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Abstract

Programming object interactions is at the heart of object-oriented programming. To improve reusability
of the interactions it isimportant to program object interactions generically. SructureBuilder achieves
genericity with respect to data structure implementations for collections, following ideas from generic
programming, but focussing only on the four most important actions add, delete, iterate and find that are
used to translate UML interaction diagrams into code. We present a second tool to program object inter-
actions, called DJ. DJ improves on generic programming by allowing dynamic creation of collections
and iterators based on traversal specifications. DJ achieves genericity with respect to the UML class dia-
gram of the application.

1 Introduction

The Unified Modeling Language (UML [BRJ96]) defines 9 kinds of diagrams, listed in Figure 1, to help
in the construction, analysis and comprehension of object-oriented programs. Of those diagrams, this pa-
per focuses on one important kind: object-interaction diagrams. Class diagrams give the static view of
how classes relate to each other. Object-interaction diagrams give the dynamic view of how a program
organizes the interaction of instances of these classes to perform specific functions. Design tools (like Ra-
tional Rose [S98], StructureBuilder [SB], etc.) make it possible to generate a skeleton code of the classes
implementation; and visualization tools make it possible to construct object-interaction diagrams by trac-
ing the execution of the program (e.g., Program Explorer [LN95]).
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Performing the translation in the opposite direction is possible albeit more complex. For class diagrams it
is not that hard. By parsing the class code, or using reflection capabilities, a class diagram can be pro-
duced by means of reverse engineering (e.g., the on-going work at MIT on generating UML from Java).
Indeed, with Java and other object-oriented languages, it has become possible to map class diagrams to
code and vice versa. For object-interaction diagrams, however, there is akey difficulty. Thereis not
enough information in the interaction diagram to do the job. A possible way to overcome this difficulty is
to reconstruct the code by abstracting over execution patterns [DLWV 98] in object-interaction diagrams.
In this paper, we show a new alternative technique.



1.1 Motivation

Diagrammatic notations must be very precise to express the design accurately and yet imprecise enough to
permit different implementations.Interaction diagrams are no exception. What makes interaction dia-
grams useful isthat they contain enough information to embody the essential aspects of the object
interaction but not too much to become identical to code. The challengeaddressed in thiswork isin speci-
fying interaction diagrams in sufficient detail so that code can be generated, while maintaining the
essential simplicity, which is necessary for communication.

Our technique lets you start from an object interaction diagram and generate actual Java code from it. In
working toward this goal, we use the following techniques:

- The generated code captures just the sequence diagram. The user is expected (and enjoys the free-
dom) to add additional code which embody the application logic not captured within the sequence
diagram.

- Wemade a simple generalization of messages. Instead of thinking of messages as just method calls,
we treated them as code fragments. This allowed us to treat iterations and conditional s as messages.
It also allowed us to capture common data structure manipulations in actions that we called: add,
delete, iterate and find. By parameterizing these actions with properties we found that we were able
to capture most of the common usage patterns. These actions embody and convey what they do at a
high level and fit very well into the sequence diagram paradigm. On the other hand, the properties
associated with these actions contain enough detail to generate the code.

What is so striking about this approach is that the Interaction Schema conveys the overview of the func-
tion that is easy to understand. The details of the data structure are abstracted away from the user. The
properties of each of these actions on the other hand contains the details of what it takes to implement the
interaction schema.

In the rest of this paper, we identify the missing information required to convert a sequence diagram to
code. We explain why it is so difficult to generated code from a sequence diagram, and list what the pro-
grammer does "inside his head" when converting a sequence diagram into code.

1.2 Why isthisbetter than writing code?

Y ou can experiment with different class diagrams and different data structures. The process of incre-
mental development is critical to good software development.

Interaction diagrams facilitate communication between software developers. Most software devel opment
will be done in teams and these teams are going to change over time. Using class diagrams and interaction
diagrams that are guaranteed to be current is an excellent way to communicate what the program does.
Lastly, large parts of your program are generated for you. Furthermore the parts that are generated relate
to object interaction and tend to be more tedious and error prone. This approach can eliminate many er-
rors in these parts. Therefore, it opens up the possibility of writing highly reliable programs.

2 A Library System Example

Consider, for example, alibrary system whose design is given by the class diagram in Figure 2 using the
UML notation. The edges represent associations. The Library classis associated with the Book and User
classes, which in turn are associated with the Copy class. The marking * on some of the edges indicates
that these are zero-to-many relationships, but the implementer is free to choose which collection typeis
used to realize these associations. The roles books and users (the labels on the arrows from Library to
Book and User) suggest that a Library instance contains multiple Book instances and multiple User
instances. The arrow directions indicate the direction of the references. However, one can imagine an im-
plementation in which, e.g., the Book or the User instances point to the Library instance, or an
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For the purpose of thisillustration, nevertheless, all of the associations are assumed implemented asin
memory structures. Since the library may have multiple copies of a book, each book contains multiple
Copy instances. Each User instance contains multiple instances of Copy, one for each (copy of a) book
that is checked out by that user (borrows link). Each User also holds a collection of copies: the ones that
are ready to be picked up (borrows link). Each Copy instance references a single Book instance. The zero-
to-many relationships are implemented using the basic Java collections: Vector and Hashtable. Note that
the thrust of this paper would be unaffected whether different collection types were used or whether a per-
sistence mechanism such as a database is employed.

2.1 Interaction diagram

Consider now a sequence diagram for the library system. Sequence diagrams illustrate how objects of
these classes are used for specific functions. Note that it is not necessary to specify a class diagram prior to
creating a sequence diagram. However, as you iterate over the design, you will begin filling in the class
diagram as you continue to refine your sequence diagram.



The sequence diagram in Figure 3 shows the details of checking in of abook by auser. First wefind a
user with the specified uid. Then we remove the copy in the user's collection of borrowed books. Next we
access the book of the removed copy. Remove the first user from the reservation queue of the book. Add
the removed copy to the holds collection of the reserver and notify the reserver.
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Note that a number of data structure operations are hidden behind several of the messages. For instance,
the message find will operate on the data member library.users. It will iterate through the collection
looking for the appropriate user. For clarity, we shall concentrate only on sequence diagrams, but the
technique described is applicable also to collaboration diagrams and other kinds of object-interaction dia-
grams. To emphasize this, we introduce interaction schemas. An interaction schema is a textual
description of object-interaction. From interaction schemas you can generate complete executable code.

2.2 Going from Sequence Diagram to Code

First, we must figure out from where the objects come. Locate the origin of the abjects library, book,
user, copy and reserver. Looking at the interaction diagram we can deduce library isthe object that the
method is called on and corresponds to this object of the method. On the other hand, it is not immediately
clear how user, book and copy objects were accessed. The creator of the interaction diagram knows that
user isan object which is discovered by find, book is the object returned by getBook, and that copy isthe
object which is returned by remove.

Second, we must figure out how objects are transported. It isn't clear from the sequence diagram how
these objects are passed around between different methods. Thisis atedious task for the programmer.

However, the problem is even harder than just being an issue of a programmer not being diligent in
maintaining interaction diagrams. Interaction diagrams support the notion of iteration and conditionals;
therefore, objects of an interaction diagram are subject to the same scoping and visibility rules that pro-
grammers encounter in programming languages. Indeed, it is easy to construct interaction diagrams,
which violate these rules and therefore cannot be used to generate correct code.

Iterations and conditionals limit the visibility of new objects within their scope. Thisis true when writing
code and remains true within interaction diagrams. Any access to such objects outside the scope isillegal .
Since sequence diagrams describe collaboration of multiple objects that may be of different types, the code



reguired to implement that collaboration spans multiple classes. Therefore, method parameters and return
variables enable those variables to be visible within the appropriate method.

Third, we must fill in the missing details. There are many details that may be missing from sequence dia-
grams:

- Theiteration specified in an interaction diagram does not contain enough information. Frequently,
iterations are over a collection of objects. Interaction diagrams generally do not specify what that ob-
ject is. Often iterations are subject to conditions, e.g., iterate over al elements in a collection that
meets certain constraints.

- The method calls need to have parameters and return types. Conditionals need boolean expressions.

- Interaction diagrams typically show the method call stack. Generally there is additional code that a
user needs to write. Often sequence diagrams contain the overall structure of the method calls but do
not contain al the code. It is up to the user to decide how much of the method logic he wants to show
in the sequence diagram.

3 Formalizing Interactions

Now we represent sequence diagrams as interaction schemata. An interaction schema contains enough
details to deal with variable scoping, variable transportation and to generate the complete code.

Interaction schemata are represented as a list of actions. Each message of a sequence diagram can be
translated mechanically into one or more actions. Each action is either of the following form:

[ interactor - interactor - ...] . actionName( expl, exp2, ...)
r et ur n( typel retexpl, type2 retexp2, ...) {...}

or a conditional or looping action. A regular method call is the simplest form of an action. Its arguments
and return types correspond to the method signature. The interaction path is of the form [ interactor; >
interactor, = ...] where interactor; is an object in the interaction diagram and interactor, is an instance
variable of interactor;, and so on. Note that some actions such as conditional and looping actions can
contain other actions. The scope of each returned variable is limited to being inside the innermost enclos-
ing conditional or iterative action.

For example, if we have a sequence diagram of the form:

this a; b
A B
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.

it would be represented in terms of actions as:

a.m() {
b. m2()
}

A conditional message of the form:
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would be represented in terms of actions as:

if (test) {
a. m();

Aswe aluded to earlier we have defined additional actions which allow us to capture certain common
data structure manipulations. These actions are: iterate, find, add, and remove. These actions are defined
on collection types and the generated code is appropriate for the type of collection.

Now let us look at the action description of the checkln Method:
Li brary. checkl n(U D ui d, Copy copyld)

It takes as inputs a uid and a copyld. The uid identifies the borrower and the copyl d identifies the copy of
the book being returned.

The following sequence of actions describes the program. Each of the actions takes as input a set of ex-
pressions, which are the properties associated with them, and which serve to parameterize the generated
code. Properties for many of these actions are shown after the interaction schema. We have added com-
ments to each of the actions to assist the reader in understanding the interaction schema.

Li brary. checkout (U D uid, Copy copyld)

/1 Find the user with the specified uid
[library>users—>uid].find(uid current == uid)
return (User users'current as user)

/1 Remove the copy with the specified copyid
[ user >borrows—>copyl d].remove(copyld' current == copyld)
return (Copy borrows' current as copy)

/1 Call method on copy
[ copy] . get Book()
return (Book book as book)

/1 Find the first user who is on the reserve collection
[ book—>reserves].renove(reserves'index == 0)
return (User reservers'current as reserver)

/1 Conditional action

if (reserver !'= null) {
/' Add this copy to the reservers hold list
[reserver >hol ds] . add( copy)

/1 Call method on reserver
[reserver].notify(copy);

3.1 Object Transportation

In order to trandlate the schema into code, the issue of object transportation must be resolved. For exam-
ple, The action



/'l Find the copy with the specified copyid
[ user >borrows—>copyl d].remove(copyld' current == copyld)
return (Copy borrows' current as copy)

leads to the generation the method checkln in the classes User. This methods uses copyld, which needs to
be passed into the method checklin from the main method checkinin Library. Thisis an example of an
external transportation across actions, i.e., between methods which where generated from different ac-
tions. Transportation can also occur internally. Internal transportation refers to the passing of an object to
several generated methods within a single action.

There are many delicate issues involved in object transportation. The object name may change. Multiple
objects may need to return through a single method requiring the use of wrappers (if the language does
not support multiple return values.) Conditionals within actions can lead to unexpected transportation.

There are two approaches to trandlating to code. StructureBuilder, a Java design tool, takes a code genera-
tion approach, in which code is generated for each action, and method signatures are updated to perform
object transportation. Furthermore, an attempt to access an object out of scope generates an error. DJ
[DJ99], aresearch project at Northeastern, takes a runtime approach, in which actions are either taken
from the Java Generic Library [JGL] or interpreted at runtime using reflection Conditionals, loops and
method calls are translated to ordinary Java statements.

3.2 Code Generation Ap-
proach: The

. Figure 4: Method Generated in class Librar
StructureBuilder Tool |/« y

. * id
When code is generated therearea | « %Z{ Zm lcnopw d

number of issues to consider: * @BGen Generated Method (2)

. */

The actions themselves can void checkl n(Ul D uid, Copy copyld)
embody method calls because | {

not all of the objects that they /1 SBgen: Action Find User in users (2)
act upon are accessible in the User user = null;
P OV bj ect tnpKey;
method specified. In a Se- Enuneration i = users. keys();
guence Diagram, the whi | e(i.hasMoreEl ements()) {
programmer would explicitly tmpKey = i.nextEl ement();
specify the method necessary. Eser k': (User)users. get (t npKey) ;
StructureBuilder, on the other } reai
hand will automatically gener- /1" SBgen: End Find
ate amethod call if necessary. /| SBgen: Call generated nethod on User (-3)

Copy copy = user.checkl n(copyld);
When methods are generated, it /1 SBgen: Action Execute method on Copy (4)
is necessary for objects to be Book book = copy. get Book();

/1 SBgen: Call generated nmethod on Book (-5)
transported correctly to the User resUser = book.checkln();

generated methods. Itisalso /1 SBgen: Action If (6)
necessary for generated objects if (resUser != null)
to be transported back. Struc- /] SBgen: Call generated nmethod on User (-7)

; ; resUser . checkl nO( copy);
tureBu”der.Wlllgenerate . /1 SBgen: Action Execute method on User (8)
methods with the correct sig- resUser. noti fy(copy):

nature and return type. }

/1 SBgen: End If (6)

Notice, however, that thisissimply | }

an implementation issue. Normally
the programmer sets up his method
signatures so that scoping issues are dealt with appropriately. Indeed, we could bypass the whole issue of
object transportation by leaving it up to the programmer to specify the method signature completely.



3.3 Runtime Approach: The DJ Tool

The DJ tool [DJ99] provides an alternative technique to implement actions by making them more generic.
The first observation of DJis to note that actions like add, find, delete etc. also appear in Generic Pro-
gramming (GP) as generic algorithms or as methods of container interfaces [Musser/Stepanov (1994),
Java Generic Library (1997)]. Therefore DJ attempts to reuse those generic algorithms. The second obser-
vation of DJisthat traversal-visitor style programming is a frequent occurring pattern [GOF] and
therefore DJ offers atraverse action that simplifies traversal visitor style programming.

Class C assGraph{ Object traverse(Cbject o, TravSpec s, Visitor v);}

Classgraph-objects are constructed from the Java programs (either in compiled or source form). TravSpec
objects (traversal specifications) [L96] encapsulate a domain-specific language for navigation through
object structures and Visitor-objects define what needs to be done on top of the traversal. The third obser-
vation of DJisthat traversal specifications are an ideal ingredient for Generic Programming lifting the
level of genericity by an order of magnitude.

Generic Programming (GP) is about expressing algorithms with minimal assumptions about data abstrac-
tions, and vice versa, thus making them as interoperable as possible. A second goal of GP isto lift a
concrete algorithm to as a general level as possible without losing efficiency. In GP, the algorithms are
parameterized by iterators and data structures are connected to the algorithms using iterators as connec-
tors. In Demeter [L96], algorithms are parameterized by traversal specifications and data structures are
connected to the algorithms using traversal specifications as connectors. A good way to integrate GP and
Demeter isto view traversal specifications as “superiterators’ and to have a conversion function that
translates a traversal into an iterator that gives access to collection methods (e.g., find, select, findif, etc.)
of some generic library such as the Java Generic Library. The goal isto reuse the useful work done in GP
and not to reinvent many of the operations already provided by GP. Given a class graph classGraph, a
traversal specification sg and an object og, we can create a container TGC(classGraph,sg,og) which can be
used as argument for many generic algorihms such as forEach, |exicographical Compare, mismatch, ac-
cumulate, count, countlf, reject, select, adjacentFind, detect, every, find, findIf, some, etc. The generic
algorithms operate directly on og ] _
without creating a new collection Fig 4: Method Generated in class Book

object duplicating the information |/ ** @BGen Generated Method (2), created by Li-
inog brary. checkl n(U D, Copy) (Library.?2,-5) */
' User checkl n()

We demonstrate the DJ approach ~ {{
by rewriting the interaction

/1 SBgen: Action Renpbve User fromreserves (5)
User resUser = null;

schema for checkin in DJ. int size = reserves.size();
Method checklnisfor class Li- if (size > 0) {
brary. We annotate the Java code resUser = reserves. el ement At (0);
with the interaction schema to reserves. renoveEl ement At (0) ;
show the correpondence between )
the two. /1 SBgen: End Renpve
/1 SBgen: Return resUser
voi d checkl n(Ul D uid, return (resUser);
Copy copyl d) }

{ /! Find the user with the specified uid
/1 [library>users->uid].find(uid current == uid)
/1 return (User users'current as user)

Cont ai ner LibraryToUser Cont ai ner =
new Traver sal G aph( Mai n. cl assG aph, new TravSpec(
“From Library to User”).container(this);
User user = Finding.findlf(
Li braryToUser Cont ai ner,



new Unar yPr edi cat e(
publ i c bool ean execute(Obj ect object)
{obj ect.uid.equal s(uid);}})

if (user == null) return;

/1 Find and renove the copy with the specified copyid

/'l [user >borrows—>copyl d] . renmove(copyld current == copyld)
/1 return (Copy borrows' current as copy)

Cont ai ner User ToCopyCont ai ner =
new Traver sal G aph( Mai n. cl assG aph, new TravSpec(

“From User through borrows to Copy”).container(user);
Copy copy = Finding.findlf(

User ToCopyCont ai ner,

new Unar yPr edi cat e(
publ i c bool ean execute(Obj ect object)
{obj ect. copyl d. equal s(copyld);}})

if (copy == null) return;
Renovi ng. remove( User ToCopyCont ai ner, copy) ;
Book book = copy. get Book();

/1 Find the first user who is on the reserve collection
/1 [ book->reserves].renmove(reserves'index == 0)
/1 return (User reservers' current as reserver)

Cont ai ner User ToCopyHol dsCont =
new Traver sal G aph(Mai n. cl assG aph, new TravSpec(
“From User through holds to Copy”).container(user);
User reserver = (User)
User ToCopyHol dsCont . r enove
(User ToCopyHol dsCont . el emrent s() ) ;
if (reserver !'= null)

{ /1 Add this copy to the reservers hold |ist
/1 [reserver >hol ds] . add( copy)

User ToCopyHol dsCont . add( copy) ;

/1 Call notify method on reserver
//[reserver].notify(copy);

reserver.notify(copy);

}

The fourth and final observation of DJis that sequence diagrams can be automatically generated from DJ
cade to facilitate the understanding of the code at various levels of details.



4 Reated Work and Conclusions

This paper describes a new technique for Object Oriented Programming which leads to higher quality
software and to significantly quicker development. This technique uses Interaction schemas and has been
implemented in StructureBuilder, a development tool for Java Programming, from Tendril Software
(www.tendril.com). The DJ tool provides additional genericity and ease of maintenance but a slower im-
plementation based on Java Reflection.

The origins of thistechnique are in a decade long research program at Northeastern University on Adap-
tive Programming called the Demeter Project [L96]. Like Demeter, StructureBuilder internally views the
programming process in terms of navigating through the object model. This view of thinking of objects as
a network and providing for their transportation is what a large part of the programming task consists of.
Even though programmers don’t always conceptualize their task in these terms —thisis an essential as-
pect of virtually al programming. Indeed, object oriented programming is an attempt to organize this
network of objects and to provide programmers with rules on how they might access the network.

Generic actions address two important problems in software development: 1. Tangling of object collabo-
ration code. We have shown how object collaborations can be more easily expressed using generic actions.
Each generic action describes a multi-object collaboration in a succinct way. A generic action cross-cuts
the class structure and it is easy to read because all relevant information is part of the generic action and
not spread out across several classes and tangled with lots of other code [HL95, K+97]. 2. Maintaining
UML interaction diagrams is tedious during evolution of the class structure. Generic actions are "struc-
ture-shy" and fairly robust under changing class structures.
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