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Abstract
A number of people have been studying methods for re-
alizing autonomous robots with the capability of percep-
tion-planning-execution in a real world. In most system,
the computer directs attention serially to each feature
in the environment by moving a couple of cameras as
human eye balls. We, however, consider it is much eas-
ier to build the robot vision with an architecture dif-
ferent from the human’s. The robot vision often needs
to simultaneously execute different tasks using different
eye motions. If the robot navigates in a real urban en-
vironment, it follows the road, finds moving obstacles
and traffic signs, and views and memorizes interesting
patterns along the route. We, humans, execute these
tasks by moving our gaze and changing our attention,
however the robot could accomplish these tasks by coop-
eration of independent agents with their own eyes and
computing power. We built a system with 4 cameras
moving independently each other. Each agent analyzes
the image data and controls the eye motion, such as
fixation to a moving target, fixation to a static target
for vision-guided navigation, or monitoring a wide area
to find obstacles. The perceptual zoom is, thus, placed
upon multiple different agents and the information pro-
vided by the agents is integrated to determine the robot
action.

1. Introduction

Active interaction to the physical world is essential for
the intelligence of an autonomous robot working in a real
world. The robot should actively perceive events occur-
ring in the environment and accommodate itself to the
dynamically changing environment. Vision researchers
have studied a new paradigm of active vision, instead
of the traditional passive and staiic computer vision, to
achieve useful and robust perception in a complex world.

The active vision employs intelligent gaze control. Hu-
man vision integrates the narrow but very fine view by
the fovea with the wide but coarse view by the retina pe-

riphery. Similar spatially-variant sensing with saccadic
gaze control can save much computation than conven-
tional methods using the passive imaging. Another im-
portant eye motion, called pursuit, tracks a target and

fixates it at the image center. By fixating the target
at the center of the image, the ill-posed shape-from-X
problems are solved as well-posed [Aloimonos 87]. Vi-
sual scanning over a wide area is also important. The
scene around a viewing point [Ishiguro 90] or along a
smooth path [Zheng 90] is scanned by a camera and
we can get a coarse representation of the environment,
called Panoramic Representation. That is to say, ac-
tive camera motions bring much advantage in computer
vision based on the active vision paradigm.

In the active vision, what we should study next is how
to plan the eye movement in order to direct attention to
events occurring simultaneously in the environment.

The robot vision often needs to simultaneously executes
different tasks. If the robot navigates in a real urban
environment, it follows the road, finds moving obstacles
and traffic signs, and views and memorizes interesting
patterns along the route. Most active vision system de-
veloped so far allocate scarce resources, the fovea and
the computing machinery, to the multiple visual tasks by
directing its attention serially to different targets. We,
however, consider it is much easier to accomplish the
multiple tasks by multiple agents. Each agent analyzes
the image data taken by its own eye and controls the
eye motion, such as fixation to a moving target, fixation
to a static target for vision-guided navigation, or mon-
itoring a wide area to find obstacles. We consider this
is typical robot vision approach. Fig. 1 shows a simple
example of robot task in which the robot has four vision
agents.

In the following sections, we discuss the idea of mul-
tiple vision agents (Chapter 3) and its behavior from
the viewpoint of its camera motion (Chapter 4). Fur-
ther, we discuss the following issues for realizing the idea
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Fig. 1 An example of robot task

Fig. l(a) shows a simple example of robot task that
the robot approaches to a goal. However, this task
is not easy to accomplish in a real environment since
and the robot needs to avoid collision with moving
and static obstacles in it, and the robot observes such
obstacles by directing its attention serially to them.
Fig. l(b) shows an alternative approach that four
vision agents sidmultaneously observe such obstacles.
In this case, the robot can observe moving and static
obstacles while gazing at the goal.

(Chapter 5). How can we assign each function to each
agent for a given task and/or change the function to ac-
commodate to the dynamically changing environment?
How can we update the representation of dynamic envi-
ronment from the information provided by the different
agents? Lastly, we introduce our mobile robot which
has four cameras controlled by multiple vision agents
(Chapter 6).

2. Multiple Vision Agents

As described in the previous section, we propose to use

multiple cameras as vision sensors of the mobile robot.
We call vision agents which control those cameras and
analyze the image data taken by them Multiple Vision
Agents. Each agent of multiple vision agents has the
following properties.

(a) Each agent has a camera and controls the camera
motion independently. With the independent camera
motions, the multiple vision agents can simultaneously
direct attention to different events in the environment.
(b) Each agent has its own computing resource and ana-
lyzes the image data taken by own camera. This results
in time independence of image analysis by each agents.

In addition to these properties, each agent has another
important property that it behaves according to several
instincts of visual perception, for example gazing at the
goal, detecting a free region, tracking a moving obstacle
and so on. Each agent behaves independently on such
instinct, however, it is not perfectly autonomous and
distributed because each agent needs to determine its
vision function depending on the status of other agents
and update a shared environmental representation for
navigating the mobile robot. The detail is discussed in
Chapter 4.

Related work
In previous works, we find several research approaches
in which multiple agents performing different tasks are
used for achieving a goal. The idea of multiple proces-
sors which independently perform different vision tasks
in different areas in the image is well-known. The pio-
neer work is the flexible multi window vision system [In-
oue 85] for real-time interaction of vision and action by
a robot. Each processor is assigned a movable variable-
size window and performs a specified task within the
window, such as monitoring over the window and track-
ing a moving object. The analyzed results are sent to
the host machine. The idea of multiple vision agents fol-
lows their idea, however we claim that each agent should
be more active and the independent eye motion by the
agent brings much advantage.

3. Multiple Foei of Visual Attention

Next, we discuss merits of multiple camera systems in
which each agent independently executes the assigned
task. There are two types of cooperative action of mul-
tiple vision agents, sharing a single task by multiple
agents and executing different tasks by multiple agents.

3.1 Active camera motions of each vision agent

At the beginning, let us consider active camera motions
of multiple vision agents: The camera motions used in
the vision agent are classified into 4 categories; saccade,
pursuit, vergence and scan.
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Saccade
Multi-resolution image sensors have much advantage
over the conventional vision sensors with a homogeneous
resolution. A typical example of the spatially-variant
image sensor is a retina with a high resolution in a nar-
row area at its center but much a lower resolution in its
surround, similar as a human retina. We can save both
the retina size and the computation for the image analy-
sis, if the spatially-variant sensor selects the location to
look next from the coarse resolution imagery acquired
by the periphery and directs the camera axis there [Bal-
lard 89]. This quick eye movement is called saccade.

Pursuit
Smooth eye motion to follow a target moving relative to
the camera is called pursuit. A number of active camera
systems have been developed for the static environment
to acquire the environment structure. The camera con-
trois its direction so as to keep a target point at its image
cen-ter while moving along a linear or circular path and
determines the 3D environment structure in a fixation-
point-centered coordinate system [Ballard 89, Sandini
90, Stelmaszyk 91].

Vergence
The vergence motion helps much the binocular stereo
system. The difficulty in stereo matching lies in attain-
ing both a wide range and a fine resolution in the esti-
mated depth map. With vergence, the disparity range
of the object of interest can be kept small and, thus, the
real-time stereo has been [Ballard 89].

Scan
Scanning is useful to acquire the information over a wide
area. A simple method is to swivel the camera around
the vertical axis and continuously take images. Since
the stream of image is highly redundant, we can recon-
struct a panoramic view by arranging the image through
a vertical slit. An extended scanning method is to ar-
range the slit image taken while the robot moves along
a smooth path. Scenes along the path are represented
in the route panoramic view [Zheng 90].

3.2 Sharing a single task by multiple agents
A simple and straightforward application of multiple vi-
sion agents is to share a single task in order to shorten
the time for imaging and computation. A good example
is scanning over a wide area by multiple cameras. In the
scanning over a wide area, a simple method to decrease
the imaging time is to use multiple cameras which si-
multaneously move and take images over different areas

as Fig. 2(a); four cameras with an interval of 90 de-
gross rotate 90 degrees and take omni-directional view
in a quarter of imaging time by the imaging mechanism
using a camera.

(a) Sharing a single task by multiple agents

Rotation axis

(b) Executing different tasks by multiple agents

Movingeobjcct

Rotation axis

Fig. 2 Two types of cooperative actions of vision agents

The improvement by the above method, however, is not
significant, because the imaging time is inversely pro-
portional to the number of cameras used. An alterna-
tive method is to employ coarse-to-fine strategy as the
spatially-variant image sensor. For example, we assign
coarse viewing to a camera and fine observation to other
cameras. The coarse camera scans continuously the en-
vironment with a large step and finds the coarse envi-
ronmental structure. As the coarse camera rotates, the
objects in the neighbors of the viewing point are found.
The fine cameras, then, examine them by moving with a
much smaller step and determines more precise shapes
of those objects while the coarse camera continues scan-
ning.

3.3 Executing different tasks by multiple agents
Another important merit of multiple vision agents is the
capability of executing different vision tasks with inde-
pendent camera motions. We introduce an example in
which multiple vision agents track multiple moving ob-
ject.

When we estimate the possibility to impact to moving
objects, the active cameras on the mobile robot are use-
ful. Suppose the robot and the moving object move on
linear paths and the active camera on the mobile robot
gazes the moving object. If the azimuth of the object
is invariant while the camera moves, the possibility is
high; and if not, the possibility is low [Yagi 91].

In this method, the number of the observed objects is
proportional to the number of the cameras. Fig. 2(b)
shows an example of the scheme in which we track four
moving objects with four active cameras. As shown in
Fig. 2(b), if we use multiple active cameras, we can
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track multiple moving objects.

4. Assignment of Vision Functions
to Multiple Vision Agents

First of all, we discuss what kinds of vision functions are
needed for navigating the mobile robot. After that, we
propose a programming method in order to assign vision
functions to multiple vision agent. In the programming,
the third property of the vision agent described in Chap-
ter 2 will be its key point. We program each agent based
on the property that "Each agent has several instincts

for perceiving the environment." Lastly, we discuss be-
haviors of multiple vision agents.

In order to explain our idea, we suppose the multiple
vision agents and the robot task shown in Fig. 1. That
is to say, the robot has four vision agents and its task is
to approach to the given goal.

4.1 Vision functions
Generally speaking, a vision-based mobile robot moves
in the environment by iterating the following steps.

[Step 1] The robot searches for the goal, which is given
by a human operator or a high level task planner.
[Step 2] The robot detects a free region in which the
robot can move.

¯ [Step 3] Gazing the goal and monitoring the free region
in order to find changes in it, the robot moves toward
the target.

Further, the robot has to detect moving obstacles and
track them in order to estimate the possibility of colli-
sion.

In these steps of the robot task, several vision functions
are needed in order to perceive the environment. Each
vision agent has one of the following vision functions.
(F1) Searching for the goal.
(F2) Gazing at the goal.
(F3) Detecting a free region.
(F4) Monitoring the free region.
(F5) Tracking a moving obstacle.

In addition to the above-mentioned vision functions, all
vision agents has a vision function for detecting a mov-
ing obstacle (F6).

Fig. 3 shows relations between these vision functions
and their priority. At first, the robot searches for the
goal by vision agents which have the vision function goal
search (F1), then the robot gazes at the goal by one 
vision agent (F2). While gazing at the goal, the robot
detects the free region by the other vision agents which
have its vision function (F3), then the robot moves in the
free region as monitoring it (F4) (Note that the robot
can moves in the free region while the vision agent is

High~

Pdodty

~k((F6) Detecting a moving obstacle )

L~((F5) Tracking the moving obstacle)

((F1) Searching for the goal )

L)~((F2) Gazing at the goal 

(F3) Detecting a free region)

Low L~(F4) Monitoring the free region)

Fig. 3 Vision functions

active). If a moving obstacle is detected while the im-
age processing by vision functions FI,,~F4, one of four
vision agents tracks the moving obstacle for estimating
the collision (F6). That is to say, these vision functions
have priority in their execution as shown in Fig. 3.

4.2 The structure of the control software
Each agent of multiple vision agents has the property
that each agent selects a vision function and executes it
independently on the instinct for perceiving the environ-
ment by its eye as described in Chapter 2. This property

brings about an important characteristic in the software
realizing multiple vision agents, that we can increase the
number of agents without changing the software of the
robot and multiple vision agents. This idea follows the
idea of distributed autonomous system. However, the
system of multiple vision agent has some differences with
such distributed autonomous system in the point that
the multiple vision agent system has a shared memory.
Next, we describe the structure of the control software.

Fig. 4 shows the structure of the control software. All
agents have same software and refer to the shared mem-
ory in which the status of all agents and the perceived
status of the environment are describe. By referring to
the shared memory, each agent determines which vision
function it should select and updates the perceived sta-
tus of the environment, in other words, which is the rep-
resentation of the environment obtained by the selected
vision function. An example of such representations is
a local map indicating the free region.

In the program of each agent, three instincts of visual
perception are described, which are;

[1] Tracking a moving obstacle.
[2] Searching for the goal.
[3] Detecting the free region.

These instincts are awaked in order so that vision func-
tions are executed according to the priority as shown in
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Fig. 3. Each agent behaves on these instincts as follows.

At the first step after activated, the agent
searches for the goal if the goal has not found yet. In
order to search for the goal, the agent takes following
process.

(1) Referring to the status of other vision agents:
At first, the agent investigates whether other agents are
searching for the goal by referring to the shared memory.
(2) Executing the vision function: If such agents
exist, the agent shares the goal search with them. If
not, the agent executes the vision function alone.
(3) Updating the environment representation: As
the result of execution of the vision function, these
agents sharing the goal search update the environmental
representation.
(4) Executing the vision function of updating the
perceived status of the environment: If the com-
plete representation has been obtained, in this case if
the goal has been found, the agent executes the vision
function of updating the perceived status of the environ-
ment, in this case one of those agents keeps on gazing
at the goal.

If the goal has been found already, the agent detects
the free region with a similar process as the goal search.
After finding the free region, the agent keeps on looking

at the free region in order to find changes in it. When
the agent is active, the robot can move in the free region.

In the first stage of every image processing, the agents
detect moving obstacles. If the agent have detected a
moving obstacles, the agent abandons the current vision
function at once and tracks the moving obstacle. The
agent for tracking the moving obstacle behaves in the
same process as for searching for the goal.

CSooso .lvisiona 0nt 
I ~¢rceived status of the environment’~ I

~nvironmenml representation) 
Shared memory

Fig. 4 The structure of the control software

4.3 Status transition of multiple vision agents
The status of the multiple vision agents is defined by
the vision functions assigned to vision agents. Now, let
us examine how their Status change.

Fig. 5 shows a part of the status transition diagram of
multiple vision agents. Multiple vision agents take vari-
ous statuses according to the assigned vision functions.
For example, one of four vision agents gazes at the goal
and the other three detect the free region respectively,
as shown with status A in the figure. As the number
of the obstacles increases, the number of vision func-
tions for tracking the moving obstacles also increases.
The agent which has the vision function for detecting
the free region takes a new vision function for tracking
the moving obstacle in status A ,,~ status C. When third
moving obstacle is detected, no agent for detecting the
free region exists, so that the robot has to stop at the
point.

The status transition in status A --~ status C is inter-
esting as a behavior of multiple vision agents. In status
A, the robot has three agents for detecting the free re-
gion. In this case, the robot can find the free region
by a cooperative action of those three vision agents. In
other words, the robot can take trinocular vision strat-
egy for detecting the free region. However, as the status
transition in status A ,~ status C, the vision algorithm
realized by multiple vision agents changes from trinoc-
ular to monocular as shown in the lower half of Fig.
5.

Status A Shams B Status C Status D

Fig. 5 A part of status transition diagram
of multiple vision agents
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5. Imaging Mechanism for Multiple Vision Agents

We have developed a new imaging mechanism for im-
plementing multiple vision agents. Fig. 6(a) shows 
overview of the imaging mechanism. As shown in the
figure, the mechanism has four cameras which swivels
precisely and independently each other around a com-
mon rotation axis. The height of the mechanism is about
0.4 m, the radius is about 0.25 m and the weight is about
8 kg.

Fig. 6(b) shows the mechanism; each camera swivels
by a DC motor attached at the rotation axis. The DC
motor is controlled precisely, at an accuracy of 0.01 de-
gree, by feeding back the signal provided from the shaft
encoder attached at the motor. The maximum speed of
the rotation is about 90 degree/second.

Each camera is attached with a distance of 0.2 m from
the rotation axis in order to observe motion disparity in
the image sequence taken by it. In Fig. 6(b), we can
adjust the height D of each camera depending on the
application of the robot. For example, if we set all cam-
eras at a same height, we can easily find correspondence
between images taken by cameras, and if we allocate all
cameras at different heights, we can swivel the cameras
independently without any mutual collision.

The image data taken by cameras are sent directly to an
image processor NEXUS 6800, and analyzed by a host
computer SUN Spark Workstation. In this computing
resource configuration, we have only one computer for
analyzing the image data. However, this is a prototype
of the imaging mechanism for multiple vision agents.
We are going to use multiple processors in the next step
of our research approach.

Fig. 6(c) shows an overview of our mobile robot which
has the imaging mechanism. The robot can be moved
by controlling 2 driving wheels independently and the
robot can turn around same rotation axis as the imaging
mechanism. The maximum speed of the robot motion
is about 0.1 m/second. The robot has a VME board
computer (CPU-MC68030) for controlling camera mo-
tions and robot motions. The board computer receives
commands from the host computer through a serial port
RS232C.

Conclusion

In this paper, we have proposed the idea of multiple
vision agents, which have the following three properties.
(a) Each agent has a camera and controls the camera

motion independently.
(b) Each agent has own computing resource and ana-
lyzes the image data taken by its own camera.
(c) Each agent behaves on three instincts of visual per-

ception.

We have discussed merits in the use of multiple vision
agents in the vision-based robotics. Multiple vision
agents can achieve the given task by cooperative actions
of vision agents.

The proposed idea in the development of the software is
very similar to the idea of distributed autonomous sys-
tem. By using the merit of distributed autonomous sys-
tem, we can easily increase the number of vision agents.

Currently, we are investigating the proposed idea by the
experiments for different robot tasks in order to estimate
the efficiency of the multiple vision agents system.
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(a) Overview of the imaging mechanism

(c) Overview of the robot
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(b) Plan of the imaging mechanism

[Front view] Rotation axis

Be], IIIIIIIIIIMIIIIIII
I’~_T.

Motor 3 Motor 4

I
illUUlIIIIIIIIIlUUl

1 I I

cam~m I, 2 HIIIIIIIIIIIIII i

Motor 1 MoOr 2

Will IIIIIIIIIIIIi
: !1

!Career 3, 4
I
ti

i
I
t
I
i
i
!
i
i
i
i

t l* it¯ ii ii[Top viewl : ..... rr--~-..
I t o*°" i i i i "~. iI ¢* i I I i, .. ,, ,, ~ %, .. .... . :_
I ¯ " I I Ii i

t!

J I ..... : ’,’ Camera4
I ¯ I ," ~f Ii "-
I ’ i o" iI iI ’.
II

¯ ii Ii/ iI II¯ :: , ,,

\~ter .//Came?3

....... ;7"...........’

Fig. 6 The imaging mechanism and the mobile robot
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