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� Executive Summary

U�S� Special Forces are trained to carry out missions in hostile urban environments� including
reconnaisance and clearing of urban targets� In the years to come it will be possible to reduce
casualties on such missions dramatically by deploying a team of recon�gurable autonomous
mobile agents �either ground	based mobile robots or airborne autonomous robots� or a com	
bination of the two�� Individual robotic agents should be able to operate autonomously or
semi	autonomously �that is� in a teleoperated mode�� gather information about the environ	
ment using multiple sensors� build maps of unknown and possibly time varying buildings
or terrain� and coordinate their actions by communicating with each other� with a �mother
ship� �which may be an airborne robot�� or with human agents or commanders� While there
is extensive doctrine about the conduct of special operations today� we feel that the use
of autonomous and semi	autonomous unmanned agents o�ers possibilities for de�ning some
new capabilities and missions� In this project we identify certain key research problems and
tasks whose solution must be an important part of the development of such capabilities� such
as� integrated perception of the environment� association and matching of objects perceived
by di�erent agents� decentralized map	making� team identi�cation of evasive moving targets
in a partially known environment� navigation of partially known and changing terrain� hier	
archical mission planning and decentralized control� We propose to put together a research
team that is uniquely quali�ed for this important and di�cult research project� in that each
of its members has been involved in the successful solution of the previous generation of at
least one of the research problems above� The proposed research team involves people with
expertise in robotics� computational vision� computational geometry� arti�cial intelligence�
wireless communication and networking� robot control� and decentralized decision making�
as well as engineers and researchers at the Army Research Laboratory with special expertise
in intelligent systems� terrain building� mobile robots and Army doctrine�

In this project we will develop tools� software� and test simulations and experiments
to provide these capabilities� Our research is organized along the following seven thrust
directions� with roughly the �rst three to be completed in Year 
� and the others in Year ��


� PER� An Integrated Approach to Multi	Sensor Environmental Sensing�

�� MAP� Decentralized Map Building� Communication and Navigation�

�� MULTI� Multi	agent coordination� decentralized decision making and planning� fault
handling�

�� MAPPER� Multi	sensor� multi	agent based map building�

�� DEPLOY� Terrain� urban environment based military �Army� protocols for deploy	
ment�

� MULTIMAP� Multi	agent based map building� gaming strategies to deal with hostile
agents�

�� PERMULTI� Hierachical control of perception� degraded modes of operation� hierar	
chical mission planning based on sensory data�






� Program Plan

The deployment and operation of robotic agents in hostile urban environments is an impor	
tant and di�cult technological task� whose research underpinnings are at this time not fully
mature� Such agents will be mobile� be equipped with multiple sensors and communication
devices� and will operate either autonomously or semi	autonomously� They will be deployed
by special operations forces in urban areas or other terrains that need to be explored and
cleared of hostile elements� The deployment decisions will be based on a combination of
prior intelligence and on	line information gathering by the special operations forces or by
airborne robotic agents� The deployed agents must create models and maps of the unknown
environment and identify human targets� to do so they must navigate and search the envi	
ronment� communicate to reconcile their individual views and maps� and coordinate their
planning� decisions� and actions� There are four large research problem areas that are essen	
tial to bring the capabilities of multiple mobile robot systems� each consisting of a series of
research questions that will be considered at this time� These four research thrusts and the
questions to be answered are as follows� �they are listed from the physical layer up through
the decision layer�


� Integrated Perception of the Environment� How are the images captured by the
robots� sensors decomposed into objects such as walls� windows� and humans� How
are key attributes of each to be extracted� How do the robots solve the problem of
associating objects seen by each as being the same object�

�� Decentralized Map�Building and Navigation� How can a robot carry out its
map	making task expeditiously� stealthily� and accurately� �What are the trade	o�s
between these three aspects�� How can the robots partition and dynamically reallocate
the map	making task� How can a team of robots identify reliably all enemies present in
a partially known environment� How can navigation be compiled down into a sequence
of simpler positioning tasks�

�� Multi�Agent Cooperation Planning and Decentralized Control� What are
appropriate architectures for planning and decentralized control by a team of dis	
tributed agents in an unknown environment� What are the trade	o�s between com	
munication �minimized for stealth and security� and accuracy of reconaissance� How
does the team recon�gure in the face of agent loss�

�� Deployment Decisions How is prior intelligence on an urban environment recon	
ciled with real	time aerial observations� What exterior information about particular
buildings is necessary and useful to the reconaissance robotic team�

The basic project is partitioned into these four tasks� The �rst three tasks have partial
overlap� since successful accomplishment of their individual subtasks is directly related to
the urban missions in indoor environments �for example� building clearing� reconaissance�
mentioned in the BAA��	��� The research directions will concentrate on perception and
autonomy and demonstrate them using mobile robot bases� We will not focus on the loco	
motion capabilities on the ground needed to demonstrate the capabilities that we develop to
accomplish our goals� The fourth task addresses the issues relevant to outdoors monitoring
and exploration by airborne platforms�
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��� Scenario

The basic perceptual operation that this robot will perform is to produce a topo�sketch
of its environment� Good generic image segmentation techniques need to be employed in
order to successfully identify di�erent objects� The advances in algorithms for recognition
and grouping of the information acquired by visual sensing make it possible to employ
vision both in hazard detection and detection and classi�cation of familiar and unfamiliar
objects �e�g� other members of the �friendly� robot team� enemies� obstacles�� The vision
techniques for identifying and tracking human targets� which are currently done at the level
of individual joints� can be used to further identify their intent or state �for example alive�
moving� wounded� etc��� In order to assess their location and numbers� re	recognizing people
seen before is an important issue �the association problem��

The topo	sketch is a dynamic representation over space and time� The sensing robot could
change its position as it moves around� and even for a stationary robot� the environment
would change as the dynamic agents move about� We envision that each robot would have
a private copy of a data structure representing its topo	sketch with as accurate absolute
location and time stamp information carried along as available� The location information
would be derived from inertial navigation and is therefore expected to become unreliable over
time �due to sensor drift� unless upgraded in quality from �xes from known landmarks� A
key representational question is that of the nature of the topo	sketch� is it �D or a collection
of multiple �D views� We expect to use a hybrid approach � a crude �D structure to which
are linked a set of �D views� On obtaining a topo	sketch in static or dynamic environment�
the agent needs to choose particular exploration strategy� This choice will depend on the
available knowledge of the environment �or stored intelligence�� the available time constraints
�so	called �anytime� algorithms� and the presence of foe or friendly forces� We will develop
so	called �master algorithms� where constraints are not an issue and scaled down versions
of them to �t an any time scenario �when stealth is an issue� or a scenario where the robot
has to move or take cover to prevent exposure to hostile �re�

Di�erent robots would have di�erent private topo	sketches� They could communicate
with each other to acquire common knowledge about a larger part of the environment than
each one has privately� Communication could be encrypted and authenticated using standard
techniques to ensure trustworthiness� The chief tradeo�s between individual exploration and
communication to bene�t from the exploration of others are those of trading


� Communication time and reconciliation time �forming a common representation from
the topo	sketches of multiple robots� vs� time spent in continued individual explo	
ration�

�� Increased probability of detection with greater communication time� In di�erent con	
texts� this might impose more or less severe penalties�

The reconciliation process has two aspects�


� Static objects that can be matched across multiple topo	sketches help provide �xes
to the drift in the Inertial Navigation Systems �INS� or odometers of the individual
robots�

�� Dynamic agents pose interesting challenges � one should expect to see some of the
agents reappear in di�erent topo	sketches as they move about� but there also some
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that are only found in individual topo	sketches� The matching process has to be prob	
abilistic and what one wants to obtain are the best maximum likelihood or Bayesian
estimates of variables such as the numbers of particular kinds of agents in various
partitions of space	time�

When the robots collaborate the key means of collaboration is communication� the kinds of
hierarchies that can be proposed are�


� Communicate with nearby robots� This has the advantage that there might be land	
marks seen by both robots that permit a more accurate combined topo	sketch� That
also leads to a more compressed representation to be sent on in a tree	structured hier	
archy� There are relatively few compression possibilities in the disjoint topo	sketches
of robots that are far apart in an environment�

�� Communicate directly with the �mother ship� and have it transmit the reconciled
information �or subsets of it� back�

Of course these are two end points in the design space� We would expect to study heterar	
chical information structures� with intermediate communication architectures�

��� Team Expertise

Our research team is uniquely quali�ed to take on and make large strides in these di�cult re	
search problems� In fact� each member has already been involved with the successful solution
of at least one� in some cases several� of the previous generations of these problems� Randy
Katz is an expert in multi	media� recon�gurable wireless networks for indoor environments�
He has developed compression and communication protocols for �exible networking in urban
areas� Jitendra Malik is a leader in low	level and intermediate vision� with recent work in
the crucial aspects of image segmentation� association� grouping� and attribute evaluation
����� ��� �� �� �� 
���� Christos Papadimitriou works on algorithms and complexity� and
was involved in some of the �rst work on on	line terrain exploration and navigation ����� as
well as searching for evasive targets� he is also investigating the communication�quality of
decision trade	o�s ����� Stuart Russell is an expert in AI with expertise in decision mak	
ing under uncertainty� learning as well as well as with Bayesian techniques for association
and matching of objects observed by di�erent agents at di�erent places and times ���� Jose
Salinas has expertise in military doctrine for the deployment of multiple mobile robots at
the Army Research Laboratory� He has also developed the Combat Information Processor
for use in battle�eld awareness on personalized soldier displays� Shankar Sastry specializes
in the decentralized control of distributed systems ���� and hybrid design and veri�cation
techniques �
��� He has applied his methods to problems in automated highway systems� air
tra�c management systems and robotics� Jana Kosecka has previous experience and exper	
tise in sensing for navigation and map building �
��� control strategies for basic navigational
capabilities �
� and has been recently involved in project on high	speed vision based auto	
mobiles �
��� More generally� our team is unique in its collaboration with the Information
Sciences and Technology Directorate of the Army Research Laboratory �ARL� with major
thrusts in the area of intelligent systems� information processing and mobile computing and
communications� ARL is the Army�s corporate research laboratory for technology genera	
tion and transfer of technology to deployable military systems� We have had a long standing
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collaboration with several personnel there and in particular with Dr� Chandra� the Deputy
Director of Information Sciences and Technology and Director of Atmospheric Research� He
will be making available his services at no	cost to this project�

� Technical Approach

��� An Integrated Approach to Environmental Perception

Following our bottom up approach to the integrated architecture of multi	robot systems� we
will �rst elaborate on perception component� The e�ort that we wish to undertake within
this task will concentrate primarily on visual sensing� By visual sensing we include not
only optical cameras� but also infra red cameras� and other two dimensional sensors� We
will elaborate in later sections on the use of other sensing modalities �e�g� INS� odometry�
sonar�� which will be closely tied with the vision capabilities during the navigation and map
building� For the perception component� more speci�cally the techniques and algorithms
which need to be developed fall into the following categories�

Segmentation

We ���� ��� have developed a novel approach to the problem of image segmentation by mod	
eling it as the process of �nding a partition of the image into regions such that there is
high similarity within a region and low similarity across regions� Rather than focusing on
local features and their consistencies in the image data� our approach aims at extracting the
global impression of an image� This is made precise as the �normalized cut� criterion which
can be optimized by solving a generalized eigenvalue problem� The resulting eigenvectors
provide a hierarchical partitioning of the image into regions ordered according to salience�
Brightness� color� texture� motion similarity� proximity and good continuation can all be
encoded into this framework� Results on complex images of natural scenes demonstrate
the signi�cant superiority of this technique over classical approaches such as those based
on edge detection� Markov Random Fields etc� Figure �
� shows results on segmentation
of a challenging natural scene� Note that we are able to �nd regions� which correspond
directly to surfaces or parts of objects in the scene� These directly enable us to determine
obstacles� open spaces and the like instead of having to perform complicated inference on
edge outputs� For many years� lack of reliable image segmentation has been a bottleneck
in the e�ective use of computer vision� we believe that our results represent a breakthrough
and make possible a new generation of mobile robotic perception strategies� We can only
include a few examples here due to space limitations� More can be found on the web site
http���HTTP�CS�Berkeley�EDU��jshi�Grouping�overview�html We are also able to seg	
ment scenes using multiple view analysis�see Figures ������

Further Grouping Using Object Class Models

The proto	regions extracted by the normalized cuts algorithm need not correspond in a one
to one fashion with the objects of interest� In the motion example above� the person is broken
up into regions corresponding to the face and the torso� Based on low	level measurements
of color� texture or motion� this is indeed the right decision� High	level knowledge of object
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Figure 
� Segmentation of a building scene� The original image is on the top left�

classes� such as humans� walls� windows� doors� etc� can be used to group together proto	
regions� For geometric scene elements such as walls or �oors� the problem is one of �tting
consistent geometric models� For any of these planar elements� monocular analysis �e�g�
from vanishing points� or multiple view analysis �e�g� from textured patches which permit
stereopsis or structure from motion reasoning� can be used to determine the plane and
coplanar continuation used to group the elements together� The idea generalizes to other
object classes with well	characterized geometry�

Tracking Dynamic Agents

We are interested in tracking dynamic agents � these could be other robots� vehicles� or
people� In contrast� tracking rigid objects� such as vehicles� is essentially a solved problem�
At Berkeley� we have demonstrated a real	time system ��� for tracking cars� that deals with
signi�cant occlusion due to tra�c congestion and operates over a wide variety of lighting
and environmental conditions� This system has been tested over many hours of video and
its performance compared with ground truth on more than ������ vehicles� The more chal	
lenging problem is that of tracking people� When they are far away� one can model them
as approximately rigid and track them in a standard way� When they are closer to the
camera� the possibility of tracking individual joints becomes available permitting inference
of behaviors and status for example� walking or running� healthy or wounded�

Tracking people at the joint level is a di�cult problem for several reasons�

� Low contrast between the di�erent parts of the body�

� Signi�cant amounts of self	occlusion�

� Large angular velocities which result in signi�cant movement from frame to frame� and

� Cluttered environments�

We have developed a novel approach ��� to this problem that has given us the ability to
track individual joints and the global �D pose at high accuracy with just a single camera�
�Approaches such as those using a sea of sensors seem inapplicable in the current setting��





�a� �b�

�c� �d� �e� �f� �g�

Figure �� Subimage �a� and �b� show the left and right image of a stereo image pair� and
segmentation is shown in subimages �c� to �g��

The idea is to exploit the mathematical formalism of twists and the exponential map de	
veloped by one of us ������� for representing and reasoning about kinematic chains� This
can be integrated into a region	based tracking technique and leads to the problem of updat	
ing the joint angles and pose becoming a simple linear problem� The image velocity of a
chain segment is a linear combination of the global pose change� and angular velocities of
the kinematic chain� The kinematic model itself can be estimated during this process� We
show some example results of tracking in Figure ���� Note that we are able to do joint	level
tracking which enables us to infer behavior � walking� running� wounded� for example� It
is important to note that our methods do not rely on the subjects having special clothes or
markers � techniques which rely on such features are common in computer vision literature�
but are obviously irrelevant in a special operations theatre�

��� Decentralized Map Building� Communication and Navigation

Data Association

The techniques described in Section ��
 allow each robot to detect and track a variety of
objects such as humans� �landmarks� in buildings� and other robots� Over time and with
multiple robots� a large set of detected objects can be accumulated� Data association is
the problem of deciding which of these objects are� in fact� the same object� and which are
distinct objects� Consider the following cases�

� Robot A explores several complex� interconnected hallways in a building and detects� at
various times� � stairwells� Depending on the building topology �possibly unknown��
the odometry and compass error �large�� and the appearance of the stairwells and

�



�a�

�b�

�c�

�d�

Figure �� Row �a� shows an image sequence of Carl Lewis running� Notice that the back	
ground is moving to the left as the camera is panning to keep the runner in the center of
the image� Consequently� background subtraction would not work as an image segmenta	
tion technique� Row �b� to �d� show the motion segmentation produced by our algorithm�
Note these regions found corresponds the runner in �b�� moving background in �c�� and the
left lower leg in �d�� The left lower leg is segmented from the runner because it undergoes
signi�cant upward rotation in these seven image frames� By recursive cuts the other moving
limbs can be found�

neighboring landmarks �possibly poorly characterized� and possibly changing over time
in a combat situation�� the robot must decide if these � locations are distinct or not in
order to obtain a reliable building map�

� Robots B and C make� at various times� a total of 
� and 
� observations� respec	
tively� of humans in the building� At no time does either robot observe more than �
humans simultaneously� Depending on the humans� appearance� their estimated mo	
bility� building geometry� and so on� there may be anywhere between � and �� humans
in the building �in addition to some unknown number of as	yet	undetected humans��

Traditionally� data association has been used in situations such as radar tracking of multiple
missiles� where observations are fairly continuous� target descriptions are low	dimensional
vectors� motion of targets is fairly predictable �locally linearizable�� sensor models are con	
stant� and targets redetected after a signi�cant interval of nondetection can safely be treated
as new targets �
�� None of these assumptions are valid in the current problem� and novel
techniques are needed� A start on Bayesian techniques for association and matching of ob	
jects observed by di�erent agents at di�erent places and times has been made in our IJCAI
best paper prize work ����
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Figure �� Example con�gurations of the estimated kinematic structure during one walk cycle
of a person seen from an oblique view�

Decentralized Map�Building

Building the map of an unknown �	D scene from visual data by a moving agent is a well	
studied problem in on	line algorithms� computational geometry� and robotics� The goal is
typically to build the map as fast as possible� with very little motion and computation when
the environment is simple� but allowing more motion and computation when the environment
is complex� There is an extensive literature on this problem after it was posed� The present
problem� however� is further complicated by several factors� In the list below� we describe
how problems in task partitioning� survivability and stealth issues� dynamic environment
and communication costs will in�uence the development of our new algorithms�


� Task Partitioning
The map	building task must be partitioned between the agents� and reassigned dy	
namically� The agents start with a default partition of the environment as they �fan
out�� each following its own� deliberately di�erentiated� motion plan� For example� one
robot may start by tracing the left wall� another the right� a third heading to the sec	
ond opening from the left� etc� Each robot engages in map	building of the part of the
environment it perceives through its sensors and the integrated perception mechanism�
following one of the known e�ective algorithms for this task �such as the heuristic �head
for the furthest clockwise point that has ever been visible� known to always be within
a factor of two of the ideal optimum map	building plan ������ Each robot will resolve
the association problem regarding to objects it sees at di�erent times� and robots may
communicate for resolving their intra	agent association problem� However� the robots
may have to communicate for another reason� The parts of the environment assigned
to each robot by their default partition may di�er dramatically in their complexity� as
well as in the degrees to which they overlap� When such imbalances are discovered in
the course of decentralized map	building and communication� the map	building task
must be re	partitioned for balance and overall e�ectiveness�

�� Stealth and Survivability Issues
Navigation of the environment for the purpose of map	building may be undesirable for
reasons of survivability and stealth� Each elementary cell in the terrain to be navigated
can be assigned a cost commensurate with the undesirability of navigating in it� For
example� the cost could be low if it is currently known that the cell is not under enemy
surveillance� moderate if it is not known to be free of enemy surveillance� and highest
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if it is known to be under enemy surveillance� The cost may also vary with the tactical
desirability of stealth and safety at the time� The robot must therefore solve a version
of the optimum map	building problem in which the terrain is weighted with possibly
time	varying costs� and we must minimize the total weight of the path traversed� as in
�
���

�� Dynamic Environment
Building maps of static elements of the environment is the easier task� It is much harder
to identify all mobile parts� especially if they are trying to evade such detection� This
more complex identi�cation task is closely related to clearing the environment of enemy
presence� It is known that a single robot will not in general su�ce� and the smallest
required size of a team depends crucially and subtly on the topological properties of
the environment ���� A weak team strategy may have as a result recontamination� that
is� the opening up of the possibility that one or more hostile agents have moved to
an area that was previously cleared and known to be free of hostile agents� this has
grave consequences on the time required for the search� There are algorithms known
for optimally clearing complex environments� without recontamination ���� However�
the problem of clearing of a geometric environment in the absence of a complete map
has not been addressed in the literature�

�� Communication Costs
Communication between the robots during the mission may have to be minimized for
reasons of stealth� In all three subtasks identi�ed so far �association� decentralized
map	building� and environment clearing� there seem to be intricate trade	o�s between
the allowed communication and the quality and e�ciency of the task �quality and re	
liability of the map built� e�ciency of the environment clearing strategy� completeness
of the association�� Since communication may be undesirable in varying degrees de	
pending on tactical considerations� we will have to study many points of this trade	o��
Communication�quality of decision trade	o�s have been studied extensively in other
contexts� see for example �����

Wireless Communications and Networking in Urban and Indoor Environments

When there are multiple robots which are operating covertly� they will need to communicate
to achieve coordination� However� the level and quantity of the communication with each
other as well as with the �mother ship� needs to be minimized for stealth� We will work on
architectures for con�guring the communication between the robots using �exible wireless
networks� which are recon�gured based on mission speci�cations� An important area of
research in the multi	robot system is wireless communications in the urban battle space is
to provide network connectivity for robots and mobile sensors� We propose to develop new
communications protocols for mobile sensor platforms that are both power e�cient and can
operate in a stealth mode�

Reliable transport layer protocols� such as the TCP protocol suite� have been developed
to insure reliable communications over a wide diversity of access technologies� It has long
been recognized that TCP does not perform well in an environment characterized by high loss
rates� such as found in wireless environments� A variety of techniques have been developed
to improve TCP performance over wireless links� but it remains that such techniques require
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power	consuming acknowledgements and frequent retransmissions� An issue for military
operations is that existing protocols based on acknowledgements have the weakness that the
mobile node must radiate energy in order to complete the reliable transport layer protocol�
Not only does this consume precious energy� it also reveals the location of the mobile node�
which may be lethal on the battle�eld�

We propose to develop a radical alternative to traditional transport layer protocols�
based on protocols that are application	 and power	sensitive� In particular� we propose
to develop pseudo	reliable transmission schemes that tradeo� bandwidth in the form of mul	
tiple �re�transmissions of a packet against acknowledgement	based explicit retransmission
requests� The idea borrows from pager networks� which improve the probability of success	
ful packet delivery by retransmitting packets more than once�

Situation reports� which are frequently updated� can be sent in this pseudo	reliable fash	
ion� If the status packets are lost� a new report will be generated in the near future� The
receiver simply receives the broadcast report without explicit acknowledgement� Command
messages� such as �take the hill�� targeted for a speci�c mobile node� must be acknowledged�
Thus� it is important to understand the applications semantics to determine whether pseudo	
reliable transport is appropriate or not� It is inherent in the pseudo reliable scheme that
there will never be a 
�� � guarantee that a transmitted message will have been successfully
received�

Simply sending a transmission multiple times is a rather naive solution to the problem�
More sophisticated techniques will be investigated� One idea is borrowed from RAID� An  n
packet� packet stream can be appended with an additional n ! 
 parity protection stream�
Should one packet be lost� its content can be reconstructed from the n�
 received packets as
well as the parity packet� Within this context� it will be important to develop the protocol
suite so that it is adaptive to the nature of errors on the underlying communications channels
�burst errors vs� continuous errors�� as well as sensitive to the requirements of the overarching
sensor application�

Visual Servoing for Navigation

Navigation capability is an integral part of both map making and reconaissance missions
given a map� In the map making context� there is a need for implementation�development
of motion plans which would reliably position the robot between visibility regions associated
with explored places� while maintaining accurate pose estimates of the robot relative to the
signatures associated with the places� Similarly in the second stage� after obtaining a �topo	
sketch� of the environment� navigation between neighboring places needs to prone to errors
in odometry� This can be accomplished by incorporating additional sensing capability �in
addition to the odometry� in a control loop of the mobile robot�

We propose a novel approach to global navigation utilizing the idea of visual servoing�
By choosing particular servoing primitives� represented as a part of the qualitative map of
the environment we try to formulate the global navigation problem as a sequence of relative
positioning tasks and design stable closed feedback loop control strategies for various relative
positioning tasks� Then assuming availability of a topological model of the environment
represented in the form of a directional place graph and with the arcs as the control strategies
which need to be invoked in order to go from one place to another� more robust plans can
be generated and directly executed� The visual servoing framework can then combine the







geometry of the environment and the control of the mobile robot in such a manner that
global navigation can be done in a robust and reliable way�

Pose Estimation

A mobile robot requires both a means of determining its position and controlling the vehicle
position� For control purposes and map generation task� it is desirable to know the position
and additional vehicle state information �i�e� attitude� velocity� angular rates� linear acceler	
ation� at high sampling rates� Odometer systems frequently used for determining position of
mobile robots� can not provide the full	state information �i�e� accelerations� attitude�� and
su�er from severe drift errors� Also� odometer systems can not provide enough information
in order to determine accurately such parameters as pathway inclination� turning radius and
direction�

The Global Positioning System �GPS� is the most convenient and accurate method for
determining vehicle position in a global coordinate system� The accuracy of GPS position
estimates is on the order of �� meters� Increased accuracy on the order of 
� centimeters
can be achieved by using Di�erential GPS �DGPS�� Moreover� DGPS system with carrier
phase measurement capability can provide accuracies of 
 to � centimeters� However� GPS
is limited by the update rate and the occlusion of satellite signals by natural and man	made
features�

Inertial Navigation Systems �INS� have been developed to provide complete vehicle state
information at rates suitable for accurate vehicle control� An INS system integrates the
di�erential equation describing the system dynamics for a short period of time� During the
integration step� the variance of the state estimates increases� Therefore� INS states have to
be periodically corrected�

The traditional approach to designing integrated navigation system is based on the combi	
nation of �
� determining absolute navigation parameters �coordinates and velocity�� which
are obtained from the GPS� and ��� determining relative navigation parameters �relative
changes� in coordinates and velocity�� which are obtained from the INS� At Berkeley we
have developed and tested algorithms for an inexpensive gyro	free INS system in combi	
nation with accurate DGPS system� which with e�ective sensor fusion and fault detection
techniques can provide accuracy� speed� and stability required by most outdoor autonomous
mobile vehicle applications �when DGPS signals are available��

Taken independently� each of the above position sensing techniques �INS� GPS� and
vision� has advantages and disadvantages� The strongest criticism of any of the individual
techniques is that it is susceptible to a single point failure� No single reference system can
supply adequate reliability and availability to ensure safe control� However� used jointly the
overall system performance and reliability can be improved� It is important to note that
sensor fusion is accomplished by using the di�erent kinds of sensor data in di�erent ways�

It is anticipated that representative data will be made available to verify the capabil	
ities of the system developed under this e�ort� We shall demonstrate the performance of
the techniques in an experimental setting� and shall address issues related to the speed of
processing� The techniques developed to ful�ll the requirements of this topic will provide a
�exible solution to many problems in surveillance� robotic navigation� targeting� and multi	
sensor robot exploration� The developed system will provide capabilities to assemble� update�
and maintain geometrical�geographical information databases using imagery and navigation
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information collated from di�erent sensor systems�

��� Agent Coordination� Planning and Decentralized Control

The issues addressed in the previous tasks were focused on the sensing� communications�
tracking� recognition and map building� These are the enabling blocks for the team of
robots� to be able to deal e�ectively with issues of how to plan the coordination of the
multiple robots� This is addressed in this section� We shall explore the use and choice of
general design principles for complex distributed multi	agent systems and instantiate them
on the problems which need to be solved along in order to organize the team of special op
robots� The �ndings of the research conducted here then in turn provide some guidelines�
and possibly introduce additional constraints into the design process for the utilities that
are developed for sensing� communications� recognition� tracking and map building for the
mission organization�

Distributed Decision Making

We wish to explore new design paradigms for distributed control and decision making which
would avoid the high communication and computation costs of centralized control� and would
allow the individual participants of the mission to operate much closer to their performance
limits and achieve greater e�ciency of resource use� We believe that such a challenge can
be met by organizing the distributed control functions in a hierarchical architecture that
makes those functions relatively autonomous �which permits using all the tools of central
control�� while introducing enough coordination and supervision to ensure the harmony of
the distributed controllers necessary for high performance� In this case� each agent is trying
to optimize its own usage of the resource and coordinates with �neighboring� agents in
case there is a con�ict of objectives� Methods from hybrid systems �combining discrete
protocols� continuous dynamics� and hierarchies of sensing and action� analysis and control�
along with work in distributed algorithms� plan merging and consistent update are needed
to guarantee safety �survivability in a military context� of individual physical agents� and
optimality �mission completion� of the composite system� Such a scheme also insures that
while the physical agents can have a high degree of autonomy� they operate only within the
freedoms and bounds set for them by their human soldier operators�

Hierarchical Mission Planning and Execution

Our approach to planning addresses the two main de�ciencies of AI planning algorithms�


� They do not account for the uncertainty inherent in real world problems�

�� They do not reason hierarchically�

Traditional AI planners construct plans under the assumption that the e�ects of actions
are deterministic� Extensions to this planning paradigm permit hierarchical planning in
which abstract� high	level actions like moving from one building to another are mixed with
low	level actions like moving forward a single step� The abstract and low	level actions then
can be combined to form an overall plan� The problem with this approach is that the plans
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it produces are di�cult to use in the real world� when actions often can fail to have the
desired outcome or can inadvertently undo the e�ects of other actions�

The Markov Decision Process �MDP� framework permits optimal planning under condi	
tions of uncertainty� Unlike traditional planning methods� the MDP framework has not yet
been extended to permit hierarchical reasoning� MDP algorithms are forced to deal exclu	
sively with low	level actions� a limitation that has hampered e�orts to scale planning under
uncertainty to large problems� The Hierarchical Abstract Machines �HAM� approach ��
�
makes this leap by introducing a language that permits the introduction of hierarchically
structured constraints into the MDP framework� For example� the system can be told that
the overall strategy must involve a sequence of movements from building to building and
that the next building should not be visited until an objective is achieved in the current
one� In ��
�� both o"ine and online �reinforcement learning� algorithms are given� How	
ever� some technical advances are needed to allow these methods to scale up to the kinds of
problems faced here� First� we need to extend the HAM language and algorithms to handle
partially observable environments� The main requirement here is that each agent maintain
some representation of its uncertainty about the current state of the environment� We will
also need to incorporate generalized value function representations that enable computed �or
learned� substrategies to be applied across a wide variety of situations� For example� when
an agent has devised a method for scanning a rectangular room� it should be able to apply
this method in future to any other rectangular room� Strategies for obtaining smaller objec	
tives within buildings can be encoded directly into the HAM framework at varying levels of
speci�city� However� partial plans or strategies with pieces that are incomplete can also be
included� Our algorithms will �nd the optimal strategy that is consistent with the provided
structure� The more structure the system is given� the faster it will run� Constraints like
rules of engagement actually will speed the system up�

Architectures for Decentralized Control

In distributed� decentralized control applications of the kind found in C
�
I systems� it is

important to be able to evaluate hierarchies and heterarchies of control architectures for the
following reasons�

� Degree of centralized vs� decentralized decision making

� Safe performance of individual agents to be reconciled with optimal performance of
the composite system�

� Failure mode detection� fault handling and survivability of the system after faulted
modes�

To elaborate on these points� consider that to achieve the common optimum we should
ideally have a centralized control scheme that computes the global optimum and commands
the agents accordingly� A solution like this may be undesirable� however� for several reasons�
�
� it is likely to be very computationally intensive� as a large centralized computer is needed
to make all the decisions� ��� it may be less reliable� as the consequences may be catastrophic
if the centralized controller is disabled� ��� the information that needs to be exchanged may
be too demanding of communication resources� and ��� the number of agents may be large
and�or dynamically changing�
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If the performance degradation of a completely decentralized solution is unacceptable
and a completely centralized solution is prohibitively complex or expensive� a compromise
will have to be found� Such a compromise will feature semi	autonomous agent operation� In
this case� each agent is trying to optimize its own usage of the resource and coordinates with
�neighboring� agents and a base station in case there is a con�ict of objectives� It should
be noted that semi�autonomous agent control is naturally suited for hybrid designs� At the
continuous level� each agent chooses its own optimal strategy� while discrete coordination is
used to resolve con�icts� Thus� the class of hybrid systems that we will be most interested in
are semi	autonomous multi	agent systems� where the hybrid dynamics arise from the inter	
action between continuous single agent �optimal� strategies and discrete con�ict resolution
or coordination protocols�

The need for rapid and varied agent and inter	agent recon�guration� the uncertainty of
information� its localization and the inter	agent or agent	base communication required to
optimize global performance in the face of such localization� result in emergent behaviors
of extraordinary complexity� Once again� our experience with the design of such systems
suggests that the management of complexity demands that a theory of multi	agent control
embed within it a theory of hierarchical control and a corresponding theory of hierarchical
abstraction of information� Needless to say� the theory must locate and manipulate within its
discourse both planning and decision making layers designed by soft computing techniques as
also layers that quickly and decisively translate decisions or plans into deterministic sequences
of agent and inter	agent actions that are formally designed�

There is a continuum of design choices for system decomposition� ranging from strict hi	
erarchical control to a fully distributed� multi	agent system� Furthermore� di�erent choices
may be appropriate at di�erent levels of abstraction� ranging from the �typically continuous	
domain� low	level control systems concerned with safety and smooth execution to the �typi	
cally symbolic�discrete� strategic levels concerned with optimization and planning for high	
level goals� We will investigate theoretical and design issues involved in the choice of system
architecture� and methods for interfacing elements of the resulting hybrid system�

� Statement of Work

The primary deliverables for this research project will be in development of algorithms�
software for simulation and visualization of the results and algorithms and software for
demonstration of the experimental results�

��� Year�One Program

The basic plan is to have the development of tools� algorithms� simulations and experiments
in the �rst year of the grant separately in the following basic thrust areas�

PER Integrated Approaches to Environmental Perception�

MAP Decentralized Map Building� Communication and Navigation�

MULTI Multi	agent Coordination� Planning and Decentralized Control� including
decentralized control for individual survivability� and centralized control for overall
mission success�
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DEPLOY We will develop enhancements of the ARL Combat Information Server to
add to it a topographical� terrain feature� and urban feature server�

The detailed statement of deliverables in these three thrust areas labeled PER� MAP and
MULTI follow in Section ��

��� Year�Two Program

In the second year� we will have three separate e�orts involving tools� algorithms� simulations
and experiments combining the thrust areas pair by pair as follows�

MAPPER We will integrate the algorithms for sensing the topology of the environ	
ment using vision� ultrasonic and other sensors with those for building and representing
maps� The maps will also have facilities for association and tracking of multiple moving
targets�

MULTIMAP We will integrate map building and navigation with the gaming strate	
gies such as Stackelberg� Nash to enable exploration of the new terrain while guarding
old terrain �i�e� updating estimates of what it contains�� Networking protocols will also
be tested� We will build hierarchical dynamic representations of the environment cap	
turing the geometric and topological properties of the static entities and maintaining
the consistent representation of the dynamic targets�

PERMULTI Especially germane here will be the development of algorithms for trans	
mission of the minimal amount of information for decision making� We will investigate
these issues in the context of visual sensing and map information� We would test
the fault handling algorithms for the loss of sensors or individual agents� We would
give probabilistic �gures of merit of the composite functioning of the system involving
perception� multi	agent planning� fault handling and mission recon�guration�

A brief summary of the statement of work in all the thrust areas follows� More detailed
description of individual subtasks is in Section ��

��� Deliverables

Task PER

Subtask ��� Segmentation� Development of the segmentation algorithm into regions
of coherent brightness� color texture and disparity and motion algorithm� Call these
�proto	surfaces�� The algorithm will be tested on real image sequences acquired by
mobile robot in the indoor environment�

Subtask ��� Grouping� Development of grouping criteria and algorithm which will
taken into account some generic knowledge of the �oors� walls� doors and windows and
associate properties with these regions� such as slant� depth and spatial extent� The
algorithm will tested on real image sequences obtained from the segmentation step�

Subtask ��� People Identi�cation� Algorithms for identi�cation of people� The algo	
rithm would be employed on image streams during the exploration phase and would






work in case of low resolution images and instances where people may be seen from
distance� The testing would be performed under ordinary lighting conditions�

Subtask ��� Target Tracking� We will develop algorithms for real time tracking of
people� using the new approaches for tracking linked rigid bodies�

Subtask ��� People Tracking and State Assessment� Development of an additional
layer on the tracking algorithm which would be for identi�cation of additional proper	
ties of the tracked target �for e�g�� walking� running� unusual activities� female� male�
etc���

Subtask ��� Feature Detection for Data Association� Experimentation with the choice
of suitably robust features for data association in a Bayesian framework� and integra	
tion of the association algorithms into visual tracking algorithms�

All the techniques and algorithms developed as a part of this task will be tested on real
image sequences of a dynamic environment acquired either by a moving or static observer
and tested on the mobile robot bases�

Task MAP

The Decentralized Map Building� Communication and Navigation task concentrates mainly
of the geometric and tactical aspect of cooperative map building process and basic naviga	
tional capabilities� We plan to develop the following techniques�

Subtask ��� Data Association� The data association problem presented by the de	
centralized map	building task shares many characteristics with a vehicle identi�cation
problem� but also presents novel di�culties� We shall extend the vehicle association
work to allow for the mobility of camera platforms �robots�� and the much richer
motion behaviors exhibited by humans� and complex environment geometries� This
involves some deep technical issues� such as inferring absence of targets in some region
based on nonobservation over time and space even when targets may be mobile� It will
also require the use of dynamic probabilistic networks� which are a generalization of
Kalman �lters� in order to handle track complex behaviors �see ����� For this domain�
we will need to extend our real	time approximate inference algorithm ER�SOF �
�� to
handle the combined use of discrete and continuous variables required in this domain�

Subtask ��� Decentralized Map�Building� We shall develop and test algorithms for
estimating the local complexity of an environment� for the purpose of load balancing
the map	building process� such algorithms will have to partly rely on prior stochas	
tic understanding of the characteristics of the environment being explored� We shall
modify our e�cient map	building algorithms taking into account the novel objective
of identifying complex parts of the environment early and reliably� We shall develop
algorithms for optimally partitioning a partially explored environment among agents
already in the scene�

Subtask ���Weighted Terrain� We shall develop models for assigning weights on cells
of the terrain We shall extend the map	building algorithms to the case of non	uniform
terrain costs�
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Subtask ��� Clearing the Environment� We shall combine our understanding of the
problems of exploring an unknown environment and clearing a known environment� to
develop algorithms for the more complex problem of clearing an unknown environment�

Subtask ��� Communication�Quality Trade�o�s� We shall re	examine the three prob	
lems of object association� decentralized map	building� and environment clearing from
the point of view of communication requirements� We shall develop a theoretical under	
standing of the trade	o�s between intensity of communication �which includes possibly
encoded information� and performance in these three subtasks� We shall develop new
algorithms for these subtasks� for a fairly comprehensive range of increasingly stringent
regimes of communication�

Subtask ��� Visual Servoing� We will design control strategies for mobile robot rela	
tive positioning with respect to planar objects �e�g� walls� doors� in a static setting and
corridors as well as strategies for vision based following of another dynamic target �foe
or friendly�� The designed strategies will be veri�ed in simulation and experimentally
on a mobile robot platform�

Subtask ��� Pose Estimation� We propose to integrate vision system into the GPS�INS
based navigation system described in Section ��� for control and map generation pur	
poses� The objective is to develop techniques for establishing the precise geometric
relationship between the image sources and other position sensors� The development
of algorithms to perform automated positioning of di�erent data types with respect to
a single coordinate system is a new and challenging task�

Subtask ��	 Protocol Design for Wireless Networks� Protocol design and simulation
modeling using the ns simulator� Protocol implementation� integration with applica	
tions being developed for the mobile sensor network� Initial deployment in testbed�

Task MULTI

The main trust of this task is investigation and instantiation of some basic design and plan	
ning principles in the problem domain of mobile robots involved in tactical urban missions�
This will be done in the scope of following subtasks�

Subtask ��� HAM� Using doctrine and the results of our algorithmic analysis of the
problem of exploring�clearing unknonw environments� we will devise HAM mission
plans for a set of typical scenarios� and develop optimal o"ine and online solutions
translating these mission plans into concrete behaviors� As part of this task� we will
propose and implement schemes for handling partial observability and across	subtask
generalization�

Subtask ��� Architectures for Decentralized Control� We will develop a discrete event
model of a decentralized multi	agent system engaged in a clearing mission and formu	
late the distributed observation problem for fault detection� with fault events being
unobservable by the other agents� The answers to the observability issues will guide
the design of a communication scheme between multiple agents engaged in the mission�
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Subtask ��� Fault Handling and Recon�guration of Mission� When one of the agents
or some of the sensors on board a platform is lost� an assessment has to be made as
to how much of the mission can be accomplished or whether the mission should be
abandoned for reasons of survivability� An architecture for fault management at the
sensor or robot level will be developed�

Subtask ��� Probabilistic Veri�cation� When a multi	agent system� with various
protocols for communication� sensing� and map building and architectures for fault
handling are put together� it is important to assess the overall performance� We will
use a combination of probabilistic formal methods and methods developed for HAMs
for this purpose�

Task DEPLOY

Subtask ��� Topographical Elevation Server� ARL�s Combat Information Processor
�CIP� has a topographical elevation server which provides a user with a map of a
given geographic area� ARL will undertake the development of algorithms and make
necessary modi�cations to the code so that the results are available for robotic imple	
mentation�

Subtask ��� Terrain Feature Server� The CIP also has a terrain feature server which
supplies the users the features in a given geographic area� ARL will undertake the
development of algorithms and make necessary modi�cations to the code for use in
robotic implementation�

Subtask ��� Urban Feature Server� ARL will create a new �urban feature� server
which will be used for querying the urban areas for the mission planning computations
including inside building and city information�

Subtask ��� Military Mission Planning� ARL has previously developed single route
planning algorithms for single robots in a special forces environment with detailed
descriptions of the appropriate protocols� These will be modi�ed to take for multiple
robots with planning capabilities for urban city and inside building war �ghting�

Task MAPPER

Subtask ��� Integration of Decentralized Map Building algorithms with Perception
Routines� Evaluation of Map building algorithms with input from the perception fol	
lowed by re�nement and redesign�

Subtask ��� Integration of Decentralized Map Building with Communication Protocols�
Evaluation of protocol design in testbed� followed by re�nement and possible redesign�

Subtask ��� Integration of Human and Other Visual Tracking Algorithms with Map�
ping Routines� Implementation of dynamic map update for objects as well as mobile
human targets�
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Task MULTIMAP

Subtask ��� Integration of gaming strategies with mapping routines� Here we will
update maps of the environment� using game theoretic strategies to �guard� territory
while exploring new territory�

Subtask ��� Hierarchical Abstract Models for representation of maps� We will develop
algorithms for storing prospected maps at various levels of granularity�

Task PERMULTI

Subtask ��� Fault Handling� When some of the individual sensors or robots are
blinded or lost� we will test the algorithms for map update� mission replanning based
on probabilistic assessments of data that we do not have access to�

Subtask ��� Tradeo�s between Information and Stealth� We will study the tradeo�
between having more sources of information and the potential loss of stealth when
transmitting� We will also study �semantically� based measures of information to be
transmitted from rich sensors such as vision sensors for map building�

� Milestone Chart

The deliverables listed below are classi�ed as SW �algorithms and software design tools��
or SIM �for simulation demonstrations� or EXP �for experiments�� Year 
 experiments will
be performed on mobile robot platforms that are recommended to us by DARPA or by
platforms that are currently at ARL� At Berkeley� the current mobile robot platforms are
helicopters �aerial mobile robots�� While the importance of developing algorithms for aerial
mobile robots is clear and in Year �� we will perform experiments using one of the aerial
mobile robots as the �mother ship�� we will use terrestrial wheeled robots for the Year 

experiments�
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Task Symbol Duration Deliverables
Integrated Approach to Perception PER
Segmentation� Grouping� Identi�cation ������� ���� 	 ���� SW� SIM
Tracking� Association 
��� 	 ��� EXP
Map Building Comm� Nav� MAP
Association� Map Building� ��� � ��	 ���� 	 ���� SW� SIM
Tracking� Communication ��� 	 ��� EXP
Multi�Agent Coordination MULTI
Architecture Evaluation ������� ���� 	 
���� SW� SIM
HAMs� Degraded Modes ��� 	 ��� EXP
Combat Development DEPLOY
Terrain� Building� ������� ���� 	 ���� SW� SIM
Army Mission Protocols ���� 	���� EXP
Sensor Based Mapping MAPPER
Communication ! Sensing ��� � ��� ���� 	 
���� SIM
based Map Building ��� 	 ���� EXP
Multi Agent Mapping MULTIMAP
Game based cooperation ��� � ��� ���� 	 ��� SW� SIM
HAM representation� 
��� 	 ���� EXP
Multi Agent Perception PERMULTI
Fault Handling� ��� � ��� ���� 	 ��� SW� EXP
Stealth ! Communication ��� 	 ���� EXP

� Facilities and Equipment

Most of the simulations and algorithms will be developed on Ulta Sparc � workstations
and Silicon Graphics Indigo � and Octane workstations which we currently have in our
laboratories� Visualization of the simulation for various mission executions will be written
in Open GL or an extension of our X	windows based simulator� We are also planning to
experiment with combination of odometry and INS for maintaining better pose estimates of
the robot� We have some experience in this are through experimentation with an aerial robot
based on a Kyosho helicopter model� Further facilities which will be used within a project
are� CCD cameras� � processor Pentiums� Crossbow accelerometers� compact B�W CCD
camera� Video Transmitter� Imagination Image Grabber� Futaba transmitter�receiver servo�
some ���Mhz Pentium Notebooks� The real	time design software will be made available
to us from other projects� Facilities available at ARL include � experimental lab bays
which include the following equipment� � Sun Sparc �� Workstations� 
� Ultra � Sun Sparc
Stations� � Ultra � Sun Sparc Stations with enhanced �D creator graphics� � Data Max
Video ��� real time image processors� 
 Mercury Parallel SHARC VME system with 
�
processors� 
 Mercury Parallel PowerPC VME system with � processors� � HelpMate Indoor
robotic platforms with� ��� lbs payload capacity� pan�tilt platform� �� ultrasonic range
sensors� � CCD cameras� � Video Capture CCD cameras and assorted lenses� � IR CCDs� �
Silicon Graphics Octane workstations with � processors and �
� Mbytes of memory� 
 Silicon
Graphics In�nite Reality Engine with � processors and �� Mbytes of memory� 
 Silicon
Graphics Reality Engine workstation� 
 Sand Table horizontal display device� and AMX
resolution multiplexed large projection system with dual displays� Development software
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at ARL includes� OpenGL development package for SGI and SUN workstations� Imagine
Systems terrain processing software� Mercury SHARC� PowerPC development software� and
Mutigen Modeling software�

We have included a modest budget for two of these on this proposal and we will pur	
chase others on supporting Army Research O�ce grants� However� both team members have
tremendous expertise in mobile robot navigation� vision� terrain building� etc� At Berkeley�
we have just completed some experiments involving high speed �close to 
�� m�p�h�� robot	
ically driven cars in close platoon formation using vision in the feedback loop� At ARL�
we have just completed experiments in a combat information processor and display using
stored terrain and other data� We also have extensive experience and have access to mobile
robot platforms with large payloads and CCD cameras and ultrasonic sensors onboard� As
a part of this proposal� we are also planning to increase the level of sophistication of the
techniques for maintaining the correct pose estimate of the mobile agent� Owing to wheel
slipage� the estimate of the mobile base pose maintained by odometry degrades severely over
a short period of time �for example� after �fteen minutes of exploration� the pose estimate
has been shown to be more then 
� meters o�� and is essentially useless�� Maintaining an
accurate estimate of the robots pose is especially important during the map making process
where external references to the environment are sparse� We are planning to develop and
implement estimation schemes for combining odometric readings with estimates obtained
from inertial sensors for indoor setting and GPS for outdoor navigation� To this end� we are
planning to purchase the following items �equally spaced over the two years of the project��

Equipment

Qty Item Price�Unit Total

� Crossbow accelerometers 
�� �����
 Compact B�W CCD Cameras in Die	Cast Case ��� 
����
� Video Transmitter 
�� ��
 Imagination Image grabber ��� �����

� Freewave radio transceiver with �dB Omni antenna 
���� 
����
� ��� MHz Pentium � Mb RAM� ��� Gb disk ����� ����
� ��� MHz Dual PentiumII �� Mb RAM� ��� Gb disk �
�� ������
� Notebook PC ��MB RAM� 
��GB disk ���� 
�����
� � Nomad Scout Mobile Robots ����� ������
� Novatel RT	�� DGPS system ����� ���
��

 Senix Ultrasensor ULTRA	U ��
 ��
�

TOTAL 
������
The quote for the Dual Pentiun was obtained from Bret Collard� at 
���	���	����� ext�

����� The PC Notebook computer quote is from Computer Warehouse ����� �	�����
The accelerometer quote is from Crossbow ��������	����� The camera quote is from Polaris
Industries ��������	���
� The Video	link quote is from AEGIS research �������	��
�
Imagination Image grabber is quoted by Imagenation Co� ������
	����� The radio modem
is quoted by Freewave Technologies� Inc� ��������	���� The mobile robot quote is from
John Slater from Nomadic Technologies of Palo Alto at ����	���	����� The mobile robot
platform includes batteries� onboard computing and a camera� The GPS quote is from
Novatel Inc� at ��������	����� The Ultra	sensor quote is from Senix at ��������	�����
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� Relevant Prior Work

The use of visual sensing for navigation and map building has been studied in several con	
texts� Attempts at constructing purely metric maps were prone to inaccuracies both in sens	
ing and dead	reckoning of the mobile robots �
��� Various landmark based approaches has
been widely pursued and successful in the enviroments where the landmarks can be placed
arti�cially or are generic enough and can be readily recognized �outdoors� �
��� Without
having any prior information about the environment some attempts to build appearance
based topological models has been successful ��� However the qualitative representations
of the environment obtained from by these techniques were limited to merely capturing the
neigborhood relationship between individual places� The representaion of the environment
which we envision would still remain qualitative with some metric information associated
with it� but in addition to the purely appearance	based representation of a �place� we would
like to associate some geometric properties to the description of a �place� as well as asso	
ciate some visual events �e�g� due to occlusions� appearance of an edge� surface� with the
transitions between places� In this line of work we can draw from our previous experience
in visually guided navigation using topological maps �
�� as well aspect representations of
objects�scenes �
��� Malik and his group have worked both on tracking of humans at the
joint level ���� and the tracking of vehicles ���� The image segmentation techniques for ini	
tial processing of the video input were developed in ���� ���� Work on object recognition
techniques based on color and texture attributes is described in ���

In recent work ���� we have developed a rigorous probabilistic framework that allows
assumptions made in the �classical� data association literature �see for example� �
�� to be
relaxed� We have developed and tested this framework for tracking vehicles in freeway tra�c
using multiple� geographically separated cameras under a wide variety of time	varying condi	
tions� Our system is completely extendable in that arbitrary new object features �including
additional sensor types such as infra	red� can be added to the detection system to improve
data association reliability�

In ���� exploration and navigation in an unknown environment was formulated for the
�rst time within the framework of on	line algorithms� The map	building problem was �rst
considered within the same framework in ����� and in a topological context in ����� In
��� the problem of clearing a known environment by a team of agents was �rst considered
algorithmically �it had been posed as a graph	theoretic problem by Parsons in the 
���s��
and largely solved� Starting with ����� and in several articles thereafter� Papadimitriou has
been studying trade	o�s between the amount of communication and the quality of decisions
made by a team of decentralized agents�

We have begun a systematic investigation of the problem of designing intelligent control
architectures for distributed systems� The successful completion of our investigations has
resulted in an architectural design theory applicable to semi	autonomous multi	agent sys	
tems designed to execute coordinated surveillance or combat missions� We view a control
design problem as one that aims to design a safe and e�cient control on the basis of a given
observation structure� An architecture design problem is concerned with the design of both
the observation and control� An architecture design problem for a distributed system begins
with speci�ed safety and e�ciency objectives and aims to characterize communication� ob	
servation� and control� The conceptual separation between observation and communication
is a distinction between local and remote observation in a spatially extended environment�
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This crucial separation of communication and observation in a distributed system is essential
for architectural research�

We have investigated the intelligent control architecture design problem in two for	
malisms� They are the intrinsic model supervisory control of discrete event systems and
the hybrid system formalism� In order to understand the purely combinatorial aspects of
architecture design we have begun our investigation in the context of discrete event systems�
By starting with this type of model we are able to take advantage of a literature charac	
terizing the relationship between distributed control and observation� During the past few
months we have developed insights into the communication requirements of intelligent dis	
tributed systems� The hybrid system literature on multi	agent distributed control is small
���� 

�� Therefore� in parallel� we have started to formulate the �rst distributed hybrid
control problems� Fortunately� the research team has executed some distributed hybrid con	
trol designs for automated vehicle control and coordination problems� This past experience
together with research on vision	guided navigation and control being done under this grant
is proving to be invaluable in guiding our formulation of hybrid distributed control problems�

Our investigations of discrete event models have yielded the following insights to date� We
have formulated a multi	agent decentralized observation problem where each agent observes
some events that occur in the system and environment and aims to detect the occurrence of a
few distinguished events� We think of these distinguished events as failure events� Therefore�
we state the problem as a decentralized diagnosis problem� In general� the observations of
the agent are not rich enough to infer the events of interest� and therefore� the agents are
connected by an inter	agent communication bus that they use to exchange messages� We
have a result that characterizes decentralized observation problems that cannot be solved
by communication� For problems that can be solved� we can algorithmically synthesize a
communication scheme from a system model without communication�

Design and Veri�cation Tools� We are developing a new approach to probabilistic veri�	
cation� The heart of the approach is to not verify that every run of the hybrid system satis�es
certain safety or liveness parameters� rather to check that the properties are satis�ed with
a certain probability� given uncertainties of actuation and sensing� In this sense� this is a
�softening� of the notion of veri�cation and represents a rapproachment between stochastic
control� Bayesian decision networks and soft computing� We are hopeful that this new softer
approach to veri�cation will push the decidability barriers that cloud deterministic hybrid
veri�cation problems�

Past Experience with Automated Highway Systems� Air Transportation Systems and Un�
manned Combat Air Vehicles We have investigated some tradeo�s between centralized and
distributed multi	agent architectures within di�erent application testbeds� While in case of
air	tra�c control �work done for NASA� FAA� with web address
http���robotics�eecs�berkeley�edu��gpappas�atms

each individual agent is trying to achieve its own objective and maximize the performance
the main concern is to guarantee safety of individual agents and minimize total delays and
fuel e�ciency which become both global and individual performance measures of a particu	
lar strategy� In case of intelligent highway systems �done for Caltrans and FHA� DoT web
address� http���path�berkeley�edu� the global measure becomes maximize throughput
capacity while guaranteeing safety of individual vehicles� We have also worked on architec	
tures to coordinate the deployment of multiple unmanned combat air vehicles in a project
for ONR�
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	 Management Plan

The project has Sastry as PI at Berkeley� with co	PIs Katz� Malik� Papadimitriou and Russell
at Berkeley and Salinas at the Army Research Laboratory� Dr� Kosecka� a research scientist
at Berkeley has full time devoted to this project� She will act as a technical project manager�
to coordinate the collaborative arrangements and maintenance of the test bed at Berkeley�
Salinas will be responsible with his colleagues at ARL for maintaining the test bed at ARL�
Both Sastry and Kosecka have had contacts over the last year with several personnel at the
ARL and have a good working relationship with them� Coordination will be maintained by
visits� and electronic means of collaboration�

Many of the project subtasks have a software �SW�� simulation �SIM� phase followed by
an experimental validation �EXP� phase� While we will begin with the hardware con�gu	
ration immediately after the start of the project� it is of importance to debug and verify
the algorithms extensively in realistic simulation environments prior to validating them ex	
perimentally� Two sets of test beds will be maintained� one at Berkeley and the other at
ARL� The ARL test bed will be especially involved in transitioning the algorithms that we
develop to realistic Army special ops protocols and obtain user feedback� During the �rst
year� the mobile robots will be essentially ground based� though we will already have been
working on our �aerial� mobile robot �a helicopter which is currently on site at Berkeley
fully equipped with INS�GPS� computation onboard� cameras� and transmitters�� During
the second year� we will use the helicopter as the mother ship in outdoor tests �the web
address for this project is http���robotics�eecs�berkeley��koo�dv��html�� This will
be a challenging test for the whole system� since the environment will not be a controlled
laboratory environment �the helicopter is too large to �y indoors� in addition� and will serve
as a �nal demonstration experiment�

The demonstration experiments have not been described in detail for reasons of space�
but we have extracted from ARL�s experience with realistic scenarios for searching and
war�ghting in a building or exploring an urban area �a few city blocks�� some benchmark
experiments for each year� In the �nal experiment� the helicopter will be used to provide
aerial �	D views of the scenes being explored for a search and rescue operation�


 Description of Proprietary Data Rights

All software developed at Berkeley is the property of the Regents of the University of Cal	
ifornia� However� it is generally speaking made available in the public domain to other
researchers� government agencies� and for other non	pro�t uses� with the caveat that it is
not to be further distributed� No classi�ed work is generally undertaken at the University of
California� Army Research Laboratory personnel working on joint projects with University
personnel are cognizant of this�

The Combat Information Processor and further software developed for this project at
the Army Research Laboratories is the property of the U�S� Government and is classi�ed�
Software developed at Berkeley will be made available to the Army Research Laboratory for
the task DEPLOY�

If patents are to be applied for any inventions or discoveries on this project made by
Berkeley investigators� they will be sought through the University O�ce of Technology Li	
censing after consultation with DARPA and ARL� Joint inventions will also treated similarly�

��



References

�
� Yaakov Bar	Shalom and Thomas E� Fortmann� Tracking and Data Association� Aca	
demic Press� New York� 
����

��� D� Beymer� P� McLauchlan� B� Coi�man� and J� Malik� A real	time computer vision
system for measuring tra�c parameters� In Proc� IEEE Conf� Computer Vision and
Pattern Recognition� pages ������
� June 
����

��� C� Bregler and J� Malik� Tracking people using twist kinematics� In Proc� IEEE Conf�
Computer Vision and Pattern Recognition� 
���� Submitted�

��� N� Megiddo et� al� The complexity of searching a a graph� In �	
� FOCS Conference�

��
�

��� D� Forsyth� J� Malik� and R� Wilensky� Searching for digital pictures� Scienti�c Amer�
ican� ����������� June 
����

�� M� Franz� B� Sch#olkopf� H� Mallot� and H� H� B#ultfho�� Learning view graphs for robot
navigation� to appear in Autonomous Robots� 
���

��� T� Huang� D� Koller� J� Malik� G� Ogasawara� B� Rao� S� Russell� and J� Weber� Au	
tomatic symbolic tra�c scene analysis using belief networks� In Proceedings of the
Twelfth National Conference on Arti�cial Intelligence �AAAI�	�� pages ������ Seat	
tle� Washington� August 
���� AAAI Press�

��� T� Huang and S� Russell� Object identi�cation on a bayesian context� In Proceedings of
IJCAI 	�� Nagoya� Japan� 
����

��� Tim Huang and Stuart Russell� Object identi�cation in a Bayesian context� In Proceed�
ings of the Fifteenth International Joint Conference on Arti�cial Intelligence �IJCAI�
	�� Nagoya� Japan� August 
���� Morgan Kaufmann�

�
�� C� J� Taylor J� Kosecka� R� Blasi and J� Malik� Vision	based lateral control of vehicles�
In Intelligent Transportation Systems �		�� 
����

�

� Datta N� Godbole John Lygeros and Shankar S� Sastry� A veri�ed hybrid controller for
automated vehicles� In CDC �		�� 
���

�
�� Keiji Kanazawa� Daphne Koller� and Stuart Russell� Stochastic simulation algorithms
for dynamic probabilistic networks� In Uncertainty in Arti�cial Intelligence� Proceedings
of the Eleventh Conference� pages �����
� Montreal� Canada� August 
���� Morgan
Kaufmann�

�
�� A� Kosaka and A� C� Kak� Fast vision	guided mobile robot navigation using model	
based reasoning and prediction of uncertainities� CVGIP� �������
 � ���� November

����

�
�� J� Ko$seck%a� Visually guided navigation� Robotics and Autonomous Systems� �
�
������
�
July 
����

�



�
�� A� Lazanas and J� C� Latombe� Landmark	based robot navigation� Algorithmica�

��������
� 
����

�
� Y� Ma� J� Ko$seck%a� and S� S� Sastry� Visual servoing for a nonholonomic mobile robot�
In IEEE Conference on Decision and Control� 
����

�
�� J� Malik and Z�Gigus� Computing the aspect graph for line drawings of polyhedral
objects� IEEE Transactions of PAMI� 
�����

��
��x� February 
����

�
�� Mitchell and C� H� Papadimitriou� The weighted region problem� Finding shortest paths
through a weighted planar subdivision� In JACM� �
� �� 
��
�

�
�� A� Nerode P� Antsaklis� W� Kohn and S� Sastry� Hybrid Systems IV� volume ����
Springer Verlag� Lecture Notes in Computer Science� 
����

���� C� H� Papadimitriou and M� Yannakakis� Shortest paths without a map� In Springer	
Verlag� editor� Proc� of the �	
	 ICALP Conference� 
����

��
� Ron Parr and Stuart Russell� NIPS� In Conference on Neural Information Processing
Systems� 
����

���� Z� Li R� Murray and S� Sastry� A Mathematical Introduction to Robotic Manipulation�
CRC Press� 
����

���� J� Shi and J� Malik� Normalized cuts and image segmentation� In Proc� IEEE Conf�
Computer Vision and Pattern Recognition� pages ��
����� 
����

���� J� Shi and J� Malik� Motion segmentation and tracking using normalized cuts� 
����

���� C� H� Papadimitriou T� Kameda� X� Deng� How to learn an unknown environment I�
The rectilinear case� Journal of the ACM� 
����

��� C�J� Taylor� J� Malik� and J� Weber� A real	time approach to stereopsis and lane	�nding�
In Proc� of Intelligent Vehicles 	�� pages �����
�� September 
���

���� C� Tomlin� G� J� Pappas� J� Lygeros� D� Godbole� and S� Sastry� A next generation
architecture for air tra�c management systems� In Springer	Verlag� editor� Hybrid
Systems IV� Lecture Notes in Computer Science� October 
���

���� C� H� Papadimitriou X� Deng� Searching an unknown graph� In Proc� �		� FOCS� 
����

���� C� H� Papadimitriou X� Deng� Competitive distributed decision	making and the value
of information� Algorithmica� 
����
������ 
���

��



�� Resumes

Principal Investigator� Shankar Sastry

Professor of Electrical Engineering and Computer Sciences
and Director� Electronics Research Laboratory
�� M Cory Hall
University of California� Berkeley CA �����
Tel� ��
����	
���� Fax� ��
�� ��	
��
�
E	mail� sastry&robotics�eecs�berkeley�edu
Field of Specialization
Robotics� Complex systems and hybrid control� Simulation and Visualization
Education
B�Tech� �
����� Indian Institute of Technology� Bombay� India� M�S� EECS �
����� Univer	
sity of California� Berkeley� M�A� Mathematics �
����� University of California� Berkeley�
Ph�D� EECS �
��
�� University of California� Berkeley�
Experience
Professor� University of California� Berkeley� 
��� 	 present� Gordon Mc Kay Professor of
Electrical Engineering and Computer Sciences� Harvard University� 
���� Visiting Vinton
Hayes Professor of Electrical Engineering� MIT� Fall 
���� Directeur Recherche� Center
Nationale Recherche Scienti�que �CNRS�� Toulouse� France� Summer 
��
� Professore A
Contratto� Universita di Roma� Summer 
���� 
��
� Associate Professor� University of Cal	
ifornia� Berkeley� 
��� 	 
���� Visiting Fellow� Australian National University� Canberra�
Summer 
���� Assistant Professor� University of California� Berkeley� 
��� 	 
���� Assistant
Professor� MIT� Cambridge� 
��� 	 
����
Associate Editor of�
IMA Journal of Mathematical Control and Information� Journal of Mathematical Systems�
Estimation and Control� International Journal of Adaptive and Optimal Control�
Past Associate Editor of� IEEE Transactions on Circuits and Systems� IEEE Transactions
on Automatic Control� IEEE Control Magazine� Large Scale Systems�
Awards� President of India Medal� 
���� IBM Faculty Development Grant� 
���� NSF Pres	
idential Young Investigator Award� 
���� IEEE Student Best Paper Award� 
���� Eckmann
Award of the American Control Council� 
���� M� A� Arts and Sciences� �honorary� 
�����
Harvard University� Cambridge� Fellow IEEE �
�����
Books Published
S�S� Sastry and M� Bodson� Adaptive Control� Stability� Convergence and Robustness� Pren	
tice Hall� 
����
R� Murray� Z� Li and S� Sastry A Mathematical Introduction to Robotic Manipulation� CRC
Press� 
����
P� Antsaklis� W� Kohn� A� Nerode and S� Sastry �editors�� Hybrid Systems II� Springer Ver	
lag� Lecture Notes in Computer Science� Vol� ���� 
����
P� Antsaklis� W� Kohn� A� Nerode and S� Sastry �editors�� Hybrid Systems IV� Springer
Verlag� Lecture Notes in Computer Science� Vol� 
���� 
����
Publications
Here are a selection from over ��� papers�

��




� D� C� Deno� R� Murray� K� Pister and S� Sastry� �Control Primitives for Robot Sys	
tems�� IEEE Trans� on Systems� Man and Cybernetics� Vol� ��� �
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Professor Katz is a leading researcher in computer system design and implementation�
Under DARPA sponsorship� he led the implementation of the SPUR multiprocessor mem	
ory system� the �rst such system to integrate coherent multiprocessor cache memories with
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e�cient virtual memory management� and was responsible for developing the concept of Re	
dundant Arrays of Inexpensive Disks �RAID�� Katz�s recent research has focused on wireless
communications� mobile computing applications� collaboration technology� and video archive
systems�
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director of the Computing Systems Technology O�ce �now the Information Technology
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ence on Arti�cial Intelligence� Montreal� Canada� 
����

�� Timothy Huang and Stuart Russell� �Object identi�cation in a Bayesian context�� Dis	
tinguished Paper Prize� in Proc� Fifteenth International Joint Conference on Arti�cial
Intelligence� Nagoya� Japan� 
����

�� Nir Friedman� Stuart Russell� �Image Segmentation in Video Sequences'�A(�� In Pro�
ceedings of the Thirteenth Conference on Uncertainty in Arti�cial Intelligence� Provi	
dence� Rhode Island� Morgan Kaufmann� 
����

�� Ron Parr and Stuart Russell� �Reinforcement Learning with Hierarchies of Machines��
In NIPS �	�� Neural Information Processing Systems� Denver� 
����

ARL co�Principal Investigator� Dr� Jose Salinas

Dr� Jose Salinas is a Computer Scientist within the Battle�eld Visualization and Processing
Branch of the U�S� Army Research Laboratory �ARL�� ARL has participated strongly in all
of the OSD robotics demonstrations to date� Our role has varied from systems integrator
to DARPA agent� Several types of robotic platforms have been developed with a variety
of sensor and application modes� and have been used in several demonstrations�exercises at
Fort Hood �robotic scout mission� as well as for major demonstrations at our own extensive
facilities at Aberdeen� Dr� Salinas is currently working on the Mission and Path Planning
Algorithms for the Demo III project funded from OSD� In addition� he is also developing a
�D��D Operator Control Unit �OCU� for the project�

Dr� Salinas is a graduate from Texas A)M University where he earned a Bachelor of
Science in 
���� a Master of Science in 
��
� and a Doctor of Philosophy in Computer Science
in 
���� While working as a graduate student he was a member of the Computer Systems
and Architecture Development Group within the department where he performed research
in Fault	Tolerant Systems Design� Digital Systems Testing� and Wafer	Scale Integration
Techniques� After receiving his Ph�D�� Dr� Salinas joined the faculty of the Computer
Science and Mathematics Department at Fairleigh Dickinson University in Madison� New
Jersey as associate professor� He joined the Naval Undersea Warfare Center in 
��� where he
was part of the Systems Software and Architecture Development Branch� Research projects
in this branch included developing new algorithms for real	time sonar beam forming in
submarine sonar systems using COTS hardware� in addition to develop new approaches for
implementing Virtual Reality technologies into submarine systems�

Dr� Salinas has published �
 articles in conference proceedings and refereed journals and
is currently a member of several honor and professional societies�

Research Engineer� Jana Kosecka

��



Education


���	��� University of Pennsylvania� Philadelphia� PA�
Ph�D�� Computer and Information Science� Spring 
���

����
���� Slovak Technical University� Bratislava� Slovakia�
M�S�E� in Computer and Information Science� with honors�

Professional Experience and Activities


��	��� Postdoctoral fellow� Department of Electrical Engineering and Computer Sci ence�
University of California� Berkeley and PATH�

���	�� Research fellow� Department of Computer and Information Science� University of
Pennsylvania� Philadelphia�

���	
���� Reviewer for International Journal of Computer Vision� Computer Vision� Graph�
ics and Image Processing� IEEE Transactions on Robotics and Automation� Autonomous
Systems�

�� Program Committee Member� Conceptual descriptions from images� ECCV�	�
Workshop�� AAAI 	�

Fellowships and Awards


����
���� Research Fellow� University of Pennsylvania�

��� Deans award for distinguished M�S�E Thesis� Slovak Technical University�

Selected Publications


� J� Ko$seck%a� Visually Guided Navigation� To appear� in Journal of Robotics and Au�
tonomous Systems� 
���� Also to appear as a book chapter in Modelling and Planning
for Sensor	based Intelligent Robot Systems� eds� Robert C� Bolles� Horts Bunke and
Hartmut Noltemeier

�� J� Ko$seck%a and H� I� Christensen� Experiments in Behavior Composition� Journal of
Robotics and Autonomous Systems� 
��

�� J� Ko$seck%a� R� Bajcsy and H� I� Christensen� Discrete Event Modeling of Visually
Guided Behaviors� International Journal on Computer Vision� Special Issue on Qual�
itative Vision� Vol� 
����� �����
� 
���

�� J� Ko$seck%a and R� Bajcsy� Discrete Event Systems for Autonomous Mobile Agents�
Journal of Robotics and Autonomous Systems� Vol� 
��
���
��� 
���

�� 
��� J� Ko$seck%a� R� Bajcsy and M� Mintz� Control of Visually Guided Behaviors� in C�
Brown and D� Terzoupoulos �eds��� Real�Time Computer Vision� Cambridge University
Press� 
���
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