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~ Abstract. A number of image analysis tasks can benefit from registration of

‘the image with a model of the surface being imaged. Automatic navigation using
visible light or radar images requires exact alignment of such images with
digital terrain models. In addition, automatic classification of terrain,
using satellite imagery, requires such alignment to deal correctly with the
effects of varying sun angle and surface slope. Even inspection techniques

~ for certain industrial parts may be improved by this means.

We achieve the required alignment by matching the real image with the synthetic
image obtained from a surface model and known positions of the 1light sources.

~ The synthetic image intensity is calculated using the reflectance map, a con-
venient way of describing the surface reflection as a function of surface
gradient. We illustrate the technique using LANDSAT images and digital terrain
models. o a
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1. 'MotiVation._

Interesting and usefuT new image analysis methods may be deve]oped-if
registered image 1ntensity and surface s]ope 1nformattoh is available.
AutomatiC‘change detection, for example, seems unattainab1e without an |
vabi]ity to deal with variations of appearance with changes'in_the sun's
.‘rposition. Invturh, these variations can be understood only in terms of

surface topography and reflectance mode]s. Simi]ar]y, human cartographers

consu]t both aer1a1 photographs and topograph1c maps of a reg1on to estab-

1tsh the ]ocat1on of stream11nes Automat1c analysis of e1ther of these
information sources alone is unlikely to lead to robust methods for per-
forming‘thisvtask; X | | - | |

- .Accurate a]ighment of'images with surface models is_theretore an im-
"'portant prefequisite for ‘many image understanding‘tasks; We describe here
1‘~an automat1c method of potent1a]ly h1gh accuracy that does not depend on

A feature extractlon or other sophlst1cated image analysis methods Instead
all that is required is careful matching of the rea1 with a synthetlc 1mage."

Because th1s is an area- based process, it has the potent1a] for sub- p1xe1

'»_ accuracy -- accuracy not attainable with techn1ques dependent on a]1gnment

of linear features such as edges or curves. The method is illustrated by

reg1ster1ng LANDSAT 1mages wWith d1g1tal terra1n models.



2. POSSIBLE APPROACHES.

One way to align a real image with a surface model might be through

| the use of a reference image obtained under controlled conditions. MNew

images could then be matched against the reference 1mage to ach1eve align-
ment. Unfortunate]y, the appearance of a surface depends qu1te dramat1ca11y

on the pos1t1on of the 1ight source (as seen in f1gure 1, for example), so

- that this method works on]y for a Timited daily interval for a Timited num-
__ber of days each year [1]. Th1s problem d1sappears when one uses synthet1c

~images, since the pos1t1on of the source can be taken 1nto account.

A more soph1st1cated process would not match images directly, but first

perform a feature extract1on process on the real 1mage and then match these

featuires w1th those found in the reference image. One finds, however, that

v.dlfferent features will be seen when 11ght1ng changes for example, ridges
.and va]leys para11e1 to the 111um1nat1on d1rect1on tend to d1sappear (seev
~ figure 1 again). In add1t1on, the apparent poswt1on of a feature as wel] as

| its shape may depend somewhat on illumination. More ser1ous may be the pres-

ent feature extfact on schemes’ computational cost and .ack of robustness

fF1na11y, we shou]d note that the accuracy obta1ned by matchtng 11near features

© s 11ke1y to be Tower than that obta1nab]e w1th a method based on an aer1a1

match. . ‘

One might next cons1der calculating the shape of the surface " from in- |
tens1t1es in the 1mage [2] Thts however, is computat1ona11y expen51ve and
not 11Pe1y to be very accurate in v1ew of the var1at10n in the nature of sur-

face cover. A more accurate method, est1mat1ng the ]ocaT grad1ent using

' sum1]ar methods [3] and then match1ng these with grad1ents stored in the

_terra1n mode], st111 involves a great deal of computatlon



The method chosen here depends instead on matching the real image with
a synthetic image produced from the terrain model. The s1m11ar1ty of the

two images depends in part upon how c]ose]y ‘the ‘assumed reflectance matches

- the real one. For mountainous terrain and for 1mages taken with ]ow sun

elevations, rather SImp]e assumpt1ons about the reflectance properties of
the,surface gave very good results. Since all LANDSAT images are taken at
about 9:30 ]ocal solar time, the sunnelevations in this case are fairly small"

and 1mage reglstrat1on for all but f]at terra1n is stra1ghtforward

terrain c1a551f1cat1on 51nce the intensity f]uctuat1ons due to varying sur-

:_'face grad1ents often swamp the 1ntens1ty f]uctuat1ons due to var1at10ns in

surface cover. An important app]xcat1on of our techn1que in fact is the

:remova1 of the.intensity f]uctuat1ons due to var1at1ons in surface grad1ent
jvfrom sate]11te 1mages in order to fac111tate the automat1c c1ass1f1cat1on

'of terrain. To do this, we must model the way the}surface-ref]ects 11ght.

 This 1mp11es that LANDSAT 1mages are actua]]y not opt1ma1 for automat1C‘
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3. THE REFLECTANCE MAP.

Work on image understanding‘has led to a need to model the image—forme—

tion process. One aspect of this concerns the geometry of projection, that

’is,rthe relationship between the position of a point and the coordinates of

ite image. Less well Qnderstood is the problem of determining image inten-

;vsities, which requires modelling of the way surfaces ref]ect 1ight.r Fer a
| particular kind of surface and a particular p]acement of lfght'sources,

. ,ﬂsurface reflectance can be plotted as a funct1on of surface grad1ent (mag-

nitude and direction of s]ope) The resu]t is ca]]ed a reflectance map :

~and is usua]ly presented as a contour map of constant reflectance in gradient

‘space [3].

“One use of the reflectance map is in the determ1nat1on of surface shape

'from intensities [2] in a single 1mage here, however, 1t w111 be emp]oyed

'on]y 1n order to generate synthet1c 1mages from digital terrain mode]s



4. DIGITAL TERRAIN MODELS.

Work on computer-based methods for cartography, prediction of side-look- '

ing radar imagery for flight-simulators, automatic hill-shading and machines -

" that analyze stereo aerial photography has led to the development of digital

terfain models. These models are'u5ua11y in the form of an array of terrain

elevations, 235> ON a square grid.

. Data used for this paper's illustrations was entered into a computer

__after manual 1nterpo]at1on from a contour map and has been used _previously

in work on automat1c hill- shad1ng [4 5] It consists of an array of

175 x 240 elevat1ons on a 100-meter gr1d corresponding to a 17.5 km by

24 km region of Swftzer]and‘Tying between 7°1' East to‘7°15' East and 46°8.S'
' Nortﬁ to 46é2i.5' North.  The uertical quantization is 10 méters, and ele-
~ vations range'from'410 meters (in the Rhohe va11ey) td 3210 meters (on the
_" Sommetides Diab]erets; The topograph1c maps used in the generat1on of the
.data are "Les Dlab]erets" (No. 1285) and "Dent_de Morcles" (No. 1305), both’
ona 1:25 000 scale [6]. Extensive data editing'was netessary to femove

entry errors;'<one minor distortions of e]evatibns may have resulted.

‘ Manua]]y entered models of two regions in Canada have aTso been used

'[5 7] Another data“ set covering a reg1on of Ca]1forn1a was produced by :

a dlg1ta] s1mu1ator of a proposed automatic stereo scanner. (Output-of two

~experimental automat1c stereo scanners, one built at ETL [8] and one bu11t

at RADC [9], cou]d not be obtained.)

The Un1ted States Geo]og1ca1 Survey [10] supp11es d1g1ta1 terra1n mode]s '

on magnetlc tape each cover1ng one square degree of the United States, w1th

- a gr1d spacing of about 208 feet (63 5m). These models apparently were pro-

duced by 1nterpolat1on from hand-traced contours on existing topographic maps
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of the 1:250 000 series. Intefpo]ation‘to a resolution of .01 inch (0.254

'me) on the origina] maps fills in elevations between the contours spaced

: 200_feét (60;96 m) vertically. The final result is smoothed and'"generalized" A

to a considerable extent; nevertheless, this is the most prolific source of

~ surface models available to the public.



5. THE GRADIENT.

A gradient,haﬁ-fw0~componehts, namely the surface.s]ope'along two mu-
tually perpendicular dfrections;, If the surféce height, z, is expressed as
| a function of two coordinates x and y, we define the two componenfs, p and
g, of the gradient as the partial derivatives of 2 with respect to x and
y reﬁpectiVe]y._ In particular, a Cartesian cookdinate sysfem is erected
with the x-éxis pointing east the y-axis north énd the z-axis up. Then» P
is the s]ope of the surface in the west-to-east d1rectlon while q is the

s]ope in the south to- north d1rect1on

PE o :  q* y

One can estimate the grad1ent from the d1g1ta1 terrain model using

f1rst d1fferences,
R U Rt RO R (CE R P A

where’A is thé grid-spacing. More soph1st1cated schemes are poss1ble [5]

for est1mat1ng the surface grad1ent but are unnecessary




6. POSITION OF THE LIGHT SOURCES.

In order to be able to ca]cu1ate the reflectance map, 1t is necessary

“to know the Tocation of the light source. In our case the primary source is
the sun and its location can be determined eas11y by u51ng tables 1ntended ’

' for celest1a1 navigation [11, 12, 13] or by stra1ghtf0rwardAcomputat1ons

[14, 15, 16, 17]. In either case, given the date and time,>the azimuth (e)

‘and the elevation (¢) of the sun can be found. Here, az1muth is measured

ﬂ,c]ockw1se from North, while elevation is simply the angle between the sun

and the hor1zon (see figure 2) Now one can erect a unit vector at the origin

' _of the coordinate system pOjntxng at the light source,

A= [sin(e) c05(¢), cos(e) cos(¢), s1n(¢)]

-c

S1nce a surface e]ement with grad1ent (p.q) has a norma] vector n = (-p, -q, 1),1

we can 1dent1fy a part1cu1ar surface e1ement that happens to be perpend1cu1ar

 to the d1rect1on towards the 11ght source Such a surface element will have

a Surface normal n>1= (-p s q , 1), where P 51n(e) cot(s) and q =

cos(s)tcot(¢) We can use the gradlent (ps, qs) as an a]ternate means of

spec1fy1ng the pos1t1on of the source.

'_In work on automat1c h1]1-shad1ng, fok'exahp1e,'onevhses pé =;r0,707

ahd q = 0.707 to agree with standard cartographic'tonventions which require

that the light source be in the Northéwest at 45° elevation (6 = (7/4)m,’
¢ = v/4) [5]. | | |
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7. REFLECTANCE AS A FUNCTION OF THE GRADIENT.

'Ref]ectance'of a surface can be expressed as a function of the incident
angle (i), the emittance angle (e) and the-phase angle (g) (see figure 3).

'",weeuse a simple, idealized.refTectance model for the surface material;-
Q](i, e, g) = p cos(i).

This reflectance function mode]é a surfacerwhich, as a perfect diffuser,
Aappearé equally bright from a1]vviewing'directions Here, p is an "albedo"
factor and the cosine of the 1nc1dent angle simply accounts for the fore-

‘ shorten1ng of - the surface e]ement as seen from the source. More soph1st1-
cated models of surface ref]ectance are p0551b1e [3], but are. unnecessary

:for this app11cat1on |

The 1nc1dent ang]e 1s the ang]e between the 1oca1 norma] ( p, -q, 1) and

. :the d1rect1on to the 1ight source (- -Pg» -Gg> 1) The cosine of this ang1e

can then be found by tak1ng the dot -product of the corresponding un1t vectors,

(1 + psp +‘qsq)

//1 f p§'+ qg Jfl + pz + q2

. cos(i) =

Fihal]y,

o (14 pgp +q.q)

oq(p.q) =
_ . ']_+»p2 + q2 /fj + p2 + q2

3 [ 3
Another neflectance.funetion,:similar to thaﬁ of materials in the maria

~ of the moon and rocky planets [2, 18], is_a‘1itt1e easier to_ca]cu1ete:
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p (1 +pp +qq)

1 pg + qf

,(p,q) = p cos(i)/cos(e) =

~ This reflectance funct1on mode]s a surface wh1ch reflects equa] amounts of
Tight in all dwrectlons For small s1opes and Tow sun elevations, it is very
much Tike the first one, swnce then (1 + p2 +q ) will be near unity. Both

- functions were tr1ed and both produce good alignment -- in fact, it is diffi-
cult to dwst1ngu1sh synthet1c 1mages produced us1ng these two reflectance

Wﬂwfunctlons
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8. SYNTHETIC IMAGES.

_Given the projection equations that relate points onrthe‘objects to images
of said points, and given a terrain model a]low1ng ca]cu]at1on of surface |
grad1ent, 1t is poss1b1e to pred1ct how an image wou]d 1ook under g1ven il-
1um1nat1ng conditions, provwded the ref]ectance map is. ava11ab]e We assume

‘51mp1e orthograpnlc progect1on here as appropriate for a d1stant spacecraft o
1ook1ng vertlcally down w1th a narrow’ ang7e of view. Perspect1ve'proqect1on
~wwou1d.requ1re a few m1nor.changes in the algorithm. | - |

| The process of producing the synthetic image is simple, An est1mate

of the grad1ent is made for each po1nt in the d1g1ta] terrain model by
tcons1der1ng ne1ghbor1ng e]evat1ons The gradwent s components p and q, are.
then used to 1ook up or calcu]ate the expected reflectance. An appropr1ate
1ntens1ty 1s placed 1n the 1mage at the point determ1ned by the progect1on ’
equation. AI] computat1ons are simple and 1oca], and the work grows 11near1y
with the number of p1cture ce]]s in the synthet1c 1mage | |

Sample synthet1c images are shown in figure 1. The two 1mages are of
the same reg1on with differences in assumed location of the light source.

In f1gure 2a the sun 1is at an elevation of 34° and az1muth of 153°, corres-
pondlng to 1ts true pos1t1on at 9: 52 G. M T., 1972/0ct/9 wh11e for figure

2b 1t was at an elevation of 28° and an azimuth of 223°, correspondlng to its
p051t1on at 13: 48 G. M T. ]ater on the same day The correspOnd1ng reflectance
maps are shown in f1gure 4. _ |

| Ref]ectance maps for the s1mp]er reflectance function ¢ (p q) under the
same c1rcumstances are shown in figure 5. Note that near the- or1g1n there
s very Tittle d1fference between ® (p q) and oz(p q) Since most surface

e]ements in this terrain mode] have s]opes 1ess than T//_ as shown in the
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scattergram (see f1gure 6), synthettc 1mages produced using these two re-
f]ectance maps are similar.

“Since the elevation data is typ1ca1]y rather coarse1y quant1zed as a
result of the fixed contour 1ntervals on the base map, p and q usually take
on only a few d1$crete values. 1In th1s case, it is conven1ent to establish

a ]ookup table for the reflectance map by simply preca]cu]atlng the ref]ec-

tance for these values. Models w1th arbitrarily complex reflectance func-
~tions can then be easx]y accomodated as can ref]ectance functxons determ1ned

7wexper1menta11y and known on]y for a d1screte set of surface orientations.

Since the real 1mage was somewhat smoothed 1n the process of betng re-

produced and dwg1t1zed we found it advantageous to perform a .similar smooth-

' 1ng operatxon of the synthetic lmages so that the resolution of the two

approxwmate]y matched. A11gnment of rea] and synthet1c 1mages was, however,

' notdependent on this ref1nement




-14-

9. THE REAL IMAGE.

The image used for this paper S 111ustrat1ons is a port1on of a LANDSAT'
[1, ]9J image acqu1red about 9:52 G M.T. 1972/0ct/9 (ERTS—]71078-09555). We
used_channel 6 (near infra-red, Tu to ,8u), although all four Channels
: _(4, 5, 6, & 7) appeared suitahle - with channel 4 (green, .5u'to .6u)
being most sensitive to water in the air column between the sate111te and
the ground and channe1 7 best at penetrating even thin 1ayers of clouds and
_ Snow. F1gure 7 compares an en]argement of the orwg1na1 transparency w1th
the synthet1c image generated from the terra1n model. ' _

A slow-scan vidicon ‘camera (Spat1a] Data Systems 108) was used to digi- |

t1ze the pos1t1ve transparency of 1 ] 000 000 scale Individial pwcture

o cel]s were about .1 mm on a side in order to match roughly the resolution

of the synthet1c 1mage data In recent work we used a more accurate ver51on ]

Ad1g1t1zed on a drum- scanner (0ptron1cs Photoscan 1000), again with a .1 mm

.resolutlon on the film.- Note that the "footprtnt" of a LANDSAT picture _
cell‘is about 79 x 79 meters [1], compatible with the reso1utipn of typical'

dioitai terrain modeIs The d1g1txzed inage used for the 1I1ustrat1ows 11

th1s paper is of lower reso]utwon however due to 11m1tat1ons of the opt1cs

and e]ectron-opt1cs of the d1g1t1z1ng system. In future studves we 1ntend

.. to use the computer- compat1b1e tapes supp]1ed by EROS [19]

A11gnment of reaT 1mages w1th terrain models is p0551b1e even w1th Tow

Adqua]tty image data but terra1n c]ass1f1cat1on us1ng the a1lgned 1mage and

e dxg1ta1 surface model requ1res h1gh qua]tty data.

' We generated image output, as for figures 1a, 1b, 7a, and 11,'on a drum

. fi]m-writer (Optronics'PhotoWriter 1500) and interpolated to alleviate un-

E des1rab1e raster effects due to the re]at1ve1y smal] number of p1cture ce]ls

1n each 1mage




and a scale change.

E always fixed by the border of the synthet1c 1mage
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10. TRANSFORMATION PARAMETERS.

Before we can match the synthetic and the real image, we must determine

the nature of the transformation between them. If the real image truly is

- an orthographic projection obtained by looking straight down, it is possible

‘to describe this transformation as a combination of a translation, a rotation

_If we use x and y to designate_points in the synthetic

~image and x' and y' for points in the real image, we may write:

- x! ) cose sine X - X AX

n
(%]
+

| -sine cose y-y. ay |
. -J et 'J d - - ' J

where Ax and Ay are the sh1fts in x' and y' respect1ve1y, 8 is the angle of

rotat1on and 3 is the scale factor Rotat1on and sca11ng take p]ace relat1ve“

hto ‘the centers (x Y ) and (x Yy ' of the two 1mages in order -to better de-

coup1e the effects of rotat1on and sca11ng from trans]at1ons That is, the

average shift in 'x' and y 1nduced by a change in rotat1on angle or sca]e

1S Zero.

In our case, the ava11ab]e terrain model restr1cts in size the synthet1c

: 1mage The area over which match1ng of the two w1]1 be performed is thus

The geometry of the

coord1nate transformataon is 11]ustrated in figure 8
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11. CHOICE OF SIMILARITY MEASURE.

In order to determine the best set of transformation parameters (Ax;
Ay, S, 6), one must be able to measure hbw,c]ose]y the images match for a
'part1cu1ar choice of parameter values. Let S . be the 1ntens1ty of the syn-

th picture cell across in the Jth row from the bottom

thet1c,1mage at the i
of the image, and-define Rij similarly for the real 1mage{ Because of the
Anature_of the coordinate transformation, we cannot expect that the point

in the real image corresponding to the point (i,J) in the synthetic image
_‘  will fa11 precisely on one of the picture cells. Conseqﬁently,'sij will
" have to be conpared with R(x',y'), which 1s'interpo1ated from tHe array of
b_feallimage intensities. Here ( YLy') is obta1ned from (1,3) by the trans-
format1on descr1bed in the prev1ous sect1on

One measure of d1fference between the two images may be obteinedfby

. summ1ng the abso]ute va]ues of d1fferences over the who]e array. _A]tefnate]y, =
,one m1ght sum the squares of the differences: ' -
V12

1 {S.Ij'R(X's.y')}

™M
N~ 3

Th1s measure will be m1n1ma1 for exact a]1gnment of the images. Expahding :
the square, one decomposes th1s resu]t 1nto three terms, the f1rst be1ng the

2 , the last the sum of R (x',y )‘ The f1rst is constant since we

'sum of S
'always use the full synthet1c image; the last varies s]ow]y as d1fferent_
-.jregions’of the'reallimage are covered. The sum'of S.tR(i';y‘) 1s:inferesting
~ since th1s term varies most rap1d]y with changes in the transformat1on In
fact, a very usefu] measure of the s1m11ar1ty of the two 1mages is the corre]a-

 tion:
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: : Sin(x ')

B I
nm~m3

This measure-wfll be maximal when the images are.properly'aligned.' It has‘
the advantage of being relatively insensitive to constant multiplying facters.
These may arise in the real image due to changes in the adjustment of the

‘ opt1ca] or e1ectron1c systems , o |

Note that 1mage 1ntens1ty is the product of a constant factor wh1ch de-
’pends on the deta1]s of the 1mag1ng system (such as the 1ens open1ng and the
hfoca] 1ength) the 1ntens1ty of the 111um1nat1on str1k1ng the surface, and

the reflectance of the surface We assume all but the’ 1ast factor is constant
aand thus speak 1nterchangeab1y of changes in surface reflectance and changes

in 1mage 1ntens1t1es
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12, INTERPOLATION SCHEME.

The real image intensity at the po1nt (x ') has'to be estimated from
the array of known image intensities. If we let k = [x 1, and L =ly']
- be the 1nteger parts of x' and y', then R( ,y') can be estimated from
v sz, (k + 1)’ k(z + ]) and R(k + ])(2 £ 1) by Tinear 1nterpo]at1on (see
~ figure 9).

Ry(x') = (k +1 f>x')R +(x' - KR (k + ])2

VV'RA(Q;'1~)(”"<"'V) = (k+1-x )Rk(z i)t (?‘ - KR, (k + 1)(2, £ 1)

CR(x'y') = (241 - YR (x') + (v - SRy );

The énsWer is independeht of the order of interpo?atton and, tn fact, corres-
) N ponds to the resu?t obta1ned by f1tt1ng a po]ynom1a1 of the form

(a + bx' + xy + dx'y') to the va]ues at the. fouh.1nd1cated points. Al1gn-
ment is not 1mpa1red “however, when nearest ne1ghbor interpolation is used
,1nstead This may be a result of the smooth1ng of the real 1mage as prev1-

_ous?y d‘SCPled
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13. CHOICE OF NORMALIZATION METHOD.

High output may resu]t as the transformat1on is changed s1mp1y because
the reg1on of the real image used happens to have a high average gray- Tevel.
Spur1ous background s]qpes and false maxima may then result if the raw correla- -
tion-is used. For this and other reasons, it is convenient to normalize.
- One approach essehtia]]y amounts to dividing each of the two images by its

'standard deviation; a1terhate1y, one can divide the raw correlation by

nHm3>=

i

"~
—

%)

-

<

>
ne~ st
. '
. :
ne~ 3

iAﬁ additioha] advantage.iéjthat a peffect match'ofﬁthe two-images;now corres-

- ponds to aAnormalized correlation of one. An alternate method-USee a normaliza-
tienifactorvfhat,is's1ight1y easier to compufe and whieh has certain advantages
if fhe standard deviafions of the twe images are éimfiaf.' Instead of using

ihe geomefric meén; Hens Moravec pfoposes_the afithmetic mean [20].

%

R™(x',y") /2

[ -
"~ 3
U"

S N
+
"o
e~ 3

The first term need not be recomputed, since the full synthetic image is al-
ways used. Since we found the alignment procedure insensitive to the choice

- of normalization method, we used the second in our illustrations.

: Rz(x',y')
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14, LOCATING THE BEST MATCH.

‘Now that we have shOWn how to calculate a good similarity measure,
we must find a method to find efficient1y the best possible transformation
parameters Exhaustlve search 1s clearly out of the quest1on Fortunately,
’ the s1m11ar1ty measure a]]ows the use of standard hill- -climbing techn1ques
- This is because it tends to vary smooth1y with changes jn parameters and often
| is monotonic (at 1east for small ranges of‘the parameters).

When 1mages are not ser1ous]y m1sa11gned profl]es of the similarity
'measure usua]Ty are un1moda1 w1th a well- def1ned peak when p]otted aga1nst
one of the four parameters of the transformation (see figure 10). It is
poss1b1e to opt1m1ze each parameter in turn, using s1mp1e search techanues
in one d1mens1on The process can then be 1terated _A few passes of this
process typ1cal1y produce convergence (More soph1st1cated schemes'cou]d‘

‘1 reduce the amount of computat1on but were not explored).

| When ‘the 1mages are 1n1t1a11y not reasonab]y al1gned more care has to
be taken to avo1d being trapped by 1oca1 maxima. | Solving th1s prob]em us1ng
~ more extensive search ]eads to proh1b1t1vely 1engthy computat1ons We need

a way of reducxng the cost of comparing 1mages
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15. USING REDUCE TMAGES.

vOne way to reduce:the computation 1s to use only SUb-images on'"windows" '
.extracted fnom the original images Th1s is useful for f1ne match1ng, but is
‘not sat1sfactory here because of the lack of g]oba] context. ‘

Alternate]y, one might use sampled images obtajned py*p1cktng-0ne image

- intensity to'represent a small block of‘imageiintensities 7 This is satis—‘
factory as long as the original images are smoothed and do not have any h1gh
o reso]ut1on features. If ‘this is not the case, a]1as1ng due to under-samp11ng_
' w111 produce images of poor qua11ty unsuxtab]e for comparisons.

One solution to this dilemma is to ]ow-pass filter the 1mage$'before
sampling. Avsimnle appéoXimation to this process uses averages of small -
bTocKs of image:intensities The easiest method involves méking one‘image
1ntens1ty in the reduced 1mage equa1 to the average of a 2 x 2 block of 1n-

T " tens1t1es 1n the or1gxna] 1mage This techn1que can be app11ed repeatedly

| to produce ever sma1]er 1mages and has been used in a number of other applica-
t1ons [20 21] | _

. The results of the applicaticn of this reduct1on p"ocess to real- and
"synthet1c 1mages can be seen,1n figure 11 F1rst the most highly reduced

image is'used to get coarse a]ignment In this case extens1ve search in the
parameter space is perm1ss1b1e since the number of picture cells in the images

dv to be matched is very small. This coarse alignment is then refined us1ng the
next 1arger reduced 1mages (w1th four t1mes as many p1cture ce1ls) F1na11y,_
the full reso1utlon images are used d1rect1y to f1ne tune the a1ignment
False Tocal max1ma are, fortunate]y,_much rarer w1th the highly reduced p1c-
tures, thus further speed1ng the search process It is as if the hwgh reso]u- '

t1on features are the ones 1ead1ng to false localkmaXima.
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We found it best by the way, to determine good values for the transla-
t1ons first, then rotation and finally, scale change. Natural]y when

search1ng for a peak value as a funct1on.of one parameter, the best values

. 'found so far for the other parameters aré:used.
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16. RESULTS OF REGISTRATION EXPERIMENTS.

: We mafched the,real and syntheticAimages'using the similarity measure
and search technique just described. We tried:several combinations of
r_'impiementation details, and inlall cases achfeved aiignment which. corresponded
to a h1gh value of the norma11zed corre]at1on, very c]ose to that determined
manually. For the images shown here the normalized correlat1on coeff1c1ent

reaches .92 for optlmum alignment, and the match is such that no features |

are more than two picture cells from the expected place, with almost a1l
closer than one. (The_major errors in position appear to be:due fp perspec- |
tive distortion, as descrfbed Tater, with which-the process is nct designed
to cope). The accuracy with which trans]at1on, rotat1on and sca11ng were
determ1ned can be est1mated from the above statement.

' Overall, the process appears qu1te successfu] even w1th degraded data
and over a ‘wide range of choices of 1mplementat1on deta1ls Deta1ls of in-
terpo1at1on norma11zatlon, search techanue and even the reflectance map
do not matter a great deal. |

V' Hav1ng s+ated that a]qumen can be accurate]y ach1eved we mey now esk

- how s1m11ar the real and synthet1c 1mages are. There are a number of unin-

e format1ve numer1ca1 ways of answering this question Graphic i]]ustrations,

such as 1mages of the differences between the real and synthet1c 1mage are
more ea511y understood For examp]e we plot rea1 image 1ntens1ty versus
synthet1c 1mage 1ntens1ty 1n f1gure 12. A]though one mlght expect a stra1ght
‘11ne of slope one, the scattergram shows clusters of po1nts, some near the
expected line, some not ‘ ] |

The cluster of po1nts 1nd1cated by the arrow 1abe11ed A (f1gure 12)

-corresponds ch1ef]y to 1mage points show1ng c]oud or-snow cover, with 1ntens1ty
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sufficfentbto saturate the image digitizer. Here the real image intensity ex-
ceeds the synthetic image intensity. Arrow B indicates the cluster of points
which corresponds to shadowed points. Those near the vertical axis and to
its 1eft come.from self-shadowed surface eiements, while those to the fight
| are regions lying insfde'shadows cast by other portions of.fhe surface.
These cast shadows'are not'simulated in the synthetic jmage ac the moment.
- Here the synthetic image is brighter than the real image. Fina]iy,Athe
vcluster of points indicated by arrow C arises from fhe vé11ey floon, which
~ covers e»fdirly large area'and has eSsentia]]& zero éradient As a result
the synthet1c 1mage has constant intensity here, while the rea1 1mage shows
both darker features (such as the r1ver) and brighter ones (such as those
due to the c1t1es and vegetat1on cover) Most of the ground cover in the
va]]ey appears to have higher "a]bedo" than the bare rock which is exposed
v in the h1gher reg1ons, as suggested by the pos1t1on of this c]uster above
~ the Tine of s]ope one. | -
If one were to remove thesehthree'clustens of'points, fhe remeindeh
| would form one e]onqated c]uster w1th maJor axis at abaut 45° Th1s shows
that, wh11e there may not be an accurate point- by po1nt equa]1ty of 1nten51t1es,

}there 1s a h1gh correlation between 1ntenszt1es in the rea1 and synthet1c
: !1mages. | _ ' |

Noie, by the way, that no quantizétion-of intensity ds apparent ind,,

these scattergrams- Th1s is a result of the smoothing app11ed to the synthet1c
~ image and the 1nterpo]at1on used on the real image. Without smooth1ng, the
synthet}c image has fa1r1y coarse quantization ]eve1s beé&Use'of‘the coerse
quantization of e]evations as ind{cated earlier. N1thout 1nterpo]at1on the
rea] 1mage too, has fa1r1y coarse quant1zat1on due to the 1mage d1g1tizat1on

procedure
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Finally, note that we achieve our goal of obtaining accuraté a]ignmeﬁt.

Detailed matching of synthetic and real image intensity is a new problem

“which can be approached now that the problem of 1mage'regisfration has

been solved.
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17.

REASONS FOR REMAINING INTENSITY MISMATCHES.

We may needAmore accurate prediction of image intensities for some

app]ications of ‘aligned image intensity and surface gradient information.

- Thus, 1t is useful to ana]yze the reasons for the differences noted between

'vthe synthet1c and the real image:

. Satellite Imaging. Geometric distortion in sate]iite imagery

may be small but noticeable and traceable to several sources

~[1]. Shifts'of several hundred meters can arise Penspective R

. distortion for the 1mage used here amounted to about 200 meters :

- ~on the h1ghest peaks, for examp]e

'jIntens1ty d1stortwons are caused by the fact that scan 11nes are
not all sensed by the same sensor [11. E1ectron1c noise and at-
- mospher1c attenuatlon d1spers1on and scatter1ng are also 1mportant

for some of the spectra] bands.

,ngittzation. 'when film transparenéies are digitized, the nes01u—

tion Timitations of -the optics and the nonlinear response of the

film are important. More large errors are introduced if an electron-

- optic device is used. 'These typically introduce geometric distor-
“tions, nonlinearity and nonuniformity of response. Picture ceTJs

- may not be square and axes not perpendicular.

Terrain Model. 'Inaccuracfes due to manuai'entry and editing‘are._

~common 1n present day d1gxta1 terrain mode1s In addition the

contour maps used common]y as source 1nformat1on are already

]1bera11y "generalized" and smoothed by the cartographer. Fwnal]y,

the estimatjon of surface gradient is Tikely to be crude, since the ‘
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data in such maps is intended to be accurate in elevation, not
in the partial derivatives of elevation. Coarse auantizatian
- of the gradient is one effect of this that has already been
' mentionedfv Wehhope that terrain models produced by automatic '
:-Vstekeq cpnparators in the future will not suffer from all of

~ these shortcomings.

Reflectance. The assumpt1on of uniform ref]ectance and the

'»Wwvmode111ng of ref]ectance by means of the simple, rather ad hoc o

funct1ons used here contribute errors to the synthet1c 1mage
a',More serwous]y, cast shadows are not modelled. I]]umlnat1on
~ from the sky and mutual 11]um1nat1on between mounta1n slopes |
__are less important. Including even crude surface cover 1nformat1on '

'1mproves the match between the synthet1c and the real 1mage

ﬂgtgg_‘ In 1ts var1ous forms water can produce Iarge m1smatches
since, at 1east for the shorter wave]engths moisture in the
atmosphere contr1butes to attenuat1on and scattering of 11ght,
In Tiquid fdnm,'water produces bright;vobscuring'areas’in the.
tormvof c]ouds'and dark reqions such as riters and 1akes‘ Snow
“and ice provide hlgh1y ref]ect1ve areas which produce large .

- m1smatches

~In view of all these factors, it 1s surpr1s1ng that a match as good as that

in fagure 12 is possible.

BEPY- ot i et
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18. FURTHER IMPROVEMENT OF THE SYNTHETIC IMAGE.

' Usihg'the original digita1'tapes t]g] would eliminate the errors we
believe are}due to the,digtttzatioh erocessa Most of the geometric distor-
tioh can be dealt with as well [1]. Further match improvement must‘come‘
trom better synthetic 5mages -

The most s1gn1f1cant step here wou]d be the 1nclus1on of surface cover

: 1nformat1on Even a coarse categor1zat1on 1nto mater1a]s of grossly d1ffer1ng

: "a]bedo" m1ght be useful Converse1y, of course one can exp101t the d1ffer—»ir;m;u

‘ence in 1ntens1t1es between the rea] and the synthetlc image to est1mate

surface reflectance. S1nce a11gnment 1s poss1b1e wwthout accurate ref]ec- |

Vtance models, the rat1o of real to synthet1c 1ntens1ty (a measure ak1n to
.a]bedo) can be used in terra1n c]ass1f1cat1on, part1cu1ar1y 1f it is ca]cu]ated

) for each of the spectra] bands.

Cast shadows are fa1r1y easy to deal w1th, 1f we 1mp1ement a h1dden—

surface a]gor1thm to determ1ne whlch surface e]ements can be seen from the

~ source. This computat1on can be done fairly quickly using a well known al-

gorithm [22]. Sky illumination in shadowed»areas presentsvho great stuhb]ingi
block in this regard. C - -
The quality of terrain models is likely to increase most rapidly when

fully autdmattc sCanning stereo comparators become avai]ab]e ~ Until then,
hand- ed1t1ng of hand traced information will have to be used to Timit the
errors 1n the est1mat1on of gradient. |

| One notwon that shows great promise is that of masks derived from both
the terraxn mode] and the real 1mage The masks are used to'11m1t the correla-

t1pn operation to those areas which are not as likely tc'lead to'mismatches.

| Areas of very high intensity in the image, for example, may suggestrcloud or
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Snow cover, and ought not to be used in the match1ng operation. Similarly,
it may be that areas of certain elevat1ons and surface gradients are better
than others for match1ng The corre1at1on can be 1mproved considerably if
we use on]y those regions above the e]evat1ons at whlch dense vegetation
exists and below the e1evat1on at whlch SNow may have accumu]ated A
sTightly more sophisticated method wou]d note that snow tends to remain

1onger on north fac1ng s]opes
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19. THE INFLUENCE OF SUN ELEVATION.

~ Aerial or sate]]ite photographs obtained when the‘sun‘is low in the
sky show the surface topography most clearly. In this case, the surface
‘ gradient‘is the major factor in determihing,surface reflectance. Rfdges
and‘va11eys sfand out in stark relief, and one gets an immediate impression
of the shape of portions of the surface. Converse]y, var1at1ons in surface
oover tend'to be most important when the sun is high 1n the sky. Photographs
obta1neowunder such cond1t1ons are d1ff1cu1t to a11gn w1th a topograph1c -
map -- at 1east for a beginner. '
What iS'the sun elevation for which these two effects are‘about edual]y“
-imporfant? F1nd1ng th1s va]ue will a]]ow us to separate the 1mag1ng S1tuat1ons
into two.classes those which are more su1ted for determ1n1ng topography'
and those which are more conducive to terra1n classification success. We -
w111 use a 51mp1e mode] of surface ref]ectance Suppose that the surfaceA
has mater1a]s vary1ng in "a]bedo" between p] and p2 Next, suppose that
the surface slopes are all less than or equal to tan(e). The incident
“angles wy]] vary between e - (90° - ¢) and e + (90°-- 4) s where ¢ is the
“elevation of the sun. If we use the same s1mp1e ref]ectance funct1on em-

pToyed before, we find that for the two influences on ref]ectance_to be just
‘“quAI:
Py cos(e +‘90° -'o) =ip2 cos(e - §O° +:§)
,.Expahdfhg the'cosineiand reapraho%ng this eqdetion }eads to:
3

P17 Pp

pll'_°2_ tan(e)

,. tan(¢) =
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When, for examp1e the surface materials have reflectances coveh1ng
a range of two to one and the sun e]evat1on is 35°, then regions with sur-
face slopes above approximate]y 0.23 (e = 13°) wi}] haQe image intensities
) affééted more by surface gradient than by surface cover. Conversely, f]after
sﬁrfaces will result in iméges more affécted by variations in suhface cover
, than by the area's topography | |

One possible conclusion is that a]wgnment of 1mages w1th terrain models
is feasible without detailed know]edge of the surface mater1a1s if the sun
~elevation is small and the surface slopes are-h1gh. " Since LANDSAT images o
'ére'taken.at about 9:30 Tocal solar time RRR thé first condition is satis-

fied and a11gnment of these 1mages is poss1b1e even 1n onTy 11ght1y undulat1ng

' ,~terra1n

. Conversely, if one is attempt1ng terra1n c]ass1f1cat1on in anyth1ng ’
}_but flat regions, h1gh sun elevat1ons are needed.: Cur1ous1y, LANDSAT does
not provide such‘imagery despite the fact that one of its main app1ications

~is in land use classification.




- -32-

20. SUMMARY AND CONCLUSIONS.

We have seen that real inages can be'a]igned with surface mode]sfusing |
synthetic images as an intermediary. This'process works well despite many
_ factors which contribute to differences between the rea]_and'synthetic,
images. ‘The computations,'while'1engthy, are straightforward, and reduced
images have been used‘to speed up the search for thehbest set of transformation
‘narameters | | | |

| Several app11cat1ons of a11gned images and surface 1nformat1on have been

N presented More can be found for problems in a dxfferent doma1n see referencer -
[23] for examp]e Aside from change detect1on pa351ve nav1gat1on photo-
1nterpretat1on and 1nspect1on of 1ndustr1a1 parts, perhaps the most 1mportant
| app11cat1on 11es in the area of terraxn classification. | |

* So far, no account has been taken of the effect of varywng surface grad1ent,
sun pos1t1on and ref]ect1ve propert1es of ground’ cover. Recently, some ;
1nterest has ar1sen in an understandlng of how surface ]ayers ref]ect 11ght
[24 25, 26] and how this understand1ng m1ght a1d the 1nterpretat1on of sateT—
Tite 1magery [27, 28, 29]

It is 1mperat1ve that 1nterpretation of image information be'gufded by
an understand1ng of the 1mag1ng process. Th1s, in turn, can be ach1eved 1f
~one understands how 11ght is ref]ected from var1ous surfaces and how th1s
m1ght be affected by such factors as ]1ght source pos1t1on mo1sture content

and p01nt in the growth cyc]e of vegetat1on
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4a.

“Early mofning (9:52 G.M.T.) synthetic image.

Early afternoon (13-48 G.M.T.) synthetic image.

Definition of a21muth and elevation of the sun.

The geometry of 1ight reflection from a surface eTement is
governed by the incident angle, i, the emittance angle e,
and the phase angle, g.

Ref]ectance map used in the synthes1s of f1gure Ta. The curves
shown are contours of constant ¢ (p,q) for p = 1. :

4b.

5a.

Alternate ref]ectance map, which could have been used in place
of the one shown in figure 4a. The curves shown are contours
of constant ¢ (p q) for p = 1. ' ‘

Scattergram of surface grad1ents found in the d1g1ta] terrawn s

- model.

7a.

Synthet1c 1mage used in the a11gnment exper1ments.=

VEn]argement of the transparency containing the real 1mage used

in the a]1gnment experiments.

10a.
10b.
10c.
10d.
1.

12a.

12b.

Coordinate transformat1on from synthetic image to real_image;

Simple inteprIationvscheme applied to the rea1 image array.

Variation of similarity measure with translation in x direction.
’Variation of simi]arity measure with translation in y direction.
: Var1at1on of 51m11ar1ty measure wwth rotat1on

' Var1at1on of s1m11ar1ty measure w1th sca]e changes

Successive reduction by factors of two app]xed to both the syn-.
thetic (left) and the real (r1ght) 1mage

Scattergram of real image 1nten51t1es Versus synthet1c image
1ntens1t1es based on 2 (p q) _

Scattergram of real image 1ntensxt1es vVersus synthet1c image
intensities based on ¢ (p q).
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IMAGE2.2 at photouriter resolut-ion 3.

Data linearly interpolated. JuLy 164, 1977. _
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IMAGE2.4, second Ie.prsur_e. Resolution 3,
data interpolated. Date 15 JULY 1377.
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IMAGE2.2 at photouritér‘resolution 3.

interpolated. JuLy 14, 1877.
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FIGURE 7a
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