














originally designed to do only two things: avoid collisions and recognize a hallway.
However, the robot also demonstrated unexpected movements: obstacle avoidance and
doorway navigation. Obstacle avoidance has emerged due to the coupling of the agent’s
behavior and the environment (the corridor wall). Figure 19 illustrates the obstacle
avoidance behavior exhibited by the robot. The robot steered around the rectangular
obstacle during navigation because of the wall that kept the robot from going away. The
agent would behave differently if the agent were situated in the wide open space. The
same principle applied to doorway navigation. The doorway navigation basically does not
differ from collision detection based on the assumption that the door is open. However,
the robot has to deal with more variety than a common hallway situation in topological
features such as a doorframe. The robot in fact went through the doorway in an
office-like environment without collision although it did so moving zigzag as expected.

As mentioned in the previous chapters, the objective of this experiment was to design
and build a robot control program that is independent of the system platforms and easy to
expand (modify) for future study. To begin with, the control system succeeded in
facilitating modularity and usability. The complete modulation in the multi-agent
architecture brought forth an effortless implementation, and the intelligible user interface
has navigational parameters all adjustable and realizes the smooth experiment processes.
The GUI (Graphical User Interface) written in Java is shown in Appendix B.

As opposed to the modulation, the program also left some problems regarding the
system stability. During navigation, the control system often lost control because of a
system failure. This could be caused by many reasons; nonetheless, it is mainly caused by

memory consumption. Although the agents written in Java already have an ability of
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automatic garbage collection, the device drivers written in C++.NET are not capable of
doing it on their own and need to be provided with one. Meanwhile, in order to recycle
resources efficiently, those drivers must be designed with extra caution considering all

possible cases for memory usage.

5.3 DISCUSSION

The vision-based agent, the fuzzy-based agent, and the agents responsible for
hardware components all cooperate within the blackboard-based multi-agent system. The
robot and the control system were presented and analyzed in the experiments. As a result,
the robot did not exhibit the perfectly desired performance, but the multi-agent approach
in the design criteria has proved its feasibility in mobile robot navigation. The problems
faced during the experiments are more related to the calibration against an environment
and the parameter adjustment on the agents than the fundamental design criteria of the
control system. The proposed layered architecture enabled the control system to be easily
expandable, and the use of Java technology made the system independent of operating
systems and robot hardware.

A fuzzy logic controller is integrated into the collision detection agent. Solely with
this agent, the robot demonstrated safe navigation in a hallway using a set of IR
proximity sensors. The unreliable sensor input is compensated for by the fuzzy logic
controller, and the agent made moderate decisions in the experiments. The corridor
recognition agent processes an incoming image to determine lines representing a hallway.
The agent has not yet performed at the level of satisfying the safety criterion while

detecting corridors more than ninety percent of the time. Future improvement is
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necessary for optimizing the recognition tasks. However, when the above two agents
collaborate on navigation, the real problem emerged and more work is required to fix the
problem. Because of the absence of a control mechanism, the system suffers serious
problems regarding information sharing. As the current ongoing research, possible
solutions are being implemented to compensate for this problem. For example, the
module was added to the blackboard agent which synchronizes the results given by the
other agents. Also, the next step is to introduce a new agent that accommodates all the
information acquired from agents and schedules (or prioritizes) the robot actions by
evaluating information on the blackboard. Further study is sought to design an agent
which actually performs the landmark-based navigation extending machine vision
techniques, and also an agent with a neuro-fuzzy controller for learning an environment

so that no manual calibration is necessary.
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APPENDIX A. Images Acquired by Corridor Recognizer

The sequence of images goes from left to right, from top to bottom. The navigation status at
the bottom of each image is the decision that the corridor recognition agent made.

Corridor:Y Wall:N Object:N
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APPENDIX B. Control Program Interface

g MNavigation Monitor

___ i =10l |
_MEI’II.I

[_] Disable Corridor Path Detector

[v] Image capture panel ONIOFF Message Output Window
Choose smoothing filter: Choose edge detector: Log: Sun Mov 16 17:17:09 EST 2003
: Sensors activated -
(=) Mean Filter (@) Sobel Detector e e
(=) Median Filter () Roberts Detector IRs are available
: Wotors activated -
(®) Gaussian Filter () Prewitt Detector

Testing drive system..Failed moving
--= hotors deactivated.

Sigmavalue |1 (7 Laplacian Detector

< Hough tramsform parameters =

Humber of lines 200 Partition width 20 (pizels)
Number of matching pixels 20 Hough anguler bias (0.5 (radian)
Peak intensity level {0-255) (115 Line degree ranges max |35 min ‘1 1]

[_] Disable Fuzzy Collision Detector Rule-firing threshold |0

FrontCenter RearlLeft RearRight Frontleft  Leftrront  LeftRear FrontRight RightFront RightRear

197 196 195 191 192 65 187 113 176
< Fuzzy input member functions ==> sensor readings >
Near max  |197.0 min 1900
Medium  0[Left] 173.5 1[Left] [182.0 1[Right] [126.0 | 0[Right] [100.5
Far max |160.0 min 1830

< Fuzzy output member functions ==> locomotion parameters >

Distance max |250 min  |-250 [¥] Enable linear function
Velocity max (40.0 min |00 [¥] Enable linear function
Angle max  |30.0 min  |-30.0 [ Enable linear function

Running Time: |30 sec. or [_| Run indefinitely START STOP

The GUI written in Java enables real-time perception and lets us adjust parameters for
navigation. Various switches also enable agents and the features turned On/Off.

g MNavigation Monitor

] =10l x|
_MEI’IU

[ Disable Corridor Path Detector

[¥] Image capture panel ON/OFF lessage Output Window

Log: Sun Moy 16 17:17:09 EST 2003
Sensors activated ---=

Camera is available

IRs are availahle.

Motars activated -—=

Testing drive systemn...Failed moving
----= hotors deactivated.

Choose smoaothing filter: Choose edge detector:

&5

Sigma value _1

< Hough tramsform parameters »

. Collision Detector started.

Humber of lines 1200 Partition width 20 {pizels)

Mumber of matching pixels 20 Hough anguler bias 0.5 | {radian) sensor size: 9

o . = " i s Fuzzyariahle -» distance [-28.0, 25.0] cm
Peak intensity level (0-255) 115 Line degree ranges max |35 min 10 i
forward -= { 040 1720 }
[_| Disable Fuzzy Collision Detector Rule-firing threshaold |0 Zero-={ 020 1/0 0720 }
) batkward -= { 1/-20 060 }
FrontCenter Rearleft RearRight FrontLeft LeftFront LefiRear

FrontRight  RightFront  RightRear
181 188 197 164 0 102 176 76 154 Fuzzyariahle -= velocity [0.0, 40.0 ] crfsec
< Fuzzy input member functions === sensor readings > Terms:

medium-= { 001720 0035 }
Near mag  |197.0 min 180.0 fagt-={ 020 1435 }
Medium O [Left] [173.5 1qLer] [152.0 1[Right] [16.0 | o[Right] [1905 slow -» {1/0.0/20 }
Far max  |160.0 min 183.0 Fuzzywatiable -= turn-angle [-30.0, 30.0 ] degres
- - Terms:
< Fuzzy output R, parameters > positive-center-= { 0710 1420 }
Distance max [75( min  |-250 [vl Enable linear function negative-left-= {1100/ }

: ] positive-right -= { 00110 }
Velocity —max |40.0 min (0.0 [¥] Enable linear function negative-right -= { 15-30 020 }
Angle max 300 min |-30.0 [ Enable linear function positive-left-= { 0720 1630 }

nagative-center-= { 1620 010 )

4]

Running Time: {30 sec. or [_| Run indefinitely START STOP, s )|

v

An example execution disabling Corridor Recognition Agent. Navigational information is
shown on the output widow (right).
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APPENDIX C. Documentation of Image Processing API

Class ImageProcessing contains various tools for low-level (data-driven) image processing.
It is one of the APIs (Package ugaai.wheelchair.java) developed for the control program
used in our project.

Package ugaai.wheelchair.java

Class Summary

ImageProcessing Class provides tools for data-driven image

ImageProcessing .
processing.

ugaai.wheelchair.java

Class ImageProcessing

java.lang.Object
|

+--ugaai.wheelchair.java.lmageProcessing

public class ImageProcessing
extends java.lang.Object

ImageProcessing Class provides tools for data-driven image processing. The methods
read images of any size and in any color model but only write a JPEG image in either
ARGB or grayscale color model.

Field Summary

protected double |G_SIGMA
Sigma value for Gaussian function 1.0 as default

static int | GRAY_BLACK
Integer representation of BLACK in grayscale

static int| GRAY_WHITE
Integer representation of WHITE in grayscale
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Constructor Summary

ImageProcessing()

A contractor with the default input file "in.jpg"

ImageProcessing(java.lang.String filename)

A contractor

Method Summary

void

array2image()
Converts the image array to the image buffer in grayscale

void

array2image(int color)
Converts the image array to the image buffer

void

doubleThreshold(int tmin, int tmax)
Double thresholding for grayscale images

void

doubleThresholdRGB(int tmin, int tmax)
Double thresholding for RGB images

void

edgeDetector(int type)
Selects one of the four edge detectors and apply to images

void

gaussianFilter()
Gaussian smoothing filter with the default sigma value 1.0

void

gaussianFilter(double s)
Gaussian smoothing filter

int

getHeight()
Returns the height of the input image

java.awt.image.Bufferedlmage

getlmageBuffer()
Returns an array of the image buffer of the input image

int[][] | getimagePixels()
Returns an array of the image pixels of the input image
static int | getLuminance(int rgh)
Converts a pixel value from RGB to gray-level
int | getWidth()
Returns the width of an input image
static int[] | histogram(int[][] pixels, int sx, int sy, int ex, int ey)

Returns an array which represents the intensity distribution histogram
of the input image

void

image2array(int color)
Converts the image buffer to the 2-D array of image pixels

boolean

load(java.lang.String filename)
Loads an image file

void

meanFilter()
Mean smoothing filter with window size = 3
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void

meanFilter(int size)
Mean smoothing filter

void

medianFilter()
Median smoothing filter

void

rgb2gray()
Converts the RGB image to the grayscale

void

save(java.lang.String filename)
Saves the current image pixels as a JPEG file in grayscale

void

save(java.lang.String filename, int color)
Saves the current image pixels as a JPEG image file

void

setGaussianSigma(int sigma)
Assigns a value to Gaussian sigma

void

setImagePixels(int[][] new_pixels)
Sets an array of the image pixels to the input image

void

smootingFilter(int type)
Selects one of three smoothing filters and apply to the image pixel

void

thinOperator()
Thinning operator (Non-maxima suppression)

void

threshold()
Adaptive thresholding operator

Methods inherited from class java.lang.Object

clone, equals, finalize, getClass, hashCode, notify, notifyAll, toString, wait, wait, wait

Field Detall

G_SIGMA

protected double G_SIGMA

Sigma value for Gaussian function 1.0 as default.

GRAY_WHITE

public static final int GRAY_WHITE

Integer representation of WHITE in grayscale.

See Also:
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Constant Field Values

GRAY_BLACK
public static final int GRAY_BLACK
Integer representation of BLACK in grayscale.

See Also:
Constant Field Values

Constructor Detail

ImageProcessing

public ImageProcessing(java.lang.String filename)

A constructor loads an input file and initializes the image pixels in ARGB Color
Model.

Parameters:

filename - A string which contains the image input filename
Throws:

java.lang.Exception - if initialization failed

ImageProcessing

public ImageProcessing()

A contractor with the default input file "in.jpg".

Method Detail

getlmageBuffer

public java.awt.image.Bufferedimage getimageBuffer()
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Returns an array of the image buffer of the input image.

Returns:
A Bufferedlmage

getlmagePixels
public int[][] getimagePixels()
Returns an array of the image pixels of the input image.

Returns:
The 2-D integer array of image pixels

setlmagePixels

public void setimagePixels(int[][] new_pixels)
Sets an array of the image pixels to the input image.

Parameters:

new_pixels - The 2-D integer array of an image
Returns:

None

getWidth
public int getWidth()
Returns the width of an input image.

Returns:
The image width

getHeight

public int getHeight()
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Returns the height of the input image.

Returns:
The image height

setGaussianSigma

public void setGaussianSigma(int sigma)
Assigns a value to Gaussian sigma.

Parameters:

sigma - A parameter to adjust the strength of blurring
Returns:

None
See Also:

G_SIGMA - A parameter for the Gaussian smoothing filter

load

public boolean load(java.lang.String filename)
Loads an image file.

Parameters:
filename - A string which contains the image input filename
Returns:
True if the image is successfully loaded
Throws:
java.io.IOException - If the image cannot be loaded
See Also:

ImagelO.read(java.io.File)

array2image
public void array2image(int color)
Converts the image array to the image buffer.

Parameters:
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color - Color Model (1 = ARGB or grayscale otherwise)
Returns:
None

array2image
public void array2image()
Converts the image array to the image buffer in grayscale.

Returns:
None

image2array

public void image2array(int color)
Converts the image buffer to the 2-D array of image pixels.

Parameters:

color - Color Model (1 = ARGB or grayscale otherwise)
Returns:

None

rgb2gray
public void rgb2gray()

Converts the RGB image to the grayscale.
To see the result, save the image as a JPEG file after applying this operator.

Returns:
None

save

public void save(java.lang.String filename, int color)

Saves the current image pixels as a JPEG image file.
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Parameters:

filename - A string which contains the output file name

color - Color Model type (1 = ARGB or Grayscale otherwise)
Returns:

None
Throws:

java.io.lOException - If the image cannot be loaded

Save

public void save(java.lang.String filename)
Saves the current image pixels as a JPEG file in grayscale.

Parameters:

filename - A string which contains the output file name
Returns:

None

histogram
public static int[] histogram(int[][] pixels ,int sx ,int sy ,int ex ,int ey)

Returns an array which represents the intensity distribution histogram of the input
image.

Parameters:
pixels - A 2-D image pixel array
sx - X-coordinate of the staring point, x1
sy - y-coordinate of the staring point, y1
ex - x-coordinate of the ending point, x2
ey - y-coordinate of the ending point, y2

The histogram is computed for any rectangle from a starting point (x1,yl) to an
ending point (x2,y2).

Returns:
The histogram of a 1-D integer array whose index represents each of the 256
gray-level
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getLuminance

public static int getLuminance(int rgb)
Converts a pixel value from RGB to gray-level.

Parameters:
rgb - The RGB intensity value of a pixel
Returns:
An integer which represents the gray-level intensity of a pixel

threshold

public void threshold()

Adaptive thresholding operator automatically finds a threshold by statistically
examining the intensity values of image pixels.
To see the result, save the image as a JPEG file after applying this operator.

Returns:
None

doubleThreshold

public void doubleThreshold(int tmin, int tmax)

Double thresholding for grayscale images.
To see the result, save the image as a JPEG file after applying this operator.

Parameters:
tmin - The threshold lower bound
tmax - The threshold upper bound
Returns:
None

doubleThresholdRGB

public void doubleThresholdRGB(int tmin, int tmax)
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Double thresholding for RGB images.
To see the result, save the image as a JPEG file after applying this operator.

Parameters:
tmin - The threshold lower bound
tmax - The threshold upper bound
Returns:
None

smootingFilter

public void smootingFilter(int type)

Selects one of three smoothing filters and apply to the image pixel.
To see the result, save the image file as a JPEG after applying this operator.

Parameters:
type - A choice of smoothing filters
1 = Mean filter
2 = Median filter
3 = Gaussian filter

-- The default window size for Mean filter is 3x3.
-- The default Gaussian sigma is 1.0.

Returns:
None

meanFilter

public void meanFilter(int size)

Mean smoothing filter computes the local mean (averaged) value in the given
window.
To see the result, save the image as a JPEG file after applying this operator.

Parameters:

size - The size of a window
Returns:

None
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meanFilter

public void meanFilter()

Mean smoothing filter with window size = 3
To see the result, save the image file as a JPEG file after applying this operator.

Returns:
None

medianFilter

public void medianFilter()

Median smoothing filter.
To see the result, save the image as a JPEG file after applying this operator.

Returns:
None

gaussianFilter

public void gaussianFilter(double s)

Gaussian smoothing filter.
To see the result, save the image as a JPEG file after applying this operator.

Parameters:

s - The value for Gaussian sigma
Returns:

None
See Also:

G _SIGMA

gaussianFilter

public void gaussianFilter()

Gaussian smoothing filter with the default sigma value 1.0
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To see the result, save the image as a JPEG file after applying this operator.

Returns:
None

edgeDetector

public void edgeDetector(int type)

Selects one of the four edge detectors and apply to images.
Modifying detector masks in the code may or may not enhance the result.
To see the result, save the image as a JPEG file after applying this operator.

Parameters:

type - A choice of edge detectors

1 = Sobel edge detector

2 = Roberts edge detector

3 = Prewitt edge detector

4 = Laplacian edge detector
Returns:

None

thinOperator

public void thinOperator()

Thinning operator (Non-maxima suppression) is applied after performing edge
detection.
To see the result, save the image as a JPEG file after applying this operator.

Returns:
None
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