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I. Introduction

The location of buried tunnels is part of an ongoing pro-

gram at DARPA with many different disciplines and techniques

involved in the effort. Geo-Centers , Inc. effort to locate

buried tunnels was originally funded by DARPA for a period of

f iv~~ months beginning in June 1976. The major thrust of that

effort was the theoretical investigation of special computer

assisted detection methods to locate tunnels. The basic elec-

tromagnetic signal was theoretically generated using the prin-

ciples of video pulse radar . This radar technique uses a short

time limited electromagnetic pulse radiated by a movable an-

tenna platform at the earth—air interface. The objectives of

the original tunnel detection study were successfully realized ;

namely, the development of a rapid and sensitive signal pro-

cessing technique which was tested using a number of realistic

models.

The major emphasis of the Geo-Centers ’ program was the

development of a signal processing method to detect buried

tunnels using video pulse radar probes. Video pulse radar is

used to transmit and receive a short unidirectional electro-

magnetic pulse. The return pulse in turn produces a two dimen-

sional sounding or picture. Theoretical soundings were generated

based on a simple scattering model relevant to long cyl indrical

tunnels that are buried in granite. A fast and sensitive pic-

ture processing algorithm was evolved for the specific problem

I GEO -CENTERS , INC.
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~of subsurface tunnel detection .1~
The utility of the algorithm

has been tested in a variety of situations including : (1) mul-

tiple tunnels , (2) large noise or clutter background values ,

and (3) interfering or blocking layers. In all cases the detec-

tion algorithm is unusually stable and dependable. The present

method requires a human operator for final recognition .

The basic theory for generating the subsurface soundings

is related to the ‘geometrical optics ” approach of diffraction

theory. The transmission and reflection coefficients at the

tunnel walls are given approximately by the plane wave values.

Geometrical ray paths are used to compute the time for each

tunnel return. This method of generating subsurface soundings

is quite adequate except in the lower frequency range of the

incident pulse. However , it is the high frequency part of the

pulse that is concerned with resolving tunnel location .

The basic tunnel detection scheme involves the application

of a new concept in signal detection . In this scheme , a “geo-

metrical filter ” has been used to detect the special tunnel

returns that are found on the two dimensional soundings. The

actual method used to construct the filter is based on real

space reconstruction methods used to generate three dimensional

pictures from a series of two-dimensional projections. One-

din’ensional projections are used to reconstruct the sounding .

They are chosen so as to give superior tunnel representations.

The reconstruction algorithms act as a shape sensitive filter

GEO-CEN TERS , INC.
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to emphasize only the tunnel attributes of the soundings and

are insensitive to other objects and clutter on the original

sounding . Once the soundings have been processed by the “geo-

metrical filter ,” the tunnel locations are clearly evident to

the observer.

A. The Application of Pattern Recognition Techniques for
Tunnel Location*

In our recent study, representative subsurface soundings

were generated using a modified geometrical optics method for

scattering by dielectric bodies.1 The basic building block

used in this theory is the time domain pulse reflected from a

semi-infinite rnedium. Pulses scattered from a cylinder are

decomposed into a superposition of reflections from the sur-

faces of a buried cylinder used to model the tunnel. Geornetri—

cal paths were used to compute the times for the individual

reflections . Steady state transfer functions were superimposed

through the Fourier integral to produce the time domain signals.

A sample steady state transfer function is shown in Figure 1

and a pulse reflected from a tunnel buried in granite is given

in Figure 2. A Gaussian incident pulse of specified half—width

is assumed to be propagated into the earth at ground zero.

Values of the electrical parameters were : conductivity a = lO~~

and lO~~~, and relative dielectric constant 1r 
= 7. A two

dimensional sounding formed by moving a probing antenna over

* Material presented in this section is considered pro-
prietary by DARPA and Geo-Centers , Inc .

GEO -CENTERS , iNC.
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7
the  ear t h  near  a b ur i e d  tun n e l  is shown in F!~~u re  3. This

f igu re  can be unders tood  h~ r e f e~’ring to the ac tua l  ph ysical

a r rangement  shown in Fi gure  4 .  When the antenna  is on the l e f t

the phys i ca l  d is tance  to the tunnel  is grea ter  than when the

sound is overhead . The h igh  numbers in Figure 3 represent

tunnel  r e f l e c t i o n s  and p r e sen t  a genera l ly  hyperbolic trace .

The small sketch or. Figure  4 shows th is  diagrammatical ly .  Using

the maximum number tha t  appears on Figure 3 a gray  scale from

zero to maximum opt ical  dens i ty  can be constructed. This is

also i l lus t ra ted  or. the r i g ht in Figure  3. Note t ha t  the den—

sitv v a r i a t i o n s  correspond to the maximum and minimum amp l i tudes

on the time response curve shown in Figure 2 .  More detail  than

shown on Figure  3 is possible if a gray scale wi th  narrower in-

dividual limits is chosen. Although it is very easy to recog-

nize a tunnel from this picture , noise , clutter , blocking layers ,

and multiple targets make practieal identification very diffi-

cult. Conventional methods for tunnel detection would use m di-

vidual signals and frequency sensitive filters.

The basic tunnel detection scheme used in our study involved

a new concept in interpreting soundings. A “geometrical filter ”

was used to detect tunnels from the sounding . Inverse recon-

struction might also be a good name for the method . Real space

reconstructions2 have been used recently to reconstruct a three

dimensional image from a set of two dimensional projections.

As with classic Fourier reconstructions , the more views of an

object that are available , the greater the definition of the

GEO -CENTERS ,

— - - -••- - —-•-— —•- —‘. 
,‘ 

- “ -  
~~ ‘ ‘ — ~ ‘ — ~~ ‘ •~ 

,‘
~~~)‘;-

•
~~~~~~~

21



__ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.... ..
•.... ...

•

• • ••.•• ••

• • ••
• • •• • • •  • • •••••• •.•• • • •  •••

• • • • •  ••
• • •••
••• u_I• • • • •  •••••••• .. •••• C) Li

• • •  C’)

• • • • •  •• .—

• • • • • • • • • • U_I I—
ix
(.0 0••• Li• • • •  • • •••••• •••• • • •  • ix•• 

4 • •• • • •  ••• • • • • • • • •
• ix

0
U-•••• ••• • • • •  • • ••••• C.. ,

•

C

0
C,,

Li
(I,
-J

C C’ C C C’ ‘C ‘C C C’ C C’ C’ C C  C’ C ’Z’ ’C C C’ C C C’ ‘C ‘C C ‘C ‘C’ C— C’ — C — C ‘C C’ C’ — C C’ C’ C’ C’ C’ ‘C C C C’ C’ C’ ‘C’ ~~‘ ‘C’ -. C — C C
Li

‘C ‘C C’ C ‘C C C’ C’ C’ C’ ‘C ‘C C ‘C’ ’C’ ’C’ ’C’ ’z’ ‘C C’ ‘C C ‘C C’ ‘~~ C c. C’ ‘C — 

— i~’~’ ‘~i) ~XI I’. “ — ~ (‘) —

Li
‘C C ‘C C ‘C C C’ ‘C ‘C C~ C C C C ‘Z’ ’C’ ’C ’C C’ C’ C C C C ‘C C C C’ C 

ix
5’.. 7, f~. 4,~ ‘U i• “P’ — I—. u_i

=
Li 

~—.
-J

C ‘C C ‘C C C ‘C C C C ‘C C C’ ~~‘ C C ‘C C C C C C ‘C C ‘C C’ C’ C C _J

—
ix
Li U_I

C’ — 0 ~~‘C — ~) 5’. — 5’. ~~~~~~~~~~~~~~~~~~ ~‘5 ’ .  ~~~~~ C’) Al
z ~‘u i~ ‘. .~‘. r’. cu ’u i ~ “) -,

C C C’ C ‘C C C’ C’ C C’ C C C C’ C C C -C’ C. C C C C C’ C’ C’ C C’ C

C C C C C C’ C’ C ‘C C’ C’ C’ C’ C C C C’ -C C C. C C C’ C C C C C C (,~u_ 
-



- -~~~~~‘-~ 

~~~~~~~ 

‘_ _ ‘ _

w ~~~~~~~ 

V ‘——------ __

~

i_

~~

_ 
-

\/ ~~~~~~~~~~~
,

w -~~( 
,
~~~, 0

4

I~



-~~~~~~~~ 

~~~~~~~
‘ -

~~

10

reconstruc tion. Tunnel identification is achieved as follows :

1. Two pseudo-projections (each one dimensional) are

formed at two different viewing angles from the

sounding .

2. The pseudo-projections are used to reconstruct the

sounding.

The angles for the pseudo-projections are chosen so as to

reconstruct the tunnel aspects of the sounding to a high degree

of accuracy. Intervening layers and clutter are reconstructed

to a low degree of accuracy with the reconstruction method (or

algorithm). The result is that a “geometrical” filter has been

developed which basically sees only tunnel tracings.

The final reconstructions show the details of minor pulse

peaks which are related to the tunnel size and the surrounding

material. The tunnel has a unique pattern which is emphasized

by the reconstruction . Note that the sounding picture recon-

struction is very successful at retaining tunnel attributes in

the presence of large amounts of extraneous signals.

Figures 5 , 6 and 7 are geometrical filter versions of the

single tunnel sounding of Figure 3. The pseudo-projection

angles are ±14°, ±20°, ±30°. In all cases the numerical (left)

and grey scale (rignt ) outputs show two dominant features; a

central core plus two oblique skirts. The grey scale dots are

actually maxima or minima since only the absolute value of the

GEO -CENTERS , INC.
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si~ nal is involved . The most useful output is Figure 6 since - 
-

the detailed attributes of the skirt are most clearly shown .

These sk irts contain the basic informa tion about the size and

shape of the tunnel. The central core reg ion gives basic tar-

get information about the physical location of the tunnel. The

computer grey scale sounding for a single tunnel with a layer

and lower blotch is shown in Figure 8. A geometricall’,’ fil-

tered output for this case is shown in Figure 9. Note that only

the tunnel attributes are preserved by the picture detection

process.

A noise equal to 25 and 50 % of the signal tunnel signal

was added to the sounding of Figure 3. The geometrically fil-

tered outputs of Figures 10 and 11 show that even in these ex-

treme cases tle pictorial tunnel attributes are evident. Even

when the added noise is raised to 100 percent the geometrically

filtered output of Figure 12 clearly shows the power of the

detection method .

Two separated tunnels were also used to test the detection

alg or i thm . The geome tr i ca l l y  filtered outputs are shown in

Figures 13, 14 and 15 for the ori g inal noisele ss sounding and

for 50 and 100 percent additive noise. Again the tunnels are

clearly evident.

It can be concluded that the pictorial detection schemes

is uniquely abl e to locate and c lass if y buried tunnels under

a var iety of condi tions includ ing high noise ~nd cl utter values .

GEO-CENTER S , INC.  
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F II. It ional Tec hn ical Re suit

The time domain signal reflected from the tunr.el was corn-

puted from the steady state transfer function and the frequency

spectrum of the pulse. The transfer functions given in Figures

1 to 8 give the plane wave reflected signal for tunnels having

diameters from 1 to 5 meters. The conductivities range from

1.2 x l0~~ to 10~~ S/rn and the relative dielectr ic constant from

= 7 to~~~ = 30 . The tunnel is assumed to be fill ed with free

space. In most cases the rapidly oscillating high frequency

range has been truncated .

The geometr ical theory of dif f r ac t ion  used in the present

theory involves the superposition of the reflections from the

top granite tunnel interface and the reflections from the tunnel

bottom. Some background results are shown in Figures 9-11. In

Figure 9 and 10 the pu1se~ begins in air and is traced through

the granite overburden , Figure 11 assumes that the pulse begins

in granite and is followed into the granite at different depths ,

Figures 12 and 13 show the initial tunnel reflection from the

upper tunnel interface . Figures 14 and 15 give the pulses from

the lower tunnel interface, Since some tunnel signal processing

may surpress the top tunnel signal Figure 16 gives the tunnel

return signal with and without the first reflec tion. Figures

17-19 give the full tunnel returned signals for 2 and 7. 5 meter

tunnels at different depths.
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A. Transfer Functions
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B. Time Domain Pulses Ct = pulse width)
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III. Reconstruction of Arrays

The two programs which employed the reconstruction technique

were BG;1 and BJS;1. The first BG~l reconstruc ts an array from

two projections, one vertical and the other at an angle s~ from

the vertical . The other BJS;1 reconstructs from two projections

at sp from the vertical.

The first step in the reconstruction transforms the array

(rectangular) into an area more convenient for the computation

of the projections. In BG;1 the original rectangular array is

transformed into a parallelogram (Figure 1). In BJS;1 the array

is transformed into an array whose width is the same as the

original array but whose length is chosen to fit as closely as

possible to the original length. Every other point in this

array is not part of the grid (Figure 2).

The positions of the new points are computed and corres-

ponding densities are found by using a Cardinal Series Inter-

polation technique. That is, the contribution to the new den-

sity from an old density point is given by ~in a~ . sin

where a and b are the x and y distances between the points.

The sum is over the nearest 16 points.

The appropriate projections (P,Q ) from these new densities

are required . The first order approximation to the reconstruc-

ted array is set out in such a way that the Q projections are

satisfied . New P projections are computed and all points in a

GEO-CENTERS , INC .
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given P row are scaled by a constant fa ctor so as to satisf y

the original P projections. Then the same is done for the Q

projections. This iterative process is applied until both pro-

jections are satisfied to the desired degree of accuracy . This

usually takes fewer than four sets of iterations .

In BJS;l the possible tunnels are located by first smooth-

ing both P and Q projections (P(J) = (P(J-l) + 4P(J) + P(J+l)/6)

and then looking at the intersections of the maxima of P and Q .

Where a point determined by the intersect ion of two of these

projections is found to be within the array , an average over

the nearest four points is taken and output along with the coor-

dinates of the possible tunnel. These sums are an indication

of the “strength ” of the tunnel. Figure 3 shows the array

geometry and Figure 4 the projection sums.

The width of the project ion maxima are an ind ication of the

size of the tunnel , and finer detail in the “skirts” of the

array will help distinguish tunnels from other possible targets.

IV. Reflection and Propagation of Pulses

Several programs were written to study the propagation of

electromagnetic pulses through granite (and other materials)

and the reflection and transmission of these pulses from various

granite-air interfaces. The final program TT.FOR;2 gives the

electric field intensity at the surface (as a function of time)

from a Gaussian wave which travels a distance D through granite ,

GEO-CENTERS , INC.
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is then reflected (three times ) from an air f illed cylinder and

f inally propagates back to the sur face .

The computations were done in the frequency domain . A

steady state transfer function was computed and Fourier trans-

formed back to give a real time domain signal. The integral

involved required from 100-400 iterations to converge. The

4 l~~ its of the integral are from w = ~~~ to w 2.6/Ti. For

lower frequencies the transfer function was nearly constant so

the contribution to the integral was neglible . For frequen-

cies higher than 2.6/Ti the Gaussian envelope sends the inte-

gral to zero. The w integral used unequal spacing since the

transfer functions decreased exponential with w. This gave

V 

nearby equal intervals areas for each ~w. (i.e., as many 
• 

- ,

7 8 6
points were used between w = 10 and 10 as between ~ = 10
and ~~~~ etc.)

Another program computes the transmitted pulse (air-~granite)

to a depth in granite to compare with work done by others.

The resultant pulse agreed exactly with the work done by King

and Harrison .

Programs which output the transfer functions (magnitude

vs frequency) were also written to investigate the relation-

ship between tunnel size , pulse width and particular electrical

characteristics of the granite.

GEO- CENTERS , INC.
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The final program Gl.FOR;l created an array of “density ”

points resembling a real electromagnetic subsurface profile.

The return pulses to a point sweeping across the earths sur-

face (perpendicular to the tunnel) were transformed to corres-

ponding depth positions and output on a grid . For most of

these investigations the following parameters were used :

Cr 7~ a = 1O~~ or l0~~~, pulse width l0~~~, i0
8, or l0~~~.

V. Program Descriptions

BJS;l The reflected pulse array (9,4 3 ) is read from
disk , (FOR2O.DAT , the latest version is read)
The computer then asks for a projection angle
PHI(12). It then creates an array whose size
most nearly fits the original array such that

— the projections from points A(N ,M) to A (N+l,
M-i-l) or A (N—l , M—l) are at the angle ±PHI.

New densities at these points are formed from
the old densities by using a Cardinal Series
Interpolation formula for the sixteen points
nearest the new density point. Projections
(P ,Q) at an angle p from the vertical are then
computed and a zeroth order approximation satis-
fying the Q projections. P and Q projections
are then alternately satisfied until the array
converges.

The program Outputs the. projections , the recon-
structed array, possible tunnel positions and
then a gray scale equivalent of the array. The
tunnels are found by f i r s t  smoothing the P and
Q projections and then looking at the intersec-
tions of their respective maxima , 1.

After the gray scale is output the machine
waits for a -l or 1 input (12). A -l ends the
program and a 1 will make the program ask for
a new input angle.

BJS;2 OUTPUTS A GRAY SCALE WITH 10 shades.

GEO -CENTERS , INC.
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BI;l Same as BJS;l but does not involve reading the
array from the disk, or output the tunnel loca-
tion. It asks for the I and J dimensions and
then for the array. I and J must be odd .

BG;l Reads a (9 x 30) array from the disk (FOR2O.DAT) ,
transforms the array to an array in the shape of
a parallelogram and then proceeds like BJS;l
except the two projections are vertical and at
an angle ~. The output is the projections , den-
sities and gray scale.

After the projections are output the machine
waits for an IZ input . If IZ=0 the iteration

— is done two more times. If IZ=l is outputs the
gray scale and the array , if IZ=2 it goes back
for a new angle and if IZ=3 it ends.

BE;l Same as BG but does not read from the d isk and
also ou tputs the original new densities

Gl.FOR;l An array is outputed which corresponds to a scan
across the earth ’s surface from —60 to 60 meters.
The output is the array positioned relative to
the earth as it would appear on an ESP. The
seventh output now corresponds to the position
of the return peak from the x=0 reflected pulse.
Each subsequent row is at a time increment of
half the pulse width.

The input format is :
DEPTH - distance to the top of the cylinder , F5.l
ITER ATIONS - number of iterations in the inte-

gra l , 13
SIGMA - effective conductivity, F6.5
TIME - pulse width , E5.0
DIAM - diameter of the cylinder , Ii
SCALE - scale fac tor for output, 12
1W - switch to include first pulse IW=l or leave
it out IW=0~, Ii

G2.FOR;l Same as Gl.FOR;l but X goes from -40 to 40 and
there is an option to also output (IW=l) the
combined signal from two other tunnels located
at X = -20 and +20 with diameters of 0 and 6.
(This does not work correctly because of how
TT is used). Note: 1W is not the same as in
Gl.FOR; 1.

G.FOR;l Outputs array grid without the earth spacing as
in Gl.FOR;l.

GE O-CENTERS , INC.
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TT.FOR;2 The time domain reflected pulse from a cyl inder
embedded in granite . The seventh output point
corresponds to the peak of the pulse . The in-
tegral for each value of the time is performed
by taking increments of w which are exponential.

The input format is:
DEPTH - 13 - depth to top of cylinder
ITERATIONS - 13 - number of iterations in the

-~ 
. integral (grea ter than 100)

SIGMA — F6.5 — effective condictivity
TIME - E5.0 - pulse width
DIAMETER - Ii - diameter of cylinder

T.FO R;5 Same as TT .FOR; 2 but computes the integral from
w = 106 instead of ~~ and uses 1/2 the value
of the first point. (Output varies considerably
from TT.FOR;2).

TT .FOR; l Same as TT.FOR;2 but without first pulse .

Tl .FOR; 2 Same as TT .FOR ;2 but outputs 100 points from
T=0 to

TS.FOR;1 TT.FOR;2 but outputs the value of the integral
in the summing ioop at T = the center of the
pulse position .

TS.FOR;2 TS.FOR;l but outputs the function for w 12 x
108 at T = center of pulse. For T different
from this , the output is markedly different.

U.FOR;l Similar to TT.FOR;l but computes the pulse as
the sum of three separate transfer functions.
Also , the cylinder diameter is adjusted to the
nearest Tl/2 interval of delay time. (Phase
difference , in time , for each of the three
pulses is always a multiple of T1/2).

AC ;l Reconstruction of an odd square array for an
angle from the vertical and the vertical.

BC;l Reconstruction on an NxM odd array as in A d ; .

H.FOR;l Computes the transfer function for reflection
from a cylinder using first three reflected
pulses. W goes from ~~~ to 1010, 15 points are
output.

Input format is :
DISTANCE - depth to cylinder , F5.1

GEO-CENTERS , INC.
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SIGMA — effective conductivity , F6.5
DIAMETER - diameter of cylinder , 12

HH.FOR;1 Same as H.FOR;l but W goes from 2.6 x 108 to lo~with 55 points output.

HH.FOR;2 Same as H.FOR;1, but W goes from l0~ to 10
10

with 35 points output.

RAN1;l Reads a 9 x 43 array F0R22.DAT adds a random num-
ber to each element and writes the result on
FOR2O.DAT. The average random number is half
the maximum .

Input:
MAX RAN NUMBER - 13

GR1;1 Reads FOR2O.DAT (9 x 43) and outputs gray scale
on TTY. 6 shades are used , 0,1,2,3 ,4,5.

T.FOR;l Outputs cylinder reflection from first two re-
flected pulses using two transfer functions.
The two pulses are output separately, not the
sum. The cylinder has zero diameter .

S.FOR;1 Reflected pulse going from granite to air,
through D meters of granite.

Sl.FOR;l Output 50 points for S.FOR;l; T = 4T2 200 Tl

R.FOR;l Transmitted pulse from air-granite to depth D.

X.FOR;l Transfer function for free pulse in granite
multi-optical by Gaussian envelope exp(-w2t2/2).

Q.FOR;l Transmission of free pulse in granite a =

t = l0~~ sec.

P.FOR;l

C.FOR Plots reflection from sphere .

A. Data Files

FOR21.DAT;1 9 x 3 array of one pulse from -40 to 40 meters.

FOR21.DAT;3 9 x 43 array of two pulses from -40 to 40 meters.

FOR21.DAT;2 9 x 43 array of one pulse .

FOR21.DAT;4 9 x 43 array of one pulse with blotch and stripe .

GEO -CE NTERS , INC.
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