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1 In tro duction

Developing reusable robotic software is particularly di�cult becausethere
is no universally agreed upon de�nition of what a robot is. Over the past
half-century , robots took many forms. Some were inspired by their biologi-
cal counterparts such as humanoids, dogs, snakes, and spiders. Others were
designedfor particular domains such as manufacturing, medical, service,mil-
itary , or space applications. They took the form of arms, wheeled robots,
leggedrobots, hoppers, blimps, underwater vehicles,sub-surfacediggers,and
even recon�gurable robots.

While it is neither practical nor possible to addressheterogeneity across
all typesof robots, there are somecommon themesthat recur in robotic soft-
ware. In this chapter, we will summarizethe challengesof developing reusable
software for heterogeneousrobots and present someprinciples for coping with
this variabilit y.

Wearrivedat theseprinciples by doing a variabilit y and commonality anal-
ysisand building an application framework for a classof heterogeneousrobots.
Our goal is to improve the interoperabilit y of advanced robotic algorithms
through the reuse of the software that implements these algorithms. This
framework is called CLARA ty , which stands for Coupled-Layer Architecture
for Robotic Autonomy[cla06]. It is a joint collaboration amongthe Jet Propul-
sion Laboratory, NASA Ames Research Center, Carnegie Mellon, and the
University of Minnesota. CLARA ty is the framework for integrating, matur-
ing, and validating new technologiesdevelopedby institutions and universities
under NASA's Mars Technology Program.

We have built this framework by generalizing legacy software of multiple
robots developed over a decade.We considereddi�eren t architectural styles
to improve software reuseand to ensurescalability of the framework. Later,
we extended our framework to a larger set of platforms expanding both the
scope and capability, which required a more generaldomain analysis.This it-
erative processof design,implementation, deployment, testing, and capturing
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of lessonslearned from real systemsis critical to reaching reusableand stable
robotic software.

Finding the right level of software generalization dependson the scope of
their applicabilit y and the life cycleof the robots. Writing application software
against generalizedand stable components allows upgrading robot hardware
without having to rewrite the application software. This has been true over
the life cycle of several of our robots.

E�orts to build reusablerobotic software and frameworks date back sev-
eral decades.These e�orts have primarily been driven by a pragmatic need
to structure the development of software to simplify the building of larger
systems.Theseincluded developing reusablerobotic software libraries [HP86]
and developing application frameworks [AML87] [PCSCW98] [SVK97].

Despite earlier e�orts, integrating robotic capabilities on di�eren t plat-
forms remained quite di�cult. The desire for interoperabilit y of robotic soft-
warecontinued,which led to renewede�orts [jau06] [NWB03] [Hat03] [ACF98]
[Alb00] [VG06] [KT98], to namea few. While many techniqueshave beenpro-
posed over the years, the primary challenge remains in the poor scalability
and lack of 
exibilit y to handle the heterogeneity of robotic software and
hardware.

2 Challenges

Two paradigmshaveemergedfor reusingsoftwarein robotics: (a) a component-
basedapproach wherethe components are concretereusableelements and (b)
an object-oriented approach where the reusablecomponents are generic ab-
stractions and interfacesthat get adapted to a particular context. In the �rst
model, components areconcretebuilding blocks that achievespeci�c function-
alities. They are then connectedto each other statically or dynamically using
architecture description languages(ADLs). In the secondmodel, components
are separatedinto genericbaseclasses,which de�ne the genericinterfacesand
interactions with other classes,and specializedclassesthat adapt the generic
functionalit y to a given platform. Classesare connected through interfaces
that either statically or dynamically bind to other classes.In this Chapter,
we will primarily focuson the secondmodel. We will present the challengesin
developing reusablerobotic software and present techniques for coping with
the heterogeneity of hardware and software.

The rest of the chapter is structured into two main parts. The �rst part
addressesthe challengesof software variabilit y that stems from (a) software
complexity, (b) algorithm integration, (c) architectural mismatches, (d) soft-
ware e�ciency , and (e) multiple operating systemsand tools. The secondpart
addressesthe challengesof hardware variabilit y that stemsfrom (a) hardware
architectures, (b) hardware components, (c) sensor con�gurations, and (d)
di�eren t mechanisms.
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Fig. 1. From top left and clockwise: Rocky 8, FIDO, Rocky 7, ROAMS simulation,
Lemur I I, and ATRV Jr. robots

Each part brie
y describes the challenge and proposesone or more solu-
tions to cope with the challenge.We illustrate thesewith examplesfrom our
systems.The list of challengesis not intended to be exhaustive, but rather
characteristic of the key areasthat are common in standardizing the develop-
ment of robotic software. A more comprehensivediscussionof thesechallenges
can be found in [NSG06]

We will concludewith a brief description of the software capabilities that
we integrated into the CLARA ty framework using thesetechniques.We have
successfullyinteroperated thesecapabilities on most of the systemsshown in
Fig. 1, which include the Rocky 7, Rocky 8, FIDO, K9, Dexter, and ATRV Jr.
rovers as well as the ROAMS simulation.

In this chapter, wewill usethe term component to refer to the softwarethat
implements a concretecapability. We will usegeneric abstraction (or abstract
class)to de�ne a capability and an interface devoid of its implementation. We
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will use the term module to refer to a collection of abstractions (i.e. classes)
that have high cohesionand packageto de�ne a collection of modules that
represent a domain.

3 Soft ware Variabilit y

3.1 Soft ware Complexit y

Challenge: Ho w To Decomp ose a Rob otic System

Developingrobotic softwareis alreadycomplexbecauseof its multi-disciplinary
nature, but doing so with an objective of supporting future platforms and al-
gorithms is a real challenge. This processrequires deep knowledge, broad
experienceand an anticipation of future capabilities and platforms.

Solution: Decompose to highlight stablebehaviors and not run-time
implementations

Somesystemdecompositions highlight the runtime model of the system,while
others highlight the abstract behavior of the components hiding the runtime
implementation. It is very likely that future platforms will havedi�eren t hard-
ware architectures, which would require di�eren t runtime models. Therefore,
it necessaryto encapsulateruntime models and highlight abstract behaviors
of components, which are more stable acrossapplications.

Example: Image acquisition

To illustrate this point, consider the exampleof an imaging system. The pri-
mary function of such a systemis to acquire images.How the imaging system
acquires the images depends, largely, on the underlying hardware. In some
systems,an analog camera is connectedto a frame grabber that is mounted
in a backplane bus (e.g. cPCI). In other systems,a digital camera is used to
transmit imagesover a fast serial interface directly to the host's memory. In
either case,the primary function of the imaging system remains the same,
i.e. to acquire imagesor a video stream. We can represent such a system by
a camera abstraction that publishes a uniform interface but hides the de-
tails of its implementation and the runtime models that accomplishthe image
acquisition.

Challenge: Ho w To Organize the Soft ware

Complex applications require a large amount of software to be managed,in-
tegrated and deployed. The primary challenge in decomposing the system is
to de�ne where to draw the lines. This largely depends on what elements of
the software are targeted for reuseby future applications.
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Solution 1: Decompose into small modules rather than large packages

It is natural to think of decomposing the system into packagesthat re
ect
the robotic domains. However, such decomposition would overlook common
themesacrossdomains.Working at the granularit y of packageswould also in-
cur a larger overheadespecially when few software capabilities are neededby
an application. The guiding principle here is to ensurethat simple functional-
ities are light-weight and easyto implement, while complicated functionalities
can be more complex.

Therefore, it is preferableto decomposerobotic software into smaller mod-
ules as opposedto larger packages.Each module provides primarily a single
capability but contains a collection of software with high cohesionand fewer
interactions with other modules.A systemwill then be composedof a number
of inter-dependent modules. A module usually contains a set of abstractions
that are closely related to one another and that are managedas a group. A
module de�nes the smallest deployable software collection. It is managedas
a unit for repository access,building, and testing. Packagesare then a loose
grouping of modules where multiple packagessharecommon modules. These
are primarily usedto simplify the description of an overall system.

Example: Vision package

Consider a vision packagethat contains the following modules: cameramod-
els, stereo processor,visual odometer, structure-from-motion, visual tracker,
object �nder and template matcher. An application that only requiresa stereo-
vision algorithm would only needto usethree modules:stereoprocessor,tem-
plate matcher and camera models. There would be no need to checkout and
build the remaining modules. Without the abilit y to work at the granularit y
of modules, one would have to carry the weight of irrelevant modules in a
package.This problem gets compounded for multiple domainssuch as vision-
guided manipulation.

Solution 2: Use explicit inter-module dependencies

Communicating using strongly typed messagesensuresproperly matched in-
terfacesfor information 
o w acrossmodules. It alsoenablesthe tracking of in-
terfacechangesat compile-time rather than at run-time. Modulesthat are not
interdependent, on the other hand, would not sharea common infrastructure
and would end up with implicit dependencieson data format for information
exchange.Both the format and context of these data packets would need to
be tracked and veri�ed to ensurecompatibilit y betweensendersand receivers.
While a loosely coupled system may be easierto initially build and interface
with, its software would be harder to extend and maintain over its life cycle.

Using explicit inter-module dependenciesalso enablesthe automation of
inter-module dependencies.This is important as the number of modulesgrow
in the system. Without the abilit y to check out and build parts of a generic
robotic repository, it becomestoo complex and unwieldy to use.
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Example: Checking out modules

Becauserobotics is multi-disciplinary , it is not unreasonableto expect hun-
dreds of modules especially as each capability may have multiple implemen-
tations from di�eren t institutions. Today, the CLARA ty software repository
contains over 400 modules, which includes hardware adaptations to half a
dozen platforms. Becauseany given application only exercisesparts of this
reusablesoftware repository, we usean automated processfor tracking mod-
ule dependenciesto hide the complexity of managing thesedependencies.For
example,checking out and building the robotic manipulation softwarerequires
modules for arm control, motor, tra jectory generator, and mechanism model.
It would not be necessaryto include other modules.

In a secondexample, a rover navigation component can use one of three
components for estimating the rover pose:wheel-odometry, visual-odometry,
or an inertial-based poseestimator. Depending on the desiredcapability, the
software checkout and build will be di�eren t for each con�guration.

Solution 3: De�ne a common vocabulary

Decomposing the systeminto modules and further into components de�nes a
common vocabulary that describesthe entities and their functionalit y. There
are two types of modules: generic and speci�c. Generic modules declare ab-
stract interfacesthat describe the languageof inter-module interactions. The
interactions of theseabstractions de�ne the genericframework. Speci�c mod-
ules adapt the abstractions and hence the framework to various algorithms
and platforms.

Example: Locomotor and stereovision

A locomotor module describesthe genericabstractions and interfacesfor mo-
bile robots. This module with its limited interfaceis generalenoughto support
any wheeled,leggedor hybrid robot. The more speci�c wheel locomotor mod-
ule provides a richer interface for all wheeledvehicles(Fig. 15).

An exampleof genericand speci�c modules relates to the stereovision ca-
pabilit y. A genericstereovision module contains the data structures and inter-
facesthat de�ne the stereovision capability. The speci�c stereovision modules
contain di�eren t stereovision algorithms that implement that interface. Each
stereovision implementation residesin its own module.

Solution 4: Avoid unnecessarycode duplication and overgeneralization

To keepthe complexity manageable,and to simplify the software, it becomes
necessaryto reducecode duplication asmuch aspossibleacrossdomains.This
raisesthe question of when it is appropriate to encapsulatea new algorithm
vs. refactor it to leveragea common infrastructure. The decision is often in-

uenced by non-technical factors involving the nature of the technology, the
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expertise necessaryto re-implement the algorithm, the return on investment,
and the long-term plan to support the algorithm as part of a common frame-
work. Becauseany reusablerobotic systemis doomedto becomeenormous,it
is necessaryto make the code repository complementary rather than duplica-
tiv e.

Identifying and refactoring common software elements acrossdomains re-
duces unnecessarycode duplication. Proper class design, however, should
avoid overgeneralizations,which leads to large abstractions that are hard to
maintain. As capabilities and modules grow, one would refactor classesand
split modules into smaller onesto maintain a manageablelevel of complexity.

Example: The Matrix class

To keep data structures maintainable, the Matrix class in CLARA ty in-
cludes only basic operations such as matrix data management (inherited
from N2D Array), addition, subtraction, multiplication, and scalar opera-
tions. It does not include functions such as Lower-Upper decomposition, in-
verse, pseudo-inverse, Cholesky factorization, and singular value decompo-
sition. These are implemented as separate matrix operations. We separate
the matrix module that de�nes the structure and basic operations from the
matrix op module that includes thesecomplex and mathematically intensive
operations. This keepsthe matrix module and the Matrix class light-weight
and simple and allows an Image class to derive from the Matrix class, thus
leveraging its basic matrix operations. So, if someoneneedsto use the Ma-
trix data structure, they do not have to always incorporate the software that
includes thesemathematically intensive operations.

3.2 Algorithm In tegration

Challenge: Di�eren t Programming Paradigms

There are two di�eren t programming paradigms that are usedto develop in-
telligent robotic software: declarative programming and procedural program-
ming. Declarative programming hasdominated software developed by the ar-
ti�cial intelligence communit y while procedural programming has dominated
software developed by the robotics communit y.

Rover . navi gat e_f r om_t o( Loc1,  Loc2)

Pr econdi t i ons : near ( Loc1, Loc2)
r over . has_power ( Loc1, Loc2)
r over . has_t i me( Loc1, Loc2)

Ef f ect s: r over . i s_at ( Loc2)

I f near ( Loc1, Loc2)  AND
r over . has_power ( Loc1, Loc2)  AND
r over . has_t i me( Loc1, Loc2)  AND

Then: r over . navi gat e_f r om_t o( Loc1, Loc2)

Procedural ProgrammingDeclarative Programming

Rover . navi gat e_f r om_t o( Loc1,  Loc2)

Pr econdi t i ons : near ( Loc1, Loc2)
r over . has_power ( Loc1, Loc2)
r over . has_t i me( Loc1, Loc2)

Ef f ect s: r over . i s_at ( Loc2)

I f near ( Loc1, Loc2)  AND
r over . has_power ( Loc1, Loc2)  AND
r over . has_t i me( Loc1, Loc2)  AND

Then: r over . navi gat e_f r om_t o( Loc1, Loc2)

Procedural ProgrammingDeclarative Programming

Fig. 2. Declarativ e vs. procedural programming
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Solution: Separate declarative and procedural programming into overlapping
layers

These two programming paradigms are quite di�eren t for building robotic
intelligence. In declarative programming, a programmer explicitly describes
the activities, models, and constraints but does not provide any program
logic (sequences,conditionals, and loops) that describesthe order of execution.
The program logic is automatically generatedand updated by a search-engine
that examinesall constraints and maintains a plan to order activities without
violating theseconstraints.

Conversely, procedural programming readily provides the program logic
that contains the order of execution using activit y sequencing,conditionals
and loops.The execution 
o w is only altered through conditionals, exception,
and dynamic binding. While declarative programming has in�nite 
exibilit y
in ordering activities compared to procedural programming, it requires com-
putational resourcesto generatethe program logic and explicit constraints on
all activities. In procedural programming, specifying the sequenceof activities
implies the order constraints. Fig. 2 shows a simple example using the two
programming paradigms.

Becauseof their fundamental di�erences in formulating program logic,
we recommendto separateand layer the two programming paradigms. The
declarative programming portion of the software is often referred to as the
decision layer while the procedural programming portion is referred to as
the functional layer. Where the two layers meet continues to be an active
area of research. An architecture where the two layers overlap provides the
developers the 
exibilit y to specify where they draw the line betweenthe two
layers.Becausedeclarativeprogramming is ideal for situations wherethe order
of activit y is lessconstrained (i.e. many activities can occur concurrently), it
tends to dominate higher levelsof the application software.On the other hand,
procedural programming dominates mid- and lower-level software controls,
which have a more constrained sequenceof operations.

Challenge: Lo osely- vs. Tigh tly-Coupled In tegration Mo del

Selecting the appropriate model for integrating algorithms largely depends
on the nature of the algorithms to be integrated. There are several models
for integrating robotic algorithms. Somemodels promote a looser integration
wherealgorithms are encapsulatedand wrapped into a framework, while other
models promote a tighter model where algorithms are refactored to share a
common infrastructure.

Solution: Support di�er ent levelsfor algorithm integration

Using a tightly-coupled integration model, where data structures are consis-
tent, is more e�cien t and scalable than using a loosely-coupledmodel. In
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a loosely-coupledmodel where algorithms are encapsulated,data structures
have to be converted to the format used by the algorithms. This is partic-
ularly di�cult when memory is manageddi�eren tly between the framework
and the algorithms. Encapsulating algorithms results in redundancy and in-
consistencyin data representations among components, which can be subject
to misinterpretations. It alsoleadsto larger codebases,which canbe harder to
debug. However, using this model, algorithms are easierto develop at remote
institutions sincethe model imposesfewer constraints on developers who can
integrate subsystemsfairly quickly for proof-of-conceptdemonstrations. But
the resultant systemis often fragile, hard to maintain, and doesnot scalewell
as the system evolves.Integrating using a loosely-coupledmodel is appropri-
ate when the interface is small and the information to be exchangedis limited.
The more sophisticated algorithms would require a tighter integration model
and a sharedinfrastructure.

Using a tightly-coupled integration model wherealgorithms are refactored
or implemented against a framework leads to more e�cien t implementations
that are internally consistent and easier to debug. However, they require a
commitment to a given framework making the algorithms framework depen-
dent. Therefore, such a framework has to be widely acceptedand available,
mature and stable enoughfor developers to adopt and use.

Example: Advanced navigation

Considera navigation algorithm that usesthree-dimensionalinformation from
its stereovision sensorsto select paths that avoid obstacles.An implementa-
tion of such an algorithm for indoor navigation would only need kinematic
information about the robot (robot dimensionsand types of maneuvers the
robot is capable of). A more sophisticated version of this algorithm for use
in rough outdoor terrain would also need to incorporate real-time dynamic
information from the system.So,asalgorithms increasein sophistication, the
information and its 
o w get more sophisticated requiring a richer interface.

Challenge: Redundan t Data Structures

Becauserobotics brings together many domains, software packagesare often
developed for these domains independently . Bringing together domain pack-
agesresults in a duplication of data structures.

Solution: Maximize reusethrough a cross-domainperspective on data
structure classes

Take a global perspective to sharecommon data structures to reduceunnec-
essarycode duplication and reduceoverall complexity. Common structure can
be refactored into baseclassesthat are cross-domain.Robotics software covers
di�eren t domains such as motion control, locomotion, manipulation, vision,
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estimation, planning, scheduling, resourcemanagement, and health monitor-
ing. The locomotion, manipulation, vision and estimation domains require
similar math and coordinate transformation infrastructure.

Data structures canbegeneral-purposeor domain-speci�c. General-purpose
structures are reusablebeyond the scope of robotics applications. The Stan-
dard Template Library provides an example of general-purposedata struc-
tures. Domain speci�c data structures include math (matrices, vectors,points),
rotation matrices,quaternions, transformations (homogeneousand quaternion
transforms), point clouds,paths, fuzzy sets,and soon. Decomposingsoftware
into entities that share a common infrastructure enablesa more integrated,
e�cien t, and consistent data 
o w acrossthe system.

N2D_Array

Element_Type

Matrix

Element_Type

Image

Pixel_Type

RGB_Image

Pixel_Type

2

Grid_Map

Cell_Type

Plane_Fit_Map

Cell_Type

Goodness_Map

Cell_Type

N2D_Array
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Matrix

Element_Type

Image

Pixel_Type

RGB_Image

Pixel_Type

2

Grid_Map
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Cell_Type

Goodness_Map

Cell_Type

Fig. 3. Data structure abstractions

Example: The Array hierarchy

Fig. 3 shows the array hierarchy that is usedin CLARA ty . Several data struc-
tures use two-dimensional arrays. As a result, we de�ne a base N2D Array
class to manage the contiguous storage of two-dimensional information. It
provides functions to allocate, resize, retrieve rows and columns, accessin-
dividual elements, manage sub-arrays, serialize and display the contents of
the array. Array elements are not assumedto be numeric. A Matrix classex-
tends the Array classto include numerical operations. Managing the storage
of the Matrix elements is handled by the N2D Array class.The Image class
extends the Matrix classto include image speci�c functions such as pixel in-
terpolation. Another set of classesthat extend the Array classis the Grid and
Plane Fit Map classesthat are used for navigation. These classesare two-
dimensional arrays whoseelements are complex types: the Grid Cell and the
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Plane Fit Cell respectively. This example shows how the vision package, the
navigation package,and the math packageall sharea common data type.

Challenge: Di�eren t Represen tations of Information

In robotics, there are multiple ways of representing the same information.
Algorithms developed in isolation will most likely usedi�eren t representations
of information. Without agreement on these representations, algorithms will
be required to deal with these conversions in an ad hoc manner, leading to
loosely integrated and ine�cien t software.

Solution: Use generic programming with templatesto support multiple
representationse�ciently

Becausea framework integrates multiple algorithms from multiple sources,it
needsto support di�eren t representations of information in its data structures.
Data structures haveto bee�cien t in dealingwith multiple representations, so
usingpolymorphism through inheritance to handlethe di�eren t representation
is neither e�cien t nor su�cien tly 
exible for mathematical types. Virtual
inheritance addsthe overheadof a pointer to the virtual table for every object
and cannot support inline functions, which are critical for e�cien t operations.
Instead, in theseinstances,usetemplate binding to provide both the e�ciency
and 
exibilit y. Fa�cadeclasses[GHJV95] can then be usedto provide a simple
interface to the user to develop against. The principle here is to provide a
wrapper fa�cadeclassto simplify usagewhile keepingthe underlying foundation

exible.

Rotation_Matrix

Element_Type

Transform

Element_Type

Rotation_Type

Quaternion

Element_Type

H_Transform Q_Transform

Element_Type Element_Type

Rotation_Matrix

Element_Type

Transform

Element_Type

Rotation_Type

Quaternion

Element_Type

H_Transform Q_Transform

Element_Type Element_Type

Fig. 4. Coordinate transformation classes

Example: Transforms

Wecandescriberigid body orientations usingmultiple mathematical represen-
tations such as:Euler angle, rotation matrices (i.e. direction cosinematrices),
or quaternions. Euler angles are described by three 
oating-p oint numbers;



12 Issa A.D. Nesnas

rotations by 3 � 3 matrices; and quaternions by a scalar and a 3 � 1 vector.
Theserepresentations have di�eren t characteristics in terms of e�ciency and
easeof use/understanding. Conversion between them is both ine�cien t and
error prone. This is especially true when dealing with their covariances.

Orientation is an integral part of a coordinate transform that consistsof a
translation and an orientation. Transformscanuseany orientation representa-
tion. To represent that in software, we develop a transform asa template class
of two types: rotation type and element type. The latter de�nes whether the
elements usesingle- or double-precision
oating-p oint numbers. Fig. 4 shows
the relationship between the Transform class and the Rotation Matrix and
Quaternion classes.

A transform that usesa rotation matrix for its orientation is calleda homo-
geneoustransform. A transform that usesa quaternion is then called a quater-
nion transform. A homogeneoustransform is mathematically represented as
4 � 4 matrix with the 3 � 3 rotation matrix and a 1 � 3 translation vector.
Quaternion transforms do not have an equivalent mathematical representa-
tion. However, thanks to operator overloading, we can think of quaternion
transforms as mathematical equivalents to homogeneoustransforms. These
specializedtransform classesare derived from the template transform classby
binding their rotation typesto the corresponding orientation class:the quater-
nion transform binds to the Quaternion classand the homogeneoustransform
binds to the Rotation Matrix class.This way both typesof transforms share
a 
exible templatized core without exposing usersto the complexities of the
template implementation.

Challenge: Generalized In terfaces

Once the proper decomposition of modules and classeshas beende�ned, the
next challengewould be the designof the classinterfaces.De�ning proper in-
terfacesis not a trivial task. Generic interfacesneedto be stable and mature,
but that can only be accomplishedby exercisingtheseinterfacesacrossa num-
ber of heterogeneousrobotic platforms over several years.It is the maturit y of
the classdecomposition, inter-object communication and classinterfacesthat
de�ne the system'sarchitecture.

Solution: De�ne comprehensiveinterfaces

Each classneedsa complete set of interfacesfor application developers to ef-
fectively useit. Minimal interfacesare often insu�cien t. Common baseclasses
for certain types simplify the interface de�nition of many functions. Devices
that represent physical components such asmotors, sensors,instruments, and
manipulators derive from a base Device class. This enables the connection
of multiple instruments on a robotic arm where the end e�ector is of Device
type.

When crafting a generalizedinterface, it is often the casethat neither the
union of all possiblecapabilities nor the intersection of such capabilities (least
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common denominator) is satisfactory. The solution often lies somewherein
between. In somecases,it is necessaryto split the interface into two distinct
units and lose the abilit y to interoperate between the two. This occurs when
it is necessaryto highlight the di�erences betweenplatforms rather than their
commonality. Trying to �nd the singleuni�ed interface can sometimeslead to
undesirableover generalizations.

Example: Locomotor and manipulator interfaces

It is insu�cien t to provide only movefunctions for a wheeledlocomotor class.
Additional functions are necessaryto control the overall speed and acceler-
ation of the moves as well as stop the robot under normal and emergency
conditions. We also need to have functions that accessthe locomotor's state
(moving, stopped, or goal accomplished)and query for the actual speedand
acceleration.All thesefunctions are necessaryto support the movecapability.
Further extensionsmay also include selecting the point on the robot's rigid
body to control (as opposedto the default center of mass).They also include
de�ning functions to move the rover along paths as opposedto goal-directed
moves. Therefore, it is necessaryto provide a complete set of interfaces to
support a single functionalit y such as move.

One limitation of genericinterfacesis the ambiguit y they may yield. Con-
sider the example of a four degree-of-freedom(DOF) arm where the three-
dimensional position of the end e�ector can be speci�ed but with only one
degreeof orientation. A genericmanipulator interface would have to support
the more generalpose(x; y; z; r oll ; pitch; yaw). If the genericinterface is used
to passinformation to a limited degree-of-freedomarm, then a schemehas to
be developed to handle the additional degreesof freedom. One may choseto
report an error, ignore theseextra terms or achieve the best that the limited
DOF arm can do.

Challenge: Unstable In terfaces

Changesto the generic class interfaces reduce the stabilit y of a framework
and impact all applications that use the interface. Semantic changescan be
checked at compile time, but behavioral changesare harder to manage.

Solution: Use complex data types to stabilize interfaces

While a complete stabilization of interfaces in a generic robotic framework
may not be feasible,there is a strong needto minimize the impact of software
changeson the generic interfaces. Using complex data types as opposed to
primitiv e typessigni�can tly improvesthe stabilit y of the interfaces.Complex
data types hide the details of the implementation allowing the interface to
be described using higher-level abstractions. The design of the data types,
therefore, becomesof critical importance. The hierarchy of the data types
determineswhat typescan be usedinterchangeably.
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There is no single data structure that dominates in a generic framework.
While overgeneralizing interfaces to use a single common type provides the
most 
exibilit y, it defeats the purpose of a strongly-t yped system. Strong
type-checking is critical to ensurecompatible interfacesand eliminate errors
that result from the mapping of di�eren t primitiv e types. Without strong
type-checking at the interfaces,changesto data structures cannot be properly
managed.

Example: Camera interface

A Camera classhas an interface to acquire an image. The interface can use
the raw image data as follows:

camera.acquire(c har * data, int nrows, int ncols)

or it can usean Image classto hide the details of the image implementation
as follows:

camera.acquire(I mage & image);

In the former case,adding a �eld to the image, such as image o�set, impacts
the acquire interface causing it to be changedto:

camera.acquire(c har * data, int nrows, int ncols,
int srow, int scol)

However, such a changedoesnot impact the latter implementation because
that changewould be encapsulatedin the Image classand will not be visible
in the cameraacquire interface.

3.3 Arc hitectural Mismatc hes

Unlessdeveloped against a framework, robotic software components are likely
to have architectural mismatches with the frameworks into which they will
be eventually integrated. Consider, for instance, a framework that does not
time-stamp measurements collected from various devices. Now consider an
algorithm that collects data asynchronously and requires time-stamped mea-
surements. If the underlying framework doesnot support time-stamped mea-
surements, we have an architectural mismatch. Similar situations occur when
an algorithm requires high bandwidth information that may not be available
on someplatforms.

Another issueis with components that integrate orthogonal functionalit y
into a singlemodular unit. This intro ducesarti�cial coupling of functionalities
driven by a speci�c implementation. While such coupling may optimize local
performance,this often comesat the expenseof global optimalit y.
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Challenge: Mixing Units

Errors that result from mixing units can lead to catastrophic failures. When
integrating heterogeneousalgorithms from multiple institutions, it is impor-
tant to pay careful attention to the inter-mixing of units.

Solution: Use a consistent representation of units

One possiblesolution is to develop algorithms and models that strictly use
the SystemeInternationale (SI) units. This will certainly reduce the overall
complexity, which is quite important in robotics. Allowing for a mix of units
would otherwise require the useof tools and techniquesto ensureproper unit
conversion.

Several packageshave been developed that use template-basedclassesto
do unit checking at compile time. However, the useof unit conversiontools has
somelimitations and may give a falsesenseof assurance.This is particularly
evident when dealing with larger data structures.

Another consideration for units is to keep the internal representation of
units consistent, while supporting mixed units in the input and output �les.
This localizes the portions of the code that have to deal with mixed units
to those handling �le I/O operations, which freesup the rest of the software
from having to deal with mixed units.

Example: The Image class

Consider a range image. It is desirable to have a single unit attached to an
entire image as opposed to units for individual pixels, which would double
the size of an image. However, when doing pixel-based operations such as
projecting a pixel to its three-dimensionalworld location, that pixel needsto
ensurethat it retrievesthe proper units from the imageprior to any geometric
computation. The complexity of adding compile-time unit checking and the
risk that will result from the misuseshould be weighed against the bene�ts
of unit checking. But whether one choosesto adopt such a framework or use
a units standard, that decisionhas to be made explicit.

Challenge: Represen ting Uncertain t y

One of the primary challengesrobots face is dealing with the uncertainty of
the environment they operate in. Representation and reasoningabout uncer-
tainty is of primary importance. However, becausedi�eren t algorithms may
usedi�eren t representations of uncertainty, interpreting uncertainty becomes
quite complex.

Another challenge relates to the assumptions and approaches that algo-
rithms use.An algorithm for an industrial robotic arm, where precisemotion
and machined �xtures are expected, may handle uncertainty di�eren tly from
that of an arm mounted on a rover operating in an unknown environment.
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Solution: Use templatesto representuncertainty

To handle estimates and their uncertainties properly, use special template
classeswhere the template arguments represent both value and its uncer-
tainty as: Estimate<Type,U ncert ain ty _Type>. While this provides a data
structure to capture the data representation, it does not addresshow this
data is interpreted.

Functions that reasonabout systemuncertainty, which are primarily used
in estimation, need to use these template constructs to pass information
around. Even though the majorit y of robotic applications use a Gaussian-
baseddistribution, there are other distributions that algorithms use.

Example: Pose uncertainty

In its simplest form, a single variable such as a rover's heading can be rep-
resented by an estimate with a mean and a variance. This assumesa prob-
abilit y density function with a Gaussiandistribution. Both the heading and
the variance can be represented as single 
oating-p oint numbers. A rover's
(x; y) position with crosscorrelation between its x and y values will have a
2 � 2 covariance matrix to represent the cross-correlation terms of x and y.
So, an Estimate<double, doubl e> is used for a single-valued estimate, and
an Estimate<Vector,M at rix > is usedfor a vector and its covariance.

Challenge: Di�eren t Time Represen tations

Algorithm implementations may have di�eren t representations of time. They
may also make di�eren t assumptionsabout information 
o w, which have to
be reconciledwith the framework.

Solution: Use abstract clocks and timers

To managetime, interface the software to clock abstractions as opposed to
interfacing directly to the real-time clock. While it may not be quite obvi-
ouswhy managing time is critical for robotic applications, this becomesquite
evident when robotic control software is interoperated betweenreal and simu-
lated platforms. On real platforms, it is natural to tie the systemclock to the
real-time clock. However, when the samesoftware is run against a simulator,
a number of options becomeavailable. Robotic control software has now the
option to run faster or slower than real time. It canalsocontrol the stepping of
a simulator's clock, enabling the useof otherwisecomputationally prohibitiv e
control algorithms.

Timers attach to clocks and provide the abilit y to set, reset and advance
time. Tying timers to Clock abstractions keepstime management consistent
within a robotic system. Timers are used for measuring time intervals for
tra jectory generatorsand planners.
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In robotic control applications, barring some exceptions1, time can be
largely used in a relative rather than an absolute sense.A robot needs to
know the duration of its functions and activities. Absolute time comesinto
play when planning a day's worth of activities.

Representing time-values also require some attention. To ensure precise
time representation, people use integers to represent absolute time. A single
64-bit integer is insu�cien t for absolute time measurements of microsecond
precision over decades.Therefore two such integers are necessary. However,
mathematical operations will require conversion of such integral values to

oating-p oint numbers. Since the majorit y of time in robot control software
is relative, a single integer or a double precision 
oating-p oint representation
may be su�cien t.

To avoid inconsistenciesin time representation and to avoid improper mix-
ing of real-time and simulated time, a framework needsto developa consistent
set of thesetime-basedabstractions.

Challenge: Managing Perio dic Activities

A single runtime model is often insu�cien t to handle all aspects of a robotics
system. Robotic systemsrequire both synchronous and asynchronous execu-
tion of di�eren t activities. Someactivities have to run periodically at di�eren t
frequencies.Activities needto be synchronized with other activities. Manag-
ing periodic activities can be challenging especially as its execution depends
on the underlying operating system.

Solution: Use Periodic Thread and Periodic Object abstractions

Using Periodic Thread and Periodic Object abstractions provides a consis-
tent way of handling periodic executionacrossa system.The Periodic Thread
(task) usesthe aforementioned time-basedabstractions in its implementation.
It is responsible for creating a thread and scheduling the periodic executionof
registeredactivities. It alsochecks the duration of each activit y in order not to
exceedthe assignedinterval. The Periodic Thread classcan only register ac-
tiv e objects. Activ e objects inherit from the Periodic Object baseclass,which
de�nes a single pure virtual executemethod. Activ e objects then implement
this executemethod.

The periodic thread usesthe time-basedabstractions and the thread ab-
straction to be independent from the underlying operating system. However,
if the operating system is a soft real-time, then the periodic thread will only
achieve the desiredfrequencyon average.Recordingexecutionstatistics about
the duration of the activities and the number of skipped activities provide nec-
essaryinputs on the performanceof the system.

1 Sun sensorsare used to determine a rover's absolute heading using the sensed
location of the sun in the sky together with ephemerisdata and knowledge of the
absolute time of the day.
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A robotic system typically has a number of concurrent periodic threads.
These include periodic updates to motor controllers, tra jectory generators,
closed-loop locomotor controllers, and poseestimators. Theseperiodic threads
may run at di�eren t frequenciesdepending on the application and hardware
con�guration.

Challenge: Run time Mo dels are System Dep enden t

Runtime models de�ne the processesand threads that are concurrently run-
ning in the system. Becauseof the variabilit y in hardware architectures and
becausefunctionalit y can be migrated to embedded processors,the runtime
modelsfor softwarechangewith each platform. Furthermore, both the content
and pathways of the information 
o w changewith various deviceand system
con�gurations, as well as with di�eren t application programs.

Solution 1: Separate generic from speci�c runtime models

It is necessaryto separatethe genericruntime models from the speci�c ones.
Speci�c runtime models are system dependent. Therefore, it is necessaryto
encapsulate these models. The generic and speci�c runtime models should
complement one another to maintain the sameabstract behavior.

Example: Motor control

Somesystemsusemotion control chips to servo the motor and generatelocal
tra jectories while others do so using software (Fig. 8). The behavior of the
Motor classafter attaching to either adaptation should remain the same.How-
ever, the runtime model for each will be di�eren t. In the �rst case,where the
servo loop and tra jectory generation are done in hardware, the motor adap-
tation communicates with the controller chip to send tra jectory parameters,
set control parameters, and retrieve motor information. In the secondcase
where the motor control is done in software, an additional thread is necessary
to periodically compute the tra jectory set-points and servo control outputs.
The control rate is set by the user.

While these two systemshave di�eren t threading models to match their
control architectures, their abstract motion control behavior should remain
the same.The implementation details would be hidden from a person trying
to develop a manipulator or a locomotor.

Someruntime models, however, can be generic.Consider the motor state
machine shown in Fig. 5. This state machine is generic for all controlled mo-
tors. It is a hierarchical state machine with parallel states for the motor. The
state diagram shows that the motor can either be in a MOVING or NOT
MOVING state and at the sametime be in a SERVOING or NOT SERVO-
ING state. For instance, the motor can be in the NOT SERVOING state and
the MOVING state at the sametime if the motor moves as a result of ex-
ternal forcessuch as gravit y pulling on a robot placed on a slope. From any
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Fig. 5. Motor state machine

of these states, the motor can go into a fault state, which is followed by a
transition to the recovering state beforeresumingnormal operations. Such an
implementation residesin the genericMotor classand describesthe operation
modes of the controlled motors. Adaptation of the generic Motor class can
extend the state machine to include the specializedmodes for the particular
hardware component.

Solution 2: Encapsulateruntime models

It is not uncommon to o�-load the processingof a computationally intensive
algorithm to a separateprocessor.So, what does this mean for the software
system? Since the component interactions are through class interfaces and
since the run-time models are encapsulated,we can relatively easily o�-load
the implementation without impacting the rest of the software.

Example: Remote terrain analyzer

Fig. 6 shows the navigator class,which is one of the robot's behaviors. This
classaggregatesa locomotor and an action selector. The action selector can
either use a grid-based representation of the world or a vector-basedone.
The grid-basedrepresentation that usesa terrain evaluator is computationally
intensive becauseit operates on large data sets. As a result, the grid-base
selectoris a good candidate to o�-load to a separateprocessor.The framework
then implements a specialized grid-basedselector that is a proxy to the real
implementation. This proxy class is responsible for transferring the terrain
and mechanism information to a remote grid-based selector, which in turn
computes the data and returns the information to the proxy. The proxy and
remote objects can use any communication protocol to exchange the data.
However, the implementation is encapsulatedsuch that the grid-basedselector
and the rest of the navigator classesdo not needto know wherethe processing
is taking place. Migrating functionalit y from oneprocessorto another will be
seamless.This is true with the exception of the initialization step that will
require a de�nition of where computation occurs.
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Fig. 6. Navigation abstractions

Challenge: Synchronous and Async hronous Mo dels

The primary challengethat arisesbetweencentralized and distributed systems
is in the nature of information 
o w. In a centralized system,information 
o w is
easily synchronized, while in a distributed peer-to-peer network, information

o w and processingis asynchronous. A distributed system in a master/slave
con�guration is closer to a synchronous system.

Solution: Enable forward processingwith constructs to synchronize activities

To ensurea responsive system, device objects must be thread safeand func-
tions must support non-blocking modes. Move functions that do not block
enable resumption of processing(i.e. forward processing)during a motion.
However, it is necessaryto provide control over the forward processing.There-
fore, we need a function that can block on conditionals such as the percent
completion of a move.

Example: Motor thread model

Fig. 7 shows two possibleruntime models for the Motor class.The function
wait_until_done( %) is used to control when the rest of the sequential pro-
cessingcan continue. In the �rst scenario, the motor is asked to change its
position immediately, then wait until the motion is 45% completebeforecon-
tinuing to processthat thread. At that instance, the thread blocks until that
condition is met and then resumesexecution. The motor continues to move
while the motor classreadsthe current position. In the secondscenario,there
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are two threads that communicate with a single instanceof the class.The �rst
thread issuesa change in position and continues processingother functions.
The secondthread, which runs in parallel, queries the sameMotor instance
for the current position. The Motor class supports this parallel interaction
and managesthe communication link that ties it to the physical hardware.

Challenge: Shared Resources

A robotic system has a number of shared resourcesthat need to be man-
aged. Di�eren t resourcesmay need to be manageddi�eren tly depending on
the urgency of the request for these resources.Shared resourcesin a robotic
systeminclude all sensors,actuators, hardware buses,digital and analogI/O,
power, memory, and computational time. Multiple applications (clients) re-
quire concurrent accessto shared resourcesfor controlling various aspects of
a robot.

Solution: (1) Protect data integrity using guards; (2) use reservation tokens
to managedevices; and (3) manageactivities with a global planner

Concurrent accessto data requires the proper use of guards to protect data
integrit y. Onecanuseseveral mechanismsfor multi-threaded inter-object com-
munication. Critical sectionsare easyto implement but can only be usedwhen
the protected operations are very limited in scope and are time bound. Crit-
ical sectionsdisable system interrupts and can impact the responsivenessof
the operating system. For small data structures, messagequeuesare used.
They require a copy of the data, but for a single consumer,such an overhead
is acceptablefor relatively small data structures. However, this can be quite
costly for larger data structures such as images. In such instances, private
member data are read and written using proper thread-safe read and write
guards.
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The above mechanisms can be used to manageresourcesat small time-
scalesthat require fast context switching. However, using a resourcefor larger
time-scales requires additional 
exibilit y for managing these resources.For
large time-scales,one can use reservation tokens where only one client can
control a particular device. Only the client that has the token can command
that device. However, multiple clients can query the device for information.
Overriding reservation tokensis also necessaryfor handling emergencycondi-
tions.

Example: Shared camera

Consider a rover with two stereo camera pairs: one mounted on the front of
the rover body while the secondis mounted on an articulated pan/tilt mast
head (seeRocky 8 in Fig. 1). The rover can acquire imagesand track targets
from the articulated mast headindependent of what the rover navigator does.
These two applications use di�eren t camerasand mechanisms (mobilit y vs.
mast pan/tilt). However, both algorithms sharea FireWire bus and a motion
control bus. Managing these shared resourcese�cien tly provides a system
where the two applications can operate in parallel.

Additionally , algorithms that operate in high-speedrobotic systemrunning
concurrent activities must addresscomputational latency to ensurecorrect be-
havior. A high-speedmobile robot running visual poseestimator in continuous
mode needsto handle the latency betweenthe time the data is acquired and
the time the estimate is computed. In such situations, an additional step is
necessaryto compensatefor the changesin rover state to produce the most
accurate information about the robot's pose.

3.4 Soft ware E�ciency

Challenge: Soft ware E�ciency

Developing e�cien t algorithms using a generalizedframework can be quite
challenging. No onewants to trade performancefor generality. Generality and

exibilit y may seemat odds with performanceand memory e�ciency . Despite
the continued increasein available computational power and communication
bandwidth, it is necessaryto keepthe performanceof the genericsoftware as
closeas possibleto a custom solution.

Solution: (1) Use common data structures; (2) use templatesfor math; and
(3) use inline functions

An application framework must pay particular attention to avoiding unnec-
essarycopying of data when exchanging information among modules. This is
particularly important when using component/connector style interfaces.The
framework can also avoid accidental complexities that arise from isolated de-
velopments, which require transforming data from oneform to another. Many
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techniquessuch ascommondata structures, the useof templates for low-level
classes,and the use of inline functions can provide abstractions without the
run-time overhead.

3.5 Multiple Op erating Systems and Tools

Challenge: Hard vs. Soft Real-time

Many challengesstem from the di�erences in the runtime architecture of pro-
cessesand threads that are used in current operating systems.Furthermore,
some operating systemsprovide hard real-time scheduling guarantees while
others provide soft real-time performance.

Solution: Use standard tools for operating systemindependence

To make the robotic software portable, it is necessaryto build the software
for di�eren t hardware architectures, operating systems,and compilers. This
processalsoimprovessoftware reliabilit y by eliminating nuancesspeci�c to an
architecture, an operating systemor a compiler. Third party packagessuch as
POSIX and ACE (Adaptiv e Communication Environment) develop standards
that cope with di�erences in operating systems.Proper handling of little and
big-endianness,and the use of ANSI standards for compiler support ensure
robust and portable software.However, the costof developingand maintaining
portable software has to be taken seriously into account. Another important
aspect of this is the abilit y to transition from hard real-time operating system
such as VxWorks, RTAI Linux, or Integrit y, to soft real-time systemssuch as
Linux, Solaris, Mac OS X, or Windows.

4 Hardw are Variabilit y

4.1 Hardw are Arc hitectures

Challenge: Di�eren t Hardw are Arc hitectures

While at �rst, it may seemthat adapting abstractions directly to hardware
components is all that is necessaryto interoperate acrossrobotic platforms,
this assumesthat the hardware on the various platforms is similar in archi-
tecture. This is rarely the case.Most robotic systemshave di�eren t hardware
architectures. On one end of the spectrum, there are robots that use a cen-
tral processorto generatethe motor control laws, motor tra jectories, and run
the application software. Such systemshave their analog and digital signals
mapped to memory registers on the central processor,which makes the de-
velopment of software relatively easy (seeFig. 8). They are very 
exible for
changing the control laws and coordinating motors, but they lack hardware
modularit y and can be hard to extend and repair. On the other end of the
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spectrum, there are systemsthat migrate much of their control to �rm ware
in distributed nodesin order to improve modularit y and reducethe load and
real-time requirements on the central processor.They communicate with each
other via formatted data streams sent over serial buses.Other systems fall
somewherewithin this spectrum.

There aresimilar di�erences in imageacquisition and inertial sensinghard-
ware. Somesystemsuse high-quality analog cameraswith centralized image
acquisition boards (frame grabbers) while other systemsuse digital cameras
connectedthrough a serial bus (FireWire or USB). Inertial sensorscan either
be analogsensorsintegrated through a central processoror an integrated unit
that communicates to a processorthrough a serial interface. A generalframe-
work must be su�cien tly 
exible to handle these variations in the hardware
control architectures, which has signi�can t impact on information 
o w and
synchronization.

Solution: Use hierarchical multi-level abstractions

Develop multi-lev el abstractions to allow adaptations to interface to hardware
at di�eren t levels. Di�eren t robots have di�eren t levels of hardware sophisti-
cation where somelocal intelligence may be embedded in distributed micro-
controllers. Others may have inaccessibleembeddedprocessorslimiting access
to only higher-level interfacesfor controlling the robot. Simulations also need
similar multi-lev el accesssince each simulation may only support certain �-
delity levels. Somemay have full dynamics and devicesimulation capabilities
while others may only simulate kinematics and approximate device models.
In somecases,it may also be desirable to lower the �delit y level to speedup
the simulation. For example, in a rover simulation, one may interface at the
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locomotion level to simulate rover kinematic motions bypassing the need to
simulate wheel dynamics.

Examples:(1) Multi-level accessto a locomotor; and (2) migrating
functionality to hardware

Fig. 9 shows a locomotion example that provides accessto hardware and
simulation at various levels of abstraction. At the lowest levels, the control
software interfaces to hardware or simulation using basic analog and digital
I/O signals. A higher level would be to interface through a serial bus where
information is exchangedthrough formatted data packets as opposedto tog-
gling I/O signals.At an even higher level, the software interfacesto a motor
adaptation that understands motor commands.Higher levels include an in-
terface to a group of coordinated motors, a wheeledlocomotor, or a general
locomotor.

Such examplesnot only occur with custom-built robots, but also when
interfacing to commercial-o�-the-shelf robots. Consider a commercial robot
that does not provide accessto individual motors. The manufacturer may
provide a software layer with an interface to only control the robot's motion.
Thence, the concept of a motor is hidden in a layer that is inaccessibleto the
user. Such a system will have adaptations at the locomotor level providing
only accessto the locomotor interface as opposedto the motor or I/O level
interfaces.

To illustrate the point of migrating functionalit y into hardware, consider
a robot with the stereo camera pair. This robot can acquire images syn-
chronously from these cameras.A stereo processorclass takes these camera
imagesas input and outputs a depth map. This algorithm is implemented on
the main processorand usesthe imagesacquired by the camerasto generate
a third depth image. While the stereo processorcomponent in this example
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is a purely software component that does not interact with hardware, an-
other stereoprocessorcomponent on a di�eren t system can achieve the same
capability in hardware. In the latter case, the stereo processingcapability
is migrated to a microprocessorthat directly interfaces to the cameras.The
stereoprocessorsoftware component, in this case,is merely an adaptation to
a hardware devicewhile in the former casethe hardware adaptation is at the
cameralevel as opposedto the stereoprocessorlevel.

Challenge: Hardw are Devices with Multiple Functions

What often complicatesmatters is when a hardware component providesmul-
tiple orthogonal functionalities. This is often the casewhen a robot system
usesdistributed processors.A capable micro-controller as the one shown in
Fig. 8(right) not only provides motion control but also provides generalpur-
poseanalogand digital I/O. To complicate things further, someof theseanalog
and digital channelscan be connectedto other devicesand instruments in the
system.What we end up with is a systemwhere devicesthat are logically de-
coupled becomephysically coupled. In such cases,we have a sharedresource
betweenmultiple devicesbut which exists as a result of a given hardware ar-
chitecture. We have to handle the physical dependencyin a transparent way
to keepthe logical operation of devicesindependent.

Solution: Separate the logical architecture from the physical architecture

Decouple the logical architecture of the system from the physical hardware
architecture. The physical architecture describes how the hardware works,
while the logical architecture de�nes what the genericabstractions expect to
have. Instead of combining these two into a single hierarchy, we recommend
to separate them. An adaptation of the logical hierarchy would then bridge
logical hierarchy to the physical hierarchy making the mapping between the
two unambiguous. This adaptation classoften contains little code but clearly
showsthe logical to physical mappingsof functions. Mixing the two can lead to
a singleadaptation that is hard to understand, di�cult to maintain, and hard
to use in a specialized application that does not need the generic interface.
Developing a hierarchy that is purely hardware speci�c keepsthese drivers
independent of any logical hardware architecture. It also makesthe hardware
speci�c codeeasily testableand moreportable. This pattern appliesto motors,
cameras,digital and analog I/O, instruments, sensorsand other actuators.

Even though the hardware architecture imposesconstraints that result
from shared resources(e.g. sharing a bus or a processor), the software has
to manage these resourcessuch that the overall behavior results in an in-
dependent logical architecture. To clarify this point, consider an operating
systemthat provides a multi-tasking environment. The operating systemhas
a sharedresource:the processor.However, it provides the logical functionalit y
of parallel tasks even though at its core it managesa sharedresource.
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Constraints that result from sharedresourcesare managedlocally by spe-
cialized classes.This decoupleshigher-level software that controls logically
independent devicesfrom the physical classes.The coupling is handled by the
specializedclasses,which allocate and free up theseresources.

The assumption in the above model is that theseresourcesare neededfor
only short durations. There are situations, however, where the robotic hard-
ware may have severe constraints and cannot provide a logically decoupled
architecture. In such situations, the software can compensate to the best of
its abilit y for the missing or limited hardware functionalit y. This is similar to
graphics accelerationcards where software compensatesfor missing hardware
accelerationfunctions. Even though the overall performancewill degrade,the
software continues to operate. A similar example occurs in robotic motion
control. If a motor controller cannot generate a motor tra jectory to satisfy
the requirements of an application, instead of sending tra jectory parameters
to the controller, the application software sendslower-level motor set-points
to generatethe desiredtra jectory.
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Fig. 10. Logical architecture vs. physical architecture

Example: Motor logical vs. physical architecture

Fig. 10 shows the two classhierarchies. On the left hand side is the logical
hierarchy, which de�nes the generic motor functionalit y. While some func-
tions will be pure virtual, others will provide a default implementation. On
the right hand side is the physical architecture. In this example, the robot
usesthe LM629 motion control chip. The software driver for this chip can be
made genericby keeping the functions that read from and write to the chip
pure virtual. This enablesthe chip classto be specialized for di�eren t hard-
ware boards. The LM629 Motor classthat usesthis chip in a given hardware
board de�nes the communication interface. The Robot1 Motor class, which
inherits from the Motor class, aggregatesthe LM629 Motor controller. The
Robot1 Motor maps the physical LM629 Motor class to the generic Motor
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class.Becausethe LM629 Motor classdoesnot depend on the Motor class,it
can be tested independent of the generichierarchy.

4.2 Hardw are Comp onents

Challenge: Class Design

De�ning the proper classes,the interaction betweentheseclasses,and the or-
ganization of theseclassesinto modules is di�cult becausedi�eren t hardware
components exhibit di�eren t behaviors.
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Fig. 11. Motor abstractions

Solution: Separate the speci�c ation of "what" to do from the "how" to do it

The classicalapproach in a robotic design is to separatethe actuation from
the sensing(seeFig. 11). Using this approach, a framework would have a Mo-
tor Mover classand a Motor Sensorclass.The Motor Mover would command
the motor to move while the corresponding Motor Sensorwould read the en-
coder/p otentiometer feedback and convert the motor shaft position. Another
approach is to combine the two abstractions into a singleMotor classthat de-
�nes the capabilities and behavior of a controlled motor. Thesetwo approaches
are fundamentally di�eren t. The �rst decomposition does not abstract a ca-
pabilit y but exposeselements of the motor control. But the secondabstracts
the capability for controlling motors with a well-de�ned interface to enable
the specialization of this capability. The Motor classprovides only a partial
implementation of its functionalit y and behavior. The remaining functionalit y
is implemented inside specializedmotor classesthat adapt the Motor classto
hardware components or to devicedrivers.Adaptations of motor cover di�er-
ent typesof controllers including servo and stepper controllers, hardware and
software controllers, and controllers with di�eren t sensory feedback such as
optical encoders, magnetic encoders, or potentiometers. What is abstracted
is not how the motor is doing the control, but rather what functionalit y a
controlled motor provides.
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Challenge: Generalize Low-lev el Hardw are Comp onents

The main challengein generalizinglow-level hardware elements is maintaining
the e�ciency of a custom implementation.

Solution: Generalize hardware classesfor greater 
exibility

Even somehardware speci�c components can be properly generalizedto pro-
vide the necessary
exibilit y to replace individual hardware components for
low-level interoperabilit y. One may consider digital and analog I/O as hard-
warespeci�c components that cannot be generalizedor, if generalized,become
ine�cien t. Quite to the contrary , a large portion of digital and analog I/O
control code can be generalizedwith proper abstractions, inline functions and
templates to ensurea 
exible and e�cien t implementation. Much of the digi-
tal I/O software involvesbit manipulation and masking,which is independent
of the hardware.
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Fig. 12. Digital I/O abstractions

Example: Digital I/O classHierarchy

Digital I/O provides another examplewhere we separatethe logical from the
physical architecture. Generic digital I/O classesprovide the logical mapping
of I/O lines to the various instruments. The mapping of the I/O lines to the
physical I/O ports is done through the hardware-basedDIO Port class.The
DIO Port classde�nes methods for input, output, con�guration, and masking
that arepure virtual. This classservesasa baseclassfrom which the hardware
specialized ports are derived. Digital I/O boards often consist of a number
of hardware ports. These ports contain a number of I/O lines that can be
con�gured individually or as a group depending on the particular hardware
board. These I/O lines can be con�gured as input, output, or tri-stated as
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both input and output. Fig. 12 shows the main DIO class,which aggregatesa
single DIO Port. This pattern is known as a bridge pattern [GHJV95], which
enablesboth the DIO class and the DIO Port class to be specialized. This
allows inheritance along two axes: the functional (logical) axis by extending
the DIO classand the hardwareaxis by extending the DIO Port class.Higher-
level software now has the 
exibilit y to control the digital I/O without being
tied to any given hardware board or driver. With this design,we can replace
any digital I/O board and re-map the I/O lines without changing to the
application software.

The DIO class handles only contiguous bits. There are situations, how-
ever, where non-contiguous groups of bits needto be grouped and controlled
synchronously. We handle theseusing the Composite DIO classthat both in-
herits from and usesthe DIO class.The Composite DIO classtreats disparate
DIO lines asa contiguous block of bits. It managesthe splitting and grouping
of bits to re
ect the physical mapping of these I/O lines to hardware ports.
Inheriting from DIO forces the Composite DIO to be of the sameDIO type
making their objects interchangeable.Aggregating the DIO classenablesmul-
tiple DIO objects in the Composite IO. This pattern is known asa composite
pattern [GHJV95].

Challenge: Class Flexibilit y and Extendibilit y

Becauseweareproposingto developa genericframework, the classesand their
interfacesneed to be su�cien tly 
exible and rich in functionalit y to support
the di�eren t use cases.This can lead to more complex classhierarchies that
can be hard to extend and maintain.

Solution 1: Balance 
exibility with maintainability

Despite the need for generality and 
exibilit y, it is sometimesnecessaryto
sacri�ce 
exibilit y for simplicit y and improved maintainabilit y. The challenge
is in de�ning the proper level of 
exibilit y to match the requirements without
adding complexity.
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Fig. 13. Extending motor class functionalit y



Title SuppressedDue to Excessive Length 31

Example: Joint specialization of Motor

Considerthe motor examplethat wehavepresented earlier. The genericmotor
classgets specializedto a hardware adaptation. By specializing the motor to
hardware, we can no longer extend its functionalit y. If we derive a joint from a
motor, we then have to specializethe joint to the samehardware adaptation,
thus duplicating the motor hardware adaptation. We can solve this problem
using the bridge pattern [GHJV95]. Using this pattern, a new implementation
class called Motor Impl is created as shown in Fig. 13(a). The Motor class
aggregatesthe Motor Impl class. Now both Motor and Motor Impl can be
extended. A joint can now be derived from Motor to provide limit checking
on the joint motions. This way a robot can usethe unrestricted Motor objects
for its drive wheelsand the motion-constrained Joint objects for its steering.

While this seemslike a reasonablesolution to the problem, it has some
drawbacks. First, all state information has to reside in the Motor Impl class
to be accessibleto its adaptations. The Motor class would then becomean
abstract class.Second,every time we add a new function to the Motor Impl
class,we alsohave to add the samefunction to the Motor class.This structure
can be hard to maintain if all devicesin the system use this pattern. Third,
this becomesparticularly di�cult when the Motor classderivesfrom a generic
Device classand the Motor Impl classderivesfrom the Device Impl class.

In such cases,it may be easier to restrict device classes,such as motor,
camera,and IMU from functional extensions.In this case,a Joint classhas to
aggregatea Motor object asopposedto inherit from it asshown in Fig. 13(b).
What is lost here is that a Joint object is no longer of type Motor because
it doesnot inherit from the Motor class.The Joint classwould have to then
rede�ne the functions that need to override the motor moveswith onesthat
contain limit checking. The Joint classcanalsoreturn a referenceto the Motor
to accessto the rest of the functionalit y.

Solution 2: Group hardware devices into hardware maps

Becausedi�eren t deployments of genericrobot software require di�eren t hard-
ware maps, it is important to group the hardware components into a sepa-
rate classthat managesthe system'scon�guration. An abstract factory class
[GHJV95] can serve as a robot device map. A specialization of the device
map creates the appropriate objects using the hardware specialized classes.
For example, if the software is deployed on the physical hardware, then the
motor, cameras,digital and analog I/O classesuse their physical hardware
components. If the same robot software is deployed in a simulation, then
thesedeviceswould usetheir simulated counterparts.

Challenge: System State

System state is unique to each robot. In most complex systems,state is dis-
tributed throughout the system in its various microprocessors.The state in-
formation in thesecontrollers can be retrieved, but there is often a limitation
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on the rate and the latency of this information. Someinternal states might
not be directly accessible.
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Fig. 14. Dealing with state and state machines

Solution: Encapsulatestates in the hierarchies

To support heterogeneousrobotic platforms, state information should be han-
dled in a hierarchical fashion. State would then be retrieved only through ac-
cessorfunctions as shown in Fig. 14. Similar to states, state machines should
also be hidden in classabstractions. Breaking this encapsulation intro duces
system speci�c dependenciesthat reducethe interoperabilit y of the software.

The states of a leggedsystemdi�er from those of a wheeledsystem.How-
ever, the reasonwhy software can be interoperated acrossheterogeneoussys-
tems is the presumption that there is a level of abstraction at which the generic
algorithm can useabstract states to control the robot.

Example: Legged vs. wheeled locomotion

Consider two robots: a wheeledrover with a passive suspensionand a legged
robot (seeFig. 15). Theserobots can both be commandedto follow a path in
rough terrain. However, the two robots will move di�eren tly along the path.
The wheeled rover will conform to the terrain while the legged robot will
articulate its legsto move its body along the path. While both robots follow
the same path, they achieve that using di�eren t body motions. So at the
generic locomotor level, both systemsare commandedto follow a path even
though they achieve that goal in di�eren t ways. The common states at the
locomotor level are the robot's pose,the notion of a path, and the notion of
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how far along the path a robot is. However, at the lower levels, the states
di�er. The wheeledlocomotor keepstrack of the state of each wheel (distance
and steeringangle) while the leggedsystemkeepstrack of the joint anglesfor
each leg. But the robot's pose,a higher-level state that is derived from these
lower-level states, is common to both.

4.3 Sensor Con�guration

Challenge: Di�eren t Sensor Con�guration

The major challengecomesfrom di�erences in sensorcon�gurations that are
on similar physical robots. Similar robots may usedi�eren t sensorcon�gura-
tions that produce similar information. However, di�eren t sensorcon�gura-
tions often have di�eren t physical constraints.

Solution: Use multi-level generic abstractions for the sensorsin the system

By providing various levels of deviceabstractions, we can cope with the vari-
abilit y in the sensorcon�gurations. This is particularly important as there
are multiple implementations that may achieve the sameresult. Somemay be
available in hardware while others through software. This is best illustrated
by the examplesbelow.

Example: Stereo cameras vs. lidar; sun sensorvs. compass

Consider sensorsthat generate terrain data that is represented as three-
dimensional point clouds. To generate this data, one can either use a lidar
or a stereocamerapair. While both deviceseventually generatepoint clouds,
these two devicesoperate with di�eren t constraints and have di�eren t quali-
ties. A lidar requires a longer time to scana scenebut lesstime to generate
the depth information, while the opposite is true for stereo.Thesebehavioral
di�erences generateconstraints on the operation of the robot. A stereo pro-
cessingalgorithm usestwo imagesand their corresponding cameramodels to
generate a three dimensional map. If what we are trying to do is to get a
three dimensional map, then our algorithms should not depend directly on
a stereoprocessorbut rather on the three dimensional map or a point cloud
source.A three-dimensional point cloud can also be generatedfrom a lidar.
So, by depending on the point cloud sourceas opposedto a stereoprocessor,
our algorithms becomegeneralizedenabling them to work with a wider range
of sensors.If a navigation algorithm that usesthis data to �nd obstacleswas
interfaced to stereo camerasas opposedto point clouds, then it will not be
possibleto usethis algorithm on roversthat usea lidar sensorin lieu of stereo
cameras.

Another example is with algorithms that use a compass.A more general
algorithm would substitute its useof a compassclasswith the genericabsolute
heading sensorclass.That way, a sun sensor,which also computes absolute
heading, can be used interchangeablywith a compass.
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4.4 Di�eren t Mec hanisms
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Fig. 15. Di�eren t mechanisms for wheeled robots

Challenge: Di�eren t Capabilities

Di�eren t mechanisms exhibit di�eren t capabilities, which have major im-
plications on how the robots move and act. Controlling and maneuvering
wheeledrobots is very di�eren t from controlling leggedplatforms. Evenamong
wheeled robots, fully-steerable (omni-directional) rovers can move laterally
(crab) while partially-steerable (car-like) robot can achieve the same result
only via a parallel parking maneuver (Fig. 15(a) to (d)). Mobile robots with
passive suspensionconform to the terrain with no control over their tilt while
those with active suspensionhave control over their tilt (Fig. 15(e) and (f )).
Robotic manipulators have similar nuances.Joint con�guration and degrees
of freedom result in di�eren t constraints on the maneuverabilit y of the end
e�ector. Limited degree-of-freedomarms can only achieve certain poses,while
redundant arms can achieve all poseswith in�nite possibilities.

Solution: Use multi-level model abstractions and separate models from control

Develop a genericmodel representation for mechanisms.Develop generalized
kinematic and dynamic algorithms that use a generic model representation.
Provide a meansto override the genericcapabilities with e�cien t specialized
onessuch as specializedforward and inversekinematics.
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Separatemechanism models from controls to enabletheir usefor resource
and impact predictions. Embedding models into the samesoftware structure
as control makestheir useoutside that context very di�cult.
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Fig. 16. Separating model from control

Example: Manipulator and locomotor kinematics

Fig. 16 shows the relationship between a generic Mechanism Model and a
Wheel Locomotor Model. The Wheel Locomotor Model aggregatesa Mech-
anism Model. The Wheel Locomotor Model provides generic capabilities for
forward and inversekinematics of all wheeledrobots. It also includes wheel
modelsclasses.The Wheel Locomtor Model getsspecializedto speci�c mecha-
nismssuch asa six-wheelrocker-bogiemechanismor a four-wheelrocker mech-
anism,which provide specializedkinematic solutions for their respectivemech-
anisms.The Wheel Locomotor control classaggregatesthe Wheel Locomotor
Model class,which keepsthe model hierarchy separatefrom the control hier-
archy. Becauseof this separation,a navigator that requiresinformation about
the maneuverabilit y of a vehiclenow only relieson the Wheel Locomotor Model
as opposedto the Wheel Locomotor control class.

To illustrate the importance of separatingmodels from control, considera
genericmanipulator control classthat doesnot separatethe mechanismmodel
from its control class.Rather, this classde�nes the forward and inversekine-
matic interfacesin a specializedclassthat implements the closed-forminverse
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and forward kinematic equations. Using the forward and inverse kinematic
algorithms now requiresthe instantiation of the arm with its motors and con-
trollers even when only the kinematic portions of that class are desired for
analyzing planned arm moves.

Challenge: Co ordinate Transformations
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Fig. 17. Uni�ed mechanism model

Transformations cannot be de�ned in isolation and require a context that
de�nes the relationships betweencoordinate frames.This is particularly chal-
lenging as some transformations go through articulated joints as shown in
Fig. 17.

Solution: Unify mechanism model

Without a uniform representation of the robot mechanism, sharing mecha-
nism information among sub-systemsbecomesdi�cult, ine�cien t and error-
prone. A uni�ed mechanism model is the backbone for managing coordinate
frame transformations. It handles both �xed transformations and onesthat
go through articulated or passive joints. It also ensuresthe integrit y of the
mechanism information that is used by the multiple algorithms providing a
consistent representation of kinematic, dynamic and geometric information.

A mechanism model will reduce code duplication when modeling robotic
arms or mobilit y mechanisms. It also allows the development of generic al-
gorithms for forward, inverse,and di�eren tial kinematics. In the absenceof
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specialized versions, the generic algorithms provide out-of-the-box function-
alit y. However, the architecture should support speci�c implementations to
override genericalgorithms whenever appropriate for optimal performance.

A mechanism can be represented using a tree topology in which an ar-
bitrary number of rigid bodies are connectedto one another via joints. The
tree topology capturesthe geometricrelationships betweenall elements in the
mechanism such as sensorsand bodies, and servesas a repository of mechan-
ical model information. To support multiple clients the tree representation
has to be stateless:position, velocity, and accelerationinformation relative to
an inertial frame is not stored in the mechanism model. This enablesvarious
systemstates to be updated at di�eren t rates and enablesthe useof di�eren t
parts of the tree at a time. It also allows algorithms to use the mechanism
model tree to predict future states for any given input state. The trade that
is made here is the cost of re-computing derived states vs. making copiesof
the mechanism model for each client application and keepingall their internal
states up to date.
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Fig. 18. Manipulator model and control classes

It is desirable for some applications to treat the mechanism as a whole
body (for instance when dealing with rover-arm coordination algorithms).
Someother applications may require the treatment of arms or legsasseparate
elements.

A mechanism model should support serial manipulators, closed-chains,
wheeled mechanisms (Fig. 15), legged mechanisms, and composite mecha-
nisms.

Example: The Manipulator classes

Fig. 18 shows the relationships between the bodies/join ts and the generic
mechanism model that are used by CLARA ty . The manipulator model ag-
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gregatesthe manipulator portions of the completemechanism model. A more
detailed description of mechanism models can be found in [DCNKN06].

5 Conclusion

Many of these recommendations were adopted in the development of the
CLARA ty reusableframework that is usedby NASA. Given the heterogeneity
of the NASA research rovers, it was incumbent upon us to provide a frame-
work that did not require the redesignof existing hardware. Additionally it
was necessaryto support legacy algorithms with signi�can t investments.

Algorithms were developed at various institutions and have been inte-
grated and tested on NASA developed robots. Capabilities that were inte-
grated and demonstrated include motion control and coordination, wheeled
and leggedlocomotion, stereovision, visual tracking, visual odometry, science
analysis,poseestimation, continuous tra jectory following, path planning, au-
tonomous navigation and obstacle avoidance, and general activit y planning.
We have also demonstrated autonomousend-to-endcapabilities such as plac-
ing a rover-mounted instrument on a target selectedfrom a 10 meter distance.
Such capability integrates visual tracking of the designatedtarget using mul-
tiple rover mounted cameraswhile navigating to the target location; assessing
the safety of the target region; properly positioning the rover relative to the
target for instrument deployment; deploying and placing the robotic arm that
carries the scienceinstrument on the target; acquiring the scienti�c data and
simulating a downlink to Earth.

We have deployed and have beenusing CLARA ty on half a dozenrobotic
platforms. Fig. 1 shows a subsetof theseplatforms, which include the custom
Rocky 8, FIDO, Rocky 7, and K9 rovers, as well as the ATRV Jr. commer-
cial platform. Theseplatforms have di�eren t mobilit y mechanismsand wheel
con�gurations as well as di�eren t sensorsuites, manipulators, end e�ectors,
processors,motion control architectures and operating systems.In addition to
these real-platform adaptations, we have also adapted CLARA ty to operate
with the high-�delit y ROAMS rover and terrain simulator [Je04].

Developingreusablerobotic softwarepresents many challenges.Thesechal-
lengesstem from variabilit y in robotic mechanisms,sensorcon�gurations, and
hardware control architectures. They alsostem from integrating new capabili-
ties that usedi�eren t representations of information or that havearchitectural
mismatcheswith the reusableframework. We found that multi-lev el abstrac-
tion models,object-oriented methodologiesand designpatterns go a long way
to addressthe extensive variabilit y that is encountered in today's robotic plat-
forms. We have learnedthat overgeneralizinginterfacesmakesthem harder to
understand and use. There is a delicate balancebetween 
exibilit y and sim-
plicit y. Performancecannot be compromisedfor the sake of 
exibilit y and the
least common denominator solution is often unacceptable.It is necessaryto
have 
exible development environments, tools, and regressiontests. Reusable
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software products and processeshave to be well-documented. It would be
highly desirableto standardize robotic hardware but that may not be feasible
today.

There are many challengesin software engineeringthat any genericframe-
work for robotics will have to address.No matter what approach is used in
the design, issuesrelated to the e�ectiv enessof the framework can only be
judged over time. The challengeis to �nd a delicate balanceamong
exibilit y,
e�ciency , scalability, maintainabilit y, and extendibilit y.
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