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This paper describes two components ofreal-time soft­
ware for robotics: real-time operating systems and the
systems programming language. In particular, the
design issues related to real-time operating systems
are discussed and our own system, derived from the
UNIX® operating system, is described. No single real­
time operating system is appropriate under all circum­
stances. However, it is shown that at least some
continuity in the development environment can be pro­
vided. We have chosen to use a general-purpose
programming language, C++, which has several
advantages for real-time robot programming. In partic­
ular, it is shown how facilities within C++ can be used
to guarantee initialization and proper termination of
hardware subsystems. Support for concurrency is con­
sidered important, especially as robotsystems become
more complex. Proper support for concurrency can
simplify communication and synchronization within a
robot system. Two methods ofproviding concurrency
within C++ are discussed.
Introduction

Modern manufacturing requires assembly machines and proc­
esses to be controlled by computers. Programmable control of
numerical control machines, robots, and manufacturing processes pro­
vides tremendous flexibility in the manufacturing systems. This paper is
concerned with the software needed to control such machines and, in
particular, robots.

Real-time software for robotics must deal efficiently with
devices and externally generated events under rigid timing constraints.
These timing constraints may vary from a few microseconds ina short­
time-resolution robot control loop to several seconds inotherapplica­
tions. Thereal-time nature ofthe software imposes constraints both on
the underlying operating system and onthe programming languages
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used. A subsequent section discusses the requirements of
a real-time operating system and how theserequirements
can be met for a variety oftiming and hardware con­
straints. Our own requirements have beenmet by an
internally developed operating system derived from the
UNIX system.

At the language level, there are perhaps three
main classes ofrobot programmer: the operator, the appli­
cation developer, and the systems programmer. 1 The .
operator typically haslittle programming experience, but
"programs" the machine via a user-friendly menu-driven
graphical interface or teach pendant. The operator is not
concerned with meeting strict timing constraints but only
inprogramming the robot to perform a desired sequence of
actions. The application programmer, responsible for each
new application, may use a specialized language to listthe
motions and operations the robot will perform. The appli­
cation developer may have restrictions onhow quickly a
sequence ofoperations must be performed inorder to
meet required manufacturing rates. These constraints are
significantly longer than those at the systems programming
level. The systems programmer is responsible for the
development ofboth the application-level environment and,
most importantly, the underlying code that drives the
robot. The systems programmer is concerned with the
detailed timing constraints ofthe robot system, con­
straints which may be as shortas several tens of
microseconds.

This paper also discusses systems programming
languages for robotics and why we chose to use a general­
purpose programming language, C++. 2 As robots become
more complex, the needto provide support for concur­
rency, synchronization, and communication both within and
between robot systems becomes paramount. The discus­
sion includes the topic ofconcurrency and considers two
alternative approaches to how concurrency can be provided
within C++.

Real-TimeOperatingSystems
Real-time operating systems provide support for

the development and execution ofapplication programs,
which must meet timing constraints imposed by the
devices controlled. Areal-time operating system must bal-

ance the need to meet thesetiming constraints with other
issues such as the ease ofsoftware development, the appli­
cation programmer's software expertise, the architecture
and speed ofthe underlying computer hardware, and the
implementation cost.

This section examines the impact ofsome of
these issues onreal-time operating system design and
describes the environment we have found useful for our
work.

Design Issues. Since timing constraints may vary
from a few microseconds to several seconds, it is not sur­
prising thatno single real-time operating system is best in
all situations. As anapplication's timing constraints
become tighter, compromises in the real-time operating
systems support services usually have to be made because
less overhead is tolerable.

Themost stringently constrained real-time
applications may be possible only ifthere is minimal inter­
ference from the operating system. In theseapplications,
often the simplest solution is to nothave any operating
system. Since the application has complete control over
the processor, its performance is limited only by the hard­
ware. The disadvantage ofthisapproach is that
considerable expertise is required bythe programmer,
especially as the complexity ofthe application increases.

When there is nounderlying operating system, a
separate hostcomputer is needed for program develop­
ment. The application is edited and cross-compiled onthe
development system, and theneithera hardware emulator
is used or the binary program is loaded onto the satellite
real-time computer via a communications link. Separation
ofthe development computer from the the real-time con­
troller allows the controller hardware and software to be
simpler, since the needs ofthe development system can be
satisfied onthe host. However, the need for a separate
development computer and the associated communications
link adds to the overall cost, especially for low-end
systems.

When anoperating system is appropriate, real­
time executives provide the next level ofsupport. These
offer multitasking, priority-based preemptive scheduling,
and simple butefficient interprocess communication and
synchronization calls. Interrupt latencies are increased



overthe raw processor times since interrupts mustbe
masked to avoid context switches during critical sections
ofcode. The executives and applications may be placed in
read-only memories (ROMs) forembedded systems. Sepa­
rate host computers are usually usedforprogram devel­
opment. Context switching times for these systems are
usually below 100 J.LS.

Ata still higher level, stand-alone real-time sys­
tems provide both the development and execution .
environment on the sameprocessor. However, the corre­
sponding operating systems are inevitably more complex,
since theymustprovide the additional development sup­
port. In addition, ifthe development-related hardware and
software become active during the real-time program's
execution, theycan have a detrimental effect onthe sys­
tem's real-time performance.

In both stand-alone and real-time executives,
memory management may be usedto provide better pro­
gram development environments, albeit at the expense of
longer context switching times and additional memory
access wait states. The input and output (110) may be done
directly by the application, or it can be provided bythe
operating system through system calls. The former yields
better performance, while the latter leads to a friendlier
execution and development environment.

In both I/O andcomputationally intensive real­
timeapplications, multiple processors may be required.
Thesemay be either tightly coupled (sharing memory) or
loosely coupled. It is notuncommon to have both in the
samesystem. Data traffic between the processors may
have simple or complex paths. Ageneral, uniform commu­
nications mechanism between all processors yields a
superior programmer interface," while simple specialized
paths canbe implemented more efficiently.

NRTX. Ourown real-time systems use NRTX (New
Real-Time Executive);' a locally developed real-time exec­
utive derived from the UNIX operating system. NRTX is
capable ofsupporting a wide variety ofhardware with sub­
millisecond response. The decision to writeourown
executive waslargely dueto a desire to replace the soft­
ware associated with a vendor-supplied hardware device
with a UNIX-system-based executive that was notavail­
able commercially. We had several motivations foradopting

the UNIX system as a base: familiarity, preference to deal
with a single system, unwillingness to give upaccustomed
software development tools, and availability oflarge bodies
ofcode that could be portedfrom UNIX systems to real­
time controllers. Adopting the UNIX system base has
yielded otherbenefits. For example, access to the source
hasmade it possible to tunethe operating system primi­
tives (basic instructions) to the applications.

The NRTX executive is primarily derived from
the Version 7 UNIX system kernel and aninternal real­
time executive called RTX. Thisparticular version ofthe
UNIX system was chosen because ofits small size and
simplicity. Essentially, the file system wasremoved, the
scheduling algorithm was modified to a priority-based
preemptive one, and the synchronization mechanisms
available to device drivers weremade accessible to applica­
tion code. Additional system calls were added for simple
interprocess communication. Device drivers can be placed
inthe executive and accessed through system calls, or,
alternatively, applications can handle 110 directly and ser­
vice theirown interrupts. Executive system calls can be
preempted for low context switching latency. Application
processes run inthe supervisor mode so that the proces­
sor's hardware priority can be quickly modified. Memory
management is notused, therefore processes can share
memory.

Hardware requirements forNRTX are minimal. A
processor, 64kilobytes ofrandom-access memory (RAM),
a periodic timer, and a communications channel to the
UNIX development system are all that is required. Atypi­
cal executive including a local-area-network driver, a serial
line driver, and application code forthe downloading proto­
col requires 23kilobytes oftext address space and 9
kilobytes ofdata, allowing NRTX to be placed inROM if
desired. In addition, NRTX now runs onall the members
ofthe Motorola 68000 family as well as onthe AT&T WE®
32100 microprocessor. Portability is largely inherited from
its UNIX system parent; 95percent ofthe executive is
written inC language," with the rest inassembly language.
Thenonportable sections ofcode deal mainly with context
switching and the treatment oftraps andinterrupts.

Asan illustration ofthe speedofthe system, con­
siderthe time taken to senda message between two
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Figure 1. Hardwareenvironment.

processes. The time to senda 20-byte message buffered
by the system, do a context switch, and receive the mes­
sage is 379 I-LS ona 16.67-MHz 68020 microprocessor with
1.5 wait states and 926 I-LS ona 12.5-MHz 68010 with no
wait states. These are the most complicated system calls
in the executive.

Support libraries allow application processes
to use UDP/IP protocols over the local area network
(LAN). A package built on top of this allows programs to
use C language standard 110 library functions to access
the file systems of UNIX system machines on the

LAN. The downloading communications software is
largely derived from the AT&T 5620 dot-mapped display
terminal. 6

The hardware environment usedfor our real-time
program development is shown in Figure 1.

Host UNIX system workstations are usedto
develop application programs. The binary files created are
thendownloaded to dedicated real-time controllers via a
local areanetwork. The UNIX system workstations sup­
port high-resolution bit-mapped graphics displays and
multiple windows. The bit-mapped display ofFigure 1 illus­
trates the advantages ofsuch an environment. The display
includes a window for aneditor modifying a program under



Figure 2.
Uniprocessor real-time
system (autonomous
cart).
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test, a terminal window on the UNIX system machine, a
graphics window that continuously displays optical range
databeing acquired bythe cart controller inFigure 2, and
a mouse-based debugger used to remotely debug a C++
real-time application.

The real-time controllers have been constructed
from single-board computers on industry-standard buses.
Connections to real-time devices and sensors have been
made with a combination of commercially available
interface cards and, when necessary, custom interface
designs. The LAN interface, which is currently the
Xerox Corp. EthernetT" network, provides a high­
bandwidth connection to the UNIX development systems

and allows communications between real-time control­
lers. The Ethernet network was chosen because it
presently provides the best balance of reliability, per­
formance, and cost for our applications.

Figure 2 shows the hardware ofa typical unipro­
cessor real-time system. It is the controller for an
autonomous cart usedin research in navigation and sens­
ing.? It contains a single Motorola 68020 processor board
with 256 kilobytes ofrandom-access memory, a motor con­
troller interface, multiple sensor interfaces, and an
Ethernet interface. The Ethernet interface is for program­
mer convenience during program development and may be
disconnected during cart operation.
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Figure 3.
MuItiprocessor rea 1­
time system (robot).



Figure 3 shows a multiprocessor real-time control­
ler. This is the controller fora commercial Cartesian­
coordinate robot enhanced with a controlled-compliance
gripper" and ultrasonic and touch sensors. Multiple proces­
sors are usedbecause of the large computational
requirements ofthe components. Several ofthe proces­
sors are dedicated to particular tasks. One processor
controls the robot's servomotors ina feedback loop, while
another collects andanalyzes data from the touch sensor
array onthe gripper. The interconnections between the
processors are partially determined byvendor-supplied
hardware. This system is currently being usedas one com­
ponent in speech-controlled robot research. 9

The slave processor connected to the robot inFig­
ure 3 does notuse any real-time operating system support.
Instead the entireprogram onthis processor is one large
interrupt loop that executes periodically. Any interference
from the operating system would adversely affect its oper­
ation. The remaining processors inFigures 2 and 3 run
NRTX.

For many less tightly constrained real-time appli­
cations, it becomes desirable to use anoperating system
thatallows the tradeoff ofmore support services at the
expense ofhigher overhead andcomplexity. Even though
the NRTX application environment is similar to the UNIX
system, it is notclose enough. For example, making even
minor modifations in large sections ofnon-real-time code
becomes annoying over time.

Work is therefore inprogress to createa complete
stand-alone UNIX system with real-time benchmarks
based onthe Ninth Edition kernel. Preliminary real-time
scheduling enhancements made ona 16-MHz 68020 bus
board look promising. Up to 14real-time tasks can run
concurrently with context switches onthe orderof400
JLS, while maintaining a full UNIX system environment.
For many applications the increased overhead ofthe oper­
ating system will be compensated by support services such
as a mouse-based multiprocess debugger" and networking
that is transparent to the application.

Robot Systems Programming
There are three primary levels ofrobot/machine

programmer:

- Theenduser or operator
- Theapplication programmer
- The systems programmer.
The operator, responsible forcontrol ofthe machine onthe
factory floor, may have little or noprogramming experi­
ence. Consequently, the operator interface may not
resemble a conventional programming language at all.
Most likely, it will be a user-friendly, menu-driven graphi­
cal interface or a teach pendant, which is moved and whose
motion is recorded so as to teach a robot a task. The appli­
cation programmer, responsible foreach new application,
may use a specialized language to listthe motions and
operations the robot will perform. An application-level lan­
guage is usually interpreted; interpreters provide a more
friendly environment inwhich to develop and debug small
programs. Finally, the systems programmer is responsible
for the development ofboth the application-level environ­
mentand, most importantly, the underlying code that
drives the robot. We are concerned with the systems-level
code where the timing contraints, which may range from
tens ofmicroseconds, significantly affect the program
code.

Arobot or machine can be considered to be like
any otherperipheral device, butwith certain special char­
acteristics. In many robot applications, however, robot­
specific operations constitute only a small fraction ofthe
total program. 11 The remaining operations are typically
concerned with operator interfaces, database access, and
numerical computation. Consequently, webelieve thatan
appropriate general-purpose programming language should
be used for writing robot programs. This view is sup­
ported bythe designers ofthe robot programming language
AML.l In fact, the use ofa general-purpose language for
robot control is notnew. Acommon language used for
robot programming is a BASIC superset. An extension of
Pascal hasalso beenusedforrobot programming. 12 More­
over, we have beenusing the C language for this purpose
for several years now, as have others. 13 In fact, Cappears
to be becoming the systems programming language of
choice among robot manufacturers. We are currently using
C++, a supersetofthe C language, the advantages of
which are described inthe following section.

Many current robot systems exhibit a significant
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degree ofconcurrency. Inaddition, there is a need to coor­
dinate a robot's activities with those ofotherrobots and
with external sensory events, as well as to provide high­
level communication facilities between multiple robots and
otherdevices. Conventional programming environments do
notadequately support these requirements. However, this
isnotsufficient reason to advocate a special-purpose robot
programming language. On the contrary, we believe thata
general-purpose language with appropriate concurrent pro­
gramming facilities would be well-suited for programming
robots. Concurrent programming simplifies writing robot
programs byallowing the direct expression ofa robot's
concurrent activities and bysimplifying the tasks ofsyn­
chronization and communication. 14 We believe concurrent
programming is important to robotics, especially as sys­
temsbecome more complex. Laterin this article, we
discuss issues related to concurrent programming and
briefly describe two approaches for providing concurrent
programming within C++.

c-» for Robotics. Within the Robotics Principles
Research Department, the C++ programming language is
used extensively. Thereason for this relates to the follow­
ing characteristics ofC++:
"The key concept in C++ is class ... Classes provide
data hiding, guaranteed initialization of data, implicit type
conversion for user-defined types, dynamic typing, user­
control1ed memory management, and mechanisms for
overloading operators. C++ provides . . . facilities for
type checking. . . expressing modularity. . . symbolic
constants, in1ine substitution of functions, default function
arguments, overloaded function names, free store manage­
ment operators, and areference type. C++ 's ability to
deal efficiently with the fundamental objects of thehard­
ware (bits, bytes, words, addresses, etc.) . . . al10ws the
user-defined types to beimplemented with apleasing
degree of efficiency."2

The strong data typing facilities provided by
C++ allow many of the most common programming
errors to be detected at compile time. This is especially
important for real-time applications in which debugging
facilities are often primitive or the use of a debugger
causes a violation of the real-time constraints. The com­
piled code is very efficient with little overhead being paid

for the high-level facilities provided. In addition, the in­
line function declarations allow further refinement of the
run-time code. Languages and facilities for both the appli­
cation and the operator levels can be built on top of
C++. Further, C++ can be extended (through data
abstraction and operator overloading) to allow the direct
expression and manipulation of vectors, homogeneous
transformations and other robot and machine-specific
data structures.

Data abstraction. Theuse ofdata abstraction as a
means for improving software quality is well-known, and
its applicability to robotics hasbeen previously discussed. 15

Briefly, data abstraction provides support for:
- A well-defined user interface. Thereis a clearly defined

set ofoperations associated with each abstract data
type.

- Data hiding. Thedetails ofthe implementation can be
hidden from the user.

Data abstraction is useful in robot systems programming.
Aclass definition can embody the functional specification
ofeach physical subsystem while hiding the implementa­
tion details. For example, in the caseofanautonomous
robot vehicle, we might have four distinct low-level subsys­
tems: odometry (for position estimation), rangefinder (for
environment sensing), steering, and drive. Each ofthese
subsystems is represented by a class with a small well­
defined set ofuser operations. In the case ofthe drive
motor we have:

class drive_motor
{
II private implementation details

pUblic:
double speed(double);

} ;

Themember function speed commands the vehicle to
travel at the prescribed speed.

Representing each robot subsystem as an
abstract data type has advantages. Returning to the
drive_motor example, the current implementation
usesa custom board built around a Hewlett-Packard
HCTL-IOOO motion-control chip,"while a previous imple-



mentation useda Galil dual-axis servo-controller board.
These boards have verydifferent means ofcontrol. The
HPboard uses 16-bit binary control words to configure
and control it; the Galil board expects ASCII character
strings. While the software to control the drive motor can
beverydifferent, depending onthe hardware used, users
ofthe drive_motor class are unaware ofit, provided
the public member function s peed remains supported. In
thismanner, generic subsystems and entire systems can
be developed. In fact, it is quite possible to create a
generic form ofrobot with well-defined motion commands
thatis relatively independent ofthe physical structure of
the robot, be it Cartesian, Scara, etc. Thepossibility of
writing robot-independent code is aninteresting example
ofthe advantages provided bya language that supports
data abstraction.

Initialization and self-test. The first lines ofa robot
program typically call initialization routines. This is error­
prone. Forgetting to call initialization routines is not
uncommon. C++ provides a constructor mechanism asso­
ciated with a class which both guarantees initialization and
hides it from the user,"

For example, a drive_motor always needs to
be initialized onpower up, and motion-control boards need
to be configured with pole, zero, and gain parameters. We
can ensure that thisinitialization is carried outbyuse of
the associated constructor:

class drive_motor
{

I I private implementation details
public:

drive_motor ( ) ; I I constructor
double speed (double) ;

} ;
drive_motor::drive_motor()
{

I I initialization code
}

The dr i ve_m 0 to r constructor is executed as soon as
a drive_motor object is instantiated. It is completely
transparent to the user and guarantees initialization of

the associated subsystem.
While in the constructor, it is also advantageous to

confirm the operational status ofthe subsystem. Self-test
is important. It improves both the safety ofthe system
(for example, it can be dangerous to move a vehicle ifthe
steering is malfunctioning) and the maintenance ofthe sys­
tem (error diagnostics printed by the subsystem's self-test
procedures help in the identification ofa failure and its
subsequent repair). If all subsystems successfully perform
theirself-tests, thenthe user is guaranteed that the
system is fully functional. This is advantageous; it is frus­
trating to spend time debugging a program only to find that
anunderlying subsystem failure is at fault.

It should benoted thatthedegree towhich a
subsystem can betestedvaries greatly. For example, it is
possible toguarantee completely theoperational status
ofthe ran9e fin de r; tests can beperformed toensure
thattherangerisscanning and thatthecorresponding range
values aresensible. On theotherhand, very little can be
said oftheoperational statusofthedrive_motor or
od0 met r y subsystems without moving thevehicle. How­
ever, uncommanded motions (initiated bytheconstructor)
areundesirable from auser-programming perspective and
such testsaretherefore notperformed.

Termination and fall-safe operation. Correct termina­
tion ofa robot program is as important as correct
initialization. It is imperative that the robot system be left
ina safe state upon completion ofthe program. Justas
with initialization, one would like to guarantee fail-safe ter­
mination transparent to the user, even ifthe program is
aborted prematurely. Therefore C++ provides destruc­
tors, complementary to constructors, that can be used to
guarantee such fail-safe operation. 17 Destructors are
invoked when the instantiated object goes outofscope or
when the function ex it is called.

Returning to the drive_motor example, we
have

class drive_motor
{
II private implementation details

public:
drive_motor ( ) ;
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process requesting service is automatically forced to wait
until the servercompletes the requested transaction (syn­
chronization); the transaction results are thensent back to
the waiting client.

The otherconcurrent programming system for
C++ is called the tasklibrary. 25 Unlike Concurrent C, it
uses no additional syntax, butinstead relies onthe con­
structors and function invocations already inC++. Thus,
it does notrequire any compiler modifications. Also, the
tasklibrary provides lower-level communication and syn­
chronization facilities than Concurrent C, relying onthe
programmer to build customized interfaces using the
abstract data types ofC++. Communication between
processes in the tasklibrary is through a passive interme­
diate object, rather than directly through a transaction as
inConcurrent C. Thatis, when a process doesanopera­
tion onsuch anobject, if the object is notina ready state,
the process waits until some otherprocess or interrupt
makes it ready. Each class ofobject can have its own oper­
ation and readiness criteria. For example, a queue head
object provides theget operation, and it is ready ifthereis
anything in the queue; a semaphore object provides the

/ / constructor
-drive_motor( ) ;

/ / destructor
double speed(double)

} ;

}
/ / termination and failsafe code

drive_motor: :- drive_motor ( )
{

The destructor dri ve_motor ensures that the vehicle is
brought to a halt before the program terminates.

Concurrency andc-«. Aconvenient way to structure
a robot control program is as a set ofprocesses, each of
which controls a particular robot subsystem. These proc­
essesmust communicate with each otherand wait for
asynchronous events in the environment. This requires a
programming environment that supports concurrency (see
Panell). Using concurrent programming for robotics has
received previous attention. For example, Concurrent Pas­
cal has beenusedfor industrial systems programming, 19
although notspecifically for robotics. Kanayama'" dis­
cusses the need for concurrency inrelation to a mobile
robot. In addition, several commercial robot languages sup­
port some form ofconcurrency. 21 Most previous work has
addressed some ofthe issues ofsynchronization, communi­
cation, and process creation and termination. However,
unified support for all theseissues was sorely lacking. Con­
sequently, we have investigated providing and using
concurrent programming within C+ +.

Support for concurrent programming has been
added to C++ in two ways. In Concurrent C,22,23 proc­
essescommunicate by means ofsynchronous transactions.
The syntax ofConcurrent C provides facilities for declaring
and creating processes, process synchronization and inter­
action, process termination and abortion, and priority
specification and waiting for multiple events, among other
things. Concurrent C, like the Ada language;" is based on
anextension ofthe rendezvous concept called the extended
rendezvous or transaction. The transaction allows bidirec­
tional information transfer (communication) during the
rendezvous. After a transaction hasbeen established, the
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wait operation, and it is ready if previous signal operations
(which always succeed immediately) outnumber previous
waits.

These two architectures for concurrency, though
different, are functionally equivalent, in that any program
thatcan be written using one can be written using the
other. A syntactic difference between the taskpackage and
Concurrent Cis that the taskpackage is a library, consist­
ing ofroutines thatare called as functions at runtime, and
has nosupport in the compiler, while Concurrent C
expresses concurrency with new syntactic structures and
requires a modified compiler. Although the question of
whether or notthe programming language itself should
provide concurrent programming facilities remains open, it
is clear that concurrent programming facilities are an
important component ofa programming system for
robotics.

Conclusions
No single real-time operating system is capable of

meeting the entirerange ofrequirements thatuser appli­
cations may require. Indeed, the severest timing
constraints may preclude the use ofany operating system.
However, one can still attempt to provide continuity inthe
programming environment. For example, a UNIX hostcan
still be usedto develop and cross-compile code for both a
barehardware system and satellite real-time operating
systems. If the different real-time operating systems con­
tain the same primitives, code can easily be transported
between them.

Our work hasfocused onproviding such a conti­
nuity ofenvironment with continued effort directed at a
complete UNIX system with real-time enhancements. A
strong motivation for thiswork is to gain access to readily
available software for transparent networking and multipro­
cessdebugging. Such networking capability is extremely
important, particularly at the robot workcell level and
above where it may be necessary to tie many components
together. Anadditional potential benefit ofa complete,
stand-alone, real-time UNIX system is that the develop­
mentmachine and the targetmachine can become one and
the same. This both reduces hardware proliferation and
offers enhanced reliability in some circumstances, inthat

local machines or whole areas can more readily operate
independently.

Work is continuing onconcurrent programming as
well as oninvestigating systems level support for the appli­
cation and operator levels. In this connection, C++ (and
its concurrent programming enhancements) hasproved to
be a powerful language inwhich to program real-time
robotic applications. Thepotential for writing robot inde­
pendent code through the use ofgeneric robot classes is
exciting and may offer the opportunity for significantly
reducing the costofrobot and machine-control software
development.
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