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Abstract. Software application families and their accompanying architectures (also
referred to as product line architectures or PLAS) are a promising area in which the
potential of software component reuse can be fully realized. Evolving such
application families necessitates making informed architectural decisions. Among
industry and research communities, it is recognized that software metrics can
provide guidance during the making of such decisions. In this paper, we introduce
metrics that are specifically geared to assess product line architectures and help in
maintaining their quality.

1 Introduction

In recent years, the focus of the software engineering community has shifted from
programming stand-alone applications to developing component-based application
families. Various technical challenges exist in this domain, such as the need to represent
family members, to express and capture commonality, variability, and incompleteness, as
well as to incorporate domain knowledge while populating generic, reference
architectures [1]. In addition to technical challenges, organizations face strategic,
financial, and human factors challenges that make it difficult to initially adopt product line
families within an organization. However, if properly deployed, large-scale reuse results
in numerous rewards including reduced costs and risks, higher reuse and predictability,
better performance modeling, and more effective communication between stakeholders.
Initial evidence is showing that these benefits far outweigh the initial cost, and many
organizations are beginning to leverage product-line architectures (PLAS) as a basis for
software component reuse.



In many areas of software engineering, the use of metrics has proven to be helpful in
assessing particular situations. They help us learn from the past, evaluate the present, and
sometimes even predict the future. Metrics provide condensed information about the
current state of a system or process, track the progress towards goals, and provide
measurements that form a basis for guiding stakeholders in comparative decision making.
However, the current set of metrics as defined in the literature (e.g., cohesion [6],
cyclomatic complexity [3], fan-in/fan-out [4], and depth and node density [5]) is very
much focused on the object level and cannot be directly applied to product line
architectures. Specifically, product line architectures exhibit several unique features that
make direct use of the above metrics impossible, namely hierarchica composition,
optionality, and variability. In essence, these metrics assume a static set of interfaces and
are thus not equipped for supporting the diversity that is present in PLAs. For example, if
we want to calculate the fan-in and fan-out of a particular component in a product family
architecture, we would not know what to do with the PLA’s optional or variant
components to which the component in question is connected.

Our work focuses on PLA -level metrics that support the hierarchical, incomplete, and
diverse nature of PLAs to guide architectural decisions during system evolution. In
particular, we provide an incremental set of metrics that allow an architect to make
informed decisions about the usage levels of architectural components, the cohesiveness
of the components, and the validity of product family architectures. Although only in the
beginning stages of our investigation into these metrics, we believe that they (and their
future refinements) show promise for applicability in the product line architecture domain.

The remainder of the paper is organized as follows. We first provide a short overview
of relevant concepts in product family architectures in Section 2. Then we introduce our
proposed metrics in Section 3 and conclude in Section 4 with an outlook at our future
work.

2 Overview of PLA Concepts

Certain properties are shared across PLAs. The first is partiality; PLAs must have partial
representation to support the commonality of a product family, yet povide enough
flexibility for family members to satisfy different requirements or accommodate future
requirements arising from either internal organizational strategies or external market
forces. The second property is diversity. Components in a PLA can be mandatory (they
are part of a generic architecture), optional (their existence is not guaranteed, dependent
on some context), and variant (different algorithmic implementation, different interfaces,
or different platform dependencies). The final property is compositionality. For example,
the architecture in Figure 1 is composed of three complex components (each of which is,
in turn, hierarchically composed of primitive components). Complex components CC1
and CC3 are mandatory, whereas CC2 is optional. Additionally, CC1 comprises 3
primitive components: PC12 is mandatory, PC11 is variant, and PC13 is optional.
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Fig. 1. Example product line architecture. Unshaded boxes represent mandatory components;
lightly shaded boxes represent optional components, darkly shaded boxes represent variant
components.

In order to make the analysis of complex, product line systems such as the one depicted
in Figure 1 more efficient, specific techniques must be provided. One such technique that
we have exploited extensively in developing PLA metrics istype checking. Type checking
stipulates that a service (i.e., an operation with its accompanying interfaces) provided by
one component will satisfy a service required by another component if and only if their
interfaces and behaviors match as defined in [7].

To illustrate how architectural type checking works, let us assume that complex
component CCL1 in Figure 1 is part of a logistics system for routing incoming cargo to a
set of warehouses. Its constituent component PC11 is a variant clock component that
provides time measurement to the other components, PC12 models delivery ports, while
PC13 is an optional component that models vehicles. Each component has a set of
provided and a set of required services, denoted in Table 1 by Pi and Ri, respectively. For
brevity, we have omitted component service behavior specifications from Table 1; see[7]
for an example of the complete service specification. When performing a type check of
the specified architecture, the required services of PC12 and PC13 (Rl and R2,
respectively) are matched to the provided services of al components along their
communication links. In this case, the only component along PC12’s and PC13's
communication links is PC11 and an attempt is made to match PC11’s provided services
with PC12’'s and PC13’srequired services. PC11’'s P1 provided service matches both the
R1 and R2 required services.



Table 1. Component services.

Component | Provided Interface Element Required Interface Element
PC11 P1: Tick ()

P2: setClockSpeed (rate: Integer)
PC12 P3: newShipment R1: Tick ()

(port; PortID; shp: ShipmentType)
P4 unloadShipment

(port: PortlD; shp: Integer)

P5: getDeliveryPorts()

PC13 P6: addShipment R2: Tick ()
(veh: Vehiclel D; shp: ShipmentType)
P7: unloadShipment (veh: VehiclelD)
P8: getVehicles(): \set VehicleType

It should be noted that architectural type checking is not an “al or nothing”
proposition; rather, architecture-level interoperability is a point on a spectrum in which
the highest degree of interoperability is achieved when every service required by every
component is provided by some other component(s) along its communication links. This
issue is further discussed in Section 3 below. Type checking has provided a necessary,
though not sufficient, basis for devel oping the PLA metrics discussed below.

3 Proposed PLA Métrics

Based upon a preliminary examination, we have defined a number of initial netrics that
we believe will form the basis for more advanced metrics in the domain of product family
architectures. Below, we discuss these metrics, their derivation, and their meaning.

3.1 Primitive Components

The basic building blocks of our metrics are the Required Service Utilization (RSU) and
the Provided Service Utilization (PSU) . These two metrics are context -dependent: a given
component will have different RSU and PSU measures depending on the architecture of
which it is a part. The RSU is defined, per basic component, as the number of required



services that are “satisfied” by other basic components within acomplex component. The
PSU is defined, per basic component, as the number of provided services that are used by
other basic components within a complex component. For example, in the architecture of
Figure 1, the RSU and PSU of the component PC11 are 0 and 0.5, respectively. Similarly,
the RSU and PSU of the component PC12 are 1 and O, respectively. The RSU and PSU
for the other components can be computed in asimilar fashion.

Both the RSU and PSU have a well-defined meaning. The RSU defines a satisfaction
rate: the closer the RSU isto 1, the more services that are required by a basic component
are actually provided by the other basic components in an architecture. In fact, for abasic
component that is fully contained within a complex component, ideally the RSU should be
1. The PSU, on the other hand, defines the utilization rate of the provided services of a
basic component: the closer the PSU isto 1, the more functionality that is provided by a
basic component is actually used by the other basic components. Note that, contrary to the
RSU, full containment within a complex component does not necessarily lead to a PSU of
1: some services may be provided that are never used. The PSU, thus, can also be used in
an inverse manner: the closer the PSU isto 0, the more “bloated” a basic componentis. In
such a case, a basic component carries with it a lot of extra functionality that makes it
more heavy weight than required by the other basic comp onentsin the given architecture.

Note that the RSU and PSU are related to, but different from the concepts of fan-in and
fan-out. Whereas fan-in and fan-out provide absolute numbers of “connections’, our RSU
and PSU define a satisfaction and utilization rate. This provides a slightly more useful
metric since the context in which the connections are made is taken into account.

3.2 Complex Components

The hierarchical nature of a product family architecture complicates the nature of the RSU
and PSU as we go up the complexity hierarchy: because different architectural styles and
architecture description languages define different rules of service propagation from lower
level components to higher-level components (some may prescribe that all provided and
required services are propagated, others may prescribe that only “left-over” services are
propagated, and yet others may prescribe that the provided and required services of higher
level components are explicitly defined), the relationship between the provided and
required services of a complex component and the provided and required services of its
constituent (basic and complex) components is unclear. Nonetheless, the RSU and PSU of
higher-level components also provide useful information to a systemlevel architect. We
define the RSU and PSU measures for a complex component in exactly the same way as
the RSU and PSU for a basic component, with the observation that the actual propagation
of services from lower level ®mponents to higher-level components depends on the
particular applicable rules. In our example, we only propagate “left-over” services: those
that are not satisfied within the complex component. The meaning of the RSU and PSU
for complex components remains the same: the RSU defines the satisfaction rate of a
component and the PSU defines the utilization rate.



3.3 Averageper Complex Component

The average RSU and average PSU per higher-level complex component are another set
of useful measures. They are calculated by averaging the RSU and PSU of the
components within a complex component. For example, the average RSU and PSU for
component CC1 are 0.67 and 0.125, respectively. These two metrics can be utilized to
assess the cohesion of a complex component: the closer to 1 both the average RSU and
average PSU are, the more self-contained, and thus cohesive, the component is.

The average RSU and PSU can also be used to classify the nature of a component. If
the average RSU is high and the average PSU is low, he component is a service
component at the next higher level since the component provides many services that are
not used internally. If the average RSU islow and the average PSU is high, the component
isa driver component since it requires many services that are not provided internally. If
the average RSU is high and the average PSU is high, the component typicaly is a
transformational component—services are translated to and from each other. Finally, if
the average RSU is low and the average PSU is low, this typicaly is a marginal
component, i.e., one that serves a very limited function in the system. Such a component
should be closely examined for its usefulness and potential for absorption into another
component.

34 Averageper Product Family Architecture

The second and third complications of a product family architecture are its inherent
abilities to capture optionality and variability. For our metrics, this poses a challenge:
when a component is optional, the RSU and PSU of other components (and the optional
component itself!) depend on whether the optional component is included in the
architecture or not. As such, the RSU and PSU of a complex component or architecture
have to be calculated per the above after the selection process of optional and variant
components has taken place.

However, another useful metric is the average RSU and PSU per product family
architecture. These metrics are calculated as follows: enumerate all possible
configurations that a product family architecture may exhibit and cal culate the average of
the RSUs and PSUs of each of those configurations. In the ideal case, this average RSU is
1, indicating that all possible configurations are valid—valid meaning that all required
services are provided by the components inside the configuration. In reality, however, the
average RSU will be lower, indicating that some configurations are not valid. The lower
the RSU, the more “spotty” a product family architecture is and the more attention has to
be paid to the configuration processto ensure a proper configuration is selected.

The average PSU for a product family architecture serves a similar kind of role. In the
extreme case the average is 1, indicating that all services that are provided by a product
family architecture are actually used in each of the instances of that family. In reality, of
course, the average is lower: since a product family architecture is build to provide a good



degree of flexibility, it cannot be expected that all services that are provided are used
within each of the product family members. If the average is too low, however, it indicates
a degree of separation within the product family architecture and perhaps a split into two
or more separate product family architecturesis required.

Of note is that not only the average is a useful metric, but also the span over the
average RSU and average PSU of a product family architecture. The larger the range of
average RSUs and PSUs, the more unbalanced a product family architecture is. Note that
the span of average RSU and PSU values directly takes into account the existence of
variant and optional componentsin product line architectures.

4 Conclusion

This paper has presented some preliminary results in applying metrics to product family
architectures. Based upon two basic metrics that operate at the individual, basic
component level, namely the Required Service Utilization and the Provided Service
Utilization, we have defined additional metrics that are able to assess complex
components and product family architectures as a whole. While our experience with the
metrics is limited, we believe their close relationship to existing measures, such as
cohesion, fan-in, and fan-out, is an indication of their applicability and relevance. Our
immediate future work involves applying the metrics on an actual product family
architecture to evaluate their applicability in a real-world setting. Additionally, we plan to
refine and enhance our existing set of metrics while also introducing several new metrics
that operate at the level of theindividual services.
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