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Abstract nizational acceptance, technical issues have not been
completely solved for product-line engineering. The

The software product-line approach (for software techniques available work best for cohesive product
product families) is one of the success stories of soft- families, where the variabilities do not have complex
ware reuse. When applied, it can result in cost savings interdependencies. When this is not the case, it can
and increases in productivity. In addition, in safety- be difficult to apply the product family approach even
critical systems the approach has the potential for though there might be significant commonalities be-
reuse of analysis and testing results, which can lead tween the members of the family. As an alternative,
to a safer systems. Nevertheless, there are times wheve propose to view the families themselves in a multi-
it seems like a product family approashouldwork dimensional and hierarchical fashion. This helps us to
when, in fact, there are difficulties in properly defining deal with existing problems, for exampleear com-
the boundaries of the product family. monalities and also, helps to extend the approach

In this paper, we draw on our experiences in apply- to domain which, traditionally, would be difficult for
ing the software product-line approach to a family of Product-line engineering. )
mobile robots as well as case studies done by others  The paper is organized as follows. The next section
to (1) illustrate how domain structure can currently ~presents background on work in product-line engineer-
limit applicability of product-line approaches to cer- ing. Section 3 presents current issues with the product
tain domains and (2) demonstrate our initial progress family approach. Then, we discuss the foundations of
towards a solution using a set-theoretic approach to our approach in Section 4. Section 5 presents how

reason about domains of what we cafdimensional ~ our approach can be used to address existing issues
andhierarchicaproduct families. in product-line engineering. The mobile robotics case

example is in Section 6. Finally, Section 7 presents our
conclusions and ideas about future directions for this
_ work.
1 Introduction

, ) 2 Product-line engineering background
Today’s consumers want devices and systems cus-

tom fitted to their needs. Software product-line en-
gineering has the potential to deliver great cost sav-
ings and productivity gains to organizations that pro-
vide families of products, as well as give those or-
ganizations a competitive edge in the market-place.
For safety-critical systems, software-product line en- = o :
gineering has the potential to produce systems thatPrograms by modifying existing programs. This pro-
are more safe than their serially produced counterpartsc€SS usually involved a reverse step where parts of the
while being cheaper and faster overall to build. working program were discarded. Furthermore, the
Although one of the main barriers to the use of NEW program was sometimes crippled by design as-

; ; ; _sumptions made for the original program which did
product family techniques is one of process and orga not apply to the new program. Thus, Pamas postu-

*This work as been partially supported by NSF grants CCR- lated that it would better to start out by defining what
9624324 and CCR-9615088, and by NASA grants NAG-1-2242 and Was common about all such programs and successively
NCC-01-001. refining the design until you had working programs as

The notion of a product family was introduced by
David Parnas in [19]. According to Parnas, it is desir-
able to study a group of programs as a whole whenever
the programs share extensive commonalities. Parnas
observed that often programmers would create new




Boundries of the set are determined scribe how the variability values are assigned to

by the Commonalities produce each family member.
ettt o e another by The first point describes the essential feature of prod-
the values of the variabiliies uct families that Parnas noticed in his work. How-
ever, the second point originates in the practical ex-
a perience of many researchers who have labored to
Some family members may construct software product-lines. Robyn Lutz ob-

theoretically exist, but not be built

served that the primary limitations of the product fam-
ily approach stem from difficulties in handlingéar-

Figure 1. A simple product family commonalitiesand relationships among the variabili-
the leaves of a tree structure, with nodes within the tree ties’[emphasis added)] [17]. Thus, the more simple the
representing the various design decisions. I’elatlonshlps among the Var|ab|l|t|es, the easieritisto

Batory and O'Mally [3] discussed how to reuse construct the product family.
large portions of a system based on breaking it into
components and introduced a simple language for3.1 n-Dimensional product families
describing the components and their composition.
Gomma [12] discusses using domain modeling [20] to
create a centralized library of components which are ¢,

then used by a generation facility to produce the target 13, 14]. Lutz noted in her attempt to organize the vari-

application. abilities into a tree that “there were several possible

Weiss and Ardis [22, 2] developed the FAST yeeg with often no compelling reason to select one
(Family-oriented Abstraction, Specification and possible tree over another” [17].

Translation) process that integrates the above with™ " g.ownsword and Clements present a shipboard

specialized languages [18, 6] for each domain. A .qmmand and control systems family which contained
similar process is mentioned by Campbell al. 34405000 parameters of variation for each ship [8].
in [10, 9] and also by Lam [15, 14]. The differences They state that “the multitude of configuration param-
between these works are primarily in the sort of gters rajses an issue which may well warrant serious
artifacts produced by domain engineering. attention.” In addition, they present three different
The commonality analysis [21] is a central feature ;je\ys of the architectural layering of the base system
of product-line engineering. This is the document that 5t “do not conflict with each other; rather they pro-
notes all the commonalities, i.e., features which are \igje complementary explanations of the same ideas.”
present in all systems in the domain, and variabilities, * goth these examples, as well as our own experience
I.e., features which distinguish the different members i, the domain of mobile robotics, illustrate the fact that
of the domain. The commonality analysis defines the sften g product family is multi-dimensional; therefore,
requirements for the product line. a hierarchical decomposition is not sufficient to cap-

One way to view a product family is as a set, where yre the structure of the domain. We call such domains
the boundaries of the set are determined by the com-_gimensional product families.

monalities, and the individual members of the set are n-Dimensionality is common in software systems.

distinguished by the values of their variabilities (Fig- Thys, software design and implementations already
ure 1). As the figure demonstrates, it is entirely possi- geg| problems associated having an n-dimensional
ble that some members of the family may theoretically ghace.  Our approach is similar in structure to the
exist but not yet be built (shown in gray). Furthermore, nqiation of design spaces [16] and extended design
the family may be undefined at some points within the gpaces [5, 4]. In addition, there is much work in struc-

boundaries due to, for example, illegal or nonsensi- yring that has been done in the object oriented com-
cal combinations of variability values. We will use ity and software architecture community that may

this view of a product family throughout the paper to pe applicable to the requirments phase. The key, in
demonstrate how current approaches to product-lineq r view, is to define a simple structuring mechanism

engineering might be expanded to a greater class ofyhich does not introduce unnecessary design or im-

systems. plementation detail but which is still able to capture
the essence of the problem at hand.

Attempts have been made to organize the product
mily requirements in a hierarchical fashion [17, 19,

3 Extending product families . . .
3.2 Hierarchical product families

Current techniques for product-line engineering

work well if the following conditions are met: Suppose that a company wished to construct a flight

guidance system (FGS) for both fixed-wing aircraft
and helicopters The FGS is responsible for issu-

ing commands that keep the aircraft level, cause it to
climb or descend, and so forth. Furthermore, the FGS

e The systems in the family share significant com-
monalities, and

e The variabilities which define each family mem-
ber have a straightforward decision model, i.e., it~ we would like to thank Steven P. Miller of Rockwell-Collins
does not require many complicated rules to de- Inc. for this example
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Figure 2. FGS product family covering flying
craft

must interact with other airborne systems. Many of
the tasks that the system has to perform might be com-
mon across these two radically different aircraft: in-
teraction with other systems, deciding to level off at
a particular altitude, mode transition logic related to
when it is legal to switch between the various oper-

ating modes. Therefore, many requirements between

these two systems will be the same, or very similar.
Nevertheless, the actual control of the aircraft is very
different. Therefore, developing a single set of com-
monalities and variabilities which span this entire do-
main is difficult.

Some would argue that this difficulty stems from
the fact that the family is simply too diverse to be con-
sidered a product line. However, it is clear that these
systems share much in common, which was the orig-
inal, and in our view the most important, criterion for
being a family. Thus, we propose the concept bi-a
erarchical product family

Most previous attempts at product family structur-
ing have focused on hierarchically grouping treei-
abilities while thecommonalitiesemain the same for
all family members [17, 14]. Notable exceptions are
Parnas [19] and Brownsword and Clements who noted
in their case study at CelciusTech [8] that sometimes
product-lines exist within the main product line. How-
ever, Parnas’ work is rooted in design and coding
choices. Brownsword and Clements mention this phe-
nomenon in passing and apply itin a more limited way
than what we advocate.

In our approachadditional commonalitiesvhich
areunrelatedo the parent product family can be added
in the sub-families. The hierarchical decomposition
of the FGS family is shown in Figure 2. Thus, the
helicopter sub-family can have significantly different
requirements than for fixed-wing aircraft, yet share
many things in common as well.

This will eventually effect the architecture and
structure of the systems. For example, the product of
the domain engineering for the parent family, Flying
Craft FGS, might be a set of reusable components
whereas the product of domain engineering for the
children might be a reference architecture or genera-
tion facility. The architectures for the fixed-wing air-
craft and the helicopters could differ significantly and
use the components from the parent family in different
ways.

By structuring the requirements in this way, we
have avoided imposing restrictive design constraints
on the family members and instead focus on the struc-

ture of the domain itself. Furthermore, should the
company wish to start building FGS systems for an
entirely new set of aircraft, for example, tilt-rotor air-
craft, this could be done while reusing many aspects
of the FGS systems already implemented. This is also
shown in Figure 2.

3.3 Constraints on the solution

When starting to develop a structuring technique
for product family requirements that would be able
to deal with n-dimensional and hierarchical product
families, we determined that any such structuring tech-
nigue must:

e Be based on structures that are present irdthe
mainitself, not on implementation or design con-
cerns,

e Be simple, allowing the analysts to capture the
structure of the domain without introducing com-
plex notations or concepts,

e Be amenable to the types of structures observed
in product family analysis, and

e Produce a readable and usable artifact that facili-
tates reasoning about the structure of the domain.

We chose to explore a structuring technique based
on a set-theoretic view of product families. This nota-
tion proves surprisingly useful for thinking about the
structure of a software product line, yet is simple and
based upon well understood principles.

4  Structuring technique

As mentioned previously, a product family can be
described in terms of a set, where the boundaries of the
set are defined by the commonalities and the members
of the set are distinguished by the values of the vari-
abilities. This section describes how set theory can be
used to think about structuring product families.

The most basic structure that can be represented
with the set theoretic approach is the subset. Figure 3
shows a product familyA, which has been divided
into two subsetsB andC. FurthermoreC has been
further divided into subsef3 andE. This corresponds
to a hierarchical decomposition of the family.

Consider a member of famili, e;. The member
e; must have all the commonalities defined foras
well as have some value for all the variabilitiesEn
Furthermore, becaudg is a subset ofC and A, e;
is also a member of familie€ and A. The general
definition for any familyE which is a subset of another
family C is as follows:

e E must include all of the commonalities @

e E mustinclude all of the variabilities i€; how-
ever,E may restrict the range or options available
in the variabilities.
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Figure 3. Hierarchical decomposition and Figure 5. Set intersection and non-
subset structure hierarchical structure

that the familyR need not have any members that only
exist in R. In a senseR is an abstract family be-
cause any member & must be either a member of

S or a member off. This is similar to our FGS ex-
ample from earlier, where all family members are ei-
ther helicopters or fixed-wing aircraft and it does not
make sense to talk about member which are only of
the parent family. However, this need not be the case,
as Figure 4(b) demonstrates. In the mobile robotics
domain (see Section 6), we will have a basic robotic
platform which will form the outer family member.
This outer family will not be abstract because there

. are some robots which only conform to the minimum
lies specification.

Another structure that can be represented using a
not present irC as long as the additional com- Set-theoretic approach is that of set intersection. The
monalities do not conflict with the commonali- aPility to represent a set intersection distinguishes this
ties or variabilities inC. These new commonali- @PProach from the purely hierarchical structures which
ties might come from a refinement of variabilities "ave been applied by others. This is shown in Figure 5.

in C or might be completely unrelated. ~ Consider a membem;, of M. By definition, m;

o E can define additional variabilities which are not 'S &l0 @ member of familiek, L, andJ. Thus,m,
present inC as long as those variabilities do not Must have all the commonalities of bathandL. In
conflict with the above. addition, M is a subfamily of both familie& andL

(this is shown in the figure). The constraints on any

family M which is a subset of familielk andL are as

follows:

| .
(CY

Figure 4. Abstract verses non-abstract fami-

e E can add additional commonalities which are

The first criterion is straightforward and necessary
for the subseE to be completely contained withi@.
The second criterion defines the fact tBatmay wish
to refine or restrict the values of the variabilities@f . .
For example, in the mobile robotics domain, a vari- ® M mustinclude all the commonalities of bokh

ability across the entire domain might be that the max- andL.

imum speed of the mobile robot can vary from oneto e M must include all the variabilities of botk and
five miles per hour. However, subsets might define a L; however, it may restrict those variabilities as
lesser maximum speed depending on the hardware in- above for subsets.

volved. It is possible for this refinement to result in « M may introduce additional commonalities which

an additional commonality, for example, a subset that L

¢ . . R h are not present in eithét or L.

instantiates a boolean choice variability to a particu- i . N )

lar value. Additional commonalities can also be added ~® M may introduce additional variabilities which

which are unrelated to the parent family. For exam- are not present in eithét or L.

ple, it is likely that the family of helicopters will need

different commonalities than the family of fixed-wing

aircraft. Finally, it is possible to add additional vari- These structures can be used to document and rea-

abilities. son about the two problems explored in the previous
The two cases of hierarchical decomposition are section; they can be used to describe product families

shown in Figure 4. Part (a) of the figure demonstrates which are botm-dimensionabndhierarchical



Figure 6. Set representation of a near-
commonality

5 Addressing existing issues

: : : 6
This section describes how our approach can assist

with well-known documented issues in product-line

engineering. We describe how our structuring method
can deal with near-commonalities as well as variability
dependencies.

Near-commonalities: A near-commonality (NC) is

a commonality which is true for almost all (e.g., all
except one) member of the product family. Lutz states
that in her experience near commonalities “frequently
had to be modeled” [17]. One solution for near com-
monalities is to model them as variabilities; however,

this is, in some sense, a misrepresentation of their ba-

sic properties. The solution that Lutz advises is to
model it as a constrained commonality of the form “If
not membem then NG.” However, a complex do-
main might contain numerous constrained commonal-
ities with conditions significantly more complex than
the example just mentioned.

Figure 6 shows how a near-commonality is repre-
sented in our approach. The near commonality; NC
would simply be a property of famil@ (and not ofP).
Thus, the commonality naturally does not applynta
member of onlyP but does apply to any member@f
This has several advantages. First,;NE€now a pure
commonality ofQ. Second, if another member of the
family is introduced with reduced functionality [17] it
need only be added as a membePaindQ may re-
main untouched. Finally, the subset structure can act
as a guide in determining that certain components in
the eventual application engineering environment will
not be needed fam

Dependencies among options: In [17], Lutz cites

so that their numbers do not become overwhelming.
In the abstract example given above, a set would be
defined where “\ has option B” and “\, has option

C” are both commonalities.

In this section, we have discussed how our ap-
proach can help deal with existing issues which have
been raised in the literature regarding product fami-
lies. In the next section, we go on to describe how this
structuring mechanism can help deal with more diffi-
cult product families illustrated with an example in the
mobile robotics domain.

Mobile robotics: An n-dimensional
and hierarchical example

The domain of mobile robotics that we have exam-
ined encompasses small robots ranging in size from
approximately 6 inches long to up to about 2 feet long.
Also, the robots can support many different behaviors
— scouting an area, constructing a map, working col-
lectively, and so forth. We wished to model the mobile
robotics domain as a product family taking into con-
sideration both the different hardware platforms that
could be supported and the many different behaviors
we wished to specify. This proved to be difficult us-
ing conventional product-family techniques because
the mobile robot family is botin-dimensionakndhi-
erarchical[11].

The mobile robotics domain breaks down along two
clear dimensions: the hardware platform and the de-
sired behavior. Each hardware platform conforms to
a basic specification: it can move forward and back-
ward, turn left and right, sense whether or not an ob-
ject is in front of it, and so forth. In addition, the
hardware platform may or may not be equipped with
some sort of vision system or infra-red camera; the
various sensors used to monitor the environment dif-
fer greatly in the speed and accuracy with which they
provide information. On the behavior side, we can
imagine that a basic behavior might be a random ex-
ploration of the robot’s environment where the primary
goal of the robot is collision avoidance and recovery.
Furthermore, more complex behaviors can be added,
for example, wall following, going through doors, and
finding particular objects. Therefore, along both the
hardware and behavialimensionsthe mobile robot
family can be viewedhierarchically.

modeling dependencies among options as one issues Of course, there are constraints between the two di-
that must be addressed in product family engineering mensions and not all behaviors can run on all hardware
effort. A dependency is typically a constraint among platforms. For example, a behavior that requires the
the variabilities, for example, if variability V has robot to find all red objects in a room will not work
value B then variability ¥ must have option C. Ardis  unless the robot has a sensor capable of distinguishing
recommends treating this constraint as a commonal-red objects from non-red objects.
ity. However, in our experience, without some addi- As a specific example for this paper, we will con-
tional structuring, the domain could become littered sider a mobile robotics domain consisting of three
with such commonalities; in addition, it may not be classes each of robots and behaviors. Although this
clear given a set of constraints whether or not a partic- is a significantsimplification of the actual domain, it
ular variability is viable. will be sufficient to illustrate the benefit of the struc-
In our approach, we can also represent constraintsturing techniques that we are proposing. In addition,
like these as commonalities. However, we isolate them due to space constraints we will not be able to go into
into logical groups by forming different subfamilies detail on the particular parameters of variation (i.e., the



particular values that each variability can assume) for
each of the variabilities involved.

A family member will consist of a pairing of the
desired behavior with the robotic platform. We will
first explain each dimension in some detail and then
look at an overview of the family composed of these
two dimensions. As a notional convention in the fol-
lowing two sections, commonalities and variabilities
which deal with the hardware are noted ¢ and [

Vy ] respectively and those which deal with the be-
havior are noted [g]and [ Vg ].

6.1 Hardware dimension

Along the hardware dimension, we will consider
a limited subset of the robot domain containing three
families of hardware. The actual domain is much more
complex; it includes many more types of sensors and
different actuators, for example, a gripper or robotic
arm that can be used to pickup and move objects in
the environment. We will consider the following three
classes of mobile robotic hardware in this paper.

1. A basic robot with forward and backward motion
capabilities, a range sensor that give distance to

the nearest obstacle and whether or not the obsta-

cle is on the right or on the left, and a forward
collision detection mechanism.

. The basic robot with the ability to distinguish

between obstacles that are straight ahead versus

only the right or left (i.e., better granularity in the
estimation of the obstacle’s position).

. The basic robot with the ability to distinguish the
color of objects in its environment.

The following paragraphs describe the properties of
the various hardware platforms that we will consider.

Basic platform: A basic feature of our robotic plat-
form will be that it can move around its environment
in some fashion. Thus a common feature of the robots
is the following:

Cul.1 Each platform will provide a basic means of
locomotion; it will have the ability to turn a spec-
ified number of degrees from the initial heading,
move forward, move backward, and stop.

Nevertheless, the robotic platforms that we will

Vy1.3c The control of locomotion varies. The
locomotion system may provide simple
on/off values or real or digital valued rep-
resentation of speed and direction.

Vu1.3d The type of input expected by the lo-
comotion system varies. It may expect
boolean, real, or digital values indicating
speed and direction of the platform.

Vy1.3e The size of the platform varies. This will
dictate the amount of room needed to turn or
avoid an obstacle.

In order to avoid running into obstacles in the en-
vironment, the robot must have some kind of range
finder. The platform must also be able to tell whether
or not the obstacle is on the right or left so that it can
take actions to avoid hitting the obstacle. However,
range finders vary significantly in the type and qual-
ity of information they provide. For example, a sonar
sensor provides a wide field of detection but is noisy
and inaccurate. A laser range finder, on the other hand,
will provide distance with high accuracy and can de-
tect even small obstacles.

Cul.2 All platforms will have at least one range
finder that will provide input to the system re-
garding the detection of an obstacle.

Cul.2a The range finder will provide an indica-
tion of the distance to the obstacle.

Cy1.2b The range finder will provide an indica-
tion of the location (right or left) of the ob-
stacle in relation to the robot.

Vy1.1 The number and type of devices used for range
finding is likely to vary. The type of output gen-
erated by the range finder varies. Different range
finders may provide output as a real-valued esti-
mate, a digital estimate, or a boolean indication
of obstacle detection.

Finally, because the mobile robots operate with
such noisy and inaccurate sensors it is a certainty that
they will occasionally have collisions. Thus, platforms
must have a method of detecting collisions so that they

consider differ greatly. Some platforms are commer- can perform recovery actions in the behaviors. This

cially built whereas others are built in-house, for ex- could be implemented in a variety of different ways,

ample, out of Lego building blocks and small motors. for example, buy installing bumpers on the robot or

The following variabilities capture these ideas: by ICIie;ijC“ng that the motors that drive the wheels have
stalled.

Vy1.3 The hardware comprising the robotic platform
varies Cyu1.3 All platforms will have at least one mechanism
for detecting collisions.

Vgl.3a The means of locomotion may vary (e.g.

treads, wheels, legs, etc.) V1.2 The number and type of collision sensors(s)

varies and the type of output generated by the col-

Vy1.3b The maximum speed of the robot varies. lision sensor varies.



Enhanced obstacle detection: Some platforms may  Random exploration: Rodney Brooks [7] recom-
have more advanced sensors to detect obstacles. Fomends a layered architecture of robotic behaviors. Our
example, a robot with an array of sonar sensors ar- approach to modeling the behavioral dimension is sim-
ranged in an arc can get much more information aboutilar in that our basic behavior is a random environmen-
potential obstacles than merely whether they are on thetal exploration. While exploring, the robot should at-
right or on the left. For enhanced obstacle detection, tempt to avoid obstacles in the environment.

the robotic platform should be able to detect whether
or not it has an obstacle in front of it in addition to
obstacles on the right and left.

Cg1.1 The robot shall attempt to avoid colliding with
obstacles in its environment using its sensors
to detect obstacle(s) and changing its course or

Cu2.1 Platforms will have the ability to distinguish speed to avoid the obstacle.
whether an obstacle exists directly in front of V1.1 Although detected by the robot’s sensors, an
them as well as whether it is on the right or on object may or may not be considered an obstacle
the left. See related [£1.2b ] depending on the robot’s mode of operation. See,

. . for example, [ §2.1a]

Vy2.1 The granularity of obstacle position detected . . )
will vary. For example, some platforms may pro- _AS mentioned previously, because of the robot's
vide an enumerated indication of left, right, or Noisy and inaccurate sensors it is likely that the robot

collision and continue exploration.

This sensing capability allows the robot to perform ¢ 1 2 |f the robot collides with an obstacle, it shall
more complex behaviors, for example, maneuvering attempt to recover from the collision.

closer to obstacles or going through doors.

V1.2 Successive collisions (i.e., a collision during the
recovery from a previous collision) may result in
the robot shutting down all activity and declaring
failure. The number collisions in a chain that the
robot can tolerate varies.

Environmental vision: Some robots may be
equipped with a camera or other sensing device that
can give them information about the color objects in
their environment. The type and quality of robotic
vision systems varies greatly; however, most can  The random exploration behavior coexists with all
distinguish between primary colors. the other possible behaviors that we might define. In
the absence of any obstacle or collision, the robot will
Cu3.1 Platforms will have a sensor capable of deter- potentially be performing some other functions which
mining the color of objects in their environment; are defined by a subfamily. However, this family is
for example, the sensor should be able to distin- not abstract; thus, if no other behaviors are specified

guish between red objects and blue objects. the robot will move forward at full speed.
. . . V1.3 In the absence of an obstacle or collision, the
6.2 Behavior dimension behavior of the robot may be further specified by
a sub-family

The behavioral dimension defin@gat the robot
does. Of course, the behavior of the robot is highly
related to the hardware dimension, which constrains
what the robotando and what information about the
environment is available. Nevertheless, to a large ex-
tent the behaviors can and should be reused across difboor navigation: Maneuvering through a doorway
ferent hardware platforms. The spectrum of behaviors is difficult for a mobile robot. Often, obstacle detec-
possible, even with the limited hardware classes thattion sensors provide little information about the envi-
we have defined, is large. For the purposes of this ronment; thus, doorways are often not seen as viable
report, we only have space to discuss a few of them. passageways. Furthermore, it is difficult for the robot
Thus, along the behavioral dimension, we will con- to find doorways in the first place given the noisy sen-
sider the following classes of behavior. sor data it receives.

Cg2.1 The robot shall attempt to locate doors in its
environment

Cg1.3 In the absence of an obstacle, collision, or any
other specified behavior, the robot will move for-
ward at maximum speed.

1. Random exploration, where the robot moves
around its environment attempting to avoid ob-

stacles. Cp2.1a Once the robot has found what it believes to
2. Random exploration with the ability to negotiate be a door, it shall not consider the sides of the
doors. door to be obstacles as the door is navigated. See

3. Random exploration with the ability to signal [Cpl.1][Vell]
when it encounters objects of a particular color. Vp2.1 The width of the door which can be navigated
by the robot will vary according to the width of
The following paragraphs discuss these behaviors the robotic platform and the quality of the on-
in more detail. board sensors.
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Environmental interpretation: This behavior al-
lows the robot to signal when it encounters a particular
object in the environment. That object or objects will
be identified by a particular color.

Cg3.1 The robot will signal when it has detected an
object in its environment of the desired color.

V3.1 The color of the object(s) to be detected will
vary and may be configurable at run time.

6.3 The whole family

The real mobile robotics domain is significantly
more complex than space allows us to present in this
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Figure 8. A possible 2-dimensional view of
the robot product-line

the intersection of those two subfamilies. This is only
one slice of the system, however, and if we were to
look at the mobile robot family along the behavioral
dimension we would see a similar picture. A some-
what more effective means of viewing 2-dimensional
product family is in a 2-dimensional grid as shown in
Figure 8.

The representation is symmetrical in this case be-

paper. For example, we have not discussed whethercause of the one-to-one mapping between behavioral

or not the robot can move objects in its environment
(with a gripper, for example). Nevertheless, we can il-

subfamilies and hardware subfamilies. The full mo-
bile robotic domain, however, is not symmetrical. In

|U.Strate. S(.)m'e interesting properties of the domain eventhe full domain, behaviors may be Composed and com-
with this limited example. Suppose that we had four pined to form a composite behavior. For example,
mobile robots at our disposal: we might envision a behavior which includes the door

e A custom robot made out of Lego pieces with two navigation, combined with a mapping function, a wall

infra-red sensors in the front for obstacle detec- . v 2 A . The
mapping and high-level planning behaviors will need

to communicate with the lower level random explo-
ration, door navigation, and wall following to direct
the robot towards high-level goals. However, if the
robot collides with an obstacle, then the lower level
behavior will take over and recover from the collision.
Thus the structuring of the behavioral dimension is
much more complex and resembles Brooks’ subsump-
tive architecture [7]. Furthermore, defining the behav-
iors independent of the hardware allows us to focus on
only the behaviors and their interactions (a significant
problem in an of itself).

These combinations of behaviors might require sev-
eral different sets in the hardware domain, which will
have sub-families that define, for example, robots with
grippers, robots with bumpers, robots that have radio
communications devices, and so forth. Thus, it is gen-
erally not the case in the full domain that a behav-
ior will require exactly one subset in the hardware di-
mension or that the behavior and hardware dimensions
have the same structure. By defining the intersection
of the hardware dimension with the behavioral dimen-
sion, we define which family members are viable and
which are not.

The division of the system into behavioral and hard-
ware dimensions is a classical one which; however,

tion, a front bumper, and tank-tread locomation.
We will call this oneLegoBot

A Pioneer robot made by ActivMedia [1] which
has an array of sonar. sensors, a gripper, colli-
sion detection via motor stalled, and wheels for
locomotion. We will call this on€ioneer.

A Pioneer (see 2) with a color vision system. We
will call this onePioneer w/ Vision

A small “pickle” robot that can roll around, and
jump over small obstacles, and that is equipped
with a camera. We will call this onRickle.

There are several ways of visualizing the mobile
robot product family. First, we will examine the mo-
bile robot family along the hardware dimension (Fig-
ure 7). Notice that family members can fall into one
of four different categories. The robot may have only
the basic capability, in which case it exists only for
the family Basic Platform . This is the case for
LegoBot, The robot may have either one or the other
of the additional hardware capabilities specified by the
Enhanced Obstacle Detection or Environmen-
tal Vision . Finally, the robot may posses both the ad-
ditional capabilities oEnhanced Obstacle Detec-
tion andEnvironmental Vision ; therefore, it liesin

following behavior, and a high-level planner.



these are not the only two dimensions possible. For based in the mobile robotics domain. Due to space
example, performance, for example, battery life, might constraints, the domain had to be simplified im-
be modeled as a separate dimension of the system. mensely. Nevertheless, even the simplified domain
The structuring technique presented results in the that was presented illustrates the points of our ap-
creation of more families within the domain than with proach.
a traditional approach. However, these sub-families In the future, we intend to continue developing
are more cohesive and simpler than creating just onethis approach to product-line engineering. We are al-
top level-family. We believe that this provides several ready working on several industrial-sized case exam-
benefits. First, the top-level family can now be much ples with good initial results. We look forward to re-
broader than was previously possible. Even the small porting the outcome of that work, as well as presenting
mobile robotics example presented here is more com-a more detailed view of this approach. Furthermore,
plex, yet more elegantly represented than in [11]. Sec- in the future, we intend to provide a more detailed de-
ond, the overall family can be expanded and contractedscription of the formal foundations of this approach
by adding and subtracting sub-families. Finally, these and how it could be leveraged if the family members
technigues will allow a family to be more easily refac- were described in a formal specification language.
tored as the definition of the family evolves over time.
One of the barriers to traditional approaches is that
the whole organization must change to accommodateACknowledgements
product-line oriented development. Many resources
are required to develop the domain engineering sup- The authors wish to thank Steven P. Miller at the
port for the entire product line while at the same time Rockwell-Collins Advanced Technology Center for
continuing to produce products for existing customers. his thoughtful comments and encouragement with re-
We hope that our approach allows an organization to gards to this work as well as his insights on how the
start out with a high-level product family and reuse just structuring techniques presented here might be ap-
a few key pieces between its major product areas. Asplied to the systems manufactured by Rockwell Inter-
the payoff from this reuse makes more organizations national.
resources available, the organization can then afford
to make the family more rich (by refactoring and/or
adding sub-families) and thus achieving more payoff References
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