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Software reuse has long been a promising yet elusive technology for improving
software productivity and quality. One of the related problems is the lack of quality
software components and the inability of developers to efficiently find them. We attack
this problem by establishing a fully distributed repositories architecture, with which
component sharing and circulation are encouraged. Tools are developed to facilitate
access to repositories across network, and techniques using degradation functions and a
component migration history are introduced to further simplify component retrieval.
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1. INTRODUCTION

Software reuse involves the construction of new software systems using existing
software artifacts. Both the products of previous software projects and the processes
deployed to produce them can be reused; hence, a wide spectrum of reuse approaches
exists [1, 2]. These approaches are customarily separated into two fundamental
categoriesgenerativeandcompositional Our research is focused on the latter category.

The compositional methods involve reusable software components that are
integrated into the target system. This type of software reuse is conceptually simple and
straightforward. ~ However, while reusable components have been shown to be
beneficial in certain narrow areas, in general there has been less success [1]. To reuse
software effectively, a large collection of reusable software is a necessity. Until recently,
most research efforts have been focused on the development of a general-purpose
“mega-library” that contains a large number of components, covers all application
domains, is managed and used by a single organization, and does not communicate with
other mega-libraries. Building such a large component repository, however, has its
difficulties. First, the cost of building and managing a large general-purpose repository is
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so high that organizations are unwilling to invest in the effort. Second, finding the
desired components among a large collection is so time-consuming that programmers are
unwilling to try. In addition, the mega-library approach is not able to exploit the full
potential of software reuse: while a component will not be re-invented in one
organization, it can be invented as many times as there are organizations.

Recently the great success of the Internet has attracted the attention of many
researchers in the reuse field [4-7]. Decentralized architectures have been introduced to
connect repositories with the Internet so that they can share components, thus solving the
above problems to some extent. This approach has several advantages. First, because a
much larger number of components than one repository can offer is available to
developers, it is more likely that an adequate component can be found. Second, the more
often a component is used, the more hidden defects in it can be found and fixed [3]. By
allowing users other than the owner to access it, a component can be used more
frequently. Third, since to satisfy one requirement there can be more than one competing
choice, less-reusable components will be less reused and finally will be either improved
or retired.

In this research, we have gone one step further by proposing a fully distributed
architecture that is composed of many small repositories (csileslin this paper),
distributed geographically and interconnected by the Internet. Sites can be owned and
managed by organizations, divisions, departments, or even individual programmers,
hence providing greater flexibility in repository configuration and finer granularity of
resource sharing. A prototype system called Uranus has been developed, and techniques,
such as one which used a migration history and another which is an extension of the
multi-facet method [8, 9], have been developed to increase the performance of
component retrieval. A user-friendly and easy-to-use interface has been designed so that
a repository can be used and managed by less-experienced users.

Despite the fact that the faceted method has been criticized e.g., in [10-12], we
decided to adopt this method for the following reasons. First, this method is conceptually
simple, easy to implement, and operates efficiently during retrieval. Second, a browsing
hierarchy can be naturally built upon a faceted classification structure. Meaakkl3]
proposed an off-line method to construct a hierarchy automatically from keywords, but
there seems to be no intuitive way to do so on-line. Furthermore, the browsing hierarchy
built from a faceted structure is more flexible because it can be spanned in more than one
way. Third, since our system is intended to be managed at the end-user level, and since
tools have been developed to facilitate component indexing, the up-front cost of building
repositories can be amortized and reduced. Also, note that the original method has been
extended in many ways in our research.

Though conceptually simple, the design and implementation of such a distributed
repository architecture is not a straightforward task. In the following sections, we begin
with an overview of our system. In Section 3 our extended multi-facet classification
method is presented. An important technique, migration history, is introduced in Section
4. In the next section, the internal mechanisms the query tool are described, and the
implementation is described in Section 6. Finally we conclude in Section 7.
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2. SYSTEM OVERVIEW

In our approach, reusable components are distributed (and replicated if necessary) to
sites. These sites are interconnected with the Internet and communicate using the same
protocol.

Access of read and write modes to a site can be independently secured. Each site has
its own classification structure (called thiew of that site). A user can perform a search
against any site to which he/she has read access. Once the desired components are found,
in addition to being reused, they can be included in the private site of the user. When
adding a component to a site, the owner of the site has full freedom in deciding where in
the view that component will be placed, without following the classification scheme of
the source site. A component can also be put in several places in the view of a site to
facilitate retrieval. In order to avoid storing multiple copies in a site, each component is
tagged with a system-generated universally unique identifier (UUID), which is
guaranteed to be unique in the spatial as well as the temporal sense.

The structure of the Uranus system is illustrated in Fig. 1libtegy is a collection
of components without any classification structure. UUIDs are used as the index for
accessing components in the library. Classification information is stored in the view.
Components in the Uranus system are classified using an extended multi-facet method,
which will be explained in detail in Section 3. Both the library and the view are
manipulated by thébrary server Querying, browsing and other housekeeping tasks can
be performed using several tools. When a query is performetheblaurus serveand
its associatethesauriare used to deal with synonyms. Servers and tools can be run on
the same machine or on different machines. A client can communicate with several
library servers or thesaurus servers at the same time, and a server can be shared by
several clients.

[Corary ] [iew |
o 0

[ Library Server ] — [Thesaurus Servea

Browse Tool
Query Tool | &) User
Misc. Tools

Fig. 1. System structure overview.

Clients and servers can be arranged in various configurations. For example, in the
case of a personal site, the client and the two servers usually all run on the same machine.
In an organization, on the other hand, a central site can be established and shared by
employees. This site can be secured so that outsiders can not access it. Besides this
central site, each employee can still have a private site. Finally, public sites can be
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established and shared by all developers. Thesaurus servers can be configured
independently.

When looking for components, a user can choose to express the requirements as a
guery and issue the query using the query tool to one or more sites. On the other hand, it
has been pointed out [13, 14] that the existence of a browsing mechanism, which views
the component collection as a hierarchy instead of a linear structure, is important for
users who wish to navigate lucidly through a repository. For this reason both, a query
tool and a browse tool are provided in the Uranus system.

3. CLASSIFICATION OF COMPONENTS

Our component classification method is based on the faceted method proposed in [8]
and [9]. The description below, however, does not follow their terminology and notions
entirely.

A facetis an attribute that all the involved components sharterd is a value
assigned to a facet. A facet and its associated term together féaotoa A list of
factors forms alescriptor The property of a component can be described by one or more
descriptors. These descriptors can be manually assigned to the component, or automatic
techniques similar to the one used in [13] can be adopted. Components described by the
same descriptor form@ass Note that since a component can be described by more than
one descriptor, the relationship between components and classes is many-many. In a view,
the set of facets is ordered according to their importance; all the components in this view
share this facet set. For example, with the facet set (function, objects, medium), the
descriptor (function = sum, objects = values, medium = array) can be used to describe a
component that sums up values in an array. If that component can also sum up values in
a linked list, it can be described by an additional descriptor (function = sum, objects =
values, medium = linked list). The set of all the descriptors describing a component is
called theindexof that component. All the descriptors in a site must have the same set of
facets, but different sites may have different facet sets.

A queryhas the same form of a descriptor, except that arbitrary symbols (words or
phrases) can be used in place of facets or terms, and that there can be any number of
factors. For example, (task = sum, objects = numbers) is a valid query that can be
performed against a view with facet set (function, objects, medium), and it is likely that
the descriptor (function = sum, objects = values, medium = array) will match this query.

In order to compare a query and a descriptor, thesauri are used to measure the
correlation between two symbols. thesaurus® is a function that maps a pair of
symbols to the interval [0,1]. The val@w,, w,), called thecorrelation betweenw; and
W,, indicates how closely the two symbols are related: the larger the value, the higher the
correlation. For simplicity, we make a thesaurus a symmetric function, ti@ws,w.)
= O(wW,, wy) for anyw; andw,. Furthermore, we defin®(w, w) = 1 for anyw. A special
symbol “*” is introduced as a wildcard symbol; that@¥, w) = O(w, *) = 1 for anyw.

If a queryq and a descriptatt have the same facet set, thatis, (f, =ty, ..., f, =t,)
andd = (f, =ty ..., f, = t,), then the correlation between them, denoteddyyd]]} is
defined agO(t, t). Note that because of the wayis defined, ¢}, d|| acts as a distance
measure in the hyperbolic space with..., f, as the axes. A missing factor in a query is
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treated as if it has a wildcard term, so the quéry ;) can be matched exactly to the
descriptor f; = t;, f, = t,). Therelevanceof a class is defined as the correlation between
its associated descriptor and the query, and the relevance of a component is defined as the
largest relevance of its associated classes. During retrieval, the relevance of each of the
components in the view is computed, and highly relevant components are listed in order
according to their relevance.

If the facet sets are different, the correlation between the query and the descriptor
must be computed using a more complex algorithm, which will be introduced in Section 5.

4. MIGRATION HISTORY

One important principle behind the design of the Uranus system is that the
circulation of components should be encouraged. When a useful component is found,
the manager of a site is expected to download that component, or at least the component
index if it is inappropriate to download the component body, from the remote site to the
local site. There are several reasons for doing so. First, a hew component can be
indexed according to the local classification rules, so it will be easier for local users to
find it in the future. Second, components can be replicated so that they will be more
available. Third, the users of the local site will have a better opportunity to reach the
component and distribute it to yet more sites, thus increasing its exposure to the
community.

Since components can be circulated among sites, it is helpful if the user has
knowledge of where a component has been. If it is revealed that a component has been
residing in a site, it is likely that more components similar to it in one way or another can
be found in that site. More importantly, if a large portion of the components retrieved
with a query turn out to be from one site, it will be beneficial to search that site.
Another purpose in tracing the past locations of a component is to find its origin. The
original site may be owned by a developer which devoted to producing components of
the same type as the retrieved one, so it should be searched.

As mentioned above, even in the same site, a component can reside in several
classes, so we define the component migration histdfyof component in classc as
an ordered list of classes,(c,, ..., Cy), Wherec, throughc, denote distinct classes. Such
a migration history indicates that before arriving at ctagomponeno was residing in
Cn Cn1, ..., Co @ndcy, in that order. They are called teeurce classesf g, andc,, in
which g was first introduced, is called thogigin classof 0. These classes may be on
different sites. In order to identify a class in a migration history, each class is tagged with
a UUID, as in the case of components.

If o is copied or moved front to another clasx’, the migration history
H§' associated to the newly added entrycinis defined a O H;= (c, ¢, ..., Gy,

Cis1, ---» Cy) If ¢ = ¢ for somei, or (, cy, ..., C)) otherwise. Ifo is copied toc’, HZ
remains the same. b is moved toc’, HS becomes’ OH;. Whethero is moved to
another class or it is deleted fraxrits migration history irt is retained.

Migration history tracing can be performed manually or automatically. Automatic
tracing will be explained in Section 5. Manual tracing can be done against a single
component or a group of components. A set of components, which may have been
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found using the query tool or the browse tool, must first be specified. Then the user can
issue a command that the system list all the source classes involved, ordered according to
their frequency of appearance in the migration history lists of the specified components,
together with accompanying information such as the addresses of their sites and their
indices. A user can then choose from among them for further exploration. For that
specified set of components, the classes found by means of component tracing, no matter
whether the tracing was done automatically or manually, are caled classesand
components in related classes are catated components

The migration history mechanism can be seen as “see also” links attached to
components and classes. This gives our system some of the functionality of a hypertext
system.

5. THE QUERY ALGORITHM

When a query is performed against a site, if the query and the view of the site have
the same facet set, the simple formula introduced in Section 3 can be used to find the
relevance of a component. In other cases, things are complicated. We will first introduce
the degradation function mechanism by discussing the case where the facet sets of the
guery and the view are identical but are ordered differently. Then, the general case will
be discussed.

5.1 Degradation Functions

Since facets are specified, the order of factors in a query may be irrelevant. On the
other hand, sometimes, one query factor may take precedence over another. For example,
while (action = sort, object = array) and (object = array, action = sort) are equivalent
most of the time, the order of factors in the query (action = sort, object = array, algorithm
= quick sort) might be relevant because, usually, a user cares more about functionality
than the mechanism. If no component can be found using that query, the user might be
willing to accept a second best choice that matches, say, (algorithm = bubble sort). In the
Prieto-Daz system [9], a query expansion mechanism is introduced to deal with this
problem. The system can, under user requests, drop the factors in the query one at a time
from the tail and re-issue the query. In this case, a first-time expansion gives the query
(action = sort, object = array). In our system, we introduce another mechanism called the
degradation functionWhen the queryf{ =t;, f, = t,, ..., f, = t,) is matched with a
descriptor f, =t%, f, =t ..., f, = t}), in which the factors might have been reordered to
accommodate the query, instead of the simple function defined previously, a modified
function [1Gi(Jti, t1]) is used to measure the degree of correlation. The fur@tiisnthe
ith degradation functiondefined as

Gi(x) =1- D"™(1-x),
where the constant O < 1 is thedegradation coefficienfThe degradation function is a

linear mapping from [0,1] to [+ D', 1]. Wheni = 1, it is equal to the identity function.
As i increases, the slope of the function decreases, thus reducing the impact due to the
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fact that the corresponding query factor does not exactly match the index. This agrees
with our intuition that a factor typed earlier is more important than one typed later. This
method of broadening the query has three advantages. First, query expansion is done
automatically; the user does not have to explicitly issue an expansion command.
Second, the query system has to issue the query only once, rather than multiple times as
in the Prieto-Daz method [9]. Third, the components retrieved after expansion can still
be ordered according to their relevance. For example, since the performance
characteristics of quick sort are closer to merge sort than bubble sort, the correlation
between “quick sort” and “merge sort” is higher than that between “quick sort” and
“bubble sort,” so in the above case, the relevance of the descriptor (action = sort, object =
array, algorithm = merge sort) will be higher than that of the descriptor (action = sort,
object = array, algorithm = bubble sort). The query system thus can arrange the
retrieved components so that the former comes higher than the latter in the list. The
Prieto-Diaz method [9] does not have this property.

5.2 The General Case

In order to deal with the general case, we must first define the correlation between
two factorsu = “f =t” andu = “f' =t™:

liu, ull = i, F11- |k Tl

Then, the correlation between the qugry (U, Uy, ..., U,) and the descriptod = (vy,
Vy, ..., Vin), Whereu; andv; are factors, is defined as

0. )

Note that this is not a symmetric functioqg; ¢|| # ||d, g|] in general.

Jo.d = [ & ma

I<j<m

In the above, the correlation between two symbols cannot be found using a single
thesaurus. When a query from a client to a server is performed in the Uranus system, at
most three thesauri are involved. |dcal thesaurus®, is used by the client to find
synonyms on the client side. fdreign thesauru®r is used, also by the client, to
translate symbols into remote vocabulary. Finallygrmote thesauru®g is used by the
library server to deal with synonyms in the site being queried. We denote the correlation
between two symbolss;, andw, with respect to thesauru® by |, Ws|l, Which is
equivalent to®©(wy, W,). Then, the correlation betwe@n andw, with respect t®,, O
andOg is defined as

o, = maof, i o, G

wherev; andv, are arbitrary symbols.
A local thesaurus and a remote thesaurus are essential in making a query. On the
other hand, a foreign thesaurus is optional. For example, a foreign thesaurus is usually
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not needed when the client and the server are using the same language, say English. Only
when the server is using a foreign language, or when the remote vocabulary is very
different from the local vocabulary, is a foreign thesaurus needed. The user can assign a
foreign thesaurus to a site. Whenever a query is made against that site, the assigned
foreign thesaurus is used. If no foreign thesaurus is assigned, the correlation function
becomes

e, el = maxwe, g, v e,
Multiple foreign thesauri is not allowed for performance considerations.
5.3 The Effect of the Migration History

At this point, we must be aware again that a descriptor is associated with a class, not
with a component. Without other clue components in a class are regarded as being of
equal relevance and will be (or not be) retrieved as a whole during a query session. When
a class is found during retrieval, the migration history lists of its components are used to
find related classes. The relevance of a related class is a function of the number of
times the class occurs in the migration history lists. Suppose the history lists are
h =(q,Q,....G, ) 1<i<n, the relevance value of a class

where
ui(c):{l ifcm{c;,...,c‘m},}
0 otherwise

and 0 <a < 1 is a constant. This relevance value is multiplied by the relevance values of
the components and classes retrieved from the related class. Since a class can appear in a
migration history at most once, this value is always less than one.

Using this mechanism, related classes and components can be found automatically.
For example, suppose in clagshalf of the components have been in another dass
then ¢ will be found with relevancea\/1/2= 070% times the relevance of. If
components inc are retrieved, it is quite likely that componentscinwill also be
retrieved. Consider another case where components in accdaesevenly moved to
two other classes, andc, by the site owner. This effectively removes clasbut a
component’s migration history is retained when it is moved out of a class, during
retrievalc,; andc, can still be found with relevance about 0.@Qifmes the relevance of
Thus, the results of a query against a site will vary only moderately even if the
classification structure of that site has been altered wildly.
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6. IMPLEMENTATION

A prototype of the Uranus system has been developed. Fig. 2 shows the query tool.
A user can issue several queries at the same time by separating them using the “”
character. In Fig. 2, two queries, namely (function = edit, target = text) and (function =
delete, target = file), are issued. The query results of those two queries will be merged
together, again ordered according to their relevance, and listed in the “Results” area. Two
parametersmaximum componen{slenoted byN) andminimum relevancédenoted by
L), can be set to limit the number of retrieved components; only theNfecstmponents
with relevance values no lower tharare listed. The user also has to specifytthiget
sites For simplicity, only one site can be queried at a time in the current version. During
retrieval, whenever a component is found, its related classes can be checked to find more
components by tracing its migration history. The user can specify a search for related
classes in all other sites or some of them only. If the user chooses to trace to a number of
sites only, the sites can be specified below the target site. In this example, the target site

is “localhost” (the local site). and the additional sites are “gaia.ee.ntu.edu.tw” and
“ibmsrv.cc.nthu.edu.tw.”
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Fig. 2. The query tool.

Fig. 3 shows the appearance of the browse tool. The window is divided into three
panes. To the left is tHeee panewhich shows the classification structure as a tree. The
tree structure is established by expanding the faceted classification structure along facets.
This expansion is straightforward and details are omitted here. The upper-right one is
the node pang below it is the component paneThey show the sub-nodes and
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Fig. 3. The browse tool.

components, respectively, belonging to the selected node in the tree pane. The user can
expand, collapse or select a tree node in the tree pane, and the contents in the other two
panes will be updated accordingly.

The query and browse tools are used side-by-side to facilitate searching in
component repositories. If the user has a clear understanding of the functionality of the
desired component, the query tool can be used. If a component matching the requirement
is found on a remote site, and if the user has the manager privilege on the local site, the
found component can be added to the local site by opening the local site in read/write
mode using the browse tool and then drag-and-dropping the component from the query
window to a node in the browse window. The retrieved component will be associated
with the descriptor of the destination node.

When the user is not familiar with the vocabulary of the accessed site, or when the
requirement is not clear, the browse tool can be of greater help in searching components.
In this case, the site to be searched can be opened using the browse tool in read-only
mode. If the desired component is found, the local site can be opened read/write in
another browse window, and the found component can then be retrieved.

In both the query and browse windows, the user can manually trace the migration
history of a component to find the its related classes. With mouse clicks, the site
containing a related class can be opened using the browse tool so that more components
can be found. Related classes of the class corresponding to a node in the browse window
can also be found.
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7. CONCLUSION AND FUTURE DIRECTIONS

In this paper, we have presented our approach to developing a global development
environment that enables component-oriented software reuse. Software assets can be
fully distributed into small repositories that can be easily managed by end-users. The
classic multi-facet classification method is adopted and enhanced with techniques, such
as the use of degradation functions. A way to dynamically build and manipulate a
browsing hierarchy over the faceted structure has been introduced so that repositories can
be navigated and managed intuitively and lucidly. Components similar in functionality
can be found efficiently using the migration history technique, even if they reside in
different repositories. Finally, a set of tools with a user-friendly graphical interface has
been developed to facilitate access to repositories.

In the current implementation only one view is allowed in a site. This may cause
inconvenience and inefficiency if the user is willing to include a wider range of
components in a site. A hybrid architecture, which allows multiple views to coexist in a
site by combining enumerated and faceted approaches, has been examined and will be
implemented in the future. Another possible development is the replacement of UUIDs,
which are used to identify components and classes, with content-derived names (CDNs)
described in [15]. Whether this is a good idea or not needs to be further investigated.
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