
Chapter 2
Software Families, Software Products Lines,
and Dataflow Analyses

Abstract In this chapter we review essential concepts we explore in this work.
Firstly, we review software families and software product lines, since the problem
we address here is critical in these contexts. We show the basic concepts and then
move towards conditional compilation with preprocessors, a widely usedmechanism
to implement features in industrial practice. Despite the widespread usage, condi-
tional compilation has several drawbacks. We then present the Virtual Separation of
Concerns (VSoC) approach, which can minimize some of these drawbacks. In this
work, we intend to address the lack of feature modularity. Thus, we need to catch
dependencies between features and inform developers about them. To do so, we rely
on dataflow analyses, the last topic we review in this chapter.

Keywords Sofware families · Software product lines · Preprocessors · Virtual
separation of concerns · Modularity · Dataflow analysis · Reaching definitions

2.1 Software Families and Software Product Lines

Software development often relies on version control systems like SVN [19] and
CVS [8]. As we implement new functionalities, we put them under version control.
In addition, we may remove or modify a functionality that for some reason did not
work as expected. In this context, we have one software system per instant of time,
as illustrated in Fig. 2.1. Notice that this system contains a base component (circle),
which is common to all subsequent system versions.

However, having one system per instant is not convenient for large scale software
production. For example, if a customer requires a system composed of the cir-
cle, square, and triangle components, we are not able to deliver such a product
immediately because there is no version in the timeline that contains these three
components—circle, square, and triangle—together. What we could do is to find a
product that is an approximation of the oneweneed to build. Takingt3 as an example,
we remove the diamond and then add the triangle component. However, removing
and adding components may be a non-trivial task, being error-prone and increasing
effort. In particular, square and triangle might have never worked together, which
might increase our test case suite. As can be seen, all these activities may impact on
time-to-market.
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Fig. 2.1 One product per time

To improve this process, instead of having only one system per instant of time, we
define a set of systems. This set contains similar systems differentiated by features [7].
We consider this set to constitute a software family, since we study the commonalities
of the set and then the variabilities of the individual family members [21]. Although
these members contain significant differences, it usually pays to learn the common
properties of all systems before studying the details of any one [21]. This enables
software reuse, for example, being important to deal with customers request more
easily.

To enable the systematic construction of these individual systems with mass
customization, we need to consider a product line. Basically, every software product
line is a software family, but the opposite is not true. We explain product lines in
what follows.

A Software Product Line (SPL) is a set of software-intensive systems that share a
common, managed set of features satisfying the specific needs of a particular market
segment or mission and that are developed from a common set of core assets in a
prescribed way [7]. In this context, core assets means any artifact used to instanti-
ate more than one product [18]. Notice that these assets are not only code artifacts,
but also any element used to develop the final product. This way, requirements, the
software architecture, binary files, image files, test cases, sound files, and documen-
tation are examples of potential core assets. Again, instead of having one product per
instant of time, we have a set of core assets. Customers choose their particular prod-
uct configurations, and then we build the product by reusing the core assets, usually
bringing significant productivity and time-to-market improvements [7, 17, 22].

SPLsdefine twoprocesses.Thefirst one comprehends the core assets development.
It establishes the reusable platform and consequently the commonalities and variabil-
ities of the SPL, being known as Domain Engineering. The second one is responsible
for deriving product line applications based on the predefined core assets. Therefore,
it ensures the correct binding of the variabilities according to the application-specific
needs. Such product development process is known as Application Engineering.

Some advantages of adopting the SPL approach are outlined below:

• Reduction of development costs: when artifacts are reusable in several different
products, this implies a cost reduction for each product, since there is no need to
develop such components from scratch. However, there is a cost associated with
the beginning of the SPL design. In other words, before building final products, it
is necessary firstly to design and implement the core assets so that we can reuse
them. This way, before having one single product, we already have an upfront
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Fig. 2.2 Costs to develop single systems compared to the SPL engineering

investment. Empirical studies reveal that the upfront investments to design a SPL
from scratch usually pay-off around three products [7]. Therefore, the accumulated
costs are the same when developing three products without the SPL engineering
and three products by using the SPL engineering (see Fig. 2.2). However, when
the number of products increases, we have lower costs per product with the SPL
approach;

• Enhancement of quality: the core assets of a SPL are reused in many products.
In this way, they are tested and reviewed many times, which means that there is a
higher chance of detecting faults and correcting them, which improves the quality
of the products;

• Reduction of time-to-market: initially, the time-to-market of the SPL is high,
because the core assets must be developed first. Afterwards, the time-to-market
is reduced, because many previously developed components might be reused for
each new product.

However, to gain all of these advantages, managing the SPL features in a suitable
way is essential. In this context, features are the semantic units by which differ-
ent products within a SPL can be differentiated and defined [27], playing a key
role for mass customization. Features are also defined as prominent and stakeholder
visible aspects, qualities, or characteristics of a software system or systems [10].
The Feature-Oriented Domain Analysis (FODA) approach is a domain analysis that
focuses on the description of SPL commonalities and variabilities by means of fea-
tures.

To illustrate feature examples, we use the Best Lap product line.1 Best Lap is a
race gamewhere the player tries to achieve the best time in one lap and qualify for the
pole position. It has approximately 15KLOC and is highly variant due to portability
constraints: it should run on several platforms. In fact, the game is deployed on 65
devices [3]. Figure2.3 illustrates the race game.

1 Best lap is a commercial product developed byMeantimeMobileCreations. http://www.meantime.
com.br/.

http://www.meantime.com.br/
http://www.meantime.com.br/
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Fig. 2.3 Help (mandatory) and arena (optional) features in Best Lap

In this context, there are functionalities that are common to all Best Lap products.
For instance, the menu item “Help” is mandatory, which means that all products
contain this item. On the other hand, depending on the mobile device, some features
are not available. For example, the arena feature (see the “Arena” menu item in
Fig. 2.3) is an optional feature for publishing the scores obtained by the player on
the network. This way, players around the world are able to compare their results. In
addition, we may have features not visible for some stakeholders. For example, each
device uses an API provided by the mobile manufacturer. Because it is not possible
to use two APIs from two different manufacturers in the same product, we say that
API is an alternative feature (or mutually exclusive feature).

The FODA approach represents in a compact way all possible products of a
SPL by using a so called feature model. Besides describing features, the feature
model provides a feature diagram (tree) and defines constraints between features.
Figure2.4 illustrates a small feature model of Best Lap. The feature diagram depicts
a hierarchical decomposition of featureswithmandatory (filled circle), optional (open
circle), and alternative (open arc) relationships. As can be seen, we have two feature
constraints in this feature model. Firstly, Nokia and Motorola are alternative. Thus,
they can never be together in the same product. Secondly, the arena feature only
works with the Motorola API, so Arena → Motorola.

Conceptually, a feature model is a propositional logic formula [4]. For instance,
the above feature model is captured by the formula:
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Fig. 2.4 Bestlap feature
model

Fig. 2.5 Arena feature
implemented with conditional
compilation

ψFM = API ∧ Help ∧ (Nokia ↔ ¬Motorola) ∧ (Arena → Motorola)

This feature model corresponds to the following set of valid configurations:

[[ψFM]] = {{API,Help,Nokia},
{API,Help,Motorola},
{API,Help,Motorola,Arena}}

2.1.1 Conditional Compilation

Features are often implemented using mechanisms like preprocessors [2, 11, 15].
Conditional Compilation is a well-known and widely used mechanism for handling
variabilities in languages such as C and C++. This mechanism is used at pre-compile
time. The preprocessor analyzes the code that should be compiled or not based on
directive tags. In this manner, if the directive tag is true, the code must be compiled.
Otherwise, the preprocessor ignores such code snippet and it is not compiled.

Conditional compilation directives such as #ifdef and #endif encompass
code associated with optional and alternative features, for example. Then, to remove
a feature from the final product, we set to false the directive tag correspondent to
the feature. Figure2.5 illustrates a snippet of the arena feature implemented using
conditional compilation.

Conditional compilation consists of a very simple programming model. There
is no need to learn new languages. Besides, conditional compilation addresses not
only fine-grained variabilities, but also coarsed-grained ones, like when we encom-
pass an entire class with an #ifdef directive. However, despite their widespread
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use, preprocessors suffer of several drawbacks, including no support for separation
of concerns [9, 12, 25]. In what follows, we provide an overview of some arguments
against conditional compilation:

• Comprehensibility: we can potentially use many #ifdef directives—that might
be nested—within a class or even within a single method. Additionally, the base
code (the one without #ifdefs) and feature code may have dependencies which
are difficult to locate and understand. For example, the base code may declare a
variable and the feature code might use it. Mixing #ifdef directives with the
source code complicates the task of understanding and even reading the code.
This way, maintaining it is difficult as well. Therefore, maintenance tasks in one
particular feature are problematic. Developers cannot focus on such a feature,
since the other ones might distract them [12]. Besides, the total source lines of
code (SLoC) sometimes increases significantly due to the #ifdef directives;

• Separation of concerns: a preprocessor-based implementation scatters feature
code across the entire base code, leading to tangling and traceability problems [12].
This way, instead of looking at one single module, we need to search in many
code artifacts for snippets of the feature we are maintaining. In addition, feature
tangling distracts the developer, as mentioned. Usually, it is difficult to focus on
one particular feature;

• Sensitivity to subtle errors: when using conditional compilation, developers are
prone to introduce subtle errors [12]. For instance, they can annotate an opening
bracket but not the closing one. And this situation gets even worse: compilers
are not able to detect this syntactic error unless the developer eventually tries to
build the system with the problematic variant. One can build all variants to detect
problems like these. However, depending on the number of features, this ranges
from costly to prohibitive. For example, a small SPL with no feature constraints
and 10 optional features that can be arbitrarily combined requires 210 = 1024
distinct products to be compiled.

Next, we present an approach that aims at reducing these drawbacks.

2.1.2 Virtual Separation of Concerns

Virtual Separation of Concerns (VSoC) [11] allows developers to hide feature code
not relevant to the current task, being important to reduce some of the preprocessors
drawbacks. Using this approach, developers can, to some extent, maintain a feature
without being distracted by the others, aiding comprehensibility. Figure2.6 shows
the arena feature hidden.

In this context, #ifdef directives are no longer needed. For feature annotations,
developers rely on background colors, so that code fragments belonging to a feature
are shownwith a background color. For our example, the background color associated
with arena is gray. VSoC relies on tools for hiding and coloring the feature code.
One such tool is the Colored IDE (CIDE) [11].
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Fig. 2.6 From conditional compilation to VSoC: arena feature hidden

Now, we revisit each problem discussed in Sect. 2.1.1. The idea consists of
discussing the conditional compilation drawbacks that VSoC minimizes.

• Comprehensibility and separation of concerns: when using theVSoC approach,
it is possible to separate concerns byusing views. Technically, this is done byhiding
the code not related to the feature we are maintaining. The approach is called vir-
tual since the hidden code is still there. This way, VSoC is purely annotative: there
is no physical code extraction to other modularization units such as aspects [13].
Besides, when using the VSoC approach, we abandon #ifdef directives, avoid-
ing code pollution and decreasing the system size in terms of SLoC. We employ
background colors, instead;

• Sensitivity to subtle errors: to avoid problemsofwrong annotations,VSoCallows
only disciplined feature annotations. To define disciplined annotations, we use the
following definition [16]: “annotations on one or a sequence of entire functions are
disciplined. Furthermore, annotations on one or a sequence of entire statements
are disciplined. All other annotations are undisciplined.” So, we can annotate
program elements such as entire classes, methods, and statements. However, we
cannot annotate, for instance, an if statement and its opening bracket without
the closing one. In such a case, the annotation is undisciplined, and the tool does
not allow it. Also, we cannot annotate not optional nodes—like the return type
of a method—because it would invalidate the AST [11]. This approach limits
the expressive power of annotations in exchange for avoiding syntax errors. In
addition, CIDE provides a product-line-aware type system. The idea consists of
checking if the variants are well-typed. For example, CIDE shows an error when
we annotate a variable declaration but not the variable use; or if we annotate the
only return statement of a method.

Despite reducing some drawbacks, developers are still not aware of feature
dependencies. Next, we present dataflow analysis, the technique we use to capture
these dependencies throughout this work.
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Fig. 2.7 A simple example
program and its
corresponding control-flow
graph. a An example
program. . ., b . . .and its CFG

(a) (b)

2.2 Dataflow Analysis

In this section, we review dataflow analysis. We present the three constituents of
dataflow analysis (control-flow graph, lattice, and transfer functions) in Sect. 2.2.1.
Then, inSect. 2.2.2,we showone typeof dataflowanalysis named reachingdefinitions.

2.2.1 The Three Constituents

The three constituents of a dataflow analysis [14] are:

• a control-flow graph (on which we perform the analysis);
• a lattice (representing values of interest during the analysis); and
• transfer functions (that simulate the program execution at compile-time).

In what follows, we recall each of these three constituents (Sects. 2.2.1.1, 2.2.1.2,
and 2.2.1.3) and describe how we may combine them to analyze an input program
(Sect. 2.2.1.4) [5, 6].

2.2.1.1 Control-Flow Graph

Conceptually, a control-flow graph (CFG) is the abstraction of an input program on
which a dataflow analysis runs. A CFG is a directed graph where the nodes are the
statements of the input program and the edges represent flow of control according to
the semantics of the programming language. Some analyses use forward flow and
others use backwards flow. The difference is that we reverse the directions of the
arrows. Figure2.7a depicts a tiny program fragment and its corresponding control-
flow graph (Fig. 2.7b). We build a control-flow graph inductively from the syntactic
structure of the program, although exceptions and virtual dispatchingmay complicate
this process. An analysis may be intraprocedural or interprocedural, depending on
how functions are handled in the CFG.
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Fig. 2.8 A Hasse diagram
of a lattice for sign analysis

2.2.1.2 Lattice

In dataflow analysis, we carefully arrange the information calculated by the analysis
in a lattice, L = (D,�) where D is a set of elements and � is a partial-order on
the elements.

Lattices are usually and conveniently described diagrammatically using so-called
Hasse Diagrams as in Fig. 2.8, which depicts a lattice for analysing the sign of an
integer. Each element of the lattice captures information of interest by the analysis we
are executing. For example, “+” represents the fact that the value is always positive,
“0/-” that the value is always either zero-or-negative. Moreover, a lattice often
has two special elements; ⊥ at the bottom of the lattice which usually means “not
analyzed yet” whereas � at the top of the lattice usually means “we don’t know” the
value at compile-time.

The partial ordering of the elements is depicted using the convention that x � y
if and only if x is depicted below y in the diagram (according to the lines of the
diagram). For example, ⊥ �+ (since ⊥ is directly below +) and 0 � � (since 0 is
transitively below �), whereas - �� 0 and - �� 0/+.

In this context, the order is important during analysis as it induces a least upper
bound operator, 	, on the lattice elements which we use to combine information in
the analysis when control-flows meet. For instance, ⊥ 	 0 = 0, 0 	 + = 0/+, and
- 	 0/+ = �.

Notice that the lattice we present arranges signs of an integer. However, the
information the lattice should deal with depends on the analysis we intend to perform.
For instance, if we need to analyze the value of a variable, the lattice would arrange
assignments to that variable. To better explain, consider the left-hand side of Fig. 2.9,
which illustrates another toy program containing assignments to the variable x. The
right-hand side presents the lattice. Not surprisingly, x = 0 and x = 9 indicate
that x is assigned to 0 and 9, respectively.

As explained, � represents the fact that “we don’t know” the value of x at
compile time. Therefore, x is assigned to either 0 or 9. This situation happens
right before the call to method m, exactly where the control-flows meet. During
the analysis, we combine information by using the least upper bound operator:
{x = 0} 	 {x = 9} = �.
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Fig. 2.9 Lattice arranging variable assignments

Fig. 2.10 Illustration of the effect of transfer function, fS

Fig. 2.11 Transfer functions for x = 0 and x++

2.2.1.3 Transfer Functions

In a dataflow analysis, each statement, S, of the program has an associated transfer
function, fS : D → D, which simulates execution of S at compile-time (with
respect to what is being analyzed). Figure2.10 illustrates the effect of executing
transfer function fS ; lattice element, �, flows into the statement node, the transfer
function computes �′ = fS(�), and the result, �′, flows out of the node.

As an example, Fig. 2.11 illustrates transfer functions for two assignment
statements. We use these functions for analyzing the sign of variable x using the
sign lattice in Fig. 2.8

Now, we detail each function. The first one, fx = 0, is the constant zero function
capturing the fact that x will always have the value zero after executing x = 0.
The transfer function, fx++, simulates the execution of x++; e.g., if x was negative
(� = -) prior to execution, we know that its value after execution will always be
negative-or-zero (�′ = -/0).

Analogously, we have transfer functions when dealing with other type of
information [26], like when the lattice arranges variable assignments. For exam-
ple, the transfer function fx=9 simulates the execution of the x = 9 statement.
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Fig. 2.12 Applying the
transfer function for
the x = 9 statement

Figure2.12 depicts that before executing the assignment, we do not know the
value of x. Then, the ⊥ element flows into the statement and we execute func-
tion fx=9(⊥) = {x = 9}. It is easy to notice that now we know the value of x, i.e.,
x = 9.

Depending on the analysis, the transfer function that deals with assignments is a
bit more complicated, as we shall see in Sect. 2.2.2, where we illustrate the transfer
function for the reaching definition analysis.

2.2.1.4 Analyzing a Program

Figure2.13 illustrates how we combine the three constituents to perform dataflow
analysis of the input program from Fig. 2.7a. In this context, we first build a
control-flow graph (Fig. 2.7b) and annotate with program points which are the
entry and exit points of the statement nodes of the CFG (depicted as gray cir-
cles in Fig. 2.13a). In our example, there are four points labelled with the letters
a to d. Second, we turn the annotated CFG into a whole-program transfer function,
T : D4 → D4, which works on four copies of the lattice, L , since we have four
program points (a to d). The entry point, a, is assigned an initialization value which
depends on the analysis (for the sign analysis it is bottom, a =⊥). For each of the
program points, we capture the effect of the program using the statement transfer
functions for simulating the effect of statements (e.g., b = fx=0(a)). Also, we use
the least-upper bound operator to combine flows (for instance, c = b 	 d). For our
tiny program, the whole-program transfer function becomes:

T ((a, b, c, d)) = (⊥, fx = 0(a), b 	 d, fx++(c))

Then,weuse theFixed-PointTheorem[20] to compute thefixed-point of the function,
T , by computing T i (⊥) for increasing values of i (see the columns of Fig. 2.13c),
until nothing changes.

Figure2.13c shows that we reach the fixed-point in five iterations (see T 4(⊥) =
T 5(⊥)). Therefore, the result of the analysis is:

T ((⊥,0,0/+,+)) = (⊥,0,0/+,+)
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Fig. 2.13 An input program
is turned into a CFG
annotated with program
points (here, a, b, c, and d);
which gives rise to a
whole-program transfer
function, T : D4 → D4; for
which we compute the least
fixed point by computing
T i (⊥) for increasing i , until
nothing changes. a CFG.
b Whole-program transfer
function, T . c Fixed-point
iteration

(a) (b)

(c)

This means that “a =⊥, b = 0, c = 0/+, d = +” is the unique least fixed-point of
T . So, we can deduce that the value of the variable x is always zero at program point
b, it is zero-or-positive at point c, and positive at point d.

2.2.2 Reaching Definitions

In this section we present a common dataflow analysis named reaching definitions.
The analysis idea consists of determining statically which variable definitions can
reach a given program point p. In this context, every assignment to a variable x is
a definition. This way, a definition d reaches a point p if there exists a path from
the point immediately following d to p such that d is not killed (redefined) along
that path [1]. We kill the definition of x if there exists any other assignment to x in
another point along the path.

Wesummarize these concepts byusing an example. Figure2.14a showsadefinition
in the beginning of the program: tS = p. As Fig. 2.14b depicts, this definition does
not reach point 6, since we kill tS = p in all paths from the definition to this point.
tS = x kills tS = p in path 1 → 2 → 3 → 5 → 6. Analogously, tS = y kills
tS = p in path 1 → 2 → 4 → 5 → 6. On the other hand, the definition tS = y
reaches point 6 in path 4 → 5 → 6. No definition in this path kills tS = y.

Reaching definitions are used to compute use-def and def-use graphs. The def-use
graph is similar to a CFG, except that edges go from definitions to possible uses [23].
The use-def is similar but goes in the opposite way. Figure2.14c depicts the def-use
graph of our small program. These graphs are the basis for compiler optimizations,
such as dead code elimination, code motion, and constant propagation [23].

When using reaching definitions, we compute analysis information with respect
to assignments. This way, we store them in the lattice. Now, we discuss the transfer
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(a) (b) (c)

Fig. 2.14 According to the reaching definitions analysis, tS = p does not reach point 6; reaching
definitions are also useful to generate def-use graphs. a Program. b CFG. c Def-use graph

functions for reaching definitions. In this context, when executing the following
statement, where d means definition,

d : t S = x;

we “generate” the definition of variable tS. At the same time, we “kill” the other
definitions of this variable. This way, we might express our transfer function, fd , as:

fd(in) = gend ∪ (in − killd)

where gend is the set of definitions generated by d; killd is the set of definitions that d
kills; and in is the set of definitions that flows into the definition d we are analyzing.
Taking the following program as an example

d1 : x = 1;
d2 : y = 2;
d3 : x = 2;
d4 : a = x + y;

and applying the transfer function for definition d3, we have:

fd3(in) = gend3 ∪ (in − killd3)
fd3(in) = {x = 2} ∪ ({x = 1, y = 2} − {x = 1})
fd3(in) = {x = 2} ∪ {y = 2}
fd3(in) = {x = 2, y = 2}

Therefore, the assignment x = 1 does not reach the point after d3, since we
killed it due to x = 2.
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protected void flowThrough(FlowSet source, Unit unit, FlowSet dest) {
if (unit instanceof AssignStmt) {

    AssignStmt assignment = (AssignStmt) unit;
    kill(source, assignment, dest);
    gen(dest, assignment);
  } else {
    source.copy(dest);
  }
}

Fig. 2.15 Transfer function for the reaching definitions analysis implemented in SOOT

To better illustrate this transfer function, we now present an implementation based
on SOOT [24], an optimization framework for analyzing Java programs. To imple-
ment intraprocedural analyses in SOOT, we typically extend either the Forward-
FlowAnalysis or the BackwardFlowAnalysis classes. Because the reach-
ing definitions analysis uses the forward flow, we extend the former class. Then, we
implement some template methods such as merge (the least upper bound opera-
tor), copy (responsible for copying lattice elements), and flowThrough, which
represents the transfer function. Figure2.15 illustrates the flowThrough method.

Notice that this method takes an Unit object as argument, representing the state-
ment in which the transfer function will take place [26]. Also, it has two more
arguments: source and dest. The first one is the lattice flowing into the transfer
function. In case the statement we are applying the function is an assignment (in
SOOT, an instance of the AssignStmt class), we update the lattice accordingly
into the dest object by using the gen and kill functions. Otherwise, there is
nothing to do. We simply copy the source lattice into the dest (see the else
statement in Fig. 2.15).
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