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Abstract : The applicability to nuclear verification of statistical change de-
tection methods for commercial, multispectral satellite imagery is investi-
gated . Case studies relating to international treaties on nuclear disarmament
and non-proliferation are described.
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I Introduction

A potential application of the presently available, medium and high-resolu-
tion imagery from commercial earth observation satellites to verification of
peaceful and military nuclear activities involves wide area change detection. .
The idea is to try to pinpoint automatically those parts of a. fairly large scene
in which significant changes have taken place, which can then be screened
with other information for further, more detailed investigation. Much of the
multitemporal satellite data available is also multispectral in nature (LAND-
SAT, SPOT, IRS, IKONOS) so that methods that make optimal use of all
spectral channels simultaneously are of particular interest .

In this report, we describe the application of an advanced statistical change
detection technique to nuclear verification, called multivariate alteration. de-
tection (MAD), proposed recently by Alan Nielsen and co-workers [1] and
implemented as part of a satellite image analysis system developed at the
Jdlich Research Center . These investigations have been carried out in the
framework of a peace research project funded by the German Federal Min-
istry for Education and Research .

We begin in Section 2 with a technical description of the change detection
algorithm . Then, in Section 3, several case studies are described which the
span three relevant nuclear verification regimes, namely the Comprehensive
Test Ban Treaty (CTBT), the Nuclear Non-Proliferation Treaty (NTP) and a
future Fissile Materials Cutoff Treaty (FMCT) . Conclusions are presented in
Section 4. A brief description of the software product and a list publications
emanating from the project are given in appendices .
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Multivariate alteration detection

A multispectral image taken at some time t, has N components or bands .
We can represent the gray value of a "typical" pixel in one of these compo-
nents with the symbol ATi, where i = 1 . . . N. Technically Xi is a. random
variable and X _ (Z'i, A'z . . .1Z'N) is a random vector corresponding to the
measurement at the satellite sensors of the reflected solar radiation . The
pixel intensities for an image of the same scene taken at a later time tz can
similarly be represented by Y = (YI, Y2 . . . Yam) .



2.1 Theory

In order to see changes in the two images, a simple procedure would be to
subtract them from each other component-by-component . One could then
examine the N diferenced images characterized by

X-Y=(X1-Y,X2-Y2 . . .XN - Yv)

for significant changes . Pixel intensities near zero indicate no change, large
positive or negative values indicate change, and decision thresholds can be
set to define significant changes. There is a better way to proceed, however .
Suppose we make a linear combination of the intensities for all N channels
in the first image, that is we create a single image whose pixel intensities are

U = a1X1 + a2X2 + . . . aNXlv,

where the coefficients ai are as yet unspecified . We do the same for t2 , i .e .

V = b 1Y1 + b2Y2 + . . . bNYN,

and then look at the single diffferenced image U - V .
The advantage of this procedure is that it combines all the information into
a single image, and one is free to choose the coefficients ai and bi in any
suitable way. The MAD procedure determines the coefficients so that the
positive correlation between U and V is minimized. This means that the
resulting differenced image U - V will show maximum spread in its pixel
intensities. If we assume that the spread is primarily clue to actual changes
that have taken place in the scene over the interval t2-t1 , then this procedure
will enhance those changes as much as possible .
In more convenient vector notation, we seek linear combinations

U=a TX,

	

V= bTY
such that the difference of the transformed vectors has maximum variance :

var(U - V) = var(U) -f- var(V) - 2cov(U, V) -> maximum,
subject to the constraints

var(U) = var(V) = 1. (1 )
Note that under these constraints

var(U - V) = 2(1 - corr(U, V)) . (2)



Since we are dealing with change detection, we require that the random
variables u and v be positively correlated, that is

cov(U, V) = cov(aT X, bTY) > 0 .

We seek vectors a and b which minimize the positive covariance cov(U, V)
under the constraints (1) .

Without loss of generality we can assume that the expected values of X and
Y are nil . Then for multivariate normally distributed data the combined
random vector is distributed as

Differentiating, we obtain

or

(Y) 1V [(
o),lElYX

With the definition of variance we have
yy

var(U) = aTExxa,

	

var(V) = bTEyyb.

Introducing the Lagrange multipliers v/2 and y/2, maximizing the covari-
ance cov(U, V) under the constraints (1) is equivalent to maximizing the
unconstrained Lagrange function

L = aT Exyb - 2
(aT

Exxa - 1) - 2 (bTEyyb - 1)

aa -
~xyb

	

2
2Exxa

-
0

OL
=

ab

	

Exya

	

22Eyy b = 0

a - ~ ExxExyb ,

	

b -
1
Eyy Exy a.

U

	

Y
The correlation between the random vectors U and V is

_ cov(U,V) _ aT Exyb
p

	

var(U)var(V)

	

aTExxa bTEyyb

Substituting -for a and b in this equation gives (with Ey = Eyx )

p2

	

aT ExyEyyE2	yxa-

aTExxa
bT EyxExx Exyb

p

	

bTEyy b

	

,
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which are equivalent to the two generalized eigenvalue problems

E yEyy F,y,a = p2Exxa

EyxEX ~, uyy b - p2Eyyb .

Thus the desired projections u = a'X are given by the eigenvectors al . . . a,N
corresponding to the generalized eigenvalues

p2 N Al > . . . >A1V

of EX Y Eyy-1E yx with respect to Ex., . Similarly the desired projections v =
bTY are given by the eigenvectors b' . . . bN of Eyx Exx -' E~y with respect to
Jyy corresponding to the same eigenvalues . Under these transformations, we
can write (2) as

var(U - V) = 2(1 - p)

	

N 2(1 - -\/-AP),

	

p = 1 . . . N.

The transformation corresponding to the smallest eigenvalue, namely (a
N

, bN)
will thus give maximal variance for the difference U - V . Nielsen et al . [1]
refer to the N difference components

Up_ Vp = apT X - bpT Vi p = I... N,

as the multivariate alteration detection (MAD) components of the combined
bitemporal image.

The MAD transformation calculations run completely automatically and are
determined solely by the statistical properties (spectral dispersion matrices)
of the image data . There are no adjustable parameters involved . They return
the difference images MAD" = Up- VP along with their standard deviations
O*yIAD, p = I...N. Fig . 1 shows a typical scatter plot of MAD' vs . MAD 2
for two LANDSAT images . The components are seen to be uncorrelated and
approximately Gaussian .

The last MAD component MADN has maximum spread in its pixel inten-
sities and, ideally, maximum change information . However, depending on
the type of change one is looking for, the other differenced images may also
be extremely useful . The second-to-last image has maximum spread sub-
ject to the condition that the pixel intensities are statistically uncorrelated
with those in the first image, and so on. Since interesting anthropomorphic
changes will generally be uncorrelated with dominating seasonal vegetation
changes or stochastic image noise, it is quite common that such changes will
be concentrated in higher order components. This in fact is one of the nicest
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where c = ATb. Then the same arguments follow through, and equations (5)
remain unchanged with b simply replaced by c. The generalized eigenvalues
and eigenvectors, and hence the MAD transformation itself, are the same as
before . Changes in overall atmospheric absorption or in sensor calibration are
approximately equivalent to linear transformations of the pixel intensities, so
that the MAD procedure tends to be insensitive to both of these effects .

2.3 Thresholds

We consider the following mixture model for arandom variable X representing
one of the MAD components :

p(x) = p(x I NC)p(NC) +p(x I C-)p(C-) +p(x I C+)p(C +),

	

(7)

where C+, C- and NC denote positive change, negative change and no
change, respectively. The set of measurements S = {xil may be grouped
into four disjoint sets :

SNC,

	

Sc-,

	

5c+,

	

SU = S\SNC U SC- U SC+,

with SU denoting the set of ambiguous pixels .' From the sample mean and
sample variance, we estimate initially the moments for the distribution of
no-change pixels :

1
YNC =

S,

	

I

	

xi,
NC iESNc

(O'NC)
2
=

I SIVCI .

	

E (x2

	

LGNC)2
iESNc

(ISI denotes set cardinality) and similarly for C- and C+ . Bruzzone and
Prieto [3] suggest improving these estimates by using the pixels in SU and
applying the so-called E11I1 algorithm (see [4] for a good explanation) :

yNc =

	

p(NC I xi)xi /

	

p(NC I xi)
iES

	

iES

(
o.
NC)2 =

	

p(NC I xi) (xi - p,C)2

	

p(NC I xi)

p'(NC) =

	

1

	

. Ep(NC I xi) ,
ISI iES

'The symbols U and \ denote set union and set difference, respectively. These sets canbe determined in practice by setting generous, scene-independent thresholds for changeand no-change pixel intensities, see [3] .



where P(NC I xi) is the a posteriori probability for a no-change pixel con-
ditional on measurement xi. We have the following rules for determining
P(NC I xi ) :

1 . i E SNc :	p(NCI xi) = 1

2 . i E Scf :

	

p(NC I xi) = 0

3 . i E Su :	p(NCI xi) = p(xi I NC)p(NC)lp(xi) (Bayes' rule),
(

	

- ~

	

2

where

	

p(xi I NC') =

	

12

	

, exp
(_

xZ

	

Nc)

2~°NC 2o-Nc
and

	

p(xi) = p(xi I NC)p(NC) + p(xi I C-)p(C-)
+ p(xi I C+)P(C+) .

Substituting into (8) we obtain the set of equations

with solutions

_ EiESU P(NC I xi)xi + EiesNC xi
1~L1VC. -

	

Eies,p(NC I xi) + ISNci

(0.NC) 2 =
EiESLrp(NC I xi)(xi - MNC) 2 + ZiESNc(Xi - MNC)2

Ei,S, p(NC I xi) + I SNCI

p'(NC) = I
qI

CtErp(NC I xi) + ISNcl
l

,

which can be iterated numerically to improve the initial estimates of the
distributions. One can then determine e.g . the upper change threshold as
the appropriate solution of

Taking logarithms,

p(x. I NC)p(NC) = p( ,x I C+)p(C+) .

2

20" 2

	

- ,aC+)2 - Za'2

	

(~' - t
t
NC) 2 = log

Lac
C

' P(NC)] -: A
C+

	

NC

	

+

Yc+6NC - ftNCO'c+ ± O'NCO'C+

	

(~NC - F~c+)2 + 2A(aNC - ~c+)
0'vc - 0

.c+

A corresponding expression obtains for the lower threshold.
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2 .4 Registration

'I'lle Illost tedioll : task associated with ehalmc detection is the regist rat loll
of the images involved . III particular the settili,g of 11,1.01111(1 control points
((- ;('I',) . It is csscntial tlla .t regititratiorl he carried through at silb-pixel a,c-
cllracy. to avoid as Imich as possible false change siglia .l s . In gcncral . i t is
ileccssar, - to resort to the mallual cntrc of G("P, However various techlmillcs
for their, a11tor11atic (IctcrllIlTla.tIOrl ha%-e hecrl suggested irl the litcraturc . W(.
haVC 1111pIcrTICTltcd tWO such methods . namely contour n-latching [.i] and cor-
ner detection [6] in o111- change detection software . These techniques have
been found to function very reliably in bitempora.l scenes In which N-egeta-
tion changes do not doiYlinate (e.g . n11clear test sites, Which are often located
in remote, and regions) . They Can of course be augmented (or replaced)
by manual determination . All image registrations involved in this report,
Whether with automatically or Tnanua.lly determined G(.'Ps . are carried out
with first, second or third order polyuoinial nearest-neighbor resampling (see
Richards [71) .

Figure 2 ; Raw contours fro ,,, III(, hog-of-( , aussiall tiltc , r .



('cnit .cnir MatchirIg is illustrated ITI Figures 2

	

1 . Fig. 2 slices ilhc rmv
contours obtained from a so-called Log-of-Gua .,;sian filter applied to a ma4or
image . 1-'ig . :3 shows the significant closed contours derived therefrom . and
Fig . I displays the UC'Ps determined from the match between master and
slave images .

Figure :3 : Significant closed contours froii Fit; . L.
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Case studies

3 .1

	

CTBT verification

Figure 1 : Matched ground control points .

The use of, remote sensing satellite imagery is not foreseen as a routine verifi-
cation measure for the Comprehensive Test Ban Treaty (("l.B,l .) . Neverthe-
less member States to the treaty may support the verification actlvitlt- ; of
the central control authority ((''T130) with their so-called national technical
rnfan (\Til) . These may include the analysis of satellite data . NVe illu -
trate the putential use of such data. iii particular the application of change
detection . with two case studies .



3.1 .1 Pokarau

I he fc>IIowitIo irtvesti ( ;atioil was carried oil t it i colIidwraticni with Joer- "'cIilit-
tortilt<trdt. . l-Cderal Irtstitiite for Geosciences aild Natural Rescnirc -es, llati--
iio\ - c'r and ittidc" r consitltation with RI-iiipcndra .la,sani . Dept . of \Vir Stiidic , , .
I~iitn s Collc-Q(, . Loiidoti .

Figure 5: Change detection results . The right hand inset shows the sixth difference
component for two tuultispectral Landsat images acquired over the Pokaran test

area on A~larch 29 and Atay ffi . 1993 . Pixel intensities differing from middle gray
(Digital \umber=12i on a scale of 0 to 2.-55) indicate degree of change . The upper

left insert is taken from a KVR-1000 image acquired on Feb. 2. 199t? . The lower left

insert shows a contrast enhanced and magnified portion of a SPOT panchromatic
image acquired on May 1 :3, 1993 .

lit 11IaN 19518 India and Pakistan each conducted two series of uriderground

nuclear explosions . Shortly after the tests had been conducted . c1etailed

information about the test programme. including number and type of explo-

sions and their TNT equivalent, were released by the Indian and Pakistani

gm-ernments and their respective agencies . In partiridar. India claimed to



leave carried out 3 sinniltaucous test.-, on \'lay I I with a ccnrnbined yield of 55
kt TNT. and two further tests on A-lay 13 with a yield of 0.8 kt TNT. The
fact that not all of the announced explosions were detected by the Interna-
tional Monitoring System (INIS) and the discrepancies that arose between
the subsequently calculated seismic yield and the "announced'' yield trig-
gered several critical articles in a number of scientific journals. Questions
were raised as to the reliability of seismic verification and particularly of the
IJIS, which is being set 111) to monitor compliance with the (1, 131 .

Figure 6: Cutout from the KN'R-1000 image acquired on Feb . 2. 1998 with change
detection .

'I'll( , result of an application of the change detection method to two
SAT images over the Pokaran test area in the Rajasthan I)esert, acquired
approximately 6 weeks before and a few days after the alleged underground
tests of NIay . 1998, is shown in Fig. . The right hand insert shows the
first difference component MAD', in which the changes were most evident .
'I'hrec significant changes can be seen, two of which are very close together
and located at, what appears to be a plausible test site, see also Fig. 6 . "These



latter features taken together are about 100 x :300 in` in extent . . l hey c»ay
indicate two subsidence craters or a single crater of irregular form . Their
location coincides with one of four possible test sites identified in 1996 I,y
Gcpta and Pabian [9] in their analysis of historical commercial satellite iiii-
ager~- . Also shown in the figure are details from a Russian 1iVR 1000 satellite
image acquired on Feb. 2, 1995 and froin a French SPOT panchromatic iii
age acquired on May 1 :3, 1998 . The irregular "ha.ninier-like" feature wliicli
gavc rise to the third strong change signal is evident in the SPOT Image. It
is approximately 900 tru long in its north-south extent and about. 100 ni wide .

A very likely- interpretation for this change is that a brush fire, spreading
from north to south. was partially stopped by a road running north-west
to south-east . but, tlien continued in its central part beyond the obstruction

before burning out. . see Fig. 7. This feature is also quite weak in the second
LA\I)5AT image. The strength of the corresponding change signal in the
difference component illustrates the high sensitivity of the change detection
technique .

Figure 7 : Cutout from the SPOT panchromatic image acquired on May 1 :3 . 1998

with change detection.

1 3



Figure 8 : Overview of the Pokarait test area (SPOT panchromatic image front
May 1:3 . 1998) showing the significant changes as well as the seismic deterininatiou
oft. he epicenter of the May 11, 1998event and site of the May 18 . 1974 underground
1iuclear test .

Fig. 8 shows an overview of the Pokaran area, indicating the three significant .
changes that were found as well as the site of the crater frorn the lrtdia,n
underground nuclear explosion of 1974 . as identified by Gupta and Pabiart
[9] . Using their published coordinates of the 1971 test, site as a fixpoinl,
together with the georeferencing information supplied with the SPOT image,
we place the center of the upper two change signals at 71 .720E 27 .079N . These
coordinates are to be compared wit h the seismic determination of 71 .7611:
27 .07'>N for the epicenter of the test (or tests) on NIay 11, also shown iti t he
figure . as provided by the seismological Monitoring_

	

stations of the l)rototv1)v
International Data. ('enter (1,ID(') . Its separation front the detected test site
is 1 .1 kin . T'he location of a nuclear test derived independently by change
detection can be used as a seismic master event location for relative locationof possible future explosions at the test site . In the present instance, the
distance between the seismic and satellite location of 1 .1 kit points to a



remarkably good localization capability for the IMS, considering the limited
deployment of the network in 1995 . It falls well within the quoted error ellipse
with semi-major and semi-minor axes of 9.6 km and 8 .4 kin, respectively.

Recently the Federation of American Scientists have published on their web-
site a qualitative analysis of panchromatic satellite imagery taken in June
1996 and February 2000 over the Pokaran area . They report that their find-
ings are "not inconsistent" with an underground test at the position that
we have identified in the present investigation. Ground truth photographs
released by the Indian authorities after the tests, when compared with the
KVR-1000 image (see Fig. 6), leave little doubt that this indeed was the site
of the May 11 explosions .

3.1 .2 Nevada

The Nevada nuclear test site is located some 100 km north-west of Las Ve-
gas . The most recent tests were carried out at the Pahute Mesa, Rainer
Mesa and Yucca Flats regions of the site . An underground test (code named
Contact) was carried out at the Nevada site on 22 .6 .1989, and its coordinates
were declared by the American authorities. The explosive was placed at a
depth of 500 m, and the seismometer data suggested test was of a low yield
weapon [8] . Two LANDSAT images were available, a LANDSAT 5 image
from 21 .6.1989 and a LANDSAT 4 image acquired only eight days later, on
29 .6.1989. Change detection results are shown in Figures 9 and 10 .

A strong signal (Fig . 9) is observed in the fourth MAD component, located
about 2.5 km north of the declared test site . This is interpreted as a land slide
caused by the nearby test (magnitude 5.3) . Examination of the raw difference
data in MAD component 1 (Fig 10) shows clear evidence of a change at the
declared site as well . Here the magnitude of the changes is rather small, but
the spatial coherence of the signals makes them quite apparent .

3.2

	

NPT verification

In May 1997, the Board of Governors of the International Atomic Energy
Agency (IAEA), meeting in Vienna, passed a model protocol that was in-
tended to improve and strengthen verification of the non-proliferation com-
mitments of its member States . The key objective of the new measures agreed
upon in the protocol is to enhance the IAEA's capability to detect possible

15
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clandestine nuclear activities and thus to increase confidence that member
States carry out their obligations . In addition to enhanced access for inspec-
tors and extended routine declarations, these new measures will include the
use of open-source information, collected with state-of-the-art technologies,
to enable the IAEA to draw its conclusions more effectively and in a way that
is transparent for the member States . One such open source of information
is the vast amount of remote sensing data gathered by commercial satellites .
The following two examples again illustrate some of the potential of change
detection with commercial satellite imagery, this time for routine verification
under the new protocol .

3.2 .1 Bruce

Under a recent agreement. with the Canadian Safeguards Support Program
(CSSP) entitled "Collaboration between Germany and Canada on Detection
of Changes using Thermal Infrared Imagery", the CSSP and its Canadian
partner, the International Security Research and Outreach Program (ISROP)
of the Department of Foreign Affairs and International Trade (DFAIT),
have kindly provided us with a series of LANDSAT, IRS, IKONOS and
RADARSAT images over the Bruce Nuclear Power Development (BNPD)
facility on Lake Huron, Ontario . This facility is of course subject to routine
safeguards measures under the Nuclear Non-Proliferation Treaty (NPT) and
the available data. provide a. convenient basis for application of the change
detection algorithm .'

The BNPD facility is situated on the eastern shore of Lake Huron between
Port Elgin and Kincardine (see Fig, 11) . It consists of nine reactor units,

four (750MWe each) at Bruce A, four (840MvVe each) at Bruce B and a

prototype reactor (200MNVe) at Douglas Point . Only the four units at the

Bruce B site are operating at present . The shut down dates for the Bruce A

units were : Unit 1 on 16 .5 .1997, Unit 2 on 8 .5 .1995, Unit 3 on 9 .4.1998 and

Unit 4 on 16 .5 .1998 . The Douglas Point reactor has been de-commissioned .

All reactors use natural uranium and heavy water, the latter being produced

in a heavy water production plant situated in the same site .

A false color composite of the BNPD site is shown in Fig . 12 . This LAND-

SAT 7 image was taken on 26.8 .1999 and the cutout includes a good deal of

Technical support and advice received from Bob Truong, CSSP, J .P . Paquette of Im-

Strat Corporation, R. Keeffe, Head of the CSSP, J . Brauneisen, John Van Berlo of the

Atomic Energy Control Board, and P. Baines of the DFAIT, are very much appreciated .

1 7
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Figiire 1-1 : Nl .1D chamae detection for B\IS1 (August 19;88 - august 1996). The

first two MAD components exceeding approximately 1.5 standard deviations are
in red anel green . They are fused via ilie IWB HIS tra.nsformalion to channel :5

of the .\ugnst 1988 inia.ge .

,nation was recalculated using only the stat,ist.ics of the image cutout shown

here . Fherefore some differences are to be expected relative to the wide

area image of Fig . 1 1 . The results for the two images are nevertheless quite

similar . In addition t.o the removal of four heavy water production tower,

changes are apparent in the Bruce A and Douglas Point reactor areas. These,

are clue for instance to the construction of a parking lot and removal of a

steam plant, that was feeding the heavy water plants . 'The construction of

a sewage t.reat1nent plant outside the facility proper . COnSiSttng of a purrip

house and four set t ling ponds, is seen clearly in the" lower right hand corner .

In both Fig . Id and Fig . 15 . significant change detection thresholds were set

autontat,ically by the software .
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Figure 15 : y4AD change detection for B\-IS2 (august 1988 - August 1996) fused
to the negative of an IRS-1( .' panchromatic image taken on 8.9 .199 . The first two
MAD components exceeding approximately 2.0 standard deviations are in red and
green .

The change detection result for BNIS3 is shown in Fig . 16 . As expected .
apart from the same false signals discussed above, no significant changes are
apparent at the BP\I) site . The figure: indicates a number of changes outside
the site which are associated with differences in water levels or wetland .
Fig . 17 illustrates those large-scale changes associated with agricultural land
use in BMS1 . These are the kind of changes that the MAD procedure was
originally designed for . and it shows there very well . In this case all six NIA 1)
components have been further processed by another orthogonalizat,ion based
on the atitocovariance of the multispectral image (the so-called maximum
autocorrelation factor (MAF) analysis [1] .) This transformation has the effect
of improving the spatial coherence of the change detection signals and allows
most, of the information to he combined into a. singe false color contposile
image, as was clone here . Finally, the drop in the love) of the lake expected



Figure 16 : MAD change detection for B\IS2 (August 1996 - May 1997) . The first
two MAD components exceeding approximately Z.'? standard deviations are iii reel
and green . They are fused via the IHS (intensity-hue-saturation) transformation
to channel 5 of the ylav 1991 image for better reference .

In l3 X1 S l is clearly signaled in Fig. 18 .

3.2 .2 Wismut

As an example for verification of uraniurn ruining, as declared under the new

Protocol, the change detection methods were applied to the open pit mine

I,icht.enberg near Honneburg/Gera, in eastern Germany. in an area current 1Y

being reclaimed by the Federal Government. .

After German re-unification in 1990, Germany and the then Soviet [anion

agreed to the shrut,dOWrn of uranium mining operations in eastern Germanti .

Since then . the public corporation k-isniut GmbH has been concerned ex-

clusively with reclamation and re-cultivation of the various mining areas in-
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3 .3

	

FMCT verification

The next important international effort to control the production of fissile
material is likely to be a Fissile Material Cutoff Treaty (FMCT) . After it
enters into force, many weapons production facilities will declared and then
shut down, so that the primary aim of verification is likely to be the con-
firmation of the status of such facilities . Moreover, according to a recent
assessment by Zhang [10] :

. . . an FMCT also needs to develop techniques to detect un-
declared nuclear facilities . To reduce concerns about potential
loss of sensitive information at defense-related nuclear processing
sites, it is desirable to apply less intrusive verification measures -
satellite imagery.

The following investigations involveboth a declared and an undeclared weap-
ons facility . They were carried out in close collaboration with Bhupendra
Jasani, Dept. of War Studies, King's College London . Images of the pluto-
nium production site at Hanford were kindly made available by the American
IAEA Support Program .

3 .3.1 Hanford

The Hanford complex was established as part of the Manhattan Project . It
is situated in the state of Washington, between the Columbia River and the
Yakima and Snake Rivers, occupying an area of about 1500 km' . All plu-
tonium production reactors are located along the Columbia River. Between
1943 and 1945, three reactors based on the Oak Ridge pilot reactor and
three reprocessing plants for plutonium separation were constructed . Five
more reactors, two replacement reprocessing facilities and 81 underground
waste storage tanks (in addition to an original 64) were also constructed
between 1947 and 1955 .

Three satellite images are analyzed here : two LANDSAT 5 images from
12 .8 .1983 and 28.6 .1987 for change detection, and one IRS-1C panchromatic
image from 7.7 .1997. Identification of individual reactors was not possible
in the LANDSAT images because of the poor resolution . Also, the thermal
band of the LANDSAT images indicated no discharge of warm water into
the river, suggesting that the reactors were not in operation at the time of

data acquisition .
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3 .3 .2 Kushab

Pakistan, which is not a member of the NPT, has unsafeguarded facili-
ties throughout its nuclear fuel cycle capable of feeding uranium enrichment
plants and providing fuel for its nuclear reactors [11] . The site at Kushab, for
example, located in the north-eastern part of the country, consists of a heavy
water reactor and associated heavy water production plant . According to a
recent analysis by the Federation of American Scientists (FAS) [12] :

The heavy water research reactor at Khushab is a central ele-
ment of Pakistan's program for production of plutonium and tri-
tium for advanced compact warheads . The Khushab facility, like
that at Kahuta, is not subject to IAEA inspections . Khushab,
with a capacity variously reported at between 40 MWT to 50
MWT [and as high as 70 MWT], was "commissioned" in March
1996, and had been under construction with Chinese assistance
since the mid-1980s.

In order to test the change detection algorithm at the relatively high spatial
resolution of 4m, two IKONOS images of the site were purchased . The first,
taken on 22.2.2000, was the archived image used by the FAS in its analy-
sis. It consisted of both 4 multispectral bands (visible blue, green red and
near infrared) with 4m spatial resolution and the corresponding panchro-
matic image with 1m spatial resolution . The following is an excerpt from the
provider's data :

Scan Direction : 0 degrees
Nominal Collection Azimuth : 346 .3675 degrees
Nominal Collection Elevation : 63 .90105 degrees
Sun Angle Azimuth : 145 .4341 degrees
Sun Angle Elevation : 41 .03904 degrees
Acquisition Date/Time : 2000-02-22 05 :41

The second image was acquired on 25 .5.2000 and consisted of the 4 multi-
spectral bands only :

Scan Direction : 0 degrees
Nominal Collection Azimuth : 78 .5415 degrees
Nominal Collection Elevation : 74 .62959 degrees
Sun Angle Azimuth : 111 .6230 degrees
Sun Angle Elevation : 66 .40987 degrees
Acquisition Date/Time : 2000-05-25 05 :34

3 0
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tion of the change signal . The observation of a possibly significant change
in satellite imagery, in conjunction with a seismic signal, could be used to
trigger and to guide on site inspections by the CTBT control authority.

With regard to routine verification of the NPT, multi-spectral change detec-
tion is a potentially useful tool to focus attention on facility design changes
that may be safeguards relevant . The time resolution in the satellite imagery
used in the investigations described here was inadequate to make definitive
statements . Most of the interesting changes at the Bruce site, for instance,
occurred in the 8-year interval spanned by the 1988 and 1996 LANDSAT
images . Moreover at a spatial resolution of 30m, many relevant changes may
go undetected. Change signals of the order of one or two pixels in extent
are suspect as well, as they may be artifacts of the image-to-image regis-
tration . It is therefore intended to apply the algorithm to high resolution
multi-spectral images (such as shown in Fig. 8) as soon as bitemporal data
become available .

The applicability of high resolution imagery for the observation of unsafe-
guarded or undeclared nuclear facilities in connection with an FMCT is ob-
vious. Whether or not change detection is useful at < 4m resolution remains
to be seen . The Kushab images demonstrate the disturbing effects of shad-
ows from trees and buildings, which can complicate interpretation of change
signals at such resolutions . The capability of the MAD method to separate
shadow formation from other changes might be of considerable advantage in
this regard . The use of object-oriented, hierarchical segmentation of the dif-
ferenced imagery offers a promising method of masking shadow effects . The
classification system eCognition of Definiens AG Munich is currently under
investigation in this connection .

The MAD algorithm takes advantage of the spectral discrimination in the 4m
multispectral bands of Ikonos imagery. The 1m panchromatic information is
not used . The ARSIS concept [l3] for resolution enhacement using wavelet
fusion techniques allows inclusion of the high resolution information into the
multivariate change detection calculation. It is being integrated into the
CDSat software .

The Hanford images, on the other hand, illustrate in particular the advantage
of performing change detection for very large sites using relatively poor spa-
tial resolution LANDSAT data. One obtains very quickly a compact overview
of the entire area and can pinpoint possible change signals of relevance to
nuclear verification . Of course, their further interpretation requires access to
higher resolution imagery (as in Fig. 23) or to collateral information .
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Software implementation

CDSat (Change Detection with Satellite imagery) is a graphical environment
for examining changes in multispectral satellite images . It implements the
multivariate alteration detection. (MAD) method proposed by Alan Nielsen
and co-workers in 1995 [1] and described in detail in this report . In addition
it implements automatic significance threshold determination, contour and
corner matching algorithms for the determination of ground control points for
fast image-to-image registration as well as the ARSIS wavelet fusion model
for resolution enhancement of multispectral channels [13] . It adheres to the
PCIDSK image file format used by PCI/Geomatics Inc. and therefore can run
as an extension module for their EASI/PACE(c) image processing software .

CDSat is written in Object Pascal with the rapid application development
environment DELPHI(c) of Borland/Inprise Corp . Currently it is available
on CD-ROM for the Windows 95/98/NT/2000 operating systems (for more
information, contact the author: m . canty0Tz-juelich . de) .
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