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Abstract 
This paper proposes a Distributed Vision Sys
tem as a Perceptual Information Infrastructure 
for robot navigation in a dynamically changing 
world. The distributed vision system, consist
ing of vision agents connected with a computer 
network, monitors the environment, maintains 
the environment models, and actively provides 
various information for the robots by organiz
ing communication between the vision agents. 
In addition to conceptual discussions and fun
damental issues, this paper provides a proto
type of the distributed vision system for navi
gating mobile robots. 

1 Introduction 
Many researchers are tackling to develop autonomous 
intelligent mobile robots which behave in a real world 
in robotics and artificial intelligence. For limited envi
ronments such as offices and factories, several types of 
mobile robots have been developed. However, it is still 
hard to realize autonomous robots behaving in dynam
ically changing real worlds such as an outdoor environ
ment. To develop such robots which can adapt to the 
dynamic worlds is the original purpose of robotics and 
artificial intelligence. 

Attent ion control 
As discussed in technical papers on Active Vision [Bal
lard 89], the main reason lies in attention control to se
lect viewing points according to various events relating 
to the robot. Two kinds of the attention control exist; 
one is called Temporal Attention Control and the other 
is Spatial Attention Control. If the robot has a single 
vision, it needs to change its gazing direction in a time 
slicing manner to simultaneously execute several vision 
tasks. The control of gazing direction is Temporal At-
tention Control. For example, the robot has to detect 
free regions even while gazing at the targets. We, hu
man, solve this complex temporal attention control with 
its sophisticated mechanisms of memory and prediction. 
Further, the vision fixed on the robot body sometimes 
cannot provide proper information for the vision tasks. 

For example, when a robot estimates collisions with a 
moving obstacle, the side view in which both the robot 
itself and the obstacle are observed may be more proper 
than the view from the robot. This view point selection 
is called Spatial Attention Control. 

Difficulties in autonomous robots 
To realize the attention control is difficult with current 
technologies for autonomous robots. The following rea
sons can be considered. 

• Active vision systems need a flexible body for ac
quiring proper visual information like a human. 
However, vision systems of previous mobile robots 
are fixed on the mobile platforms and it is generally 
difficult to build mobile robots which can acquire 
visual information from arbitrary viewing points in 
a 3D space. 

• An ideal robot builds environment models by it-
self and uses them for executing commands from 
humans operators. However, to build a consistent 
model for a wide dynamic environment and main
tain it is basically difficult for a single robot. We, 
humans, sometimes need helps of other persons to 
acquire information on the environment. 

One of the promising research directions to solve the 
above-mentioned problems is to develop an infrastruc
ture which provides sufficient information for the robots. 
This paper discusses such an infrastructure. The infras
tructure in this paper differs from the infrastructure for 
mobile robots which move in factories. Our purpose is 
not to develop systems which support individual func
tions of the robots such as guide lines and landmarks for 
locomotion, but to develop a Perceptual Information In
frastructure (PI2) which actively provides various infor
mation for real world agents, such as robots and humans. 
That is, 

The P I 2 monitors the environment, 
maintains the dynamic environment 
models, and provides information for the 
real world agents 

As the PI2 , this paper proposes a Distributed Vision 
System (DVS). The DVS consists of multiple cameras 
which have own computing resource and communication 
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links with others. The camera, called Vision Agent (VA), 
provides visual information required by the vision-guided 
mobile robots. The VAs at various locations provide 
sufficient visual information for attention control of the 
robots, and they maintain dynamic environment models 
by organizing communication between them. Of course, 
we can use other sensors in the infrastructure. The cam
era, however, is the most compact and low cost passive 
sensor to acquire various kinds of information and many 
interesting vision research issues are still remained. An
other purpose of this research approach is to deal with 
the issues and develop real applications of computer vi
sion through the DVS. 

In addition to conceptual discussions and research is
sues, a prototype of the DVS and experimental results 
using it are shown. The author has confirmed the DVS 
can robustly navigate the mobile robot in a complex real 
world. 

Related works 
Recently novel research approaches using distributed 
sensors and robots have been proposed in robotics. For 
example, the Robotic Room proposed by Mizoguchi and 
others [Mizoguchi 96] support human activities with sen
sors and robots embedded in a room. Their interests are 
to design mechanisms and develop sensor system for ex
ecuting well-defined local tasks. On the other hand, the 
purpose of this paper is to propose a flexible sensor sys
tem utilized by various kinds of robotics systems as an 
information infrastructure. 

Several vision systems which utilize multiple cameras 
has been reported, especially, in multimedia. Moezzi and 
others proposed the concept of Immersive Video and de
veloped a vision system using precisely calibrated cam
eras for building a precise geometrical model of an out
door environment. Pinhanez and Bobick [Pinhanez 96] 
developed a system which dynamically selects cameras 
providing proper views for broadcasting a TV show. We, 
however, consider a demerit of the systems is to use cal
ibrated cameras and geometrical models of the world. 
Geometrical representations of environments obtained 
by the calibrated cameras lack robustness and flexibil
ity of the systems. In order to solve the problems, this 
paper proposes an alternative approach for modeling dy
namic environments, which dynamically and locally es
timates the camera parameters and directly represents 
robot tasks. 

In distributed artificial intelligence, several fundamen
tal works dealing with systems using multiple sensors 
have been reported. Lesser [Lesser 83] proposed a Dis
tributed Vehicle Monitoring Testbet (DVMT) as an ex
ample of distributed sensing problems, and Durfee [Dur-
fee 91] proposed Partial Global Planning which is a plan
ning method for globally analyzing signals provided by 
multiple signal processing agents. The DVS, basically, 
can be considered as a kind of the distributed sensing 
systems, such as the DVMT, but deals with vision sen
sors and communicates with robots. And further, the 
purpose in the DVS is not to globally analyze the signals, 

Figure 1: Distributed Vision System 

but to navigate mobile robots with local information by 
representing the navigation tasks in the VA network. 

2 Distributed Vision System 
2.1 Concept of distributed vision 
In order to simultaneously execute the vision tasks, an 
autonomous robot needs to change its visual attention. 
The robot, generally, has a single vision sensor and a 
single body, therefore the robot needs to make complex 
plans to execute the vision tasks with the single vision 
sensor. Active Vision proposed by Ballard [Ballard 89] is 
a research direction to solve the complex planning prob
lem with active camera motions bring proper visual in
formation and to enable real-time and robust informa
tion processing. That is, the active vision system needs 
a flexible body to acquire the proper visual information 
like a human. However, the vision system of previous 
mobile robots is fixed on the mobile base and it is gen
erally difficult to build autonomous robots which can 
acquire visual information from arbitrary viewing points 
in a 3D space. 

Our idea to solve the problem is to use many VAs em
bedded in the environment and connected them with a 
computer network (See Fig. 1). Each VA independently 
observes events in the local environment and commu
nicates with other VAs through the computer network. 
Since the VAs do not have any constraints in the mech
anism like autonomous robots, we can install a sufficient 
number of VAs according to tasks, and the robots can 
acquire necessary visual information from various view
ing points. As a new concept to generalize the idea, the 
author proposes Distributed Vision that multiple vision 
agents embedded in an environment recognize dynamic 
events by communicating each other. In the distributed 
vision, the attention control problems are dealt as dy
namic organization problems of communication between 
the vision agents. 

The DVS is not a standard computer network. It is 
an extended computer network which bridges between 
physical worlds and virtual worlds building in the com
puter network. Current computer networks transmit 
only data, such as images and characters. However, as 
the services and functions of the computer networks are 
extended, more efficient and intelligent communication 
between computers are required. The author calls such 

ISHIGURO 37 



Figure 2: From an autonomous robot to robots inte
grated with environments 

a future computer network Perceptual Information In
frastructure (PI2). The PI2 observes physical worlds, 
maintains dynamic models in the computer network and 
supports robots and humans. The DVS is one example 
of the PI2. 

In robotics, the PI2 enables robust and flexible robotic 
systems by offering necessary information and develops 
a new research area. As shown in Fig. 2, a previous 
autonomous robot consists of a mechanical body and 
software agents. That is, the intelligence produced by 
the software agents. On the other hand, the intelligent 
information processing of robots supported by the PI2 

is done by agents embedded in the environment. De
velopment of Robots Integrated with Environments is an 
important research direction for realizing useful robotic 
systems. 

2.2 Design policies for the DVS 
The VAs are designed based on the following idea: 

Tasks of robots are closely related to local 
environment s. 

For example, when a mobile robot executes a task of 
approaching a target, the task is closely related to a lo
cal area where the target locates. This idea allows to 
give VAs specific knowledge for recognizing the local en
vironment, therefore each VA has a simple but robust 
information processing capability. 

More concretely, the VAs can easily detect dynamic 
events since they are fixed in the environment. A vision-
guided mobile robot of which camera is fixed on the body 
has to move for exploring the environment, therefore 
there exist a difficult problem to recognize the environ
ment through the moving camera. On the other hand, 
the VA in the DVS easily analyzes the image data and 
detects moving objects by constructing the background 
image for the fixed viewing point. 

All of the VAs, basically, have the following common 
visual functions: 

• Detecting moving obstacles by constructing the 
background image and comparing with it. 

• Tracking detected obstacles by a template matching 
method. 

• Identifying mobile robots based on given models. 
• Finding relations between moving objects and static 

objects in the images. 
The DVS, which does not keep the precise camera po

sitions for robustness and flexibility, autonomously and 
locally calibrates the camera parameters with local co-
ordinate systems according to demand (the detail is dis
cussed in Section 4.3). That is, the VAs iterate to estab
lish representation frames for communicating with other 
agents. 

The VAs identifies objects with the motions observed 
in the images in addition to the visual features since they 
can provide reliable motion information from the fixed 
viewing points. The author considers the DVS can solve 
the correspondence problem more robustly and flexibility 
than the previous vision systems. 

The DVS organizes communication between VAs in 
order to execute given tasks. The design policy that a 
VA executes particular subtasks in the local environment 
allows to solve the organization problem in a hierarchi
cal manner. That is, global tasks given to the DVS, 
generally, can be decomposed into the subtasks and the 
VAs execute them. However, the subtasks often need to 
be simultaneously executed and the combinations often 
change according to various situations. Therefore, the 
VAs should be globally and locally organized to execute 
the global tasks. The organization of VAs is the most 
important research issue of the DVS. 

3 Fundamental issues 
3.1 Communication between VAs 
Remarkable difference of the DVS with previous com
puter systems is the DVS has two kinds of communica
tion. In addition to communication with a computer net
work, VAs in the DVS communicate by observing com
mon events. When two VAs which have own local inter
nal representations simultaneously observe a robot from 
different viewing points, they may synchronously update 
their local internal representations. The VAs share sym
bolic and non-symbolic information through the com
puter network and the observations, respectively. It is an 
important research issue how to establish sophisticated 
and flexible communication links through the two types 
of communication. The author is especially interested 
in the non-symbolic communication which is difficult to 
deal with in previous frame works. 

3.2 Dynamic environment model 
The robust detection of dynamic events enables to hi
erarchically represent the environment. We, basically, 
consider static environment models should be generated 
from dynamic environment models representing the dy
namic events. The dynamic environment models give 
meanings to static objects represented in the static mod
els. For example, a gray region in the images, which is 
a road in the outdoor environment, is defined as a re
gion where the robot can move. The DVS which can 
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easily detect the dynamic events is a promising system 
for realizing the hierarchical environment models. 

3.3 Organization of VAs 
The DVS needs to organize the VAs for acquiring the 
dynamic environment models. Let us imagine a DVS 
navigating a mobile robot. In order to avoid moving ob
stacles and detect free regions, the mobile robot needs 
visual information provided by VAs locating around it, 
and in order to go toward a destination, it also needs 
information about subgoals from VAs locating along the 
robot path. That is, the VAs should be locally and glob
ally organized in order to provide proper information for 
the robot navigation. In the organization process, the 
DVS represents given tasks by organizing the VAs. For 
realizing the organization, it is necessary to develop new 
methods which deal with the total process including im
age understanding by the VAs, task understanding, and 
task execution through the symbolic and non-symbolic 
communication links. 

3.4 Distr ibuted model 
The dynamic environment models are not shared by all 
VAs, but distributed over VAs. Robots access to the 
dynamic environment models through dynamic organi
zations of the VAs. For example, when a robot avoids 
a moving obstacle, the DVS continuously organizes the 
VAs located around it and navigates it. Further, if trou
bles occur in a VA, other VAs take the place of the VA. 
To distribute the models in the VA network is important 
for realizing flexibility and robustness of the DVS . 

4 A prototype of the DVS 
This section discusses a developed prototype of the DVS 
[Tanaka 97]. The prototype system briefly deals with 
the fundamental issues discussed in Section 3, but it does 
not completely solve them. The issues are carefully dealt 
with in the feature works. 

4.1 Mobile robot navigation 
The outline for mobile robot navigation by the DVS is as 
follows. First, a human operator teaches tasks by man
ually controlling a robot. The human operator does not 
directly give task models or behavior models of the robot, 
but gives examples to the DVS. While the robot moves, 
each VA tracks it within the visual field with simple im
age processing functions discussed in section 2.2. Then 
the DVS decomposes the given example paths into sev
eral components which can be maintained by each VA 
and memorizes then by organizing the VAs. After or
ganizing the VAs, the DVS autonomously navigates the 
mobile robot while the VAs communicate each other. All 
of the VAs monitor the robot motions and send messages 
to other VAs according to the memorized organization 
patterns for global and local tasks. 

4.2 The architecture 
A VA consists basic modules and memory modules 
as shown in Fig. 3. For the basic modules, the 

Figure 3: The architecture of the DVS 

VA has Image processor, Estimator(Estimator of cam
era parameters), Planner, Communicator, and Con-
troUer{Communication controller). For the memory 
modules, it has a knowledge database for image pro
cessing, memories to memorize global and local tasks, 
and memories to maintain relations with other VAs for 
executing the global and local tasks. In this experimen
tation, the global task is to navigate toward goals and 
the local task is to avoid obstacles. 

Image processor detects moving robots and tracks 
them by referring to the knowledge database which 
stores visual features of robots. Estimator receives the 
results and estimates camera parameters for establish
ing representation frames for sharing robot motion plans 
with other VAs. Planner plans robot actions based on 
the estimated camera parameter and sends them to the 
robot through Communicator. The robot corrects the 
plans, selects proper plans, and executes the plans. The 
selected plans are sent back to the VAs and memorized. 
The memorized plans are directly applied in the same 
situations of the VAs and the robot by Controller. 

4.3 Global and local organization 
For selecting and integrating the robot motion plans 
from VAs, all plans at a time should be represented with 
a common representation frame. In the case of the DVS, 
the robot motion is represented with a X — Y robot 
path-centered coordinate system. The coordinate trans
formation from the camera frame of a VA to the robot 
path-centered coordinate system is represented with two 
parameters a and B. Since the vision data is very noisy 
and the obtained plans are simple, the DVS assumes or
thographic projection for the obtained image and repre
sents the coordinate transform with only two parameters 
of camera rotations. As a more sophisticated method, it 
is possible to use an automatic calibration method pro
posed by Hosoda and others [Hosoda 94]. 

Fig. 4 shows data flows between functions for glob
ally and locally organizing VAs. Estimator computes a, 
B and their error estimates Aa and A/? for the coor
dinate transformation (Estimating and updating cam
era parameters). Planner plans robot motions with the 
obtained coordinate system (Planning a robot motion). 
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Figure 6: Model town 

Figure 7: An example path and a robot trajectory nav
igated by the DVS 

Sun Spark Station 10, executes the vision functions by 
using data from the color frame grabber and the mo
tion estimation processor. This system, unfortunately, 
cannot compute in parallel. The author is currently de
veloping a new parallel computing system using twenty 
four C40 DSPs. 

4.5 Exper imental results 
Fig. 7(a) shows an example path taught by a human 
operator in the teaching phase. Fig. 7(b) shows a robot 
trajectory autonomously navigated by the DVS. Because 
of simplicity of the image processing, the DVS could ro-
bustly navigate the mobile robot in a complex environ
ment. 

Fig. 8 shows images taken by VAs in the autonomous 
navigation phase. The vertical axis and the horizontal 
axis indicate the time stamp and the ID numbers of the 
VAs, respectively. The white boxes and the black boxes 
indicate selected VAs for the global and local tasks, re
spectively. Here, all VAs which simultaneously observe 
the robot are locally organized. As shown in Fig. 8, the 
DVS have dynamically organized the VAs for executing 
the global and local tasks. 

The experimentation shows important aspects of the 
DVS. The DVS can memorizes the tasks for navigating 
the robot along a path by organizing the VAs and iterate 
to select proper VAs for robustly executing the tasks in 
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a complex environment. That is, the DVS solves the 
attention control problems for the autonomous robots 
discussed in Section 1 with a different but more robust 
manner. 

5 Conclusion and Research Plan 
Toward PI 2 

The DVS is an alternative approach for realizing ro
bust behaviors of intelligent robots. By organizing VAs, 
the DVS tightly couples robot actions and observations 
by the VAs. The previous autonomous robot has con-
straints of the hardware, the size and the number of sen
sors. On the other hand, the DVS does not have such 
constants and it is a promising approach for realizing 
real systems. 

The purposes in this research approach are to solve 
the fundamental problems of the DVS, to develop real 
systems and to establish key technologies of PI2. Espe
cially, to develop systems for real applications is impor
tant. It will extend possibility of robotics and computer 
networks and be able to make users realize usefulness of 
computer vision techniques. The plan of this research is 
as follows: 

1. Develop a DVS for navigating robots with a model 
town as a testbed (See Section 4). 

2. Study the fundamental issues of mobile robot navi
gation (See Section 3). 

3. Develop a DVS for observing and supporting human 
behaviors. 

4. Study the fundamental issues of the human behavior 
support. 

5. Extend the DVS to the PI2 which supports various 
real world agents and develop a PI2 in the university 
campus. 

Results for the fundamental problems can be esti
mated with traditional evaluation criterion, such as orig
inality and applicability. On the other hand, evaluations 
for the developed infrastructure is not so easy since the 
system should be collectively evaluated with various cri
terion. For the evaluations, the author considers it is 
important to disclose the details of the system develop
ment, which cannot be reported in technical papers, with 
the world-wide web (See http://www.lab7.kuis.kyoto-
u. ac.jp/vision/). 

Recent developments of multimedia computing envi
ronments have established huge number of cameras and 
computers in offices and towns. They are expected to 
be more intelligent systems as the PI2 discussed in this 
paper. The PI2 is a key issue in the next decade. 
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