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Robotic systems and their software design are based on
the same principles found in other computer applica-
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tions. However, while many computer systems to date
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are deeply rooted in concepts such as multi-processing,
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multi-threads, modularity, etc., robotic systems are
still limited by mono-processing, centralized designs.
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This paper addresses these limitations by proposing a
Actuators,
Device Drivers,
and Sensors

new philosophy for robotic system software design 
software infrastructure  that allows for the design of

K2A

an ecient, modular, fault-tolerant, and distributed
software architecture.

Two examples of this infras-

tructure applied to mobile robot navigation are also

Figure 1: Behavior Based Navigation System

discussed.
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Introduction

In this paper, we present a software infrastructure
which is the foundation of some of our lab's systems,
most notably in our mobile robot and visual servo-

In the past fteen years, specially since the works of

ing systems.

[4, 1], researchers in robotic systems began to realize

This infrastructure combines concepts

such as threads, processes, pipes, and software wrap-

the importance of decomposing a centralized control

pers in order to provide a portable and modular en-

architecture into smaller distributed units. These new

vironment. This allows the robot's resources (motors,

distributed architectures became widely accepted [10,

cameras, sonars, range scanners, etc.) to be accessed

5, 3], and much work has been dedicated to rene the

concurrently by the dierent application modules op-

high-level architecture. Despite some eort dedicated

erating in a distributed network of processors.

to message passing [11], there has been little attention

Also

at the end of the paper, we briey introduce two mo-

to solutions addressing the practical issues in the low

bile robot applications  a behavior-based navigation

level infrastructure necessary for a robust, generic, and

system (Fig. 1), and an object-oriented navigation sys-

modular software architecture in the domain of robotic

tem (Fig. 4) that are being developed on top of this

systems.

multi-processing software foundation.

The resources necessary to implement this type of
infrastructure have become available in computer sci-

2 Terminology and Background

ence and have been employed in many areas [12].
While robotic control architectures are executing on
the same computer systems, many of the software sys-

In this section, we briey present the denitions for

tems developed for robots are still designed and im-

some of the terms used throughout the paper.

plemented using early monolithic computer models.

understand that some of these terms are found in the

Many robotic systems today use concepts such as be-

computer science literature with a much more intricate

haviors [10, 1], subsumption [4], tiered-level [3], etc.,

denitions [12] than the one presented here. However,

to deal with the multi-facet requirements of the spe-

our goal in this section is to recapitulate some of these

We

cic applications for which they were designed. How-

denitions for the target reader of this paper, which

ever, most of these systems neglected the more pro-

may not necessarily be familiar with these terms.

Resource -

found changes that would add characteristics such as

A physical device that needs to be con-

modularity, portability, encapsulation, and parallelism

trolled or accessed. For example: motors of a mobile

(distributed processing).

robot; image grabber for cameras; etc.;

1
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Process -

An executing instance of a software func-

CPU load, etc.

For this migration to happen, this

tion (or set of software functions) that run concur-

same task must be well encapsulated in a single mod-

rently in the CPU. For example: a word processor and

ule so that it can be easily ported to another computer

a web browser operating in dierent windows on the

in the network.

same computer where each program is a dierent pro-

Thread -

In the robotics domain we found no dierent needs.

cess for the system;

The computer hardware for a mobile robot, for ex-

A thread is frequently referred to as a

ample, can be constructed using many independent

light-weight process. In fact, a process can be made of

CPUs performing tasks such as: a) controlling actua-

many dierent threads, each one concurrently running

tors; b) executing navigation software; c) supervising

inside the same process. Two threads inside a process

sensors; etc. Many of the above tasks need to commu-

can share the same variables. Spell-checkers, printing

nicate with one another regardless of the task alloca-

functions, and help assistants are possible examples of

tion among the CPUs. In order to distribute the tasks,

Parent/Child Process -

threads in a word processor;

each task must run as processes, which are encapsuThe relationship between

lated in modules. Each module can be installed in its

processes and its implications to the system are not

own CPU (or share CPU with other modules) com-

important in this paper. However, it is important to

pletely independent of the other modules.

say that a parent process can create as many child

since all these tasks need to cooperate in order to per-

processes as necessary, and those, in turn, can create

form the overall system function, we need to provide

Server/Client -

their own child processes;

However,

a mechanism to exchange information between tasks.

A server is a process or a set of

This mechanism, which is based on pipes and software

processes that execute a specic task for the system.

wrappers, is the main focus of this paper. As it will be

This task is only performed when a request is sent to

clear in the following example, this mechanism allows

the server by theclient of this service. In our case, most

the design of a system with all the desired character-

of the servers' tasks is to provide access to a specic

istics.

Software Wrapper -

resource;

A set of functions or routines

that give access to a server. The wrapper is the inter-

3.1

Example

face between processes and it is the wrapper that creates the abstraction layer that frees one process from

In order to clarify these concepts, we present a sim-

knowing the details about how (or where) the other

ple example (Fig. 2) using our mobile robot, PETER,

Pipes -

and its motion command service, K2A. Our mobile

processes run;

robot consists of a PC-based system mounted on top

A pipe is a mechanism provided by the

operating system with which processes can communi-

of a K2A Cybermotion base.

cate and exchange information. In this paper, we use

running the Linux operating system contains two im-

the term pipe indistinctively for intra-process, inter-

age grabbers, a network card, and a wireless interface

Modularity/Encapsulation -

to the internet.

process, or network (socket) communications.

The PC-based system

PETER also has an onboard con-

A system is said to

troller for the active-vision stereo head, a controller

use encapsulation when all functions, routines, data

for a laser range scanner, and an interface to ve ul-

structures, etc. relating to one and only one specic

trasonic transceivers.

task of the system is enclosed in a single independent

connected to the internet using a wireless bridge, any

module. A module is a self-contained, executable pro-

workstation in the network is a potential candidate to

gram le.

run any software task of our navigation system.

3

could be designed using the following four modules:

Since the PC-based system is

2

To perform a simple navigation task, a basic system

K2A Server:

System Infrastructure

As mentioned before, our motivation in proposing this

move, read -position, read -status (e.g.

software infrastructure is to bring some well known

battery volt-

age), reset -deadman, etc. Once a request is received,

concepts found in distributed systems, real-time sys-

the server executes the command, monitors its comple-

1 In those systems,

tems, etc., to the robotics domain.

tion, and returns a status along with the appropriate

characteristics such as modularity, encapsulation, and

data regarding the current command.

Navigation Client:

portability, among others, are deemed necessary. For
example, it's not uncommon for a particular task in a

this module performs basic

navigation decisions. It communicates with the K2A

distributed system to migrate from one computer to

server to issue motion commands such as turn, set

another, depending on issues such as fault-tolerance,

1 It

this module receives requests from

various clients. These requests include set-speed, turn,

drive speed, etc.

is important to emphasize that despite the fact that these

2 We

concepts have been widely applied in other domains, they are

usually run simulations and other matlab programs to

display range maps in any of our Sun or PC workstations.

fairly new in the robotics domain.
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contains the requested data and the status regarding

K2A

the command executed.

K2A’s
Wrapper

Server
msg

3.3

Navigation
Client

msg

msg

Pipes, Processes, and Messages

Atomic message passing is a vital mechanism for exchanging data between processes.

msg

This is especially

true in our robotic system where many processes are
servers while other processes are clients overseeing the

Dead-Rec.
Client

use of resources or services. Pipes are handled by the
operating system in an ecient manner and oer a

Figure 2:

fast mechanism of communication between indepen-

The clients call the K2A wrapper to ex-

dent processes that may be running on dierent inter-

change messages through their pipes

connected computers. The access to this mechanism

Dead-reckoning Client:

resembles the normal open, read, and write commands
this module reads the

for les. But unlike les, pipes are internal data struc-

current position and orientation of the robot from the

tures stored in local memory or distributed in the net-

K2A server in order to keep track of its location within

work, not stored on slow disk drives. Another advan-

System Status Client:

the environment.

tage with pipes is that when a process is waiting for
this module monitors the

data from its input pipe, it goes into idle mode. That

status of the on-board batteries in the K2A and in-

is, the waiting process does not consume CPU time.

forms the K2A by resetting the deadman timer that

As mentioned before, pipes are only part of the pic-

the main CPU is in good standing.

ture.

As the reader can infer, the above three clients can

The message itself is a very important aspect

of useful interprocess communication and the message

concurrently send requests to the K2A server. Those

structure deserves further discussion.

requests are sent by invoking the K2A wrapper which

The message structure is intimately related to the

communicates through the input pipe of the K2A

relationship between processes. It is not unusual for

server. However, the K2A server does not know which

processes to become client and server to each other at

client sent the request. Therefore, the client also pro-

the same time. In fact, the relationship between client

vides, through the wrapper, a return address to its

and server is only momentary. In a large system, pro-

own reply pipe.

cesses can grow so interconnected that messages may
need to pass from any one process to any other pro-

3.2

cess.

Wrappers

One could choose to dene a unique message

structure for each process. But this choice would force

As mentioned earlier, the motivation behind the wrap-

each process to know the specic message structure

per is the need for the system to be encapsulated into

of the processes with which it communicates. As the

independent, self-contained modules.

With that in

system escalates in the number of processes, storing

mind, the wrapper behaves as an abstraction layer

and using such specic message structures becomes

that interfaces with the server. In simple words, the

more and more complex. Therefore, it is desirable to

wrapper is a set of specic functions and routines that

clearly dene a single message structure that is versa-

constitutes the protocol with which the client passes

tile enough to handle all possible data types and data

information to the server. Examples of the functions in

lengths needed for each process in the system. An ex-

the wrapper for the K2A include ROBOT_OPEN and

ample of a single message structure will be presented

ROBOT_MOVE. The client uses ROBOT_OPEN to

in subsection 4.1.

establish a connection with the server while it uses

Atomicity is another aspect of message passing that

ROBOT_MOVE to specify a drive speed and a turn

a exible, distributed topology requires.

angle. For all functions in the wrapper, the client needs

message is a message that is fully contained in a single

to provide a reply pipe to which the server can respond.

data structure and is sent in a single write operation.

Within the wrapper, each function constructs a mes-

If these conditions were not satised, two or more mes-

sage which is sent forward to the server. This message

sages could be entangled with each other in the input

is atomic, contains a specied number of elds, and

pipe of the receiving process. For example, process A

can vary in length based on the command.

sends a message, '123456', where each digit is written

An atomic

Upon reception of a message from its wrapper, the

separately into the pipe of process C, violating mes-

server identies the command to be executed, and ex-

sage atomicity. Concurrently, process B sends a mes-

tracts all other necessary information that the message

sage, 'FOO', to process C. In this situation, process

may contain to carry out the request. The server then

C could receive an entangled and indecipherable mes-

executes the request and returns the appropriate data

sages, such as '123FOO456', which is unacceptable.

to the client by constructing a return message which

However, if processes A and B sent atomic messages,

3
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process C would be guaranteed to receive the messages

sensor or group of sensors. Many times these prepro-

'123456' and 'FOO'. Note that the way in which the

cessing modules are running on dedicated CPUs or mi-

read operation from the pipe is preformed does not

crocontrollers. The behaviors map sensory data from

violate message atomicity.

appropriate preprocessing modules to a set of outputs
for various control modules.

Finally, another consideration in creating a exible

As a module, each be-

topology is forcing the message to contain informa-

havior is totally encapsulated and can operate at its

tion about the process that originated the message. In

own rate. This is important because reactive behav-

particular, the message must contain either the reply

iors such as Avoid Object (AO) must be able to quickly

pipe, or the process-id of the sending process so that

aect the motion of the vehicle, while a passive behav-

the receiving process can reply appropriately.

ior such as Plan Path (PP) aects the motion less fre-

All these considerations  use of pipes, unique mes-

quently. The control modules decompose a high level

sage structure, and atomic message passing  form

task such as "navigate to room-D" into a sequence of

the foundation of our system infrastructure. Together

safe, basic motion commands for the mobile robot. As

they provide exibility, eciency, portability, modu-

Fig.1 indicates, the control modules combine the be-

larity, and encapsulation to any robotic system.

havior outputs to carry out this task.

4

Architecture Development

Infrastructure Applications

The proposed infras-

tructure of messages and independent modules de-

Up to this point, we have described a software infras-

veloped as a result of the limitations in attempting

tructure at the operating system level. In section 3, we

to implement TLAB under other possible infrastruc-

demonstrated how one could construct a simple soft-

tures. The rst possible infrastructure considered was

ware architecture for a simple application of control

a mono-process, mono-thread system. But given the

and communication with the motion command ser-

large scale of this system and the need for each be-

vice, K2A. But to demonstrate the true expandability

havior to operate at a dierent rate, a single mod-

and modularity of the proposed infrastructure, we will

ule that encapsulates the entire system would be very

briey discuss two system architectures being devel-

complex if not impossible. The second system design

oped for a mobile robot: a Behavior Based navigation

attempt was using multiple processes within a single

system and an Object Oriented navigation system.

module.

In this single-module system, the Task De-

scriptor (TD) was the only parent process, while the

4.1

rest of the system was created as a set of separate

Behavior-Based System

child processes. This design proved to be a poor choice
for a number of reasons. First, because of operating

A behavior based architecture consists of many spe-

system constraints; when one of the child processes

cic, task-oriented modules called behaviors that exe-

failed (halted or exited prematurely), the entire system

cute independently. For mobile robots, each behavior

would fail. This alone creates an unacceptable solution

obtains input data that originates from some sensor
or group of sensors and produces an output.

for any robotic system which requires fault-tolerance.

This

Second, due to the close relation of parent/child pro-

output combines in some fashion with outputs from

cesses, debugging of a child process was nearly impos-

other behaviors to determine vehicle motion within an
environment.

sible.

It is not the purpose of this paper to

address behavior based navigation systems such as in

the parent became the bottleneck for message passing.

[8, 10, 3, 1]. Instead, the main focus of this work is ex-

These reasons lead us to an improved infrastructure,

plaining the mechanisms embedded in the infrastruc-

the one proposed, which consists of multi-processes

ture and how these mechanisms allow the behaviors to

distributed among independent modules.

communicate with each other. But, before discussing

Once the decision was made to create the system

this communication, a brief description of the archi-

of behaviors by using independent modules, a message

tecture is needed.

Architecture Overview

passing structure had to be clearly dened. Due to the
Our architecture,

interconnectedness of this particular system where any

Task

one module might need to communicate with any other

Learning Architecture using Behaviors, TLAB (pro-

module, all the messages within the system needed to

nounced T-lab), naturally breaks into three units or
levels of modules:

be formulated using an identical and exible structure.

preprocessing modules, behaviors,

Given the above considerations, we arrived at a struc-

and control modules as illustrated in Fig.1. The preprocessing modules are strict

ture that is composed of two parts: a header and a

3 servers that encapsulate

body.

all functions and data necessary to serve a particular

3A

Third, child processes could not communicate

with each other except through the parent process, so

See Fig.3 for a pictorial view of the message

structure. The header is the rst part of all messages
while the body contains specic data that can vary in

strict server is a process that is never a client of other

length. The header is based on the Unix message pro-

servers.

4
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Header
len type

reply

...

Body
command

Actions

stream of integers or characters

Wood
Armed

Chair

Figure 3: Message Structure for Behavior System

Sensing

tocol [12] and contains the information such as: len,

Actions

Actions

type, reply, and command. The eld len contains the

Default

total length of the message body. The eld type spec-

Object

ies both the type of data  character or integer 

...

Table
Sensing

Sensing

in the body and the message priority. The eld reply
Actions

passes the unique identication of the reply pipe. Finally, the action to be taken by the process receiving

...

Hallway

the message is provided in the command eld. Note

Sensing

that no module actually lls the message. This task is
performed by the wrapper of the recipient module.
Figure 4: Object-Oriented Navigation System

Since the message varies in length, the receiving
module reads from its input pipe in two operations.
It rst reads the header of the message to obtain the
length of the body, then it can read the entire body

case, information about the environment is stored in

without checking for an end-of-message marker.

the robot memory

Advantages of this Architecture

no generic structure that can be used in dierent and
unexpected situations.

Unfortunately,

We believe that some of the limitations experienced

all further details about this architecture have to be
omitted from this paper.

with the navigation systems today derive from this

However, we must list the

lack of generic information about the environment. For

reasons why this infrastructure oers an ecient and

that reason, we are developing a navigation system

exible solution for a behavior based architecture.

Fault-tolerance

that is based on three central ideas: a) a Semantic Oc-

These reasons are as follows:

cupancy Map (SOM) that stores a description of each

- a global supervisor module can

observed object; b) an object driven navigation scheme

be instated to monitor all modules in the system.

that embeds a generic representation of the environ-

Because of the modularity of the design, upon the

ment inside directions such as go down the

detection of a fault, the supervisor can take actions

and turn at the third

that range from re-prioritizing the scheduling of slow-

In our system, the meaning of the word object is

- due to the intrinsic character-

two-fold.

istics of pipes, processes waiting for messages do not

An object is any element of the environ-

ment, such as: a table, a chair, a hallway, etc. But an

consume CPU time. Even for large scale systems with

object is also this element's representation under the

expanding number of processes, there is only minor

Object-Oriented paradigm (OO). Objects can belong

impact on the CPU load.

to classes of objects and inherit properties from more

- by using a

generic objects.

single, identical message structure, even the lowest-

For example, Fig.

4 depicts three

basic objects  chair, table, and hallway  and their

level modules can directly inform the highest-level

Elasticity

hallway

and c) a task subsump-

actions associated with each observed object.

pectedly terminated modules.

Dissemination of Error Messages

door ;

tion architecture that allows the robot to take specic

responding modules, to the re-instantiation of unex-

CPU Eciency

4 in a way that the system presents

relationship with the generic object class, Default Ob-

modules of errors in the resources.

ject.

- because of the encapsulation properties

Some of the properties that an object may inherit

of this infrastructure, modules can be dynamically cre-

are the class methods. Every object has a set of meth-

ated and destroyed as necessary with little or no im-

ods that we grouped as Action and Sensing. The Ac-

pact on other modules. For example, if a given task

tion group includes all the methods that in one way or

does not require ultrasonic transducer information, the

another will cause parts of the robot to move  active

corresponding preprocessor module can be destroyed.

vision stereo head, motors, etc.

The Sensing group

consists of the methods used by the Action group to

4.2

Object-Oriented System

monitor the execution of its actions by means of the
robot sensors  odometers, image grabbers, sonar, etc.

Most of the successful robot indoor navigation systems

The so called Task Subsumption Stacker selects which

reported to date are constrained either by some kind

objects will be active at a given time.

of map of the environment [7, 2], by some articial

4 This

landmarks [6], or by the appearance of the environment where the robot is to navigate [9, 13]. In either

information is either pre-loaded in the robot memory

or it is acquired during a learning phase.
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