as debugging or notification.

For example, the following aspect mandates the displayupdate upon moving objects, involving different operations in objects of three different types:

aspect DisplayUpdating { pointcut move():

call(void FigureElement.moveBy(int, int))

|| call(void Line.setP1(Point))

|| call(void Line.setP2(Point))

|| call(void Point.setX(i nt))

|| call(void Point.setY(int));

after() returning: move() {

Display.update();

}

}

What this means, in English, is the following:

· This is an aspect called

DisplayUpdate .

· First let´s define a set of join points consisting of the invocation of :

moveBy in FigureElement objects, setP1 in Line objects, setP2 in Line objects, setX in Point objects and setY in Point objects; let´s call this set move.

· When the computation reaches anyof the join points in move, and after returning fromthe invocatio ns, perform

Display.update .

The thesis behind AspectJ is that certain units of program specification or design ˘˘ in this case, the displayupdate upon objects that have moved ˘˘ have a systemic nature that cuts across anyof the single object modules that tho se units pertain to. This thesis seems to be meaningful for software engineers at large, who have been adopting AspectJ enthusiastically.

2.3 The Kernel of AOP

What is it about Aspects that makes themboth attractive to researchers and useful to practitioners ? Consider tracing, for example. When we think of tracing, we formulate something like this: ^for all methods, call Trace.in before theystart executing and

Trace.out after theyfinish executing.~ However, all programming languages will force us to transfo rmthis sentence into something like this: ^In method A, call Trace.in; � call Trace.out; return. In method B, etc.~ So what is it about the first representation of the intention that´s better than the second, and how does the natural language help? In thi s case it´s the references to ^all methods ,~

^before � executing~ and ^after � executing~. That is the power of AspectJ: it supports a richer set of structural and temporal referencing that follows what we have in natural languages.

AspectJ does it in a wa ythat seems to be veryuseful for practitioners: it allows the encapsulation of these forms in modules that can be added to or removed fromthe applications with a compilation switch. In other words, writing a tracing aspect is like writing a different ch apter, or section, in a book.

So, what makes an Aspect be an Aspect, before we even think of programming it with AspectJ? Given the name chose n for it, which clearlyinfluences our perception, Aspects are software concerns that affect what happens in the O bjects but that are more concise, intelligible and manageable when written as separate chapters of the imaginarybook that describes the application. This pseudo - definition of Aspect aligns well with what users have been using AspectJ for. The structural a nd temporal referencing in

AspectJ are essential mechanisms for achieving the separation between the Objects and those other concerns. Those mechanisms are also naturalistic: we would use those kinds of referential relations if we were to write it in Engli sh, P ortuguese or Hebrew.

But the need for better referencing mechanisms doesn´t end with what the word ^Aspect~ conveys.

3. LESSONS FROM AOP

AspectJ is, byno means, the ultimate language and model that solves the program - understanding problem. A lot more ca n and needs to be done. But there are several important lessons to be learned fromAspectJ and AOP that can feed into the next generation of language support for complex systems.

3.1 Binding between Aspects and Objects

Once the application objects and the asp ect routine are un - tangled and decoupled, theymaybind with various degrees. If the aspect routine has great relevance to the application objects, it may palpate everyelement in the programand potentiallyaffect every heartbeat of its execution. If the aspect routine has no bearing on the application programwhatsoever, there is no interaction. We call this the binding extent of putting an aspect routine and an application programtogether. In AspectJ, pointcut designators determine the binding extent an d join points are the binding elements.

With the binding model in mind, we can begin to look at some more flexible AOP mechanisms. We identifythree characteristics of the binding extent:

Spread : The binding spread is the size of the cut, i.e., the number of different join points the aspect binds to. A logging aspect may affect everymethod of the code. Therefore the binding between the logging aspect and anyprogramis typicallywide spread. In contrast, an advice that onlyintroduces a variable to a part icular class in a particular program, and onlyto that class, has a very narrow spread: a single join point. The binding spread is a metric over the crosscutting and tangling resolution.

Form : Aspects have various forms of interaction with objects.

The bi nding formis the model of the join points. In AspectJ, the formis mainlyevent - based, the events being the underlying object execution events. In aspectual collaborations [31] , the formis a collaboration - oriented join graph. Complex descriptions may need binding forms beyond that expressible within the existing join point models.

Granularity : The granularityof the binding is the densityof the underlying grid of potential hooks for aspects in the application programto bind to. In AspectJ, granularityis a propertyof the join point model and is independent of the particular application programor a particular aspect subroutine, but this need not be the case in general. The granularityinfluences the lower bound on the form and the upper bound on the spread.

3.2 AOP, Reflection and Metaobject Protocols

AOP has a deep connection with work in computational reflection and metaobject protocols ( [57] , [19] ). A reflective system provides a base language and (one or more) meta - languages that provide control over the base language´s semantics and implementation. The meta - languages provide views of the computation that no one base language component could ever see, such as the entir e execution stack, or all calls to objects of a given class. Thus, theycrosscut the base level computation.

Expressiveness is a goal, for which reflection is one powerful tool.

We have exploited this connection to great advantage in our previous work on AOP . Earlyon, when prototyping AOP systems, we often started bydeveloping simple metaobject protocols for the component language, and then prototype imperative aspect programs using them. Later, once we had a good sense of what the aspect programs need t o do, we developed more explicit aspect language support for them.

Existing programming languages force programmers to express ideas using a narrow support for structural and reflective referencing [39] and a total lack of suppo rt for temporal referencing. AOP languages offer a reflective architecture. Unlike core reflection, which is structural, the aspectual reflection [22] is temporal, namelyoccurrence of join points. Natural languages seemto pos ses more temporal referential forms beyond what AOP currentlyprovides.

3.3 Anaphoric Relations

One of the main characteristics of natural languages, which distinguish themfrom most formal languages, is the use of a diversityof anaphoric relations. Anaphora is, essentially, referentialitybetween utterances. P ronouns are examples of context - dependent anaphora: this, that, it, her, which, etc. But referent expressions can be more than pronouns. Natural languages support a multiplicityof possible forms that ca n be used to identifya referent in a given sentence or among sentences.

In general linguistic usage, anaphora refers to referential dependence regardless of morphological formand regardless of whether it is context - dependent or context - free. In other wor ds, ordinarypronouns and even full noun phrases count as anaphora.

For example, theycan be: lists of nouns such as ^The president, the cat, the resident and the hat~; constraints on nouns ^colorless liquids~; etc. We are using the termanaphora in this v erybroad sense. In this sense, as explained in Section 2.3 , AOP supports a simple formof temporal anaphora. It can be extended to support a richer set.

3.4 Domain - Specific AOP Languages

Although Domain - Specific Aspect L anguages (D SAL) are not the focus of this paper, DSALs might be a better approach than a general purpose aspect language. The reason is that domain specific aspect languages can utilize a higher level join point model. We can use a domain - specific language that gen erates code that is the basis for a higher - level join point model. The join points are then advised byadditional aspects. F or further arguments for DSALs, s ee [56] .

4. BEYOND AOP

Elements of natural language, especiallythose pert aining to referencing, can create programming languages that are both expressive and executable. The goal of this paper is to identifythe binding mechanisms in natural languages that will enable the description and organization of programs in a more natur al way.

4.1 Example

To have a more clear idea of which relations are useful and which aren´t, and to illustrate the objectives of a naturalistic programming language, we present an example in three steps.

First we show a piece of Java code; second we show the same programusing English words ˘ the purpose of this second formis to illustrate what we do NOT seek; finally, we show another version of the same program, this time written in formwe target.

4.1.1 Extreme 1: Description using Java (version 1)

In the Ubiqui tous Computing project at UCI we are developing applications using several hardware and software platforms. The applications include, for example, short - range acoustic modems,

P ersonal Area Network protocols and speech processing [38] .

These applications involve low - level systems programming, they are computationallyintensive and, therefore, require a solid grasp of data structures, optimizations and multi - thread programming.

Theyare written in Java and C, and the code is to be shared and

(re)used bymanystudents.

Consider the following code, extracted fromone of our acoustic modems:

/**

* encodeStream converts a given stream of

* bytes into sounds.

* @param input the stream of bytes to

* encode

* @param output the stre am of audio

* samples representing the input

*/ static void encodeStream(InputStream in,

OutputStream out){ int readindex = 0;

byte[] buff=new byte[kBytesPerDuration];

while ( (readindex = in.read(buff))

== kBytesPe rDuration) { out.write(Encoder.encodeDuration(buff));

} if (readindex > 0) { for (int i=readindex;

i < kBytesPerDuration;

i++) buff[i] = 0;

out.write(Encoder.encodeDuration(buff));

}

}

4.1.2 Extreme 2: English Sugar - Coat (version 2)

Now consider the following description using English. This

English sugarcoat represents the other extreme (and is not what we advocate.)

encodeStream service

Summary: it converts a given stream of bytes into sounds

It requires the following:

An Input Stream object known as in; it is supposed to contain the stream of bytes to encode.

An OutputStream object known as out; it will be filled with the stream of audio samples representing the input.

It returns nothing

It is implemented as follows:

. Create an integer called readindex and initialize it to zero.

. Create an array of kBytesPerDuration bytes called buff.

. A loop begins:

. Request the service read from in, with argument buff; set readindex to the return value of t his service.

. If readindex is equal to kBytesPerDuration, then

. Request the service write from out; the argument to this service is the return value of

. Request the service encodeDuration from Encoder, with argument buff.

End of loop.

. If readindex is greater than 0 then

. Set to zero all positions of buff starting at readindex.

. Request the service write from out;

the argument to this service is the return value of

. Request the service encodeDuration from Encoder, with argument buff.

This description follows a similar philosophyto that of Hypertalk

[60] and NaturalJava [53] . It is not much more than s yntactic sugar over the Java programming model and language. Not only doesn´t it help in understanding the implementation, but it is likelyto be even worse for understanding a complex application, because it´s a lot more verbose than the Java program. It misses the point.

4.1.3 Something Else: Focus on the ^Natural~ Way of Describing What We Want (version 3)

Finallyconsider this third version.

/**

* encodeStream converts a given stream of

* bytes into sounds.

* @param input the stream of bytes to

* encode

* @param output the stream of audio

* samples representing the input

*/ encodeStream(InputStream in,

OutputStream out) { while there is data in in:

read the first N bytes from it;

perform encodeDuration on those bytes and wri te the result into out.

if, however, after reading the input, the number of bytes read is less than N, then, before continuing, patch the resulting byte array of size N with zeros.

Let´s assume for a moment this language can be impl emented as is. The reader will probablyagree that this version is the one that most conciselydescribes the intent of the implementation. This text could probablybe easilyimplemented. What´s valuable in this version is that it not onlyreads like Englis h, but, moreover, organizes the ideas in a ^natural~ wayand without ^distracting~ elements. The next section will analyze these points.

4.2 Analysis of the Target Language

Let´s analyze the programin version 3 and compare it to versions

1 and 2.

· Versions 1 and 2 dwell in details of handling temporary variables; the last version doesn´t mention anyvariables.

o Instead of buff, it uses the natural dynamic binding

^those bytes,~ which, according to standard English, refers to the bytes mentioned in the previous sentence.

o Readindex is made redundant. This is because it was onlythere in the first place to cope with the exceptional case of when the input streamreturns less bytes than what we asked for.

· Version 3 makes use of a reflective element: ^this last opera tion.~ We consider this to be a reflective element, because it exposes knowledge about the underlying execution of the programbymentioning ^operation.~

· Most importantly, version 3 uses a subtlydifferent organization of ideas. Namely, it first states the normal cases

(i.e., we get the number of bytes we ask for out of the input stream), and onlyafterwards states how to handle the special case (i.e., we get less than what we ask for). In this case, the binding of the special case sentence with the place i n the computational process where the special case might occur is done with the expression ^after reading the input stream.~

The third point must be carefullyanalyzed, because it embodies what we think are the most novel contributions of this proposal that can transformfor the better the waypeople express ideas in programming.

These sorts of bindings, called anaphora in linguistics, are pervasive and perfectlynatural when people speak and write documents. Theyare also natural ways of thinking about computational processes. However, existing programming languages lack appropriate support for them.

Existing programming languages are based on the premise that each statement, expression or function is a little ^black box~ that relates to the rest of th e programthrough an input - output interface. This premise is made veryclear in functional programming languages that reduce everything, including other languages´ constructs, to functions. As a consequence, programmers are forced to streamtheir intention s into a series of sequential steps aligned with this verynarrow pipeline view of the world.

So in this case, in the first two versions of the encodeStream function, the test of whether the read of the input streamreturned less than expected is stated im mediatelyafter performing the read operation. This splits an important semantic unit ˘˘ the occurrence and handling of the special case ˘˘ in two statements whose relation is looselyestablished bythe variable readindex:

while ( (readindex = in.read(buff))

== kBytesPerDuration) { out.write(Encoder.encodeDuration(buff));

} if (readindex > 0) { for (int i=readindex;

i < kBytesPerDuration;

i++) buff[i] = 0;

out.write(Encoder.encodeDuration(buff));

}

As a consequence o f this split, the write operation is repeated twice in the programtext, once in the loop and again in the conditional that follows it. This is typical in existing programs, and it´s extremelybad froman evolution point of view: when a specification chang es, programmers must find all these redundant places and fix thembyhand.

In this case, this redundancycould be avoided byusing a do - statement like this one:

do { if ( (readindex = input.read(buff))

< kBytesPerDuration) if (readindex > 0) for (int i=readindex;

i < kBytesPerDuration;

i++) buff[i] = 0;

out.write(Encoder.encodeDuration(buff));

} while (readindex == kBytesPerDuration);

But in this case, the test of the value of readindex happens twice i n each iteration of the loop rather than once. Furthermore, this organization emphasizes the special case: because of all those tests in the beginning, we can hardlynotice what the loop is actuallysupposed to do most of the times. This is also typical an d also bad.

In this pipeline view of the world, there is no wayof refining a statement or expression or function at a later point in the program text. Yet, this refinement happens pervasivelyin written discourse. The existing programming languages have a very shallow support for structural referencing and a complete lack of support for temporal referencing.

In version 3, the test is stated as another sentence outside the lexical scope of the loop where the read occurs. The binding expression is ^after re ading the input stream~. We can evaluate this expression unambiguously, in that we immediately understand that this expression refers to a point in time that has been established in the previous sentence ^read � fromthe input stream.~ A programming langua ge processor can also evaluate this expression correctly, if we make it do it.

4.3 Placing this ^Language~ into Perspective

There are two aspects pertaining to referencing: what to refer to and how to refer to it. This is, in fact, one of the most basic design decisions of anyprogramming language. P rogramming languages have been highlybiased in this decision. Here are some examples of things that are referred to. In low - level assemblylanguages, the what consists of registers and memorycells; in functional l anguages, it consists of functions and variables; in OOP languages, it consists of objects (verywell - defined entities with a precise form), fields, variables and, when inheritance is included, classes. In typed languages, types are also part of what can b e referred to. The mechanisms to refer to things varyfromthe use of syntactic forms to the explicit application of binding functions.

In contrast, Natural Languages have a much less well - defined set of things that can be referred to. In fact, the best w ord to describe what we can refer to is thing, which can be just about anything. It can be the computer memoryand registers, for example; or functions and variables; or OOP ´s objects and classes; or types.

But it goes waybeyond these. It can be sets of t hings; it can be points in time; it can be ^the previous paragraph~ and ^all sections of this paper.~ However, Natural Languages aren´t as chaotic as it seems. Things tend to fall into a small number of classes. They can be structures, actions or time (man ykinds of all of these).

The challenge in taking Natural Languages as the basis to producing a programming language is to decide which things should be referenceable in the context of computer programming, given the wide range of application domains. We s hould keep in mind that a naturalistic language should have an important propertyof most modern programming languages: it should be possible to construct abstractions on top of a relativelysmall number of primitive abstractions. Ideally, each application domain would build its own terminologyand idioms, similar to what happens with Java AP Is and similar to Natural Languages´ dictionaries. What we propose here is that such primitive abstractions should be inferred fromwider ground of Linguistics, rather than fromcomputer engineering or mathematics or ad - hoc models such as objects. We propose this based on the fact that

Natural Language comes before, and supports, all other domain - specific formal languages.

On a pragmatic vein, one fact has been clearlye xposed bythe wide adoption of Aspect - Oriented P rogramming: reflective and temporal references are important elements in programming. It is therefore logical to explore themeven further. In our approach, we go back to the original, and more general, AOP i dea described in [20] . For example, unlike AspectJ, statement - level anaphora, such as the one presented in the working example in Section

4.1.3 , should be considered .

A more profound difference is th at the emphasis in AOP was put on separation of aspects and components, and the reusabilityof aspects bydifferent components. That design feature came fromD and has proved to be veryuseful in practice, especiallyfor development aspects such as tracing and profiling that are later removed fromthe final software product. However, because of that emphasis, the binding mechanisms in AspectJ don´t use context information that could naturallybe used. For example, expressions such as ^the last operation~ an d ^those bytes~ ^after reading [in a certain context]~ should be supported. The emphasis should be the exploration of a varietyof structural and temporal anaphora, some of which are captured byAspectJ, but most of which are not.

The anaphoric relations t argeted here include not onlyintra - module referencing but also inter - module referencing. This may challenge the principle of modular programming. But, similar to what happens in AOP , if breaking the principle proves to be useful, then it means that the pr inciple itself needs to be reformulated.

4.4 What This ^ Language ~ Is Not

The language s we´re advocating are not for ^end - user programming~ (see related work section 5.4 ). While we believe that programs written in a naturalistic lan guage will be more readable to non - programmers, our goal is not primarilyto enable non - programmers to write computer programs. Nor is it for

^natural language programming,~ an idea that has been around for some decades and that has been instantiated occas ionally(e.g.,

[55] , [2] , [42] , [60] , [53] ). We don´t advocate implement ing

English! The language s we a re proposing are naturalistic, but not natural. However, they will take their direction fromthe structure and expressiveness of natural languages rather than fromthe idealized models of traditional programming languages.

5. RELATED WORK

The ideas presented here have the ir roots in Aspect - Oriented

P rogramming and the lessons we´ve learned fromit. However,

there are several fields of research, some of themconsiderably more mature than AOP , to which we must payspecial attention.

5.1 Anaphoric Relations and Binding Theory

Res earchers in computational linguistics and natural language processing have developed a sophisticated arrayof approaches to some of the problems that we are addressing, in the forms in which theyoccur in natural language. Anaphorical reference within natu ral language is the domain of binding theory, which draws its roots fromChomsky’s pioneering work [8] . The problem that binding theoryaddresses is how to relate anaphoric expressions to their references; binding principles des cribe the relative positions of anaphors and their admissible antecedents in grammatical structure [4] . Chomsky’s work proceeds fromthe observation that the two primaryforms of anaphora (pronouns and anaphors, which are more c omplex referential expressions) correspond to forms (WH - movement and NP - movement) of syntactic movement. Alternative approaches to formal grammar, such as Head - driven P hrase Structure Grammar (HP SG), Lexical -

Functional Grammar (LFG), or Categorial Unificat ion Grammar

(CUG), also must incorporate alternative , non - transformational

(and less purelysyntactic ) accounts of anaphora (e.g. , [51] , [52] ,

[7] ).

While this work is cle arlyrelevant, dealing as it does with the processing of richlyexpressive referential phrases of the sort that we would like to exploit, it´s critical to recognize the difference between the analysis of naturally - occurring language, such as

NLP must addre ss, and the processing of restricted, formal, and artificial languages of the sort that we aimto develop. While there is much to learn fromthe natural handling of anaphoric reference, the language that we seek to develop is naturalistic but not natural. Therefore, our challenge is not to account for anaphora, but to exploit it, which reduces the challenge considerably.

5.2 Temporal Logic Programming

Most programming models and languages lack mechanisms for temporal reference. The notable exception is the work within the communityof logic programming and the language generally associated with it, P rolog. Temporal logic programming has been proposed to reason about hardware and software systems (e.g.,

[50] ). It has been used in the s pecification (e.g., [18] , [29] ), verification (e.g., [40] , [46] ), and synthesis (e.g., [12] , [40] ) of concurrent systems, as well as in the synthesis of robot plans (e.g.,

[14] ). For a surveyon temporal and modal logic programming languages, the reader mayrefer to [45] .

While this work is relevant, its purpose is quite different fromthat of the work proposed here. Logic programming, in general, and temporal logic programming, in particular, focus on writing programs upon which certain theorems can be proved. While there are some lesson s to be learned fromformal specifications of time - dependent symbols in temporal logic, the language we seek to develop doesn´t attempt at being used for proving theorems about the programs.

5.3 Cognitive Foundations of Programming

Languages

The question of th e degree of expressiveness afforded by programming languages, and the effectiveness of the notations in which programs are expressed, has been a topic of research investigation for some time. For example, studies in the psychologyof programming have explo red a range of issues including expert/novice differences in programming strategies

[59] , mental imageryused byprogrammers in thinking about programs [49] , and the relationship of cognitive strategi es to language features [58] .

The use of intelligent systems to support learning programming languages has been the focus of a major research effort in the AI in Education community. In particular, a significant bodyof research , particularlyarising in the UK, has investigated students´ understandings of P rolog programs ( [3] , [5] , [6] , [11] ). P rolog is a particularlyi nteresting language to study , for a varietyof reasons.

First, for programmers used to procedural or functional styles, the declarative model that P rolog embodies can be a major challenge.

Second, P rolog, being based on a logical calculus, has a superficia l naturalismthat can make it initiallyaccessible to novice programmers. Third, for those novice programmers, P rolog rapidlybecomes much more complex as the semantics of more advanced features such as ^cuts~ requires themto reconceptualize

P rolog progra ms in terms of the sequential organization of search rather than in terms of a purelydeclarative formalism. These studies highlight the mutual influence of programming language structure and conceptual understandings on the part of its users.

One of the m ost influential analyses of the usabilityof programming languages is Greene´s ^cognitive dimensions~ framework for notations ( [15] , [17] ). The cognitive dimensions highlight the properties of notatio ns in terms of the cognitive activities that theysupport, and so illuminate the questions of how and whynotations ^work~ for particular sorts of tasks. For example, the dimension of viscosity [16] refers to a notation´s resist ance to change, and more generally, the complexityof making a single revision. A simple illustration of viscositymight be the insertion of a clause, such as an if or a while, around a block of code in a language that uses indentation to express structure (as in P ython or Occam.) In these languages, encapsulating code inside a particular block involves changing the indentation of each newly - enclosed line of code. The notational device of using indentation to indicate block structure, then, has greater visc ositythan the more conventional practice of indicating structure byusing brackets. (However, the bracket approach may reduce visibility ˘ the at - a - glance readabilityof the notation.)

Greene and his collaborators have identified a range of relevant cogni tive dimensions of notations, including premature commitment and role - expressiveness. The critical element of

Greene´s analysis is that it seems programs not simplyas specifications of computer behavior, but as artifacts that people have to manipulate. It highlights the relationship between the programand the act of programming. Likewise, our approach is more concerned with expressiveness for the programmer rather than expressiveness for the computer.

In an effort to develop programming representations th at bridge

^the expressiveness gap,~ P ane ( [47] , [48] ) studied the natural language descriptions of programming language tasks given by non - programmers. P ane was particularlyinterested in children´s u se of programming languages, although his methods and perhaps some of his findings applymore broadly. In an experimental setting, he had people give descriptions of programmatic behavior

(in particular, the programfor a P acman - like game) and analyzed the forms of description that people produced. His findings

pointed to a range of linguistic expressions bywhich people would describe the program´s behavior, but which are poorly supported in conventional programming languages. For example, where people oft en produce complex grouping statements (such as

^all the red objects~ or ^the objects on this side of the screen~), programming languages tend not to offer facilities for such dynamic groups, requiring iterative testing instead. P ane then went on to develo p a programming language incorporating some of these elements.

In addition to the empirical approach that characterizes P ane´s work, we feel that a theoretical grounding will be important for successfullydeveloping this research. One promising and intrigu ing approach that we are beginning to explore in some preliminarywork is the cognitive semantics perspective developed byLakoff and others ( [24] , [25] , [26] ). Lakoff is a linguist and cognitive scientist whose work for many years has focused on the relationship between linguistic practice and cognitive capabilities.

In particular, his studies of categorization (how people define and use classifications and categories) and of metaphor have begun to uncover a new wayof understanding cognition. The central claim of cognitive semantics is that metaphor, rather than being a purely literarydevice, is in fact a central element of cognitive function.

Metaphors typicallyoccur not as individual elements of linguistic practice, but as entire systems of metaphors that relate different areas of experience. For example, the metaphor ^LOVE IS A

JOURNEY~ reveals a complex structural mapping between domains, in which lovers are mapped to travelers, a relationship is mapped to a vehicle, shared goals are mapped to destinations, etc., and which accounts for a range of linguistic expressions such as

^our relationship has hit a dead end,~ ^I don´t think we´re going anywhere,~ ^we´re in high ge ar,~ ^we were in the fast lane,~ ^we hit a bump,~ ^our relationship is on the rocks,~ etc. Through a series of detailed analyses, researchers in cognitive semantics have detailed the ways in which cognition is built upon a system of structural mappings bet ween domains, of which these expressions are symptomatic. This applies not onlyto everyday cognition, but to more complex and abstract domains of reasoning which theydemonstrate to be based through this metaphorical relation to embodied physical experien ce. Domains of application have included mathematics [28] and philosophy [27] . Our In some preliminarywork , we are is beginning to explore the metaphorical structure of computer science, byanalyzing the language used to describe and express computational concepts.

This research suggests that the metaphorical model of cognition plays a strong role in Computer Science just as it does in other areas of reasining; metaphors of embodied experience such as

^ITERATION IS MOVEMENT~ and ^DATA STRUCTURES

ARE CONTAINERS~ provide the foundation on which cognitive understanding of computation is based. We anticipate that these understandings will support the development of a language that is appropriatelymatched to everydaycognition.

5.4 End - User Programming

Although it is not the focus of our work, end - user programming is a related area of research because of its concern with forms of expression . End - user programming is inspired bythe dual observations that, first, most software systems must be adapted by users, to some extent, to fit into their actual work; and, second, that although most people do not engage in programming in traditional languages, theycertainlyare adept at using many formal schemes. Nardi [43] discusses the use of such formal representations as knitting patterns and baseball scoring systems, and argues that there maybe alternative formalisms which, suitablyembedded in practice, will allow end - users to customize, pro gramand adapt software systems; she cites the example of spreadsheet programming as an example [4 4] . Lave [30] has similarlyobserved that people who have difficultywith, say, mathematics in learnin g situations nonetheless can perform complex calculations in domains of everydayexperience such as comparison shopping, currencyexchange or calculating gambling odds.

One formalismthat has been explored, especiallyin the area of programming environment s for children, is graphical rewrite rules. KidSim [10] (subsequentlycalled Cocoa and marketed as

Stagecast Creator) and AgentSheets [54] are both systems for building interactive simulations based o n graphical rule systems, and both have been successful, albeit in limited areas. Others have explored the use of P rogramming ByDemonstration as a means to specifythe behavior of software systems ( [9] , [33] ). P rogramming bydemonstration allows users to specifysoftware systems through concrete operations rather than abstract description;

however, the twin difficulties of generating appropriate generalizations and of conveying potential future activi tyto users have largelyresulted in systems that are tightlycoupled to specific domains, which have limited the uptake of the approach.

These approaches suggest that, despite decades of research into programming language design, there is still a great de al to learn not just about languages, but about programming, and especially about the relationship between the two. While those concerned with domain - specific languages or end - user programming have attempted to understand this relationship in order to make programming available to new communities of users, we believe that theyare equallyapplicable to traditional programming practice.

6. CONCLUSION

The main goal of this paper was to re - generate some discussion around the role of Natural Languages in P rogrammi ng Language design, and we tried to give a solid frame for this discussion. We believe this is an important topic for the problemof program understanding. The ^end units~ of anyprogramare not onlythe microprocessors but also the human programmers. As s uch, it is onlylogical to take a serious look at the main formof human communication, namelyNatural Languages. The power of Natural

Languages is not so much the syntax but the waytheyallow us to organize ideas in ^natural~ ways. It is so much so that Natural

Languages are, in fact, the primitive support for all other formal languages such as mathematical formalisms or microprocessor instructions. In other words, everything that can be expressed in those formal languages can be expressed in English, and not the other wayaround. This expressive power of Natural Languages is, to a great extent, supported bytheir sophisticated referencing and binding mechanisms, and those are preciselythe focus of this paper.

We gave an informal example of a naturalistic programming language and analyzed some of its properties. At this point, this programming language is rather fuzzy, and manyof the details will need to be worked out.

Further work includes a careful look at Linguistics and the existing models of Natural Languages. We will be looking for a varietyof anaphora such as (1) pronouns, e.g. this, that, it, those, etc.; (2) object referents, e.g. the input stream, non - emptystreams, etc.; (3) temporal referents, e.g. last, first, after reading, before encoding, etc.; (4) group referents, e.g. all, any; and (5) reflective referents, e.g. iteration, loop, operation, etc. We hope this study will give a solid framework for identifying primitive language mechanisms upon which we can design powerful programming langua ges that support not onlya varietyof programming models but also, and more importantly, natural programorganizations within those models.

7. REFERENCES

[1] AspectJ Web site. http://aspectj.org

[2] Ballard, B. and Biemann, A. 197 9. Programming in Natural

Language: NLC as a Prototype . P roc. ACM/CSC - ER

Annual Conference, 228 - 237.

[3] Bergantz, D., and Hassell, J. 1991. Information relationships in P ROLOG programs: how do programmers comprehend functionality? Intl. Jnl. Man - Machine Studi es, 35 (3), 313 -

328.

[4] Branco, A. 2001 Without an Index: A Lexicalist Account of

Binding Theory . P roc. 8th Intl. HP SG Conference (Norway).

[5] Brna, P ., P ain, H., and du Boulay, B. 1991. Teaching and

Learning Prolog: Supporting the Programmer . Instructional

Sci ence, 20(2 - 3), 81 - 87.

[6] Brna, P ., du Boulay, B. and P ain, H. 1999. Learning to

Build and Comprehend Complex Information Structures:

Prolog as a Case Study . Cognitive Science & Technology.

Ablex.

[7] Chierchia, G. 1988. Aspects of a categorial theory of binding . In Oehrle, R., Bach, E. and Wheeler, D. (Eds),

Categorial Grammars and Natural Language Structures, D.

Reidel, Dordrecht. 125 -- 151.

[8] Chomsky, N. 1973. Conditions on Transformations . In

Anderson, S. and Kiparsky, P . (Eds), A Festschrift for

Morriss Halle, 232 - 286. New York: Holt, Reinhart and

Winston.

[9] Cypher, A. (ed.) 1993. Watch What I Do: Programming by

Demonstration . Cambridge, MA: MIT P ress.

[10] Cypher, A. and Smith, D. 1995. KidSim: End User programming of Simulations . P roc. ACM Conf. Human

Factors in Comp uting Systems CHI´95 (Denver, CO). New

York: ACM.

[11] Duncan, D., Brna, P . and Morss, L. 1994. A Bayesian

Approach to Diagnosing Problems with Prolog Control

Flow . In P roceedings of the 4th International Conference on

User Modeling , (Cape Cod, MA).

[12] Emerson E. A., and Clark E. M. 1982. Using branching time temporal logic to synthesize synchronization skeletons . Sci.

Comput. P rog. 2.

[13] Ernst, E. and Lorenz, D.H. Aspects and Polymorphism in

AspectJ . In P roceedings of the 2nd International Conference on Aspect - Orient ed Software Development, pages 150 - 157,

Boston, Massachusetts, March 17 - 21, 2003. AOSD 2003,

ACM.

[14] Georgeff , M. 1983. Communication and interaction in multi - agent planning . In P roceedings of the American

Association for Artificial Intelligence. AAAI, Menl o P ark,

Calif.

[15] Greene, T. 1989. Cognitive Dimensions of Notations. In

P eople and Computers V: P roceedings of HCI´89 (ed.

Sutcliffe and Macaulay), 443 - 460. Cambridge: Cambridge

UniversityP ress.

[16] Greene, T. 1990. The Cognitive Dimension of Viscosity: A

Stick y Problem for HCI . P roc. IFIP Conf. On Computer -

Human Interaction Interact´90.

[17] Greene, T. and P etre, M. 1996. Usabilityanalysis of visual programming environments: a ’cognitive dimensions’ framework. J. Visual Languages and Computing, 7, 131 - 174.

[18] Halpern, B., and Owicki, S. 1983. Modular verification of computer communication protocols. IEEE Trans.

Communications COM - 31.

[19] Kiczales, G., des Rivères J., Bobrow D. 1991. The Art of the

Metaobject Protocol . MIT P ress.

[20] Kiczales, G., Lamping, J., Mendhekar, M., Ma eda, C.,

Lopes, C., Loingtier, J - M and Irwin, J. Aspect - Oriented

Programming . In proc. European Conference on Object -

Oriented P rogramming (ECOOP ’97). Springer - Verlag LNCS n.1241. 1997.

[21] Kiczales, G., Hilsdale, E., Hugunin, J., Kersten, M., P alm, J.

and Gris wold, W. 2001. An overview of AspectJ . In proc.

European Conference on Object - Oriented P rogramming

(ECOOP ’01). Springer - Verlag LNCS n.2072.

[22] Kojarski, S., Lieberherr, K., Lorenz, D.H., and Hirschfeld, R.

Aspectual Reflection . In P roceedings of the AOSD 2003

Workshop on Software - engineering P roperties of Languages for Aspect Technologies, Boston, Massachusetts, AOSD

2003, March 17 - 21, 2003.

[23] Kojarski, S. and Lorenz, D.H. Unplugging Components using Aspects . In P roceedings of the ECOOP 2003 Eighth

International Workshop on Component - Oriented

P rogramming . Darmstadt, Germany, July21, 2003.

[24] Lakoff, G. 1987. Women, Fire, and Dangerous Things: What

Categories Reveal about the Mind . Chicago. Universi tyof

Chicago P ress.

[25] Lakoff, G. 1993. The Contemporary Theory of Metaphor . In

Ortony, A. (ed), Metaphor and Thought (2 nd ed). New York:

Cambridge UniversityP ress.

[26] Lakoff, G. and Johnson, M. 1980. Metaphors We Live By .

Chicago: Universityof Chicago P ress.

[27] Lakoff, G., and Johnson, M. 1999. Philosophy in the Flesh:

The Embodied Mind and Its Challenge to Western Thought .

New York: Basic Books.

[28] Lakoff, G. and Nunez, R. 2000. Where Mathematics Comes

From: How the Embodied Mind Brings Mathematics Into

Being . New York: Basic Books.

[29] Lamport L. 1983. Specifying concurrent program modules .

ACM Trans. P rogramming Languages and Systems 5, 2.

[30] Lave, J. 1988. Cognition in Practice. Cambridge: Cambridge

UniversityP ress.

[31] Lieberherr, K., Lorenz, D.H., and Ovlinger, J. Aspec tual

Collaborations: Combining Modules and Aspects . The

Computer Journal 46(5):542 - 565, September 2003.

[32] Lieberherr, K., Silva - Lepe, I., Xiao, C. Adaptive Object -

Oriented Programming Using Graph - Based Customization .

Communications of the ACM 37(5): 94 - 101. 1994.

[33] Lieberman, H. (ed.) 2001. Your Wish is My Command:

Programming by Example . San Francisco, CA: Morgan

Kaufmann.

[34] Lopes, C. and Lieberherr, K. 1994. Abstracting Function - to -

Process Relations in Concurrent Object - Oriented

Applications . In proc. European Conference on Object -

Oriented P rogramming (ECOOP ’94). Springer - Verlag LNCS

821.

[35] Lopes, C., 1996. Adaptive Parameter Passing . In P roc.

International Symposiumon Object Technologies for

Advanced Software (ISOTAS´96). Springer - Verlag LNCS n.1049. Japan, 1996 .

[36] Lopes, C. 1998. D: A Language Framework for Distributed

Programming . P h.D. Thesis, College of Computer Science,

Northeastern University.

[37] Lopes, C. and Kiczales, G. 1998. Recent Developments in

AspectJ . In proc. of Aspect - Oriented P rogramming workshop at ECOOP ’98. Springer - Verlag LNCS n. 1543.

[38] Lopes, C. and Aguiar, P . 2003. Acoustic Modems for

Ubiquitous Computing . In IEEE P ervasive Computing,

Mobile and Ubiquitous Systems. Volume 2, Number 3,

July ˙ September.

[39] Lorenz, D.H. and Vlissides, J. Pluggable Reflec tion:

Decoupling Meta - Interface and Implementation . In

P roceedings of the 25th International Conference on

Software Engineering, pages 3 -- 13, P ortland, Oregon May3 -

10, 2003. ICSE 2003, IEEE Computer Society.

[40] Manna Z., and Wolper P . 1984. Synthesis of comm unicating processes from temporal logic specifications . ACM Trans.

P rogramming Languages and Systems 6, 1.

[41] Manna Z., and P nueli A. 1984. Adequate proof principles for invariance and liveness properties of concurrent programs .

Sci. Comput. P rog. 4, 3.

[42] Mille r, L.A. 1981. Natural Language Programming: Styles,

Strategies, and Contrasts . IBM Systems Journal, 20(2), 184 -

215.

[43] Nardi, B. 1993. A Small Matter of Programming:

Perspectives on End User Computing . Cambridge, MA: MIT

P ress.

[44] Nardi, B. and Miller, J. 1991. Twinkling Lights and Nested

Loops: Distributed Problem Solving and Spreadsheet

Development . Intl. Jnl. Man - Machine Studies, 34, 161 - 184.

[45] Orgun, M. A. and Ma, W. 1994 An overview of temporal and modal logic programming . In Temporal Logic. First

Internation al Conference (ICTL’94), Lecture Notes in

Computer Science No 827, (GABBAY D M and OHLBACH

H J, Eds.), pp.445479, Springer Verlag, Bohn.

[46] Owicki, S. and Lamport L. 1982. Proving liveness properties of concurrent programs . ACM Trans. P rogramming

Languages an d Systems 4, 3.

[47] P ane, J., Ratanamahatana, C., and Myers, B. 2001. Studying the Language and Structure in Non - Programmers´ Solutions to Programming Problems . Intl. Jnl. Human - Computer

Systems, 54, 237 - 264.

[48] P ane, J., Myers, B., and Miller, B. 2002. Using HCI

Techniques to Design a More Usable Programming System .

P roc. IEEE Symp. Human - Centered Computing Languages and Environments (Washington, D.C.), 198 - 206. Los

Alamitos, CA: IEEE Computer Society.

[49] P etre, M. and Blackwell, A. 1999. Mental Imagery in

Program D esign and Visual Programming . Intl. Jnl. Human -

Computer Studies, 51(1), 7 - 30.

[50] P nueli, A. 1981. The temporal semantics of concurrent programs . Theoretical. Computer. Science 13.

[51] P ollard, C. and Sag, I. 1992. Anaphors in English and the

Scope of the Binding Theory . Linguistic Inquiry, 23, 261 -

305.

[52] P ollard, C. and Sag, I. 1994. Head - Driven Phase Structure

Grammar . Chicago: Universityof Chicago P ress.

[53] P rice, D., Riloff E., ZacharyJ. and HarveyB. 2000.

NaturalJava: A Natural Language Interface for

Programming in Java . P roc. ACM Intelligent User Interfaces

Conference.

[54] Repenning, A. and Sumner, T. 1995. AgentSheets: A Medium for Creating Domain - Oriented Visual Languages . IEEE

Computer, 28(3), 17 - 25.

[55] Sammet, J. 1966. The Use of English as a Programming

Language . Comm. ACM, 9(3), 228 - 230.

[56] Shonle , M., Lieberherr , K. and Shah , A. 2003. XAspects: An

Extensible System for Domain Specific Aspect Languages . In

P roc. Object - Oriented P rogramming Systems, Languages and

Applications (OOP SLA´03) Domain - Driven Development trac k.

[57] Smith, B. 1982. Reflection and Semantics in a Procedural

Language . LCS Technical Report. MIT.

[58] Soloway, E., Bonar, J., and Ehrlich, K. 1989. Cognitive

Strategies and Looping Constructs: An Empirical Study. In

Solowayand Iyengar (eds), Empirical Studies of

P rogrammers, 23 - 251. Washington, DC: Ablex.

[59] Weidenbeck, S. 1985. Novice/Expert Differences in

Programming Skills . Intl. Jnl. Man - Machine Studies, 23(4),

383 - 390.

[60] Winkler, D., Kamins S. and DeVoto, J. 1994. Hypertalk 2.2:

The Book . RandomHouse.