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Abstract

The evolution tree modd is a two-dimensona modd that describes how the versons of
the artifacts of a software product evolve. The propagetion graph is a data structure that can be
used for effective control of the evolution of the artifacts of a software product.  In this paper we
extend the evolution tree modd and propagetion grgph to handle the evolution of a software
product line.

Software product lines are characterized by large-scde reuse, especidly of core assets.
We show how a third dimenson can be added to the evolution tree modd to handle this reuse.
In paticular, the new modd incorporates bidirectiond reuse within product lines  That is the
new modd can handle the trandfer of an artifact from the core assets repostory to a spedific
product (acquiring a core asset) as wdl as the trandfer of a specific asset from a specific product
to the core assets repository (mining an existing asset).

1. Introduction

In cdasscd <oftware engineering, software condruction congss of two activities performed
sequentidly: development and maintenance. Starting from scratch, the software product is
devdoped and then inddled on the dient's computer. Any change to the software dfter
inddlaion, whether to fix a resdud fault or extend the functiondity, conditutes maintenance.
Thus, the way that software was developed dasscdly can be described as the devel opment-and-
then-maintenance modd.

Nowadays, however, this modd has proved to be imprecticd for two reasons. Fire, software
engineers usudly have to cope with changing requirements and evolving technologies the o
cdled “moving target problem” [Schach, 1999]. To see how this affects the software life cycle,
suppose that the client's requirements change while the design is being developed. The software
enginering team will have to suspend devdopment and modify the spedification document to
reflect the changed requirements.  Furthermore, it may then be necessary to modify the design as
wel if the changes to the specifications necesstate corresponding changes to those portions of
the design that have dready been completed. Only when these changes have been made can
development  proceed. In other words devedopers frequently have to perform software
maintenance before the product is inddled. In theory, such mantenance might have to be
peformed jus one day dfter the dient's origind requirements were given to the oftware
engineering team, in contrast to the classca mode of devel opment-and-then-maintenance.

Software reuse is the second reason why development-and-then-maintenance is no longer an
accurate modd for software condruction. In classicd software engineering, a characteristic of
development is tha the deveopment team builds the target product darting from scratch.  In
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contrast, as a consequence of the high cost of software condruction today, developers try to
utilize exiging software artifacts wherever posshle Reuse can be applied a different levels of
abdraction. When a product is to include a grgphicd user interface (GUI), Microsoft Foundation
Clases (MFC) are frequently reused. Moving to a higher level of abdtraction, reuse of design
paiterns is becoming an increesingly popular of way of reducing the design effort. Furthermore,
when a dedggn petern is reused, the code that implements the pattern in question may dso be
reused. Teaking this idea further, if a dient's requirement for a target product has been
implemented in an earlier product, then it should be possble to reuse the specfication, design,
test cases, documentation, code, and dl the other artifacts associated with that requirement in the
new product; this idea underlies software product lines.

Classcdly, the term “development” refers to condructing a new product from scratch.  Thus,
whenever an atifact is reused in the condruction of a software product, it would be wrong to use
the term “development” to describe the condruction of that product, irrespective of the level of
abgraction of the reused artifact. On the contrary, the presence of a reused artifact means that
the software enginears dart with an exising component that will need to be integrated into the
target product. Thus the development-and-then-maintenance mode is ingppropriste whenever
there is any reuse. The prevdence of reuse is the second reason why the development-and-then
maintenance mode isimpractica these days.

More accurady, a oftware product is an evolving entity which dats from an initid
implementation of a st of dient's requirements and from then on undergoes frequent
modifications, usudly for purposes of increesng its functiondity, appesrance or performance, or
in order to adgpt to a changed environment. The evolution of a sngle product is modded by the
evadution-tree modd [Tome and Schach, 2000], briefly described in Section 2. The evolution
process is expressed, in practice, by changes in requirements propagating through the software
atifacts which implement these requirements, and which therefore need to be modified
accordingly. The propagation grgph modd [Schach and Tomer, 2000], described briefly in
Sction 3, provides a practicd method of deding with controlled software modifications by
means of a data Structure and a repeated procedure.

A ooftware product line is a “sat of software-intensve products ... shaing a common,
managed set of features ...” [Clements and Northrop, 1999]. These products usudly reuse core
asets, some of which originate in other products in the line. That is the individud evolution of a
product in the product line is affected by the evolution of other products, as wel as the evolution
of the st of core assts. The overdl effect is the evolution of the entire product line, expressed
by increesing its overdl cgpabilities

In this paper we extend the evolution-tree mode to describe the evolution of a software
product line Then, we show how the propagetion grgphs of individud products interact,
providing a practica and effective way to implement reuse.

In Section 2 we describe how the evolution of a product may be viewed by means of an
evolution tree.  In Section 3 the propagation graph, a data sructure for controlling the changes to
a software product, is described. The evolution of a software product line is discussed in Section
4, and oftware reuse within product lines is the topic of Section 5. In Section 6 we describe
reuse of core assats. Conclusions and future work appear in Section 7.

2. Evolution of a Software Product

A software product is usudly condructed through a phased process. The classcd waterfdl
life-cycdle modd [Royce, 1970] is an example of such a process, where the trangtion from one
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phase to the next depends on successful completion of the current phase. In the following we use
asmplewaterfdl-like life-cyde modd, comprisng the following phases.

Requirements — dicit the user’ s requirements

Analysis — congruct pecifications based on the requirements

Design — congtruct a design based on the pecifications

I mplementation — implement an executable computer program based on the design.

Recent lifecyde modds such a the spird modd [Boehm, 1988 and the
iterativefincrementad modd  [Jacobson, Booch and Rumbaugh, 1999], view the devdopment of a
product as a st of iterations, resulting in a working verson a the end of each iteration.
However, within each cycle, a waefdl-like modd is goplied When the devdopment of a
product is accomplished, it is usudly ddivered to the dient ad enters its maintenance phase.
However, whenever maintenance is required the product once again goes through a waerfdl-like
process where its specification is usudly modified to reflect the changed requirements the
desgn is modified to reflect the modified spedification, and the implementation is modified to
reflect the changed desgn. This modification process results in a new verson (or reease) of the
product which is then ddivered to the dient. If no new requirements are imposed (as happens,
for example, in corrective maintenance) the process of condructing a new verson may dat a a
lower leve in the waterfdl, such as design or implementation. The product, therefore, evolves as
new versons develop by means of the process described above. In the context of this paper we
denote by devel opment the waterfal-like process of congtructing anew version of the product.

More closdy, a each phase various software atifacts are condructed, at various levels of
abdtraction. These atifacts are reflected in the documents which indicate the completion of each
phase. For example, usng the terminology of UML [Rumbaugh, Jacobson and Booch, 1999, a
requirements document may contain use cases, a Specification document may contan dass
specification and dass diagrams, and a desgn document may contain component diagrams and
deployment diagrams. Each of thee atifacts is subject to changes when new versons ae
developed. We denote here by maintenance the process of goplying changes to the product's
artifacts, following the definition of mantenance in ISOIEC Sandard 12207, which dates that
the mantenance process is activated when “software undergoes modifications to code and
asociaed documentation due to a problem or the need for improvement or adaptation”
[I1SONEC, 1995].

Thus, we may view the evolution of a software product in two-dimensond space with axes

The development axis, dong which versons are developed; and
The maintenance axis, dong which atifacts are modified

This description is the foundation of the evolution tree modd, detalled in [Tomer and Schach,
2000]. Fgure 1 depicts an example of an evolution tree R, §, D, add G (i =0, ..., 3) denote
vasons of the requirements the specification, the desgn and the code respectivdy. The initid
(empty) atifact, prior to any development action, is denoted by f (we assume that development
is performed from scraich).
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Figure 1: Thetwo-dimensional evolution of a softwar e product.

3. Software Maintenance with Propagation Graphs

The evolution tree modd a&bove describes the concept of software evolution. It dso
symbalicdly depicts the various versons of the reguirements, specification, design, and code. A
more detailed tool is required for controlling the changes in the product efficiently. One such toodl
is the propagation graph [Schach and Tomer, 2000], a data Sructure that can be used to control a
maintenance-oriented  software  development  process, The fundamentd idea underlying a
propagation graph is that software atifacts implement requirements and in turn generate new
requirements. For example, a dient’'s requirement is implemented by one or more Specification
atifacts.  Thee gpecification atifacts in turn generate a new st of requirements, the
specification requirements. This is illusrated in Fgure 2, which shows the propagation grgph
for a spedific case study described in [Schach and Tomer, 2000] usng a smplified waterfdl life
cycde modd. The figure shows how software can be modded as dternating sets of requirements
and atifacts. Each st of artifacts satisfies the sat of requirements above it and generates a new
et of requirements below it.

For example, ClientReq; IS implemented by three specification artifacts, SpecArt;, SpecArt,, and
SpecArt,.  SpecArt; in turn generates specification reguirement SpecReq;, SpecArt, generates
SpecReq,, axd SpecArt, generates SpecReqq, SpecRegs, and SpecRegs, Next, SpecReq; IS
implemented in terms of DesignArt; and DesignArt,, ahd o on.

More formdly, a propagation graph G is a directed acyclic graph with 21 numbered sets of
vetices. Vetices from odd-numbered sets are termed requirement vertices and vertices from
even-numbered sets are termed artifact vertices.  Arcs go from requirement vertices in st | to
atifact vertices in set J with 1 < J or from artifact vertices in set J to requirement vertices in st |
withJ<I.
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Figure 2. Propagation graph for a case sudy

As described in detal in [Schach and Tomer, 2000], the propagation graph is used to control
software development and maintenance by means of a repested stepwise procedure. At eech dep
requirements are dlocaied (or redlocated) to atifacts. Then these atifacts implement the
requirements, generding other requirements, as described above. These new requirements are
then dlocated (or redlocated) to other atifacts and so on. The efficiency of maintenance usng
propagation graphs is achieved by utilizing the dlocation reaion between reguirements and
atifacts. That is, when reguirements change it is draightforward to locate the artifacts that are
affected by these changes and therefore are expected to be modified. Other artifacts may safely
be |eft unchanged.

Congder the propagation grgph for a complete software product developed using an abitrary
software development methodology. The first set of vertices represents the dient’s requirements
and the lagt set of vertices represents implementation artifacts.  The remaining sets of vertices
can be grouped into pars, the firda member of each par represents a set of artifacts and the
second member the requirements generated by those atifects For example, in Fgure 2, one
such par is the specification artifacts together with the specification requirements generated by
the specification artifacts.

In order to extend the propagetion grgpoh to product lines, we now define a requirement
implementation subgraph (RISG) of a reguirement Req as the requirement together with dl the
atifacts and requirements that implement that requirement. More precisdy, given a propagaion
ggpoh G and vetex Req representing a requirement in that (directed acyclic) graph, the
requirement-implementation subgrgph of requirement Req, denoted by RISG (Req), is the directed
subgragph of G rooted a Req, thet is, it conssts of Req together with dl its descendentsin G.

For example, in Fgure 2, the reguirement-implementation subgrgph of ClientReq; is the
subgreph rooted @ ClientReq;.  That IS RISG (ClientReq;) condds of the nodes ClientReq,
SpecArt;, SpecArt,, SpecArt,, SpecReq;, SpecReq,, SpecReq,, SpecRecs, SpecRecs, together with dl



Development/Maintenance/Reuse: Software Evolution in Product Lines Page 6

four desgn artifact nodes dl seven desgn requirement nodes and dl four implementation
artifact nodes.

In contrast, the requirement-implementation subgraph RISG  (DesignReq) is the subgragph
congsting of jugt two nodes, DesignReq; (the root) and ImplArt;.

We will now extend the scope of Sections 2 and 3 from the individud product to software
product lines We firg extend the evolution tree modd, and then show how reuse is performed in

practice using propagation graphs and requirement-implementation subgraphs.

4, Evolution of a Software Product Line

We now extend the evolution tree modd of Section 2 to express the evolution of an entire
software product line. A software product line is “a set of software-intendve sysems shaing a
common, managed set of features that satify the specific needs of a particular market segment or
misson” [Clements and Northrop, 1999. In practice, individud products are expected to evolve
more efficently within the product line framework, manly by reusng <oftware atifacts
previoudy ocondructed during the evolution of other products in the product line More
specificdly, a set of reusable artifacts, denoted as core assets [Clements and Northrop, 1999] is
available for each of the products Core asssts may be obtaned ether by off-the-shdf acquigtion
from extend sources (eg., ftware libraries, desgn pattens), by devdopment within the
product line organization as generic building blocks, or by “mining” exiding atifacts from
specific products. Irrespective of thelr source, core assets are usudly dored in a core assets
repodtory and ae mantaned by a component-enginesring group, externd to any pecdific
product deveopment group. Products in a product line ae derived from a common doman
architecture, which isacore asset by itsdlf.

Returning to the evolution tree, eech of the individud products in the product line is
represented by its own evolution tree. However, whenever a new atifact is to be condructed, it
is likdy that the core assets repostory will be searched and reusable artifacts acquired for the
product to be built. On the other hand, artifacts that have been condructed or mantained within
an individud product may later be acquired back by the component-enginesring group in order
to be stored as new core assets in the repository.

We view a product line as a st of planes each of which is associated with the two
dimensond evolution tree of a sngle product (see Fgure 3). An extra plane (the top one in
Figure 3) is dedicated to the core assts. Because the core assts, unlike specific products
atifacts may have been condructed, or acquired, independently of eech other, the evolution tree
of the core assts plane is not necessarily well sructured. However, we are Hill ale to classfy
these assets according to their level of abdraction (specification artifacts, desgn artifacts, code
modules, etc). Moreover, thee atifacts rdae to one another by means of dlocated
requirements, as will be detalled in the next section.

Thus, core assets ae trandered from the core assets plane to gpecific products planes
(acquiring a core asset), whereas specific artifacts may be transferred back to the core assets
plane (mining an exiding asset) in order to become core assets. This course of transfer may be
viewed as a third dimenson of the modd, the reuse axis (see Figure 3). The overdl evolution of
the product line is expressed by the increese in the number of planes associaed with new
products, as well aswith the expanson of the core assets plane.
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Figure 3. Thethree-dimensonal evolution of a software product line

Although reuse may be handled independently of software product lines, the software product
lines framework provides a more practicd and effective context for software reuse [Boehm,

1999]. In the following we will show how propagation grgphs as described in Section 3 above,
may be used for practica reuse applied to product lines.

5. Software Reuse in Product Lines

We now return to the propagation grgph modd and show how it can be agpplied to practicad
reuse. There are two mgor questions concerned with reuse Fird, is reusng a core assst more
effective than devdopment of a new atifact (the devdopment/acquistion decison [Clements
and Northrop, 1999])? Second, if an atifact is of a higher levd of abdraction (eg., a desgn
patern), would it be effective to reuse it together with its descendents (eg., a Java code
module)? In the following we will address these two quedions by means of the propagetion
graph modd extended to athird dimension to incorporate the reuse inherent in product lines.

Suppose that a new product is to be condructed that will reuse exising Software artifacts as
much as possble However, an atifact can be reused only if the requirements thet it implements
ae dso requirements of the new product. If there are such maiching requirements, the new
product can incorporate the requirement-implementation subgraph of those requirements.

Returning to FHgure 2, suppose that ClientReq; IS a client’s requirement of a new product to be
built. Then, if the atifacts of Figure 2 ae to be reused, the new product will contan RISG
(ClientReq;).  The problem with this of course, is that RISG (ClientReq;) implements far more
than jus dient's reguirement ClientReq;. In redity, RISG (ClientReq;) incdudes dl four

implementation atifacts in Figure 2, and therefore implements dl three dient's requirements of
Fgure 2.
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From this example it is dear tha, when implementing requirement Req by reusng an exising
implementation of that requirement, wha is incorporated into the new product is not just RISG
(Req) but rather the requirement-implementation subgrgphs of all the requirements implemented
by RISG (Req). We term these additiond requirements induced requirements. In our example,
there are two induced requirements, ClientReq, and ClientReqs.

The presence of induced requirements in the new product may or may not pose a problem.
One posshility is tha the induced reguirements implemented by RISG (Req) ae ds0
requirements of the new product. In this case, large-scde reuse can be achieved. Reuse on this
scale has led to large cost savings [Matsumoto, 1987].

A second posshility is thet the dient’s requirements for new product do not indude one or
more of the induced requirements.  In this indance, reuse of RISG (Req) will result in a product
that contains unnecessxry atifacts. To take an extreme example, suppose that implementing
ClientReq; could be achieved in only 300 lines of code, but RISG (ClientReq;) is 500,000 lines
long. Reuse of any supafluous materid a dl will inevitably lead to a mantenance nightmare
because the maintenance team will have to determine precisdly which portions of the product are
superfluous but were induded in the product in order to achieve reuse. Because of the
maintenance implications, it is dmos dways wrong to reuse atifacts if this would result in
induced requirements that are not dso requirements of the target product.

A third posshility is that one of the induced requirements contradicts one or more of the
client's requirements of the target product. In this case no reuse is possble without drastic
restructuring of the software; the cost of this restructuring may well make reuse impractica.

Smila problems can aise when reuse is employed a lower leves of abdraction as wall.
Suppose that the devdopment team for the new product wishes to implement DesignReq; by
reusng ImplArts of Figure 2. As pointed out aove the requirement-implementation subgraph
RISG (DesignReq;) condsts of just two nodes, DesignReq; (the root) and ImplArt;.  Nevertheless,
problems can aise because ImplArt; dso implements (Al or pat of) dedgn requirements
DesignReq, and DesignReq;. Thus there are induced requirements a the desgn requirements
leve, and the same reuse problems as with ClientReq; will arise here.

The problems of induced requirements cannot occur if each atifact is an implementation of
just one requirement or, equivaently, if the propagation graph is a directed tree.  In this Stuation,
if the devdopment team wishes to implement requirement Req, this is achieved by incorporaing
the reguirement-implementation subtree of Req into the new product.  This gpproach is
goplicable to accidentd aswdl as planned reuse.

From the viewpoint of planned reuse, there is no problem. A characterisic of planned reuse
is that the atifacts condructed for future reuse are independent entities.  Thus, it is extremely
unlikely tha an atifact condructed as pat of a program of planed reuse will have induced
requirements.

On the other hand, based on our experience in the software indudry, in generd it is unusud
for red-life software to congst of independent atifacts. Ingteed, the gStuation displayed in the
cae sudy (Figure 2) is typicd of indudry practice The presence of induced requirements may
be the reason why so many accidentd reuse initiatives have been less than satifactory.

However, there is one Stuaion where accidental reuse is indeed enhanced by the presence of
induced requirements, namely, software product lines.

In the software product line, each product at each plane has a propagation graph that describes
its requirements—artifacts dlocations. In paticular, the core assets plane contains its own
propagation graph, which maps reguirements, common to the entire ling, onto core atifacts. The
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core assets propagation graph (CAPG) is a core asset by itsdf, because it can be reused
whenever a new product needs to be derived from the doman architecture. In practice, this
derivation is done by andyzing the reguirements of the new product and deriving requirement
implementation subgraphs (RISGs), as gopropriae.

Once the new product darts its own life cycle, its copies of reused core atifacts may be
modified fredy, according to specific requirements or specific design decisons. However, every
such specific artifact is a candidate to become a new core assat (the “mining exising assets’
practice). In order to do 0, its specific rdations with requirements over the specific product’s
propagetion grgph should be andyzed and remapped into the CAPG. In other words the
relations between the CAPG and each specific propagation graph, as well as between any two
propagaion graphs in the product line should be invedigated in depth, with respect to common
features of the product line, such as domain architecture and scoping.

0. Reuse of Core Assets

In the previous section we described how propagetion graphs and their requirements—
implementation subgrgphs cater to reuse purposes. However, we used the term “reuss’ merey
for assats acquistion, thet is, concentrating on the act of trandferring an atifact from one plane to
another. We now look more closdly into various aspects of reuse.

There are two mgor categories of reuse [Schach, 1999]: black-box reuse in which an artifact
is reused unchaged and glass-box reuse in which the atifact is modified in some way before it
can be reused. Because we view reuse to be bi-directiond (as shown in Fgure 3), we need to
refer to these reuse categories in both directions. Clearly, black-box reuse is assodated both with
core assts acquigtion, when a copy of a core atifact becomes “as is’ a specific product's
atifact, and with exiding assats mining, when a copy of a specific product's atifact becomes “as
i’ a core aset. In contrast, glassbox reuse is a compound action, involving both
acquidtion/mining and maintenance (as defined in Section 2). Let A be an atifact and A' be the
same atifact after modification, denoted by A' = modify (A). Now let another artifact B be an exact
copy of A, denoted by B = copy (A).

Let C denote a core asset and let P denote an atifact of a product. There are four possble
cases of glass-box reuse:

(& P = modify (copy (C)). This is the case where a core asset is acquired by the product and is
then modified to produce a specific artifact. It is a dasscd scenario of reusng a core
asxt as a basdine for a specific atifact. A typica example is where C is a desgn pattern
and P is a specific desgn based on the pattern. It is likely that copy (C) remains an asset of
the specific product, for the purpose of documenting the design.

(b) P = copy (modify (C)). This is the case where a core asset is modified before being acquired
by the product. This scenario usudly occurs when severd products require a modified
verson of the core asset a the same time. A typicd example is where the component-
engineering group develops a specific desgn pattern and then copies of that pattern are
released for acquigition. Here, too, it is likely that both ¢ and modify (C) will be retained as
core assets.

(©) c = modify (copy (P)). This is the case where a specific product’s artifact is mined but
needs to undergo modifications before becoming a core asst. It is a typicd scenario
when edablishing an initid core assets repogtory from  gpedfic exising  products,
condgent with a dandard architecture. For example, suppose that CORBA has been
adopted as a standard for object sharing. Then each specific dass needs to be “wrapped”
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with IDL (Inteface Definition Language) eements before being qudified as a reussble
coreasset.

(d) ¢ = copy (modify (P)). This is the case where a specific product’s artifact undergoes
modifications before being mined as a core asset. This is the leest likdy scenario for
reuse, because the core assets plane is not expected to “record” modifications performed
within  specific products. However, this could be the case when the component
engineering group notices that the product has upgraded an atifact which was previoudy
mined as a core assat. In this case they would copy the modified atifact as a modified
verson of the core asset.

In terms of our three-dimendond evolution modd, the copy and modify operations may be
described as “moves’ of artifacts dong the axes, where copy refers to moves dong the reuse axis
between planes, and modify refers to moves aong the maintenance axis within the same plane.

(For completeness, the operdtion of the third dimenson, dong the development axis may be
defined asimplement, whereB = implement (A) denotesthat B is an implementation of A.

7. Conclusions and Future Work

In this pagper we introduced a three-dimensond modd that describes the evolution of
software product lines and outlined the means by which propagatiion grgphs may be employed
for effective reuse purposes within the context of product lines.

The characterigics of propagation grgphs and their associated  requirement—implementation
subgraphs should be studied in detail and practical methods for using them should be devel oped.

We ae currently building CASE tools to support the evolution tree and propagation graph
modds. In this paper we have added a third dimension to the evolution tree to describe the reuse
inherent in software product lines. It will be necessary to extend those CASE tools to support
this new devel opment.
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