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ABSTRACT 

This paper presents an image processing method for lo- 
cating underground linear objects using ground-probing 
radar data. One of the problems when using ground- 
probing radars is how to know the microwave propaga- 
tion velocity in the ground of the test area. The proposed 
method employs the Hough transform of the edge con- 
tours of pulse echoes in a radar image, which appear as 
hyperbolas, whose shape contains the velocity informa- 
tion. The method uses two types of Hough transforma- 
tion. The first one transforms each edge position and 
orientation to a straight line on the transform plane that 
has the horizontal location of the object and the square of 
velocity as its two axes to rapidly estimate the velocity. 
The second one, which transforms each edge position to 
a parabola on the transform plane having the horizontal 
location of the object and the square of echo response 
time as its two axes, realizes aperture synthesis to give a 
focused echo source. A preliminary experiment con- 
firms accurate depth measurement for multiple parallel 
pipes lying close toghether. 

1. Introduction 

Underground linear object location is a very impor- 
tant technology for the construction of social infrastruc- 
tures such as telephone/electricity cables and gaslwater 
mains. Ground probing radars have been developed for 
this purpose(e.g.,[l]). Ground probing radars, however, 
have a significant problem in that the velocity of radar 
wave propagation in the ground is generally unknown. 
This problem was overcome by the development of im- 
age processing technique that used the property that bur- 
ied linear objects present hyperbolic radar images[2][3]. 
Both techniques used the Hough transform to rapidly 
determine object depths with accuracy. This paper ex- 
tends method[3] to multiple pipe-like objects. The ex- 
tended method determines the depth of the outermost 
objects and the propagation velocities of the ground ad- 
jacent to said objects. 
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x,: horizontal location of the antenna 
xo: horizontal location of the object 
2,: depth of the object 

Fig.1. Geometry of an underground object. 

2. Property of radar images 

Suppose that a pair of antennas transmitting and re- 
ceiving radio pulses are shifted in the same direction 
over the ground to obtain a two-dimensional radar im- 
age, whose two orthogonal axes indicate the horizontal 
location along the surface and the propagation time of 
the pulse echoes, respectively. 

Here, let x, and zo respectively be the coordinates of 
the horizontal location and the depth of the linear object 
which lies perpendicular to the cross section expressed 
by the radar image (see Fig. I). This paper first examines 
the case for a single object for simplicity. If the distance 
between the transmitter and the receiver is small com- 
pared to the depth of the object, then the distance, D, 
from the object to the antennas' centroid, whose horizon- 
tal location is x,, is represented by the following equa- 
tion. 



The response time, f(x,), of a pulse echo is given by 
the following equation, where v is the microwave propa- 
gation velocity in the ground. 

where t,,=2zJv. 
Equation (2)  shows that the pulse echoes form a hyper- 
bolic radar image (see also Fig.1). Then. velocity esti- 
mation can be realized by analyzing the shape of the 
hyperbola. 

3. Procedure f low 

The proposed method consists of five stages as de- 
scribed briefly below. 
(1)Preprocessing 

The original radar image is averaged by local win- 
dows in order to reduce the effect of noise. 
(2)Edge contour extraction 

Echoes are detected as edges in the image. Detected 
edge contours are segmented into groups each of which 
is regarded to belong to one point source. 
(3)hopagation velocity estimation 

Microwave propagation velocity is estimated by the 
Hough transform of segmented edge contours. This 
transform also gives the object's horizontal location. 
(4)Aperture synthesis 

If the above Hough transform yields poor results, ap- 
erture synthesis processing is executed to improve them. 
(5)Object locating 

Using the velocity and the locations for individual 
edge segments, the real object location can be estimated 
for the outermost objects. 

4. Extraction of edge contours 

Rise edges of pulse echoes are detected by level- 
crossings along each data line, and edge contours are 
given as connected rise edges traversing lines. The fol- 
lowing processes are performed on the edge contours. 
(1) Smoothing of edge contours 

Because of noise present in the radar data, edge posi- 
tions may be fluctuated. By averaging neighboring edge 
positions, edge contoum are smoothed. 
(2) Segmentation of edge contours 

An edge contour originating from a single reflective 
point source in the ground appears to be hyperbolic. 
Thus, its edge contour can be segmented into a set of uni- 
modal portions. Here, we must take into account that 
some interference occurrs between ajacent unimodal 
portions with multiple pipes. Thus the unimodal por- 
tions are further divided into pairs.of monotonous in- 

creasing (left-hand side) and decreasing (right-hand 
side) portions, which are termed 'edge segments' in this 
paper, and sometimes refered as a left and a right edge 
segment. Figure 2 shows an example of edge segments. 
(3) Selection of sig~uficant edge segments 

Underground man-made linear objects give more in- 
tense pulse echoes than other natural sources such as 
pebbles, earth layers, and water tables. To select signifi- 
cant edge segments, the method employs two predefined 
thresholds for the horizontal displacement range of the 
edge segment and the aspect ratio of the encasing rec- 
tangle of the edge segment. Only significant edge seg- 
ments undergo Hough transformation. 

Figure 3(a) is the binary representation of an experi- 
mental radar image, which was taken by an experimental 
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Fig.2. Segmentation of edge contours. 

(a) The binary representation of a radar image. 

(b) Significant edge segments. 

Fig.3. The experimental radar image and its significant 

edge segments. 



radar set whose transmitting antenna was driven by a 
2nsec pulse generator. The original radar data consists 
of 177-by-300 points which represents a horizontal trav- 
erse of 352cm and a 40nsec response time range. Figure 
3(b) is the result of significant edge segment extraction. 

5 .  V e l o c i t y  e s t i m a t i o n  by  the  Hough  
t ransform 

The 1st derivative(the slope), g(x,), of an edge at co- 
ordinates, (x,,f(x,)), is given from Eq.(2) as 

If we define ~ 9 1 4 ,  Eq.(3) is rewritten as 

Ideally, Eq.(4) is true for each edge data set 
(x,,t(x,),g(x,)), but noise and measurement errors cause 
deviations from the equation. Then, let a two-dimen- 
sional Hough transform plane (xh,u,,) be set, and possible 
point sets given by Eq.(5) for the respective edge data 
sets be plotted on the plane (i.e., draw lines). 

Only lines that satisfy the following condition are 
drawn on the Hough transform plane. The second de- 
rivative of f(x,) is given from Eq.(3) as 

Reordering, we have 

(xJ, g(x,), and h(x,) may contain errors. However, we 
can guess the range of u by physical conditions. Thus by 
setting lower and upper limits, yOwer and uUF, we have 
the criterion. 

If ~ , ~ ~ ~ ~ < u < u ~ ~  then draw a line 
given by Eq.(4) on the Hough transform plane. 

After drawing lines for a segment, the peak is located, 
and its coordinates (xh,uh) represent x, and u. 

Figure 4(a) shows a right edge segment example of 
the Hough transform plane in the experiment. The hori- 
zontal line indicates the best u position. In this case, the 
peak position is a little ambiguous. In addition, it was 
indicated that this right edge segment is originated from 
the rightmost of multiple pipes lying close together in 
parallel, because the corresponding left edge segment 
gave no peak on the Hough transform plane (not shown 
in the figure). For comparision, an example from an- 
other experiment is shown in Fig.4(b). The figure indi- 
cates that the left and the right edge segments have a 
common peak on the Hough transform plane. In this 
case(Fig.4(b)), a single pipe generated a well-defined 
hyperbola. 

6. Aper ture  synthes is  

For noisy data or for short segments, the 1st deriva- 
tives are not so reliable and the above Hough transform 
gives somewhat ambiguous result(i.e., the peak is not 
sharp). In this case, we must determine the velocity by a 
more robust scheme. 

Substituting To=t,2 to Eq.(2), we have 

We cannot obtain u directly from Eq.(7) because 

(a) (b) 

Fig.4. The Hough transform plane (I). 

In this equation, x, and tare given for each edge point. 
So, if v is given, we can obtain To and xo as the focus of 
parabolas represented by the following equation. 

This is the second Hough transform method. It dupli- 
cates the aperture synthesis process, in which hyperboli- 
cally spread data from the radar image is collected to 
determine virtual object location. 

In our case, the velocity is already estimated roughly, 
thus this Hough transform stage is performed for several 
values of v around the rough estimate. The value of v that 
gives the most focused Hough transform plane is re- 
garded as the correct one, and t, and xo on this plane are 
adopted. 

This stage does not use derivatives, so robustness can 



Fig.5. The Hough transform plane (11). 

be expected. It is a little time consuming compared to 
the first Hough transform method, however, the process- 
i q  time is much shorter than with the traditional aper- 
ture synthesis technique. 

Figure 5 shows an example of the experimental re- 
sults of the second stage Hough transform. 

7. Determination of object depth 

If the velocity v and the horizontal location of the ob- 
ject are determined, the depth of the object is given by 
the following equation. 

Actually, however, perfect impulses cannot be trans- 
mitted without any distortion, and because a wave train 
is being propagted, multiple echoes return from each 
single point source. In the experiment, two edge con- 

tours show the echoes from the same sources. In this 
case, the upper (nearer to the ground) edge segment indi- 
cates the location of the object. The estimated depths of 
the two outermost pipes are about 89cm and 91cm for the 
appropriately determined edge-detection cross level, 
while the correct values are 90 cm. It is said that an error 
rate of 10% in depth is commercially acceptable, so the 
proposed method gives a satisfactory result for the ex- 
perimental data. 

Figure 6 is a superimposition of the edge contours of 
the radar image and the hyperbolas which coincide with 
the velocity given by the method. It is shown that the 
hyperbolas well fit the significant edge segments. 

It should be noted that, in many cases, we have more 
complicated situations. In these cases, the propagated 
signals consist of a weak half wave and subsequent in- 
tense half waves. The real depth should be calculated 
from the echo response time of the front edge of the first 
half wave, but this wave is too weak to form a significant 
edge segment and sometimes it disappears. This makes 
it necessary to subtract a half wave-length from the echo 
response time of the shallowest edge segment. 

8. Conclusion 

A method for locating undergound linear objects was 
presented. The method employs the Hough transform of 
a ground-probing radar image in order to estimate the 
velocity of microwave propagation in the ground and to 
know the position of pulse echo sources in the image. 
The method realizes high measurement accuracy with a 
short computation time. A preliminary experiment 
shows that the proposed method can give a satisfactory 
depth measurement from radar data containing multiple- 
pipe interference. 
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