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(ABSTRACT)

A facet based road network detection procedure is described

for radar imagery. The procedure includes a line detection

part and a road detection and connection part. The line de-

tection part analytically detects linear features using a

facet Valley finding technique. Valleys are defined as zero

crossings of the first directional derivatives of a bicubic

facet model taken in a direction extremizing the second di-

rectional derivative. The road detection and connection part

statistically screens the linear features on a component by

component basis, and then optimally connects the screened

linear features using a dynamic programming algorithm.

This thesis also includes as a preprocessing technique for

noisy images, an adaptive noise removal algorithm, and sug- _

, gests a practical method of estimating a local noise vari-

ance.
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CHAPTER 1 INTRODUCTION

A
The computer recognition of roads on remotely sensed imagery

is one of the fundamental tasks in remote sensing. Many at-

tempts have been made on satellite images or aerial photo-

graphs, but few on radar images. The goal is to locate roads

(possibly a road network) on radar imagery. The radar image

differs from other remotely sensed images in that it is

formed by an active system, while others are formed by pas-

sive systems. As a result, it has different properties and

may need somewhat different image processing techniques.

Here we discuss a facet based road detection procedure for

radar imagery.

In this chapter, an overview of this thesis is given follow-

ing a short discussion of a radar system and its character-

istics.

1.1
’

RADAR IMAGE SYSTEM

RADAR is the acronym for Radio Detection and Ranging. Radar

has been developed for navigation, target detection, and re-

connaissance imagery since the reflection of radio waves from

solid objects wasxdiscovered.

Chapter 1 INTRODUCTION ' 1
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Figure 1. Structure of radar system

Radar imagery is acquired by a complex system. A typical

radar system consists of a transmitter, a receiver, antennas,

and a recorder (see Figure 1). The transmitter emits a se-

ries of short pulses of, generally, a single wavelength

through the transmitting antenna. A portion of the energy

incident upon a surface is scattered back toward the receiv-

ing antenna. The receiver takes the output of the receiving

antenna and amplifies its strength. The result is sequen-

tially recorded in the recorder or displayed as a raw image

for the user. To obtain a photo-like radar image, the re-

corded backscatters are further compiled and processed

through a complicated imaging system, the study of which is

beyond the scope of this thesis. A typical radar image is

shown in Figure 2.

Chapter l INTRODUCTION 2
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The backscatter from the terrain to the receiving antenna is

called radar return. A strong radar return makes a bright

image. The intensity of radar returns in a system is deter-

mined by the terrain properties such as complex dielectric

constant and surface roughness. The effect of dielectric

properties on the radar returns are usually not very strong

and are therefore neglected in the radar image interpreta-

tion. The surface roughness of terrain is generally the

‘
dominant factor in determining the return intensity, which

is in turn the gray-tone of the image. Surfaces of terrain

can be grouped into three categories according to the pattern

of the radar returns [1]:

Chapter 1 INTRODUCTION 3



A smooth surface — it specularly reflects all of the

incident energy in the opposite direction.

A rough surface - it diffusely scatters the incident

energy in all directions.

An intermediate surface - it specularly reflects a

portion of the incident energy and diffusely scatters

a portion.

The classes of surfaces are closely related to radar wave-

length and to the depression angle, which is defined as an

angle between the horizontal line and the incident line [1].

At a longer wavelength, the reflection of the incident energy
”

tends to be uwre specular so that a resolution cell once

classified at a shorter wavelength as a rough surface may

have to be reclassified as an intermediate or smooth surface.

The relationship between depression angle and surface

roughness is shown in Figure 3.

Rough surfaces produce almost uniformly strong returns at all

depression angles. On the other hand, smooth surfaces produce

little or no returns at most of the depression angles except

at very high angles near vertical, where the returns are very

strong. As a result, smooth surfaces such as still—water

surfaces, dry lake beds, paved roads, and airport runways

usually show up dark in radar images, whereas rough surfaces

such, as coarse gravel show up bright. In addition to rough

Chapter 1 INTRODUCTION 4
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Figure 3. Return intensity: a function of surface
roughness and depression angle

surfaces, metallic objects and. corner reflectors such as

bridges and buildings also produce strong radar returns.

Other important factors influencing the appearance of radar

images are shadows and highlights which are produced due to

the topography of the terrain and the look direction. For

example, the oblique illumination of a Side Looking Airborne

Radar (SLAR) produces strong returns, called highlights, from

the sides of ridges facing* the antenna, and no returns,

called shadows, from the other sides (see Figure 4). V
‘

A radar look direction can enhance or subdue linear features

on a radar image.

In this section, a radar system and its characteristics were

described which gave us some insight into how a road appears

Chapter 1 INTRODUCTION 5
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in a radar image. Our road detection project has been

started based on this insight and general road character-

„ istics. The next section gives an overview of the road de-

tection procedure.

Chapter 1 INTRODUCTION 6



1.2 OVERVIEW OF THESIS

The ultimate goal of this thesis is to build an effective

procedure which can locate road networks on radar imagery.

This goal is divided into three subgoals. The first subgoal

is to detect linear features on a radar image since we know
‘

roads appear as linear features in an image. The detected

linear features may include non-road objects such as rivers,

water passages, radar shadows, noise, and various artifacts.

The second subgoal is to screen those non-road linear fea-

tures. The surviving linear features, called road segments,

are not usually connected to each other. The third subgoal

is to connect those road segments.

The first subgoal starts with approximating a discrete dig-

ital image as a continuous gray-tone intensity surface, which

is expressed as a linear combination of tensor products of

two set of discrete orthogonal polynomials. Using these con-

_tinuous surfaces, linear features can be obtained analyt-

ically by looking for the first directional derivative

zero-crossing.

For the second subgoal, the relationship between the proper-

ties of roads appearing in a radar image and the statistics

of the maximally connected linear features, called compo-

1.2 Overview of thesis 7



nents, is analyzed. The properties
of!

roads are

connectivity, local straightness, contrast, etc. The sta-

tistics derived from a component are the number of pixels,

average contrast, average angle difference, average gray-tone

value, etc. Using these properties and statistics, the road

segments are differentiated from other linear features.

The third subgoal employs a dynamic programming algorithm

which finds the minimum cost paths between disconnected road

segments. The cost used here is evaluated for each pixel by

the cost evaluation function which measures how close the

statistics of a pixel are to those of an assumed real road A
pixel.

Noisy images, of course, are preprocessed before being

processed by the above procedure. For the preprocessing, a

noise removal algorithm using the local gradient and statis-

tics is employed. This algorithm filters a noisy radar image

efficiently without contrast loss.

The noise removal algorithm is discussed in Chapter 2.

Chapters 3 and 4 deal with the road detection procedure,

which is the main body of the thesis. Chapter 4 elaborates

the principle and application of the dynamic programming in

image processing. Finally, Chapter 5 shows the experimental

results on a few SAR (Synthetic Aperture Radar) images.

1.2 Overview of thesis 8



CHAPTER 2 NOISE REMOVAL ON RADAR IMAGERY

2.1 INTRODUCTION

Noise removal is usually accompanied by image blurring which

manifests itself in smeared edges or loss of subtle details.

' In general, image blurring becomes more serious as the window

size of the noise removal operator increases. Image blurring

can be divided into two kinds; blurring edges between heter-

ogeneous regions and blurring texture in a homogeneous re-

gion. To solve such blurring problems, many adaptive

filtering algorithms have been suggested. One of those algo-

rithms is discussed here. The algorithm was originally sug-

gested by Lee [2], [3] under the assumption that the sample

mean and variance of a pixel equal the local mean and vari-

ance of its neighborhood. The neighborhood is redefined

adaptively according to the edge orientation in a high con-

trast area such that the neighborhood contains only one side

of a possible edge. Hence noise is removed along an edge and

the edge is enhanced.

In the following section, this algorithm is summarized and

then one practical method of estimating a local noise vari-

ance is presented.

Chapter 2 Noise Removal on Radar Imagery 9



2.2 ALGORITHM

Let Zij be the observed brightness of the pixel (i,j) and Xij

be the true brightness of the pixel before noise degradation.

a. For the additive noise case:

Z,. = X,. W., , ,13 13 + IJ (2 2 l)

where Wij is white noise with a zero mean and variance S'.
The mean Xij and variance Qij are approximated by the local

mean and variance in a chosen window centered around (i,j).

Xij = Zij (2.2.2)

=
_ ‘ 1 _ 1Qij E [ ( Zij Zij ) ] S (2.2.3)

The local variance Qij is thresholded such that the area with
a higher value of Qij than a certain threshold is regarded

as containing an edge, The threshold is image dependent (e.g.

for the radar images, the threshold of 5,000,000.0 gave the

1
best results). The estimated brightness of the pixel (Xij)

is obtained by minimizing the mean square error.

Chapter 2 Noise Removal on Radar Imagery lO



* - -X,. = X., + K., Z,. - X.. . .13 13 13 ( 13 13 ) (2 2 4)

where

Q.,
K,. = ------H--—- (2.2.5)' 23 Q,. + S2

1J

In implementation, the noise variance S2 is estimated by the

average of the smallest five local variances in a block.

Hence, the value of Qij will be always positive and the

value Kij is between one and zero.

b. For the multiplicative noise case:

Z,. = X,. U,. 2.2.613 13 13 ( )

where

E [ Uij ] = Uij (2.2.7)

The mean and variance of Xij are given by

Xij = Zij / Uij
I

(2.2.8)

Chapter 2 Noise Removal on Radar Imagery ll



VAR ( Z., ) + Z2., _'
‘ Q,. = --------—IJ---------IJ - x=.. (2.2.9)J-] S2 + 'Üz n J-]

The estimated true brightness of the pixel (X;j) is obtained

by applying the Kalman filtering algorithm to the above

equations.

x* - 2 + K z ' "
ij - ij ij ( ij - Uij Xij ) (2.2.10)

where

Qu Qu
Kij (2.2.11)

. + .u u Qu

Note that there still remains an unsolved problem; that is

how to estimate the noise variance. Because the noise vari-

ance is unknown and spatially variant in most situations, it

is not easy to estimate it correctly. Theoretically, the

minimum local variance in the local area may be a good esti-

mate of noise variance. The idea is that the local noise

variance can be estimated by the local variance of a flat (

or almost flat ) area. During our experiments, it was found

that this algorithm was sensitive to the estimated noise

variance. If the noise variance is obtained from too small a

block there may not be many flat areas to select on that

block. Consequently the noise variance does not reflect the

true situation, and hence the algorithm is not very effec-

Chapter 2 Noise Removal on Radar Imagery 12



tive. On the other hand, if the noise variance is obtained

from too large a block it may be too global and it is not a

local variance. Hence, the subtle details tend to be lost.
A

Another big factor for choosing a good method of estimating

a local noise variance is the processing time (i.e. cpu

time). In our experiments it varied from about 1 minute to

40 minutes for processing a 256 x 256—pixel image depending

on the method of estimating a local noise variance. One

possible solution to this problem is to take one fixed esti-

mate for every local noise variance corresponding to every

pixel in the same row of the input image. The fixed estimate

for the local noise variance corresponding to the pixel of

the ith row and the jth column can be obtained by ordering

the local variances (Qil, Qiz , ..., Qin ; n is the number
of pixels in a row.) in size, choosing several of the small-

est local variances, and averaging them. The local variance

corresponding to a pixel is defined as the variance of the

pixel values in the neighborhood of the pixel. Only one

noise variance is estimated for each row so that a great

amount of cpu time is saved. Although one noise variance for

each row sounds too global, it turns out to be a computa-

tionally efficient method with high quality of noise removal

and edge enhancement. The definition of a neighborhood using

a local gradient is described next.

Chapter 2 Noise Removal on Radar Imagery 13



This algorithm assumes that for any pixel with a high local

variance over a certain threshold, there exists an edge in

its neighborhood. By this assumption, in a high contrast

region (i.e. edge area), the local statistics obtained from

either side of an edge are more reliable than those obtained

from its whole neighborhood. For such a high local variance

pixel, its neighborhood is redefined in the following way.

1. The direction of a possible edge is obtained by applying

directional gradient masks to the window centered around

the pixel. _

2. The side of the edge that the center pixel belongs to is

determined.
“

3. The side of the edge determined in the above step is

defined as the neighborhood of the pixel.

In implementation, four directional gradient masks were used.

Hence only four directions of an edge and eight types of

subarea as a redefined neighborhood were possible ( see

Figure 5 ). The threshold for the local variance determines

the presence of an edge in the window centered around each

pixel such that a lower threshold gives more edge areas for

which the neighborhoods are redefined.

Chapter 2 Noise Removal on Radar Imagery 14



1 1 1 1 0 O O 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 O 0 O 1 1 1 1 1 1 1 1 1 1 1 1 1 O
1 1 1 1 O 0 O 1 1 1 1 1 1 1 1 1 1 1 1 O O
1 1 1 1 0 0 0 1 1 1 1 1.1 1 1 1 1 1 O O 0
1 1 1 1 O 0 O 0 0 O O O O O 1 1 1 O 0 O O
1 1 1 1 O O O O 0 O O 0 O O 1 1 O 0 O O O
1 1 1 1 O 0 O O O 0 O O O O 1 O 0 O O O O

Type 1 Type 2 Type 3

1 1 1 1 1 1 1 O O O 1 1 1 1
O 1 1 1 1 1 1 O O 0 1 1 1 1
O O 1 1 1 1 1 O O O 1 1 1 1
O O O 1 1 1 1 0 0 O 1 1 1 1
0 O O O 1 1 1 0 O O 1 1 1 1
O O 0 0 O 1 1 O O O 1 1 1 1 ·
O O O O O O 1 O O 0 1 1 1 1

Type 4 Type 5

O O 0 O O O O O O O O O O 1 1 O O O 0 O O
0 O O O O O O 0 0 O O O 1 1 1 1 O O 0 O O
0 O O O O 0 O O 0 O O 1 1 1 1 1 1 O O O O
1 1 1 1 1 1 1 O O O 1 1 1 1 1 1 1 1 O O O
1 1 1 1 1 1 1 O O 1 1 1 1 1 1 1 1 1 1 O O
1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 O
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Type 6 Type 7 Type 8

Figure 5. Eight types of neighborhood: The neighbor-
hood is redefined in a high contrast region
as a area marked by 1's when a 7 1: 7 window
is used.

In the next section, four noise removal algorithms including

the one described above and their filtering results on radar

images are discussed briefly. The comparison. among those

filtering techniques is then summarized at the end of the

section.

Chapter 2 Noise Removal on Radar Imagery 15



2.3 EXPERIMENTS

A set of radar images was used as test images. This set con-

sists of twenty eight areas in Alabama and North Carolina.

Each image consists of 512 x 512 pixels. Four different noise

removal filters were tried on each of the images. The four

filters were the weighted median filter, the average image
‘
filter, the Gaussian filter, and the adaptive filter which

was introduced in the previous section.

WEIGHTED MEDIAN FILTER

The weighted median filter takes the median value of all

the pixel values in a window centered around each pixel. The

pixels are weighted such that a pixel with a weight, say 3,

is counted 3 times in computing the median value. The tradi-

tional median filter is a special case of this filter with

equal wights. Generally this filter removes noise without

image blurring when the window size is not greater than 3 x

3 pixels. However, for an image which needs a larger size

window or an image whose pixels have the values close to the

median of their neighborhood, this filter does not work ef-

fectively.

Two weighted windows were used during the experiments ( see

Figure 6 ). Most of the radar image noise were removed more

Chapter 2 Noise Removal on Radar Imagery 16



efficiently by using a 3 x 3-pixel window than a 5 x.5-pixel

window. It was also found that iterative application of this

filter on the images does not have a better effect on the

noise removal than filtering once with a larger size window.

EQUALLY WEIGHTED AVERAGE FILTER

‘
This filter takes the average value of all the pixels in a

window centered around a pixel as the value for the pixel.

It removes noise very efficiently on a homogeneous region

containing a coarse textural pattern at a very fast process-

ing speed. However, on a heterogeneous region or even a ho-

mogeneous region with a fine textural pattern, it blurs the

image significantly. Unfortunately, most images of our ex-

periments contain many such regions and hence the results

were not very good. During the experiments, 3 x 3-pixel and

5 x 5-pixel windows were used.

GAUSSIAN FILTER

The Gaussian filter takes an average value of weighted pixels

in a window centered around a pixel as the value for the

pixel. Each pixel value in a window has a weight which asso-

ciates with the value of a normal probability density func-

tion such that the pixels far away from the center pixel have

smaller weights. With this filter, the contrast of the image

Chapter 2 Noise Removal on Radar Imagery 17



1 1 1 1 1
1 1 1 1 2 2 2 1
l 3 1 1 2 4 2 1
1 1 1 1 2 2 2 1

1 1 1 1 1

3 x 3 window 5 x 5 window

Figure 6. Weighted windows used in the experiments

I is maintained and the image has a good visual appearance. The

noise is generally removed for any kind of texture. However

the image is easily blurred because the filter has the prop-

erty of averaging. In our experiments, it removed the noise

well on most of the images with good visual effect but with

some image blurring. The 5 x 5-pixel window with 0.75

standard deviation was used.

ADAPTIVE FILTER

Since the neighborhood of each pixel is redefined adaptively

within a chosen window, the average number of pixels involved

in computing an output for each pixel is relatively smaller

than that of any other filter when the same size window is

used. Therefore it does not blur an image so much as the

others. It enhances edges and contrast of an image. In ho-

mogeneous regions, however, it still tends to blur an image

and wash out details such as thin lines, fine textural pat-

terns, or weak edges. This undesirable blurring in homoge-

Chapter 2 Noise Removal on Radar Imagery 18



neous regions can be reduced by lowering the threshold for

the local variance which determines the presence of an edge.

In our experiments, most of the radar images were contrast
A

stretched and edge enhanced with a minimal loss of detail.

SUMARY OF EXPERIMENTS AND COMMENTS
l

The filtering results on radar images using the above four

filters can be summarized on the basis of their visual effect

(see Figure 7). The visual effect is judged in four aspects:

noise removal, contrast stretching, edge enhancement, and

preservation of texture.

The adaptive filter using local gradient and local statistics

removes noise without contrast loss or edge blurring. In a
‘

homogeneous region it still tends to blur an image because

it counteracts the blurring problem only in heterogeneous

regions. The image blurring, however, can be reduced by

lowering the threshold on the local variance which decides

whether a region is homogeneous or heterogeneous. As summa-

rized in Figure 7, the weighted median filter works better

than the adaptive filter in terms of preservation of texture.

This fact suggests a study of various adaptive filters such

as an adaptive weighted median filter, adaptive Gaussian

filter, adaptive averaging filter or a combination of them.
I

The final results on a few radar images, by the adaptive

Chapter 2 Noise Removal on Radar Imagery 19
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Weighted I good I fair I fair I good I
median I I I I II
Equal wqtl I I I I
averagingl fair I fair I fair I fair I
filter I I I I I

I I I I I_ Gaussian I good I excellent I fair I fair I
filter I I I I I

I I I I I
Adaptive I good I excellent I excellent I fair I
filter I I I I I

Figure 7. Comparison of the filters: The comparison is
based upon the filtering results of the set
of radar images

filter introduced in this report, are shown in Figures 8

through 10.
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CHAPTER 3 LINE DETECTION

3.1 INTRODUCTION

To detect linear features, a modified version of the ridge-

valley algorithm originally suggested by Haralick [4] is
° used. In this chapter, the algorithm is discussed from the

view point of road detection on a radar image. A road on a

radar image usually appears as a dark line which can be

loosely defined as a connected sequence of pixels having

significantly lower gray-tone intensity than the neighbors.

In a continuous gray-tone surface, the dark line would be

viewed as a valley which could be computed analytically; the

bottom of a valley would occur where the first directional

derivative of the surface has a zero-crossing in a direction

extremizing a positive second derivative. Such a surface can

be obtained from a discrete image by a facet model generating

function which is discussed in Section 2. Then, a facet

based line detection algorithm is discussed in Section 3.

3.2 FACET MODEL

The idea of using a fitted continuous model in image proc-

essing was first proposed by Prewitt [13]. Haralick [2] calls

Chapter 3 Line Detection 24



such a fitted model for image data a facet model. A facet

model can be produced by a facet generating function K;

K : D(I) x O x {B} x {I} --> f*(R) (3.2.12)

The D(I) is a discretely sampled data function for a fixed

neighborhood. The parameter O is the order of fit. For ex-

ample, when using a second order fit, the resulting facet

model will be a quadratic polynomial. The index set {I} is

the domain on which the discretely sampled data function D(I)

and the set of basis functions {B} are defined. The function

f*(R), a real valued function, is called a facet model for

the neighborhood. Here, we discuss how the function K maps

arguments into a facet model when {B} is a set of discrete

Chebyshev polynomials, O, a third order of fit, and {I}, a

two-dimensional integer index set {(r,c) | -n S r S n and ·m

S c S m}. Since the fit is third order and {I} is a two-

dimensional index set, it is assumed that the underlying

continuous gray-tone intensity surface from which D(I) is

discretely sampled, takes the parametric form of a bicubic

polynomial defined in the row-column coordinates. The

canonical form for the function f can be expressed by

f(r,c) = kl + kzr + k3c + k4r“
+ k5rc + k6c’

+ k7r’ + k8r’c + kgrcz + klOc’
(3.2.13)
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The function f* is then obtained by estimating the coeffi-

cients of Eq. (3.2.13) from the discrete samples of D(I). The

least square error method directly applied to Eq. (3.2.13)

can give the solution to the problem of estimating the coef-

ficients. However, the computation is more complex and less

numerically stable in the canonical form. An alternative is

to express f* in a linear combination of discretely

orthogonal polynomials {B}. Let the basis {B} be {RO, ...,

RN_1}. Then, the function f* is expressed by

*
N'1

f (r,c) =
nic

bu Rn(r,c) (3.2.14)

By the least square error method, the coefficients bo, ...,

bN_l of Eq. (3.2.14) are estimated instead of the coeffi-

cients kl, ..., klo of Eq. (3.2.13). By doing so, we can use

the orthogonality· of the basis functions {B}, and hence

achieve much less complex computation.

The discrete Chebyshev polynomials defined on the integer

index set {(r,c)} are constructed inductively in the follow-

ing way. Let Pn be the nth order polynomial. Define PO = 1

and suppose P1(r), ..., P¤_1(r) have been constructed. Then

P¤(r) must: be orthogonal to each polynomial PO(r), ...,

Pn_1(r). That is,
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X Pk(r) Pn(r) = O, for all k S n-1 (3.2.15)
r

where P (r) =
rn + a rn_1 + + a r + a Solvin the_ n n-1 '°' 1 O' g

unknowns ao, ..., a¤_1 from the n linear equations, we con-

struct Pn(r).

The set {P0(r), ..., Pn(r)} is a one-dimensional discrete

orthogonal polynomial set for the integer index set {r}. A

two-dimensional discrete orthogonal polynomial set for the

integer index set {(r,c)} can be easily constructed by taking

the tensor products of two one-dimensional sets, {PO(r), ...,

Pn(r)} and {QO(c), ..., Qn(c)}. For example, on the two-

dimensional index set {-1, 0, 1} X {-1, O, 1}, the discrete

Chebyshev polynomial set can be defined as the tensor pro-

ducts of {1, r, rz
- 2/3} and {1, c, cz

- 2/3}, which yields

{1, r, c, rz
- 2/3, rc, cz

- 2/3, r(c‘ - 2/3),
c(r’

- 2/3),

(r' - 2/3)(c’ — 2/3)}.

Now we go back to the problem of estimating the coeffi-

cients of Eq. (3.2.14). Let D(r,c) be the discretely observed

data function. Then, the residual square error is expressed

by

N—1
ez = 2 [D(r,c) — Z bn Rn(r,c)]’ (3.2.16)

(r,c) n=O
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The coefficient, bi of the ith order discrete orthogonal

polynomial Ri(r,c) can be computed by taking the partial de-

rivative of ez with respect to bi, setting it to zero and

solving the resulting equation.

Bez N-1
—-- = -2 2 [D(r,c) - E bn Rn(r,c)] [Ri(r,c)] (3.2.17)
Bbi (r,c) n=0

Using the orthogonality of the polynomials RO(r,c), ...,

RN_1(r,c), we know

Z [Rj(r,c) Ri(r,c)] = 0, for all j ¢ i (3.2.18)
(r„<=)

Thus the Eq. (3.2.17) is reduced to

Bez
—-- = 2 bi 2 [Ri(r,c)]z - 2 E [D(r,c) Ri(r,c)]
Bbi (r,c) (r,c)

(3.2.19)

Setting the partial derivative of ez with respect to bi to

zero the estimate b; of the coefficient bi is obtained.

b; = 2 [D(r,c) Ri(r,c)]/ E [Ri(r,c)]z (3.2.20)
<r,¢) (r,c)

It should be noted that each coefficient bi (i S N-1) is just

a linear combination of the data values D(r,c). In other

words, bg is simply obtained by multiplying the data value

D(r,c) by the weight
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Ri(r,c)/ 2 (Ri(r,c)]’ (3.2.21)(r,c)

l
for each index (r,c). Once the coefficient bi (i S N-l) have

been computed, the estimate f* of the underlying continuous

function f is given by

4
” N'1

*° f (r,c) = E bn Rn(r,c) (3.2.22)
n=O

Eq.(3.2.22) gives the estimates of the coefficients kl, ...,

klo of the bicubic polynomial Eq. (3.2.13).

In this section, we have discussed one instance of facet

models which can be generated by the facet generating func-

tion K. It is notable that various facet models can be gen-

erated by changing arguments in the function K. Image

processing techniques based on a facet model have been de-

veloped. Among them are the directional derivative edge de-

tector [6] and the ridge-valley finder [4]. In the next

section we discuss a line detection algorithm based on a

bicubic facet model, which is the modified version of the

ridge-valley finder, and is used for the detection of lines

having a constant width.
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3.3 ALGORITHM
L

The canonical form of the fitted bicubic surface for each

pixel's neighborhood of an input image is .

f(r,c) = kl + kzr + k3c + k4r’ + ksrc + k6c“

+
k7r’

+
k8r“c

+ kgrcz + k1Oc’A (3.3.23)

The first directional derivative of a function f in the di-
U

rection ¤, fa is defined by

, f(r + d sina, c + d cosa) - f(r,c)
f¤(r,c) = lim -—----—----—--—---——----—--—--——--

d->O d
Bf Bf

= —-(r,c) sina + —-(r,c) cosa (3.3.24)
Sr ac

Similarly, the second directional derivative of f is defined

by

„ Bzf äzf
f (r,c) = -—-(r,c) sin“a + 2 -—--(r,c) sina cosa
° 6:* 6:6c82f

+ —--(r,c) cos’¤ (3.3.25)
3c’

n
The direction a for which fa is an extremum can be determined

U
by setting the derivative of f; with respect to a to zero.
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u
öfa a“£ Bzf azf

‘ —— = ( --- — -—- ) sin2a + 2 —-—— cos2¤ (3.3.26)ap ar! ac! arac

Solving Eq. (3.3.26) we obtain

sin2a = j (—28“f/arac)/D and

cos2¤ = ;
(3’f/8r“ — äzf/8c’)/D (3.3.27)

where

D = [ 4 (3zf/8r3c)z + (özf/Gr: - 32f/8c2)2]0'5

Substituting Eq. (3.3.23) into Eq.°(3.3.27), we can get the

direction a at the center of each pixel, which is the direc-

tion normal to an assumed Valley line through the pixel.

a =
— O.5 tan-1 ks/(k6 — k4) (3.3.28)

Using the angle a to constrain a position (r, c), we know

r = p sina and c = p cosa

Thus, the cross-section of the surface in the direction a

through the origin is given by

f¤(p) = Ap: + Bpz + Cp + kl (3.3.29)

where
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A = k7 sin’a + k8 sinza cosa + kg cosza sina
+ klo cos’a,

B = k4 sinza + K5 sinu cosa + k6 cosza, and
C = kz sinu + k3 cosa. (3.3.30)

The typical curve of Eq. (3.3.29) is shown in Figure 11.
‘

In the figure Rl and R2 are the zero-crossings of Eq.

(3.3.29) and L and U are the lower and upper limit of domain

which is determined by a window size. Assume that R1 is

closer to the center of pixel than R2. Then we can declare

the pixel as a line pixel if all of the following conditions

are satisfied:

1. The first derivative of Eq. (3.3.29) has a zero-

crossing sufficiently near the pixel's center and

the second derivative is positive at the zero-

crossing point;

d“f¤(Rl)
|R1| < thresholdl and ----—----- > 0 (3.3.31)dp:

2. The second derivative is big enough;

I d“f¤(0) I
--------- > thresholdz (3.3.32)

I df I

3. The gray-tone of the pixel is within a proper line
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I-—-—-—--— window size -——-—-—--I

Figure 11. Cross section of surface

I
range;

threshold3 S f¤(R1) S threshold4 (3.3.33)

4. The contrast of the pixel with its surroundinq is

sufficiently large;

MIN [fa(L), f¤(R2)] - f¤(R1) > thresholds (3.3.34)

(The thresholds are provided by the user) __

Once a line pixel is identified, it is assigned four property

values which are shown in Figure 11 and defined as follows:
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1. Depth, D = f¤(Rl)

2. Strength, S = MIN [fa(L), f¤(R2)] - f¤(R1)

3. Angle, A = a

4. Width, W = the number of pixels whose gray-tone

values are in the line range.

These property values can be utilized in further processing.
' For example, by setting W to 2 we can detect two pixel wide

lines and then by restricting A we can find two pixel wide

lines at a certain orientation.

In this section we have discussed the line pixel detection

algorithm on a pixel by pixel base. That is, based on the

bicubic facet model for each pixel, we looked for a zero-

crossing point which satisfies a set of constraints. If such

a point was found within its neighborhood the pixel was de-

clared to be a line pixel.

3.4 EXPERIMENTS

The line detection algorithm was tested on a few SAR images.

The results are dependent on the combination of the thresh-

olds. Figure 12 through Figure 14 show the effects of the

thresholds for which a 100 x 100 subimage shown in Figure 33

was used as a test image.
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The thresholdl is called radius. Figure 12 shows how the ra-

dius affects the results. It is noted that a bigger radius

value gives thicker lines. For the purpose of this thesis, a

radius between 1.2 and 1.5 turned out to be the most effec-

tive.

The thresholdz, called curvature, has the effect of elimi-
nating the artifacts but also has a tendency to break a line

into shorter pieces, as·shown in Figure 13. A curvature

around 750 was best for the image with a gray-tone scale of

0 through 65,535.

The threshold3 and threshold4 give the gray-tone bounds

within which line pixels should lie. Using these thresholds

we obtain lines in our intended gray-tone range. They have

the same effect as the intensity line operator described in

Fischler, et al [7]. Their effects on the result are shown

in Figure 14.

Thresholds, called contrast, reflects the human visual re-
cognition of lines. That is, a vivid line in a bright area

may not be as perceptible as it is in a darker area. As a

result, the higher contrast threshold gets rid of relatively

vague lines and tends to loose useful information. For the

next process which requires a lot of information, this

threshold had to be lowered.
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The overall results of the line detection technique are shown

in Figures 15 and 16.
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CHAPTER 4 ROAD DETECTION AND CONNECTION

4.1 INTRODUCTION

The line detector discussed in the previous chapter gives

plenty of information about a line pixel such as strength,

gray-tone value, angle, and width. However, the information

provided by the detector includes many non-road linear ob-

jects. At the beginning of this research, these non-road

linear objects seemed to be easy to remove by adjusting the

thresholds of the line detector. This resulted in the waste

of time in search of a proper combination of the thresholds.

But it was soon learned and the idea of screening the linear

features on a connected component by connected component ba-

sis, not on a pixel by pixel basis developed. The screening

technique uses the statistics of each connected component.

To get the necessary statistics efficiently, the line pixels

are connected first, using 8—connectivity. Each maximally

connected set of pixels is called a component. Each component

is then assigned a unique integer identifier. The statistics

can be derived from each component. The surviving components

after the screening procedure using the statistics are called

road segments. The pixels belonging to a road segment are

called road pixels. The details are discussed in Section 2.
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Other important factors in the screening process are the road

characteristics appearing in radar imagery. Those character-

istics are: -

1. The road should be connected.

2. The road should be a linear feature.

3. The road should be sufficiently straight or smoothly
° curved.

4. The road should be contrasted with its surroundings.

5. The road should have a sufficiently low gray—tone

intensity.

On the basis of these road characteristics in conjunction

with the statistics, the components are screened.

4.2 ROAD DETECTION

Road detection is closely related to road connection and can

be viewed as its preprocess. Here the statistics which are

the screening criteria for the components on the basis of the

road characteristics are defined and discussed. First, a

simple example shows the effect of screening process on the

following connection.

If the road connection procedure did not exist and the system

ended with road segments detected from the linear features,

the road detection part would have been greatly different.
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Figure 17. Detection and connection

Figure 17 illustrates the difference through the example of

a very simple road network (Figure 17a). Figure 17b shows the

linear features detected from Figure 17a. In. the system

without a connection procedure, the road detector would be

designed to detect as many road segments as possible, even

though the result may include a few non—road linear features

(see Figure 17c). In the system with a connection part, how-

ever, the result shown in Figure 17c is not very desirable

because the connection procedure will connect all segments

including falsely marked road segments, which yields a dif-

ferent network (Figure 17d). To make it worse, it would take
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a longer processing time than the result with fewer segments

because the connection procedure would be invoked more fre-

quently. The most desirable result of the road detection in

the system with a connection part is shown in Figure 17e,

which requires only one invocation of the connection proce-

dure to reconstruct the original network (Figure 17f).
l

Therefore, the road detection in the system with a connection
“

procedure should give the smallest number of road segments

that can reconstruct the original network. The road detection

procedure used in this thesis can be viewed as a thresholding

procedure with a simple combining mechanism. This procedure

uses the statistics to threshold the components, and then

combines any pair of surviving components which are one pixel

apart, to reduce the number of road segments. These statis-

tics are derived from each component. Those are the number

of pixels in the component (N), the mean line strength (MS),

the standard deviation of line strengths (DS), the mean angle

difference (MB), the mean gray-tone value (MG), and the

standard deviation of gray-tones (DG). These statistics are

totally dependent on the set of thresholds used in the pre-

vious line detection. The road detection is based upon the

relation between these statistics and road characteristics

appearing in radar imagery. The intuitive meaning of each

statistic is discussed next.

Chapter 4 Road Detection and Connection 45



(1) The number of line pixels in a component (N): This value

is important for identifying the real road segment. A road

network is completely connected and the things that break the

network into pieces are the noise in the image and the pos-

sible error in our bicubic surface. In any noisy area in a

image, unless the area is completely damaged by the noise, a

road segment would have at least a certain number of con-

nected pixels. Under the assumption that the N value of a

non-road component is relatively small, a component with a

sufficiently large N is considered to be a road segment. The

threshold against N should be neither too small nor too large

because too small a threshold would cause non-road components

to be mistaken for road segments, and too large a threshold

would result in failure to pick up road segments. An appro-

priate value of the threshold against N may vary from image

to image. In these experiments the most effective value was

found to be between 8 and 12.
1

(2) The mean line strength of a component (MS): The mean line

strength of a component is defined as the average of

strengths of pixels belonging to the component. The strength

of a pixel is, as defined in the previous chapter, the dif-

ference in the value of two extreme points of the cross-

sectioned surface in a direction extremizing the second

directional derivative.
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The MS value indicates the contrast of a component with its

neighboring region running parallel to the component. The

contrast of a component for a likely road segment is assumed

higher than that of a non-road component. This assumption

is not always true and so the real road components are thrown

away as well as non-road components when thresholding against

this parameter. However, in many cases, giving up a few real
° road segments can eliminate many non-road components. The

line pixels in the abandoned road segments are re-used for

connecting the road segments later in the road connection

part.

(3) The standard deviation of line strengths (DS): The

standard deviation of line strengths of a component is de-

fined as the standard deviation of the strengths of pixels

belonging to the component.

The line strength (contrast) of each pixel in a component for

a likely road segment is more uniform than that in a noisy

component because the gray-tone intensity of a radar image

is locally homogeneous. Hence, the smaller DS value a com-

ponent has, the more likely the component is a road segment,

especially when the component is not so large that it will

lie on two or more different regions.
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(4) The mean angle difference in a component (MB): The mean

angle difference in a component is defined as the average of

the angle differences of pixels belonging to the component.
l

The angle difference of a pixel is defined only within a
A

component as a difference in angles between adjacent pixels

of the same component. Since a line pixel usually has more

than one adjacent pixel with the same label, the priority of

the adjacent pixels are set up in a way that the angle dif-

ference of two adjacent pixels may not be used twice if pos-

sible. The priority set—up used in these experiments is shown

in Figure 18.

The pixel with the highest priority (the lowest number) is

chosen as the adjacent pixel of center pixel X if the pixel

and the center pixel are in the same component.

The MB value is a good measurement for the curvature of a

component. Ideally, a perfect circle composed of 36 pixels

may have 10° MB and a straight line has O° MB. In reality,

the MB value does not reflect the true situation accurately.

The inaccuracy is mainly due to the error involved in the

discrete data. In our experiments, components with MB values

less than 15° were considered as candidates to be real road

segments.
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Figure 18. The priorities of the eight adjacent pixels _

(5) The mean gray-tone value of a component (MG): The mean

I gray-tone value of a component is defined as the average of

the gray-tone values of pixels belonging to the component.

This value is another important tool for differentiating a

component for a possible road segment from a non-road compo-

nent. Even if a component has a relatively high MS value

without a sufficient darkness, the component cannot be a real

road segment. It is because the surface roughness of a road

segment does not vary enough to change the gray-tone, place

to place, in the same image. The MG value of a road component

should be ix: a certain range of gray-tone. Although this

range is dependent upon an image brightness it is usually

between 22,000 and 28,000 on a gray-tone scale of 0 to 65,535

for the collection of radar images in our library.

(6) The standard deviation of gray-tone values (DG): The

standard deviation of gray-tone values of a component is de-

fined as the standard deviation of gray-tone values of pixels

belonging to the component.
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This is a supplementary tool to the mean gray-tone. The

gray-tone values of a non-road component are assumed to have

a greater standard deviation than those of a component for al
likely road segment. Re—thresholding the components against

the DG values can keep the surviving non-road components from

being mistaken for road components.

4.3 ROAD CONNECTION

To complete the road networks, all the detected road seg-

ments are connected using the non-road pixels, whether they

· are line pixels or not. Among many possible connecting paths

between two road segments, the path with the maximum likeli-

hood (or the minimum cost) is chosen by a dynamic programming

method. To do so all non-road pixels are evaluated by a cost

evaluation function. The technique of dynamic programming

and the strategy of cost evaluation function are the main

subject of this section.

4.3.1 DYNAMIC PROGRAMMING

Dynamic programming is a very useful approach to optimiza-

tion. It is based on the "principle of optimality"; any

subpolicy of an optimum policy must be optimum itself [8].

The optimality principle is applied to finding the minimum

cost path between two road segments. Similarly it holds that
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any subpath of the optimum (or the minimum cost) path from

one (starting) segment to another (goal) segment must be op-

timum. The relationship of the subpath to the whole path can

be defined recursively. The technique for solving an optimum

path is generally described and then a tailor—made algorithm

for our purpose is presented.

“
As shown in Figure 19, the minimum cost path from S to T is

sought. Let Xi (i = 1, 2, ..., n) be a set of pixels, one

of which must be part of a possible minimum cost path from S

to T.

Let g(a,b) be the function which gives the minimum cost from

a to b. Now suppose that the minimum cost path between S and

T contains Xk. Then, the minimum cost from S to T is given

by

q(S„T) = q(S„ Xk) + q(Xk„ T) (4 3-35)

In general, the k of Xk is unknown in advance and the minimum

cost is rewritten by

q(S,T) = MIN { q(S„ Xi) + q(Xi, T) 1 (4-3-35)
i

Consider the special case where Xi's are the eight neighbors

of the goal T and g(Xi, T) is the constant, CT for all Xi's,
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X1
X2

X· n

Figure 19. The minimum paths between S and Xi and T

which is the cost of advancing from each of the Xi's to T (see

Figure 20)

Then, the minimum cost from S to T can be expressed by

g(S, T) = MIN g(S, Xi) + CT (4.3.37)
i

Similarly each of the g(S, Xi)'s is reduced to

g(S, Xi) = MIN g(S, Yj) + CXi (4.3.38)
5

where Yj (j = 1, 2, ..., 8) are the eight neighbors of Xi and

CXi is the cost of advancing from the
Yj‘s

to Xi. Accord-
ingly, we obtain the minimum cost from S to T by

g(S, T) = MIN ( MIN g(S, Yj) + CXi) + CT (4.3.39)
i 5

Chapter 4 Road Detection and Connection 52



. S .....

. . . X1 X2 X3 .

. . . X4 T X5 .

. . . X6 X7 X8 .

I
Figure 20. The special arrangement of S, Xi, and T

This procedure is repeated recursively until we get

g(S, T) = MIN ( MIN (... MIN g(S, Zn) + ...
i j n

... ) + CXi) + CT » (4.3.40)

where Z¤'s are the eight neighbors of the starting pixel, S

and g(S, Z¤)'s are the known values, CZ¤'s, the costs of ad-

vancing from S to Zn's.

This basic idea has been implemented in many application

areas since it was presented by Ford [9]. The F* algorithm

used in Fischler, et al. [7] is an implementation nicely

fitted to sequential image processing. It is noted that a

similar optimization method (e.g. the A* algorithm in Duda

and Hart [10]) can be derived from the best first search al-

gorithm. Our implementation can be thought as a extended

version of the F*, called F°.
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In the experiments run in this research, the F° algorithm is

applied iteratively in the manner of minimum cost spanning

tree. Each road segment (a set of pixels) plays the role of

a vertex in a graph. Each result of the Fo
algorithm applied

to each pair of segments plays the role of a weighted edge

between vertices. The implementation details are presented

here. The prerequisite is a cost image on which the algo-

rithm is exercised. The cost image is computed by a cost

evaluation function which will be discussed in the next sec-

tion. For the time being, the algorithm is assumed to have

it. The sets of starting pixels and goal pixels are specified

by the real road segment image in which every road segment

has a unique label. Consider the following procedure;

While the number of road segments is greater than 1

1. Set a segment to the starting segment.

2. Set the others to the goal segments.

3. Set every element of S to infinity except the

starting segment whose elements are set to O.

4. Find the minimum cost path.

5. Assign the same label to the minimum cost

connected segments.

Each iteration of this procedure involves top—to-bottom (and

bottom-to-top) passes using the cost image, C, and updates

the total cost from the starting segment to each pixel, cre-
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ating the image S according to the left-to—right rule, Eq.

(4.3.41), and then the right-to-left rule, Eq. (4.3.42), both

shown for the top-to-bottom pass.

$(1,1)= MIN [ $(1, 1).

C(i, j) + MIN [ S(i—1, j-1),

$(1-1, 1),

S(i-l, j+l),

S(i,j-l) 1 1 (4.3.41)

S(i, j) = MIN [ S(i, j), C(i, j) + S(i, j+1) ] (4.3.42)

This is then followed by a bottom-to-top pass using the mir-

ror image equation to equation (4.3.41) and (4.3.42). It

usually needs more than one top-to—bottom and bottom-to-top

pass until there is a condition of no change. If the optimum

path is composed of n row monotonic subpaths, then n alter-

nating passes between a top-to—bottom pass and bottom-to-top

pass (see Appendix A for the proof) are required.

The following example shows the operation of the minimum cost

path finding algorithm from two sets of source pixels (sub-

scripted by sl or s2) to two sets of goal pixels (subscripted

by g3 or g4). In the global sense, this example can be viewed

as the first step of the minimum cost spanning tree through
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the four vertices (segments subscripted by sl, s2, g3, or g4)

with two designated starting vertices (segments subscripted

by sl and s2). The cost image C(i, j) is shown in Figure 21.

The image S is practically set to 999 instead of infinity.

During the first top-to-bottom pass, the first row of the

image S will appear as follows.

‘
999 999 999 999 999 999 999 999; initially _

999 999 999 999 0 2 l 0; after applying Eq.(4.3.4l)

16 14 9 3 0 2 l O; after applying Eq.(4.3.4l)

The second row of the image S will appear as follows.

999 999 999 999 999 999 999 999; initially

7 10 4 5 2 0 1 7; after applying Eq.(4.3.4l)

8 5 4 5 2 0 1 7; after applying Eq.(4.3.4l)

The rest of the image S is updated similarly applying Eq.
U

(4.3.41), and then Eq. (4.3.42). The total cost image S(i,

j) after each pass is shown in Figures 22 thru 24. As shown

in Figure 23 and Figure 24, there are no updates at the third

pass. Accordingly the algorithm is terminated right after the

third pass. Since the minimum cost to goal segment g3 (value

4) is less than the minimum cost to goal segment g4 (value

6) the minimum cost path is tracked reversely from g3 by

substracting the cost (in the image C) from the total cost

Chapter 4 Road Detection and Connection 56



(in the image S), marking the neighbor which has the same

value as the substracted total cost, and repeating this

process until the neighbor becomes the pixel of any source

segment. Thus the minimum cost path (the first edge to span)

is found between segments subscripted sl and g3, and its el-

ements are bracketed in Figure 24. Those segments including

the path between them become a new segment for the next it-

eration (spanning). It should be noted that the algorithm

can be terminated even after the second pass. It is because

the smallest of the updated values, 5 is greater than the

minimum cost, 4 after the second pass (see the asterisked

values in Figure 23). In these experiments, both of the

terminating conditions were implemented.

4.3.2 COST EVALUATION FUNCTION

The cost of a pixel is defined as the expense for advancing

to the pixel from any of its eight neighbors. The basic

strategies of cost evaluation are:

(1) A non—line pixel is penalized enough not to be

chosen as a part of road network unless absolutely

necessary.

(2) A line pixel is rewarded according to its

attributes which are the strength (S), angle

difference (B), and gray—tone distance (D).
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2 5 6 3 OSI 2 1 OSZ
3 1 1 5 2 OS1 1 7

V 1 3 3 3 1 6 7 5

3 4 2 7 2 5 6 4

2 1 1 1 2 1 2 1

3 1 Og3 Ogg 2 4 3 2
4 3 5 7 Ogs 2 5 7
2 Og4 1 1 3 2 2 1

Figure 21. A sample cost image, C(i, j)

The strength of a line pixel (S) is defined as in the earlier

chapter; that is, S is the difference in the values of two

extreme pointé of the cross-sectioned surface in a direction
extremizing the second directional derivative. The defi-

nition of the angle difference of a line pixel (B) is

slightly different from that of angle difference in a compo-

nent which was discussed in the previous section. The angle

difference of a line pixel is defined as follows. First, two

neighbors are selected such that they best coincide with the

N angle of a pixel. Next, two differences of angles are taken:

between the angle of the pixel and the angle of each neigh-

bor. The larger difference of the two is then the angle

difference of a line pixel. Suppose that the zero angle di-

rection is set to the positive column direction and the an-
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16 14 9 3 OSI 2 1 OSZ
8 5 4 5 2 OSI 1 7

— 6 7 7 4 1 6 7 6

9 10 6 8 3 6 12 10

8 6 5 4 5 4 6 7

8 5 4g3 4g3 6 8 7 8

9 7 9 11 4g3 6 11 14
8 6g4 6 5 7 6 8 9

Figure 22. Image of total cost, S(i, j): after the
first pass (top to bottom)

gles increase clockwise as shown in Figure 25, and that the
A

line pixel 5 has an angle closer to 45° than to 90°.

Then, the two neighbors of pixel 5 become pixel 1 and pixel

9 and the angle difference of pixel 5 is given by

B = MAX [abs (angle of pixel 5 - angle of pixel 1),

abs (angle of pixel 5 - angle of pixel 9)]

(4.3.43)

The angle difference of a line pixel is a measurement for the

consistency of direction with its adjacent pixel and for the

curvature of a possible line going through the pixel.
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7 9 9 3 OS1 2 1 OSZ
8 5 4 5 2 OS1 1 7
6 7

I
7 4 1 6 7 6

8 9 6 8 3 6 10 10

75*545467
8 5 4g3 4g3 6 8 7 8

_ 9 7 9 11 4g3 6 11 14

8 6g4 6 5 7 6 8 9

Figure 23. Image of total cost, S(i, j): after the
second pass (bottom to top)

The gray-tone distance of a line pixel (D) is defined as the

absolute difference in the gray-tone value of the pixel and

an assumed mean gray-tone value of real road segments, which

can be decided experimentally during the road detection part

discussed in the earlier section.

Since the three attributes of a line pixel are equally im-

portant they should have equal parts in the cost evaluation.

However, since they are hardly sensed equally by an actual

program, it is proper that their effects on the cost evalu-

ation be proportional to their sensitivities and accuracies.

For example, in our detection procedure, the angle of a line
n

pixel is not so accurate as the other attributes. Their pro-
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7 9 9 3 OS1 2 1 OSZ
8 5 4 5 2 051 1 7

6 7 7 4 [11 6 7 6

8 9 6 8 [3] 6 10 10

7 5 5 [415 4 6 7

8 5 4g3 4g3 6 8 7 8

9 7 9 11 4g3 6 11 14
8 6g4 6 5 7 6 8 9

Figure 24. Image of total cost, S(i, j): after the
third pass (top to bottom)

portion in our case turned out to be well described by the

following equation,

S:B:D=10:2:5 (4.3.44)

In other words, when the others are fixed, the Variation of

the angle affects the cost at the magnitude of l to 2. Simi-

larly the strength and the gray-tone distance solely affect

the cost at the magnitude of 1 to 10 and 1 to 5, respectively.

Based on the above strategies, the cost of a road pixel is

set to zero and the cost of a non-line pixel to 1000. The

cost for a non—road line pixel (i, j) is given by

g(B .) h(D .)
c(1, 5) = -———il----—-il-—-- (4.3.45)

f(S..)
ll
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Figure 25. The angle direction

The functions g, h, f in Eq. (4.3.45) are defined as follows.

5 B<LB
5*B

g(B) = -—------— LB S B S UB
UB — LB

10 B > UB (4.3.46)

where LB and UB are lower and upper limits of angle differ-

ence (see Figure 26).

2 D<LD
8*D

h(D) = ----—-—-— LD S D S UD
UD - LD

10 D > UD (4.3.47)

where LD and UD are lower and upper limits of gray-tone dis-

tance (see Figure 27).
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1 S < LS
9*S

f(S) = —-—------ LS S S S US
US - LS

1O S > US (4.3.48)

where LS and US are lower and upper limits of line strength

(see Figure 28).
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Figure 26. The angle difference function

h(D)
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Figure 27. The gray-tone distance function

Chapter 4 Road Detection and Connection 64

I

I



f($)
I
I

10 —| /-------—----
I /
I /
I /
I /
I /
I /^ l ·I ·········/
I —·····——— I ·——···· I —····——··——··— S

LS Us

Figure 28. The strength function
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CHAPTER 5 FINAL RESULTS

The procedure was first tested on a controlled data set. The

data set is composed of a small noise-free image and seven

images created by adding Gaussian noise with zero mean and

various standard deviations to the noise-free image (see

Figure 29). The pixel value of the road structure in the

noise-free image was set to 75 and that of the background to

175. The resulting line images and network images are shown

in Figures 30 and 31. The reconstructed network images were

compared with a perfect network image in terms of RMS errors

as shown in Figure 32.

For the test on natural images, a few SAR images were used

as test images. Most of our experiments were carried out on

100 x 100-pixel subimages of them. Figures 33 through 36

show an original subimage, a facet based line image, a road

image which is screened from the line image on the basis of

road characteristics appearing in radar imagery and statis-

tics of connected components, and a reconstructed network

image as a final result. Figures 37 through 40 show a 512 x

512-pixel image and its line image, screened road image, and

reconstucted road network image.
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29. X images (controlled data): 50 x 64—pixel
images. From left to right and top to bottom
the standard deviations of added Gaussian
noise are 0 (noise-free), 10, 20, 30, 40, 50,
60, and 70. (The means of the noise are zero)
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Figure 32. The performance of the procedure: As a
function of the noise standard deviation
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Figure 36. 4Reconstructed Network image
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CHAPTER 6 RELATED WORK

There are not many published papers closely related to the

work reported in this thesis. However, it is worth summariz-

ing some related approaches to the problem of line detection

and continuation, since road network detection involves both

road segment detection and road connection techniques.

Fischler, et al. [7] integrated several road segment tech-

niques. They defined operators classified either as type I

operator that will rarely mistake artifacts as road segments

but often miss true instances, or as type II operator that

will measure parameters of all true instances but may falsely

classify and parameterize non—instances. Type I operators

produce the skeleton of a road network, which is then com-

pleted by an optimization algorithm, on the basis of a cost

array evaluated by the results of type I and type II opera-

tors. u l

Bajcsy and Tavakoli [ll] start with a strip detector which

finds the connected road pixels (strip) by thresholding

gray-tone values. The strips are further screened by

thresholding according to their contrasts with adjacent re-

gions, and their own widths and lengths. A road segment

(piece) consists of two or more connected strips. Then road

Chapter 6 Related Work 79



segments are connected according to continuity and proximity

criteria between adjacent disconnected road segments.

There are many papers regarding the continuation problem for

local lines or edges (called global lines or edges).

Vanderßrug [12] pruned and enhanced local linear features

iteratively, pixel by pixel, according to the direction and

strength of adjacent line pixels. To connect the local line

segments he represented them as a graph, and defined a merge

merit function for selecting pairs of segments to merge. The

function is based on the distance, angle alignment, smooth

continuation, and strength of local line segment. He used a

stage by stage relaxation method for merging line segments

until there are no acceptable pairs to merge.

Ramer [14] used a tree search algorithm to find a global

edge. He first finds edge and line elements called strokes.

The strokes that align to form a curve segment are grouped

into a streak by representing a stroke image as a directed

graph and then searching the minimum cost path from a initial

node to a goal node.

Martelli [15] viewed a global edge detection problem as a

problem of finding an optimal path 511 a weighted graph. He

used a heuristic tree search algorithm to find an optimal

path on the basis of edge properties.
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Montanari [16] viewed the line continuation problem as a
multistage decision problem. A mutistage decision problem is

best solved by dynamic programming. He was successful in the

detection of one line with a fixed length from a noisy pic-

ture on the basis of figure of merit which reflects the cur-

vature of a line. As in Martelli's work, he had to search
for the initial line segment in an exhaustive manner.

Gold and Smith [17] [16] used a stage by stage dynamic pro-

gramming algorithm to detect nearly straight lines in a

noisy picture. They were able to reduce the large cpu time

and storage space required (the inherent problem of the dy-

namic programming) by restricting the search area into small

regions called angular bins.

Ehrich [18] constructs global low curvature lines by growing

local line segment optimally a fixed number of pixels at a

time using dynamic programming. One of his main contributions

was a data organization that reduced redundant local line

information so that large images could be processed quickly.

His merit function used in the dynamic programming algorithm

is based on the confidence of the presence of line segments,

the curvature of one to another, and the smoothness of con-

tinuation.
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In this thesis the approach to the line continuation problem

is also dynamic programming. However, the problem is viewed

differently, not as a multistage decision problem, but as a

minimum cost path problem. Hence the processing time depends

not on the length of a line but on the shape of a line (see

Appendix A), and the required storage space is linearly pro-

portional to the area of an image. Most of road segment de-

tection techniques including all of the algorithms mentioned

above are based on discrete line or edge detectors that have

to use many directional and discrete masks to obtain local

edge information. However, since the road segment detection

scheme used in this thesis is based on a facet model, the

required information is computed analytically. This is the

main difference from earlier local feature detection tech-

niques.
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CHAPTER 7 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

This thesis began with the analysis of road characteristics

appearing in radar imagery and proceeded to the construction

of a road network detection procedure.

Chapter 2 ediscusses a noise removal algorithm using local

gradient and statistics. By using this algorithm with a

practical method of estimating a local noise variance, it was

possible to filter a noisy radar image efficiently without

contrast loss.

In Chapter 3, it was shown that the kernel of a facet model

could be viewed as the function which can be used to compute

a facet model according to its arguments such as basis func-

tion, the order of fit, index set, and an input digital im-

age. Using this function, a bicubic facet model was

obtained. It was then found that linear features could be

analytically* detected. on the basis of the bicubic facet

model. This analytical detection technique made it possible

to detect and parameterize most of the attributes of linear

features such as line orientation, strength, and width.

In Chapter 4, the problem of screening the detected linear

features on a pixel by pixel basis was addressed. The a1-
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ternative was to screen them on a component by component ba-

sis. This method uses the statistics of each maximally

connected set of pixels, called a component, and the road

characteristics appearing in radar imagery. Using this

method, it was possible to obtain a relatively small number

of real road segments. In Section 4.3, it was shown that

these road segments could be connected by dynamic program-

ming. This algorithm, based on the "principle of optimal-

ity", gave a udnimum cost path between two sets of road

segments. The costs used in this algorithm were evaluated

by the cost evaluation function which measured a merit for

each pixel. The dynamic programming algorithm was applied

iteratively as many times as the number of the paths required

to connect all the road segments.

There are a few directions in which the work in this thesis

could be continued. The most obvious is the method of apply-

ing the connection procedure. The method used in this thesis

was to apply the procedure to the whole image. This required

a relatively long processing time, and hence it was necessary

to reduce the number of road segments as much as possible.

Since the locations of the starting road segments were known,

if the locations of the goal road segments could be correctly

guessed using the global context, the search area and the

processing time could be greatly reduced.
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The cost evaluation function described in Section 4.3 could
be made more sophisticated and accurate so that the con- -
nection procedure would connect road segments through non-

existent paths less frequently.

Another possible improvement would be to selet a more suit-

able fitting surface. The surface used in this thesis was

the bicubic polynomial, which was too general for our line

dection purpose. By using a biquadratic or a constrained form

of a bicubic polynomial, it may be possible to reduce the

computational complexity. For instance, if the fitted surface

was of the form, ‘

f(r,c) = A (rcosa + csin¤)’ + B (rcosa + csina)2

+ C (rcosa + csina) + D (7.0.49)

the cross-section of the surface would be directly obtained

simply by replacing (rcosa + csina) with p, where a would

be the direction normal to an assumed line as discussed in

Section 3.3. It may require deeper mathematical insight as

well as laborious research to find proper basis functions,

but the considerably faster computation would be worth it.
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APPENDIX A. THE PROOF OF THE REQUIRED NUMBER OF PASSES

Definition 1: If the row index for the pixels from one end

to the other end along a path increases (or decreases)

monotonically, the path is called 'i—monotonic' (or 'd- .

monotonic') or simply 'monotonic'.

Definition 2: Application of the Eq. (4.3.41) and Eq.

(4.3.42) to a whole image either in a top—to-bottom manner

· or in a bottom—to—top manner as described in Section 4.3 is

called a pass through the image.

Notation 1: S denotes the image of total cost for the path

from a starting pixel A to each pixel and S(B) denotes the

total cost for the path from A to B.

Notation 2: O denotes the image of the optimum total cost for

the optimum path from a starting pixel A to each pixel and

O(B) denotes the optimum cost for the optimum path from A to

B.

Appendix A. The proof of the required number of passes 86



Notation 3: Si denotes the image generated after the ith pass

through the image S.

Lemma 1: If there exists an unique optimum path from the

starting pixel A to the goal pixel G and there are two pixels

X and Y on the optimum path such that for every pixel x from

A up to X along the path, S(x) = O(x), and for every pixel g

beyond X to G along the path, S(g) >= O(g), and if the optimal

subpath from X to Y is monotonic, then after a single pass

through S, every pixel y from the starting pixel A up to Y

along the path will have the optimal cost (Sl(y) = O(y)).

Proof: (By induction over the sequence number of pixels along

the path) Assume that the optimal subpath is i-monotonic and

its sequence is X (= yo), yl, y2, ...
yn_l,

Y' U= yn). Let

r(yi) and c(yi) denote the row and the column index for the

pixel yi. Then the following inequalities hold for i >= 1.

r(yi_l) <= r(yi) <= r(yi_l) + 1

¤(yi_l> - 1 <= ¢(yi) <= ¤(yi_l) + 1

(base case) Because S(y) = O(y) and the above inequalities

for i = 1 hold, it is clear that S1(yl) becomes O(yl) during
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the top-to-bottom pass of applying Eq.(4.3.41) and

Eq.(4.3.42) to the image S.

(induction) Assume that S1(yk) becomes O(yk) during the top-

to-bottom pass. When applying Eq.(4.3.42) to yk+1, yk con-

tains O(yk) since the path from X to Y is monotonic and the

above inequalities hold for i = k + 1. Therefore, Sl(yk+1) .

equals to O(yk+1) after that.

Q.E.D.

~Theorem 1: For an unique optimal path which is composed of n

monotonic subpaths Pi (i = 1, 2, ..., n), it requires at least

n passes, to assure the convergence, through the total cost

image where the starting pixel is assigned the value of O and

the others assigned an infinite number, initially.

Proof: (By induction over the number of passes) Let the pixel

Xk be the pixel of monotonicity change between Pk and Pk+1
Also let XO and Xn be the starting and the goal pixel. Then

it suffices to show that for every pixel g from the starting

pixel to the goal pixel along the optimum path, S¤(g) = O(g).

(base case: after the first pass) Since S(X0) = O(X0) = O,

and Pl is monotonic, for every pixel xl in Pl, Sl(xl) = O(x1)

by the Lemma 1. Now assume that there exists a pixel u, say

in Pj such that Sl(u) = O(u). It means then that there exists
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another optimum path from XO to Xn which does not include the
pixels X1, ...,Xj_1. This contradicts the uniqueness stated

in the antecedent. Hence, after the first. pass only the

pixels up to X1 along the optimal path will have the optimal

cost.

(induction) Assume that after kth pass, for every pixel xk

from the starting pixel up to Xk, Sk(xk) = O(xk). Then, by

the fact that Pk+1 is monotonic and the Sk(Xk) = O(Xk), we
know that after a single pass through Sk, for every pixel

xk+1 from the starting pixel up to Xk+1, (Sk)l(xk+1) =

Sk+1(xk+1) = O(xk+1) [Lemma 1]. Furthermore, the other pixels
beyond Xk up to the goal pixel will not have yet the optimal

cost since otherwise, it would contradict the uniqueness in

the similar way as above. Therefore, only after the (k + l)th

pass through the initial total cost image S, every pixel up

to
Xk+1 along the path will have the optimal cost.

Q.E.D.

Appendix A. The proof of the required number of passes 89



APPENDIX B. DOCUMENTATIONS, RUN—FILES, AND LISTINGS

This appendix contains the documentations, run-files, and

program listings for the four commands which were used in the

thesis. Those commands are FLINE (Facet LINE detector), ROAD

(Road finder), COST (Cost evaluation), and MCPATH (Minimum

Cost PATH). This appendix also includes the run—file,

THESIS.RUN which creates all the subimages from the gray—tone

image to the final road network image appearing in Chapter

5.
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