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Abstract

This research addresses the problem of locating software items in extensive libraries. It
aims to increase the speed and accuracy with which a user may browse software libraries
for reusable code. The method proposed for this is called active browsing. The system
monitors user actions, made within a ncrmal browser, to infer an analogue representing the
user’s search goal. A relevancy measure is constructed from this analogue and used by the
system to scan the library independently of the user and to evaluate potentially interesting
components. The results affect the browser display to emphasize relevant components and
thus aid search.

Although the main interest is software reuse, the approach has a much wider applicability.
This is inherited directly from the broad applicability of browsing. Browsing is an imporiant
methodology particularly in search tasks where the target is not well defined. This thesis
discusses a model of active browsing applicable in general to browseable libraries.

An implementation of this model, based around a browser used to explore libraries of
object oriented code, is described. In this implementation, an inference engine forward chains
on rules 10 generate the analogue from the user’s actions. A relevancy measure, in the form
of a template, is constructed , used ‘o assign a score to library items and to produce a ranked
list of classes of potential interest to the user. This implementation is used both to illustrate

active browsing in a particular application and to experimentally validate the model.
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Chapter 1 Introduction

The aim of this research is to reduce the cost of locating reusable software in large
libraries. The speed and accuracy of browsing is increased by a method termed active
browsing. The user browses the library in the usual manner while the system searches in
parallel for items of relevance to the user’s search goal. The novelty of this approach is that

this goal is inferred directly from such actions requiring no other input from the user.

The thesis presents a general model of active browsing. A specific implementation is
described and validated using a library of software written in Objective-C, an object oriented
programming language. This model is applicable to many browsing tasks. Browsing is an
important means of search that has been applied to knowledge bases, document bases, object
oriented and even relational databases, as well as more inhomogeneous structures within
hypertext. This approach aims at maintaining the broad applicability of browsing while

increasing its effectiveness.

The exact role and importance of browsing, and therefore active browsing, in locating
items in a library can be best understood by comparing it to the main alternative — indexing.
Indexing requires the construction of a query in an indexing language, possibly a natural
language. The query is used to locate the relevant component, usually by moving through
an indexing structure and matching against an item’s index. Some queries are in the form
of boolean equations, others use a more flexible matching systems using weighted vectors
of terms. The latter, by ranking returned items according to the degree of match, overcomes
a problem associated with boolean queries of returning too few or too many items. These

methods can be further enhanced by relevance feedback where the user is required to critique



the items returned by the query [31]. The system can use this information to adjust the

matching procedure to find more relevant items.

Indexing methods are appropriate only if the user has a good goal definition. Without a
good goal definition the user must browse. Fischer et al. state [22], when describing natural
language interfaces for information retrieval, “ ..... they do not assist users who are unable to
describe precisely what they want at the beginning of an information seeking process™. Poor
goal definition also occurs when the library does not contain exactly what the user wants.
In this case the aim of the search is to find an item that best matches the user requirements.

So even if the requirements are well defined the goal is not.

Studies [8] have shown that when given the choice, browsing is preferred over indexing
by many users. Qverall, browsing is seen as a more natural and effective process when the
user is uncertain of the target description. This is further supported by Fischer et al. [22]
in the statement “This (human remembering) theory postulates that people naturally think
about categories of things not in terms of formal attributes but in terms of examples”. The
two methods, browsing and indexing, are by no means mutually exclusive. If the user can
accurately describe the whole or even a significant part of the target, indexing is the more
powerful approach. Ideally indexing and browsing facilities would be incorporated in the

same system.

Active browsing, being based around a normal browser, is applicable in the same
situations. It takes as input normal user actions. Its output is subtle changes in the user’s
display to highlight items of potential interest to the user. The user has access to the full
facilities of the standard browser and is required to take no actions over and above the normal
browsing actions required for search. The justification for extracting all the information from

the user’s actions rather than, say, by asking questions is one of cost. As the user is not
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required to do anything special there is no additonal cost in user input. By basing the system

around an existing browser the user is not required to become familiar with a new tool.

1.1 Software Reuse

Active browsing promotes the rapid location of relevant software and thereby encourages
reuse. Reuse is widely accepted to be a significant way of improving software productivity
by making use of already existing design information. Much research has been concerned
with reusing code itself. The notion of code reuse is seen by many as culminating in the
production of software components analogous to integrated circuits [3,46]. Certainly research
into the design of reusable software has led to considerable activity in creating large software
libraries. A prime example of which is object-oriented programming. In general the reuse of
code encourages the development of high quality, well tested and even optimized software

as the initial investment is repaid each time the code is reused.

To support code reuse large libraries are essential. Some have grown large by natural
evolution. This previously designed software represents considerable investment and thus
there is strong financial pressure for reuse. Others have been designed specifically to support
reuse. As new libraries of reusable software become available these will be combined with
older ones to form even larger libraries. Large libraries are desirable to give the maximal
coverage of future requirements. They should ideally cross many domains as there may well

be a great deal of common core software

Actual code reuse is felt by some to give limited returns [5,34]. They propose the reuse
of much higher level software design information. There is still however a requirement for
large libraries. Libraries of these higher level forms, including specifications, diagrammatic

representations and other forms of documentation, are likely to be increasingly prevalent.



An important idea within the knowledge base community is the “Knowledge-Based Software
Assistant” [51]. This approach aims to formalize the whole process of software development
and use correctness preserving transforms to aid the user in producing executable code from
specifications. As W. L. Johnson [35] points out “Reuse is essential at the requirements
level, just as it is at the program level”. Thus there is no reason to be restricted to libraries
of code: libraries of formal specifications, of transforms, or even of free text would be of

undoubted value.
1.2 Locating Software In Large Libraries

The existence of large libraries does not, by itself, guarantee effective software reuse.
Biggerstaff and Richter [5] highlighted three central issues: finding, understanding and
modifying components. Many researchers consider the locating of software the most critical
of the above issues. P. Freeman [25] stresses the importance of locating items: “Our
continued work in this area, however, has convinced us that we had “assumed away"” one of
the more critical aspects of reusability — locating an appropriate set of information to reuse™.
W. Frakes et al. [23) make the statement: “.... there is strong support for the belief that to
effectively promote software reuse we must develop tools .0 aid in the process of localing
software components that are candidates for reuse”. Libraries should and will increase in
size. Finding a relevant component is likely to become increasingly difficult and this is the
main motivation of this research.

Research that has looked at adapting existing methodologies — associated with database
querying, information retrieval etc. — for use with software libraries has focused principally
on indexing. Normally an index is manually assigned but there are approaches that automat-
ically extract indices from the particular item. Other approaches aid the user in modifying

the query if the retrieved items are not of interest. Browsing is particularly relevant to code

4



libraries which are often sparse and may contain nothing that would even closely match a
query. In addition the individual items may only offer partial solutions. The final solution
depends on finding and combining multiple items in the library, so a considerable amount of
search is required. Further, if the emphasis is on reuse, the requirements may, themselves,
change to accommodate what is available. So in these cases browsing should be a more
effective means of locating items.

The task of browsing is commonly viewed as a user navigating through 2 graph where
the nodes represent library items and the arcs connecting relationships. Thus for a library to
be browseable it must be expressible as a graph. Many different types of information can
be expressed in this form. Ideally the graph consists of items and relationships natural to
the domain but the relationships must also be useful in terms of search. In object oriented
software, many such relationships are part of the natural programming structure. Nevertheless
extra relationships can be added including those between associated documentation, formal
specifications and knowledge frames. Many other contemporary languages naturally include
relationships relevant to browsing of which different forms of inheritance and polymorphism
are good examples. In addition application of certain design practices particularly with
respect to naming conventions can greatly increase the readiness with which software can
be browsed. Even in more conventional languages there are relationships which can be
usefully explored. There is for instance the calling structure, reference to external variables
and naming conventions. Other relationships not specific to code could also be added.
These might be defined by documentation, by modification histories etc. or learnt from user

interaction with the library.

1.3 Improving Basic Browsing

Even with a well structured library normal browsing can be a time consuming process.
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It is also knowledge intensive as the user must have some idea of not only what is in the
library but also of the structure. Given that browsing is an essential means of search, an
important issue is how to remove these limitations and generally enhance its effectiveness.
By extracting information solely from the user actions and by changing the user interface
to the standard browser in a minimal manner there is little additional cost in usage. Thus

any gains in performance from active browsing do not have to be offset against losses due

1o extensive user interaction.

Active browsing aims to maintain the advantages of normal browsing by allowing the
user to search in the usual way. This takes advantage of the fact that users may be already
familiar with browsing. This is particularly evident in object oriented programming where
browsing is essential to exploring program structure and therefore is a natural part of program
development. Even if it required to learn the browsing operators this is similar to learning the
syntax of an indexing language. The actual terms of the “browsing language” exist within

the items being browsed and are usually natural to the domain.

Active browsing makes use of the primary advantages of a computer, its speed and
memory. During browsing the user will spend considerable time studying information
displayed on the screen to asses an item's relevance to the requirements. As long as the
system does not distract the user, this time can be used to search for relevant items. In
addition the system is able to maintain in memory more features that might be relevant to
the search goal than a user. B. Curtis [17] , with reference to G. Miller [41], describes this
problem by the statement “Short term memory is a limited capacity workspace which holds
and processes information under our attention. It has been characterized by Miller (1956) as
holding approximately seven iteins of information.” This surprisingly small size of 2 human’s

“working memory” shows one advantage of a computer system as a search aid.



In active browsing the user actions, collected over the whole history of the search, are
utilized in inferring an analogue representing the search goal. The analogue, in combination
with further browsing actions, is used 10 construct a relevancy measure consisting of terms
describing an item. With this measure the system scans the library, independently of the
user, looking for potentially interesting components. The results are both cached to improve
the system response time to anticipated actions and indicated to the user to influence search
direction. Active browsing will improve normal browsing by searching a particular area
more rapidly. It will also extend the area of the library being examined to improve the

coverage and thereby accuracy of the search.

1.4 Research Contributions

O3 A novel approach to browsing termed active browsing has been defined, where an

analogue of the user’s search goal is inferred solely from normal actions.

« This definition includes how this analogue is used in locating relevant library items,

ones the user may not have found as quickly, if at all.

O A model of active browsing has been produced that is generally applicable to browseable
libraries.
« This model includes three forms of inference.
+ A representation for the extracted information is proposed: an analogue of the user’s
search goal and a relevancy measure to evaluate library items.
« Based on this model, an architecture to support active browsing, using a standard
inference engine, has been developed.
O An implementation of the architecture, for browsing object oriented code libraries, has
been produced and demonstrates how a standard browser may be enhanced by active

browsing.



« Specific modifications have been made to the browser’s user interface and rules
designed to facilitate inference.

« Various algorithms have been developed that evaluate the similarity of features
between two object oriented classes.

O The experimental method proposed in this thesis is an alternative to the normal method

of evaluating browsing systems.

» A rule based heuristic searcher is used to simulate human search patterns. This
reduces the requirement of using multiple users to validate performance and allows

greater control during experimentation.

1.5 Thesis Overview

In chapter 2 a broad overview of related research will be presented. A critique of this
research will be used to argue the case for active browsing. Chapter 3 describes a model of
active browsing, developed during this research, which is applicable to browseable libraries.
It addresses the crucial issues in producing such a system, illuminating details of the approach
with examples from software and information retrieval. Chapter 4 takes the generalized
architecture developed as part of the model and produces a specific implementation that
is used to search libraries of object oriented code. Chapter 5 presents the experimental
methodology, the results obtained and how they validate the implementation and the model.
Finally chapter 6 includes the conclusions drawn and the potential directions for continuing
this research. In addidon the limitations will be discussed, how these might be overcome

and, in general, ways to enhance the approach.



Chapter 2 Reuse And Browsing: An Overview

This chapter serves two purposes. Firstly it gives a broader context to this research and
secondly it presents an argument in support of active browsing. The review focuses primarily
on the research into software reuse. Other areas such as information retrieval, hypertext and

user models are also discussed, particularly as they relate to browsing.

The research field associated with the topic of sofiware reuse is divided into two broad
scctions as discussed by Biggerstaff and Richter [5], the generative and compositional

approaches.

2.1 Generative Approaches

The generative approaches to software reuse use program generators to convert a very
high level, or specification, language into a lower level form, Here it is design knowledge that
is reused. The generator uses this knowledge to produce executable code, or the intermediate
stage of a conventional language. This can be seen as a natural extension of the principle of
high level languages. There is little argument that such languages have produced a dramatic
improvement in program productvity over assembly level or machine code. The goal is to
produce gains of similar magnitude with specification languages. One dimension on which
they can be characterized is that of domain specificity. At one end are application generators.

At the other are the general purpose specification languages and their generators.

In application generators the specification language is often expressed as a series of user
menu selections. These selections guide the production of an executable application. For
this approach to work successfully the domain has to be well defined and understood. The

original design must predict the vast majority of future user requirements and is thus reliant
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on extensive domain analysis. Many application generators have been produced but their

success has usually been achieved only in very narrow domains.

General purpose specification languages come in many forms such as SETL [20] which
can be converted with some user interaction into an efficient executable form. SETL is
procedural but still reduces the code required significantly. Other research like Prywes
[44] looks at the use of a non-procedural specification language. Not requiring procedural
information further reduces the size and complexity of the program specification and the
amount of design effort. On the other hand the lack of procedural definition makes it harder

to convert to a conventional language, particularly to an efficient implementation.

Occupying the central position in specificity is Neighbours et al. [43] where domain
specific languages are constructed during domain analysis and can be converied by transfor-
mations into intermediate forms. These are either conventional languages or forms that can
themselves be converted into conventional languages. Neighbours® research aims to capture
the design expertise that goes into domain analysis. It also promotes languages that are much
more natural to domain experts and so are more easily understood and modified. An impor-
tant aspect of this approach is the reuse of the transformations used to convert the domain
language into a more concrete form. A domain expert should reuse them when creating a
new domain language. A side effect of this approach is that not only are there collections
of specifications but also collections of transformations. If the system is to grow libraries of

transformations and specifications may well be needed and must be searched.

The goal of the above research is to be able to automatically convert a specification into
executable code. A crucial issue in this area is the ability to produce code that is efficient
and many researchers have concentrated on this (for instance see Cheatham [11,12]). This is

problematical particularly with the most high level forms. To produce efficient code usually
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requires extensive user interaction. Thus although considerable design effort is saved in
the generating the specification some of this saving may be lost in the effort to produce

efficient code,

Even if the automatic conversion of specifications becomes feasible, it will stll be
necessary to produce the formal specifications in the first place. A lot of design effort
is required to translate an informal specification into a formal one. It is likely that there
would quickly develop large libraries of specifications. Thus the notion of reuse of “code”
albeit at a much higher level is still useful. Even if the ultimate goal was achieved of being
able to automatically produce programs from full natural language specifications, reuse of

such specifications would still be less effort than creating one from scratch.

In conclusion it would have seemed at first glance that the generative approach obviates
the need for libraries. New software is synthesized not composed from already existing code.
In practice, however, there are likely to be libraries of software artifacts even if they are of
a radically different form from code. These could certainly include formal specifications,

transformations, design plans and free text requirements.

2.2 Compositional Approaches

The compositional approaches 10 software reuse includes three main tasks: location,
comprehension and modification (Fischer et al. [21], Biggerstaff et al. [5]). One approach
to the comprehension of software is the browsing of data and control flow graphs. This is
a useful method of exploring program structure and helps with understanding the function
particular modules. This approach is used extensively in object oriented programming [18].
This use of a graphical forms can be extended to represent a broad spectrum of software

artifacts such as hypertext [4,14,15,47] or a knowledge base [19).

11



Automating the modification and composition of components is a difficult process without
additional information. Much research has concentrated on the reuse of design plans that
contain the reasoning and design decisions which went into the original process. This work
has been based on the design replay notion introduced by Carbonnell [10]. Although not
exclusively for software, a review of various design replay algorithms is given in [6]. These
approaches and others using code templates [50] or using abstract data types raise the issuc
of what is a useful software artifact. This is still largely orthogonal to the issue of location.
Nevertheless systems that support reuse should ideally be capable of dealing with artifacts

other than code.

In the compositional approaches most research has concentrated on reuse of code. Many
companies now produce libraries of specific purpose components and these may be combined
to produce much larger ones. As these libraries grow the issue of locating code quickly and
accurately becomes of paramount importance and different research has looked at ways of

using existing techniques and applying them to software. |

One field that has addressed general retrieval issues is database research. Certainly, if
the software can be described by values for a limited set of attributes, the relational model
can be used. Although the actual storage of software would be in conflict with the atomicity
stipulation, a simple direct index for a software component could be included as an attribute.
Still, the heterogeneous nature of software suggests that the contemporary approach of object
oriented databases is more relevant. The close relationship with object oriented program-
ming should ensure the suitability of such databases for storing software. Most research
concerning reuse has not, however, drawn inspiration principally from database research.
Rather information retrieval has been the most fertile source of valuable methodologies.

The following discusses research related to the two most common techniques of locating
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components, indexing and browsing.

2.2.1 Indexing

The most common focus of research has been index based retrieval for software. To

support queries, useful indices for items must be either manually or automatically assigned.

2.2.1.1 Manual Assignment Of Indices

The first step in manual assignment of indices requires the selection of attributes to best
describe, and partition, the software components of a particular domain. A set of values is
then assigned to each atribute and any component added to the database will be described
by a tuple of these values. The simplest version of this method is to use attributes like the

designer, the date produced, the general application area etc.

In Prieto-Diaz’s paper [45] a morc extensive and useful set of attributes including those
that describe the function and input data types are used. In his method the initial stage requires
extensive domain analysis to select attributes and their value sets. Further analysis is used
to construct a conceptual graph, defining the similarity of the different attribute values, used
during query expansion. In addition a thesaurus is produced which defines concepts, their
canonical values and synonyms. A human librarian assigns a descriptor — a conjunction of
canonical values — to each component before inclusion in the library. A query can then
be formed as a tuple of attribute values. One potential problem is that even with extensive
domain analysis it may be difficult to define a single useful classification structure. This
may only become apparent when new items are added at a much later time, an important

consideration with a dynamic library.

A more rational foundation for the choice of attributes is proposed by M. Wood et al. [53].

Their research extends the single classification structure for libraries by intreducing multiple
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tuples of different arity to describe different *basis functions”. Founded on conceptual
dependency in natural language, their approach is built around three basic types of concepts:
nominals, actions and modifiers. In software, usually actions correspond to functions.
Nominals correspond to the object that performs the function, the object it acts upon ete.
Modifiers might be a property of one of the objects that affects the way the processing
is carried out. Again a domain analysis is required to identify the appropriate concepts.
One “basis function” is associated with each classification of conceptually similar functions
and assigned a canonical term. Each “basis function” forms a descriptor frame and each
component is associated to a particular instantiation. Each frame has associated with it a
number of questions. If the user enters a function name the system first attempts to classify
it with respect to a basis function. Assuming a successful match the system then asks the

questions associated with the particular frame until the appropriate match is found.

In both these methods there is no formal method to carry out domain analysis but it
is important that the domain is well understood. A poor choice of atributes may lead
to difficulty in classifying new components. More importantly incorrect classification will
make it difficult to find useful components at a later time. An additional problem arises if the
classification is not apparent to the user or is inappropriate for the user’s purpose. Careful
domain analysis and the use of very general attribute types should help to maintain robustness.

The additional flexibility of multiple arity tuples should also decrease the brittleness.

One type of index is particularly powerful in locating components. A number of
researchers have looked at assigning a formal specification to each component. In S.
Meggendorfer and P. Manhart {40] preconditions and postconditions are used to define
a reusability relationship. This defines a partial order over the set of components. An

automatic theorem prover can be used to locate the appropriate component. In M. Harandi
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and S. Bhansali [30] a similar specification is used but in this case as an index into a plan
library. Various heuristics are used to determine the degree of match to a new specification.
Although this may be a powerful indexing method there is still the considerable effort of
producing the formal specification needed for indexing. So as discussed in sections 2.1, there

would be a strong motivation to have a library of specifications.

2.2.1.2 Automatic Assignment Of Indices

One approach based on principles from information retrieval is the use of keywords.
These may be defined by the author, or a librarian, in free text or extracted from a dictionary
of acceptable terms. This idea is further extended in S.D. Fraser et al. [24] where keywords
are automatically extracted from text associated with software, the component documentation.
They are extracted from the "brief text", the text before each method, in the Smalltalk library.
By removing common English terms and splitting concatenated words a set of keywords are

produced. They can be joined by logical connectives to form a query.

Y. S. Maarek et al. [38] automatically extract indices, through a more complex analysis
of text, in the form of lexical affinities. In linguistics, a lexical affinity is the relationship
between two words and represents the correlation of their appearance in a phrase. It has been
shown that lexical affinities convey information of both a syntactic and semantic nature. From
blocks of five words from manual pages all pairs of open-class words (nourns, verbs etc. but
not pronouns, conjunctions etc.) are extracted. The word pairs are then ranked by the number
of occurrences, an important indicator of their importance, in the document. The score is
adjusted to remove bias due to frequently occurring single words. A query is a free text
sentence and the lexical affinities in that sentence are extracted by the same method as for the

text. These are then matched against those associated with the different components using a
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distance measure and are ranked according to the score. The distance measure can also be

used to cluster components and this allows browsing.

2.2.1.3 Limitations Of Indexing

Even a good indexing scheme is not effective if the user is unfamiliar with the indexing
language. G. W. Furnas et al. [26] demonstrate the large amount of inconsistency that occurs
when people assign names to items. Thus a user may have difficulty guessing the correct
value of an index. In Prieto-Diaz’s approach this is partially answered by the addition of
thesauri and special conceptual graphs. In M. Wood et al.’s approach simple questions are
asked and the user is able to copy and paste from different lists of possible terms in response

to such questions.

This notion is taken one step further in J. F. Gilmore et al. [28] where an expert sysiem
asks questions of the program developer. The answer at each stage is used to select further
questions to be asked and thus focus the user’'s search and narrow down the most likely
choice of components. As in the other manual approaches extensive analysis is required in
which a domain expert must design a set of questions that have a good discriminatory power
between components. Ideally a set of optimal questions would be arrived at that allow the

fastest location of a particular piece of code.

Even if the user is familiar with the language, it may be difficult to formulate an accurate
description of the requirements. Although to a lesser extent, this problem also arises when the
user is asked questions. The user may be uncertain of exactly what an appropriate answer
should be. Any match on the query is therefore unlikely to be exactly what is wanted.
Further after reviewing the retrieved components it may be apparent that they are not what

the user is looking for. To answer this Maarek’s system includes limited browsing. The use
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of browsing is further extended, in later research, by combining the relationships defined by

jexical affinities with those in object oriented code [32].

One approach that aims to address both these problems is retrieval by reformulation.
In G. Fischer et al. [21,22] and S. Henninger [33] a query returns an initial set of items.
The user can then modify the query using information from one of these items. In response
to the new query another set of items is returned and the process repeated. The matching
process uses spreading activation through a graph of keywords and library items in which
the arcs represent mutual association. The items with the highest activation are returned plus
the keywords that were activated during the process. The user can use these keywords in the
modification of the query and continue search. One advantage of this method is that if a query
is not sufficiently discriminating additional keywords can be added. Although this has been
categorized as indexing, the progressive form of search is similar to the notion of browsing.

In summary, problems arise in indexing from the user’s lack of familiarity with the
indexing language. Even a user who is familiar with the language, may find it the difficuit
to formulate an accurate description of the requirements. Assuming a good description is
generated, it is likely that when the library is sparse there will be few items that even
partially .rnatch the query. These items may well not be relevant to the requirements so a

new description will be required.
2.2.2 Browsing

The argument presented here is that the problems of indexing are not negligible. This
is particularly true in certain types of search when there is no good goal definition. The
amount of search required is much greater than the previous systems support. Browsing
is an attractive alternative. It has been used extensively in information retrieval [29,48),

knowledge bases [39] and hypertext [14,47,49] and even relational databases [42].
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R. Thompson et al. {48] offer support for browsing in information retrieval. They make
the statement with reference to Bates’ paper [2] “Bates (1986) points out the advantage of
browsing by showing how it takes advantage of two cognitive capabilities. The first one
is the greater ability to recognize what is wanted over being able to describe it. ....... The
second capability is being able to skim or perceive at a glance.” They propose an intelligent
text retrieval system, based on a blackboard architecture using multiple experts, to aid in
browsing. There is, for instance, a domain knowledge expert that suggests concepts that
might be relevant to the user. This is determined by asking the user to indicate concepts
of interest. This information is used to search the global domain knowledge and the user
domain knowledge model for other related concepts. Another example is a browsing expert.
It suggests paths the user might take that are likely to lead to relevant information. Here
various heuristics are used to decide which links to show to the user. This is based in part
by information gathered in a user model in the form of stereotypes obtained by asking the

user questions.

G. Boy [7] presents the idea of changing the response to user’s request depending on
context information. If the user is browsing a hypertext system and selects a menu option
this information is used to filter and order the items retumned. The determination of context
comes from knowledge built up about a specific user. This knowledge is accumulated by

the user indicating if items returned during previous searches were of interest.

Hypertext is a very flexible way of representing informal knowledge and a number of
researchers have looked at it to store software information [4,14,15,47] P. Constantopoulus
et al. [14] describe a software information base consisting of software artifacts and their
connecting relationships. The base is not homogeneous. One view is as a hierarchy based on

application frames. At the lower levels are application specific frames. At the highest level
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are generic application frames. Another view is as an interconnected set of descriptions. They
represent requirement, design and implementation information associated with a particular
application specific frame. The paper describes an extensive list of links that can connect
the different artifacts. The implementation allows graphical browsing by filtering the links

that connect to the current node.

These papers show that browsing is considered a useful alternative to indexing by many
researchers in many diverse situations. Of particular interest is that many people are looking
to hypertext as a useful means of storing information about software. In M. Creech et al.
[15] work is discussed on how to automatically construct hypertext graphs by clustering

existing code.

A critical problem however is that in large graphs of data the user can become disorien-
tated, This problem is often called “lost in hyperspace” in the hypertext community. In R.
Trigg [49] guided tours, paths predefined by the author, is one way to try to overcome this
problem. Another way is by adding intelligence, and preferably learning, to the browser. The
learning in the R. Thompson et al. paper [48] is principally by assigning a user to a particular
stereotype by asking questions and keeping this information in a user model. In G. Boy’s

paper [7] learning was concerned getting feedback from the user about the relevance of items.

The information learnt by Thompson and Boy’s systems is used over a long period of
time i.e. over many searches. The intent of active browsing described in the rest of the
thesis is to acquire useful information within a single search. Further this is done from the

existing actions, the user is required to do nothing not done within normal browsing.

2.3 Conclusions

In this chapter, alternative methods to support software reuse have been discussed. It
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was argued that generative methods do not eliminate the need for large libraries so locating
items is still a critical task. It was also argued to support software reuse, at its most general
level, it is important to be able to deal with many different types of item. These might
include formal specifications, transformations, design plans and free text requirements.

It was further argued that extensive browsing facilities are required in a system that aids
the user in locating items. This is required to overcome significant indexing problems that
frequently occur as the user does not have a good goal definition. But, there are problems
too with browsing. It is a time consuming process and in a large highly interconnected
library, a user can become disorientated. The solution proposed to these problems is to add
a learning component to the browsing system so that it acquires the user's search goal and

aids in the search for relevant items.
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Chapter 3 Active Browsing: An Abstract Model:

In this chapter an abstract model of active browsing is discussed. Reference will be

made to examples of software and document retrieval to illustrate the ideas.

Section 3.1 discusses the view of browsing used in this thesis. Section 3.2 discusses how
this view is augmented with the addition of the active component. Section 3.3 introduces
a gencralized system architecture suggested by this view. Section 3.4 describes how the
inferred information is represented. Section 3.5 shows how this information is inferred and
section 3.6 deals with how the user’s search is influenced by the results. Section 3.7 discusses

some general issues which can affect the inference process.

3.1 View Of Normal Browsing

Browsing is considered to be search where the goal is not well defined a priori because,
for example, the goal is ultimately dependent on what is discovered during the search.
Browsing is viewed as a user navigating through a graph where the nodes represent library
items and the arcs connecting relationships. Thus for a library to be browseable it must be
representable as a labelled graph. In addition these relationships should be instances of a

limited set of common types which are relevant to the domain and to search.

Figure 1 shows an abstract rendering of the normal browsing task. The user is looking
for an item that best meets a set of requirements, possibly a specification. The user converts
these requirements into a search goal which describes the expected form of the target item.
This search goal is part of what Fischer et al. [22] denote as the “situation model” which is
all the knowledge the user brings to bear on the search problem. In addition to the goal it

contains problems that motivate the tasks, the plan to find the target etc.
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BROWSER ACTIONS

BROWSER DISPLAY

Figure 1 Normal Browsing

Browsing starts by selecting an initial item in the library. The user compares the item to
the search goal and uses browsing actions to control navigation through the library to locate
itemns that better match the search goal. Each action, or series of actions, results in a set of
potentially interesting items. These are displayed to the user who reviews them, selects one
and continues the search from there. This process continues until the user is satisfied that

one or more items meet the requirements or no such items can be found.

Although the requirements should remain constant over the course of the search, the goal
may well change. This is a natural consequence of the discovery element of browsing. The
searcher, after reviewing new items, finds properties which better represent the requirements.
In the simplest case this is just a refinement process where the initial search goal does not
change in substance but detail is added. A more complex case arises when the user discovers
that parts of the search goal are not the best representation of the requirements. In this case

the search goal undergoes a more radical revision.
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3.2 View Of Active Browsing

In active browsing (Figure 2) an additional branch is added to the process. The browsing
actions are mapped to an analogue of the user’s search goal. That the actions implicitly carry
information about the search goal is a consequence of the fact that the actions have been
deliberately chosen, to the best of the user’s ability, to serve the user’s interests. The
analogue is built up over time from successive browsing actions and represents what the
system believes 1o be the search goal. The analogue is mapped into a form that can be
readily used to measure the relevance of an individual item to the user. This relevancy
measure returns a numerical value representing the degree with which any particular library

itern matches the analogue. The measure is used to evaluate library items and the result of the

evaluation can be used to change the display and thus influence the user’s search direction.

REQUIREMENTS

BROWSER ACTIONS

POTENTIALLY

SYSTEM ANALOGUE
) OF SEARCH GOAL

BROWSER DISPLAY

Figure 2 Active Browsing
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How will active browsing accelerate the user’s search?

Firstly, being unclear of the search goal, the user is likely to explore many different
properties of the items not all of which will be in the final target. Nevertheless on average it
is expected that the user will inspect mostly those properties that are relevant. Thus active
browsing combines and filters user selections to find items that best match the common
properties. A user is unlikely to remember all the relevant properties. Certainly the user is
unlikely to compose a complex matching request including all the relevant properties seen

during the search,

Secondly, a naive user may not be aware of all the different operators available or when
they might be relevant. For instance many libraries have a primary structure e.g. in Object
oriented software there is the inheritance tree. A user may use this as the main means of
search. For instance, the user may principally navigate parent-child links. Classes with a
common parent inherit identical method implementations, so sibling classes are likely to
perform similar roles. Other items that also perform similar roles, but with different method
implementations, may be well separated within the hierarchy. The user may not appreciate
this or may not be aware of an operator to locate such items. The system can expand the
area of search by retrieving items with similar roles from different areas of the library’s

primary structure.

Thirdly, the automatic extraction of properties reduces the amount of actual user selection
required. For instance, if the user investigates particular properties of an item it seems
reasonable to infer that other items with these properties are potentially of interest. Thus the

system can locate such items while the user is studying the original one.



3.3 Generalized Architecture

The view of active browsing, presented in the preceding section, leads to the generalized
architecture given in Figure 3. Rules are used to map user browsing actions to the analogue.
A rule’s antecedent involves user actions and existing features of the analogue and its

consequent causes new features to be generated or old ones updated. In this way the analogue

is updated to reflect the user’s current interest. The general form of such a rule is :

IF ((BroWsing Action) ((Analogue Term)....))

THEN ((Analogue Term)) Confidence

The confidence factor describes the certainty that the system has that the analogue term

describes a feature of the search goal.

USER

ACTIVE BROWSER
User i
et Interfoce | Browser || Cache e Library Matched
ftems
g‘liccﬁpgf A Browser Cached
ring Actions
Controls Resulis
_ Matcher
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Selector
Inference
Relevancy
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L
Evaluation
Analogue Scorcs
Predicates '
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Scarch Goal

Figure 3 Generalized Architecture
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The inference process is further used to produce relevancy terms. These are converted
and combined to form the relevancy measure which can be matched against the library
items. The general form of these rules is:

IF ((Analogue Term)....)

THEN ((Relevancy Term)) Confidence

A store of relevancy measures can be maintained to ailow the user to pursue sub-goals
of the overall search. The selected one is compared to each of the items in the library and
the value associated with the match is a measure of its relevance. The matching values are
used to alter the browser display by the relative enhancement of those items of most interest,
Matching values on individual items can be used both to adjust the analogue and to select
the appropriate measure. By storing the results of matching in a cache, a user requested

match can be serviced more rapidly.

3.4 Form Of The Analogue And Relevancy Measure

In choosing a form for the system analogue and relevancy measure, the first consideration
is, what are the units within the library in which the user is interested and for which relevance
is evaluated. The assumption made is that the library consists principally of one level of
granularity and that the user is artempting to locate one such item. For example in object
oriented programming the items might be classes. In document bases the items might be

conference or journal papers.

Nevertheless this approach extends gracefully to libraries in which the same entity can
simultaneously be an individual library item and also a component in a larger item. In this
case, relevance is evaluated of both the isolated entity, and the collection that contains it.

This situation arises in software within the object-criented paradigm, where each class is an
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individual item and may also be a part of a "framework”. Alternatively a document base
might contain papers which are themselves parts of conference proceedings. One might
return a conference proceedings 1o the user if it contains many papers that are of interest.
This still assumes that the user is principally interested in items at a particular level. If
the library has multiple levels of granularity it would be necessary to infer not only what

properties of an items are important but also what level of item interests the user.

The next two sections describe the form of the relevancy measure followed by that of
the analogue. They are presented in this order because the form of the relevancy measure

affects the choice of form of the analogue.
3.4.1 The Relevancy Measure

The relevancy measure should be in a form allowing easy comparison with library items.
Ideally it should be an abstraction of an item. The measure should contain terms, themselves
combinations of atomic terms that are readily measurable in the item. For example, if an item
in the library contains information about its author, then a relevancy measure can include
terms referring to author. These might include the author’s name and job title. In the case
of documents these terms might involve keywords, lexical affinities etc. In object oriented
software typical atomic terms might be method and instance variable names. In addition the
measure might include relationships between terms within the item or between terms and
parts or the whole of another item. For example, the fact that one method uses another in
object oriented programming or that one class is the child of another might be included.
In document libraries one might add relationships like one document references another or

rwo words are adjacent.

Active browsing is looking for the best match to the user’s search goal in the library.

Therefore the relevancy measure should contain the minimum amount of information needed
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to discriminate between items. This will minimize the time required to evaluate a single item.
It is also necessary to determine how well an item matches the user’s search goal, One way
of addressing both concerns would be to first use the discriminating measure to determine the

best items. This much smaller list could then be evaluated to determine the degree of match.

The relevance of a library item is evaluated by comparing its contents with each of
the terms of the relevancy measure, The comparison of a term to the item’s contents is
computed by a matching function that is specific to the type of the term. In document
bases, a matching function might compute values based on lexical affinities or logical
combinations of keywords. In software libraries which include formal specifications, a
matching function might involve proving that one specification implies the other. In object
oriented programming it is standard practice that method names consist of concatenated
words. These words can be matched individually to the words in other method names.

Each term should be assigned a value, or weight, that is a measure of its criticality to
a match. Some terms represent features that are strongly desirable in any match, others are
less important. This may be dependent on the particular term or its type. For instance, in
an object oriented programming library it may be more important to match well on instance
methods than on class methods. The instance methods would be assigned larger weights.
The numerical values representing the degree of match returned by the matching functions

would be combined according to these weights.
3.4.2 The Analogue

The form of the analogue is dependent on two factors. Firstly the ease with which it
can be inferred from user actions. Secondly the ease with which it can be converted to a
relevancy measure. The analogue could for instance be a literal record of the user’s browsing

actions but this would make it difficult and costly to infer the relevancy measure. It is better
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to filter out the redundancy in the user’s actions. There should be a reasonable degree of
compression of the information extracted from the actions. The rules used in the inference

process represent knowledge on how this information might best be abstracted.

If the general form of the target item is known this can be used to reduce redundancy.
For instance if the user’s action was to look at a keyword in two different documents, should
two copies be kept (one for each document) or just one? Knowing the form of the target
and that the same keyword is not going to appear twice it should be stored only once. Of
course the fact that the user looked at more than one document with the same keyword
is significant. This information should also be stored. If the relevancy measure is only
sufficient to discriminate between items, the amount of information required for this task
will vary during the search. Generally the analogue needs to have sufficient information to

produce all possible relevancy measures that might be needed.

Like the relevancy measure this seems best served by being in an abstract form of the
item. One or more terms within the analogue would represent a feature of the item. The
scheme chosen for the implementation was to use many weighted terms to represent a single
feature. This is not the only method that could be used. A stronger compression could be

applied to remove more of the redundant information but at the risk of losing important detail.

3.5 Computing The Analogue And Relevancy Measure

The previous section outlined the form of the analogue and relevancy measure, this
section discusses how they might be inferred. The system uses information from the user’s
browser actions to form a system analogue, representing the user’s search goal. Information
stored in the analogue is then extracted and formed into a relevancy measure and used to

cvaluate library items.
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The user may express direct interest in an item, or a specific property of an item, by
studying it in greater detail. For instance in object oriented programming the user may study
the code that implements a particular method. This direct interest indicates it is likely to be
a property of the target class, The user may also have knowledge about the library that is
important in terms of the final item chosen but is not specifically used as part of search. Three
methods are used to extract such knowledge: firstly by encouraging the user to make explicit
choices by means of operators, secondly by making the choice have a specific meaning and

thirdly by inferring the likely extra knowledge the user has of the library.

3.5.1 Inferring A System Analogue

There are three basic types of operators used to browse a library (Figure 4). Expansion is
showing a node in greater detail, in the form of a subgraph. Exploration is moving between
nodes at the same level of abstraction. Consolidation is combining a group of nodes and

arcs and moving to a node at a higher level that has a similar group in its subgraph.

@- —0

Expansion

Node Interesting

Examine In

Greater Detail Consolidation
Multiple Nodes
Interesting
Explare Connected
Abstract Nodes

ExploratioN
Node Interesting

Examine Related
Nodes

Figure 4 Types Of User Actions
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This thesis proposes three distinct methods of inference in forming the analogue from
these actions. The first is the adding of terms incrementally. Each time the user passes
through a node the information at that node is extracted. The second is by generalizing
the subgraphs of two nodes visited if the system determines they represent the same feature
of the search goal. The third is pattern specific features. Here the system uses domain
specific knowledge of the meaning of traversing one or a series of relationships to add extra

information to the analogue.

3.5.1.1 Incremental Additions

The first principle in inferring a system model is the assumption that if the user search
is continued after evaluating a node the information at the node is interesting and relevant to
the search goal. Even if the user backtracks later, the information obtained from that node
is still useful. The user made the decision to continue the search based on the information
displayed at a particular node. Thus at best this will be important information, at worst it is
not bad enough to overcome positive information obtained earlier in the path.

This idea is particularly apparent when the user travels down a series of abstractions
(Figure 5). Starting at a potentially interesting node the user expands it to view its subgraph
representing the properties of the node. One particular property, or subnode, is itself expanded
to show greater detail. On reviewing this subgraph the user decides the path is uninteresting
and backtracks up one level of abstraction. The user repeats this process on other nodes then
finally moves back to the original level.

For example, the information at the top node might be the title of the proceedings of a
conference. The conference seems interesting so the user expands the node. The next level
could be titles of the papers in that conference. The user selects a title and expands this

node to show the “abstract”. After reading this the user decides the paper is not interesting
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Figure 5 Levels Of Abstraction

and back tracks to the proceedings and reviews other papers. The user does not find the
relevant paper and backtracks to the conference level. The system might scan the rest of the
database looking for other papers that best match the selected titles and are in a conference

similar to the one selected.

3.5.1.2 Generalizing Subgraphs

The preceding inference scheme requires that the user show specific interest in a node
by passing through it to review a subgraph or othe