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An approach for surface matching using image
and object parametric line features in frequency domain

The surface matching is useful to solve the problem of comparing two surfaces obtained from
two data sets of the same terrain. The data sets of points could be get from different sources such as
Aerial and Satellite Imagery, SAR, IFSAR, LIDAR etc.

The solution of surface matching problem is based on the some characterized contours existed
on the surfaces as line features, which have to be expressed by parametric representation in
frequency domain. Line features could be determined in the 2-D image or object space. For finding
corresponding pair of point belonging to corresponding interest lines on the both surfaces, the
image and object line features-based matching method has been used. Surface matching accuracy is
estimated basing on the coordinates differences between the original and transformed surface.

INTRODUCTION

Nowadays various data sets of the same physical terrain are achieved with different
sources as Aerial, Satellite Imagery, SAR, IFSAR (InSAR). LIDAR etc. Integration of these
data for concrete task is one of the important directions of investigation.

The DEMs can be extracted by LIDAR, SAR [1, 2, 3]. The building detection and
extraction have been also carried out with SAR and LIDAR [8, 11]. Fusing SAR data and
leveling measurements for determination of land subsidence was introduced in the work
[15]. IFSAR data derived from different satellites were used to investigate terrain
deformation caused by earthquake [17]. One of the main goals of using LIDAR datum is to
improve automatic generation of Digital Surface Model (DSM) or enhance surface
extraction in difficult terrain [6, 7, 12]. Other integrations of SAR/INSAR data for object
extraction were published in [5]. The main shared features of IFSAR and LIDAR are
discribed in [7, 19].

In general, the two data point sets of same physical surface are in different local systems,
different density and points are not correspondingly identical and usually irregularly
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distributed. Let SI = {P;t i = 1. 2, 3...n be a first surface described n discrete points and
§2=1 0, fj=1.2.3...m beasecond surface described m discrete points. Assuming that two
point sets in the first and second image will be correspondingly s; = 4[),} and s, = {(/, }

Two tasks of surface matching having to be solved are the correspondence and
transformation. These can be performed separately or simultaneously. dependently on the
chosen matching approaches.

The first group of approaches for surface matching is based on the simultaneous
implementation of correspondence and transformation. In these approaches the points and
surface patches are treated as the features. For this goal the first surface will be generated,
for example, in TIN models. Then, the correspondence task is to identify the triangle in the
first surface to which a point in the second surface belongs. A transformation task is
simultaneously established to determine its parameters. The transformation parameters
between the two data sets of the same physical surface were proposed [18]. The first is based
on the target function of minimizing differences in elevation between two surfaces. The
second is based of minimizing distances along normal to surface.

The second group of approaches for surface matching is based on the extracted features
in the both surfaces. Since the procedure of extracting features is highly sensitive to random
errors and the sudden variation of surface and the time of process need for features
extraction makes it computationally inefficient [16]. But this approach has powerful
advantage that it is capable of dealing with large orientation differences between surfaces.

The proposed approach in this paper is based on the image and object line features in
parametric representation for surface matching. The characterized lines existed on the two
images (two surfaces) such as terrain contours, polygon nets along communication ways etc. are
the line features, which are. at first, used to solve correspondence task. Then, transformation task
would be established. As the points of line in the two images (or two surfaces) are differently
distributed and not correspondingly identical, wherever, corresponding points of same lines are
difficult to define, due to the differences of scale and starting point. In order to overcome this
problem the line matching process in the frequency domain will be used. For this goal, the line
equation has to be, at first, determined in the parametric representation by solving space
resection task. Next, corresponding parametric lines on two images (or two surfaces) become
transformed into frequency domain by Fourier descriptors. Image and object parametric line
feature-based matching in frequency domain will be carried out.

1. Image parametric line feature-based matching in frequency domain

In this section we present how to determine image line feature in parametric
representation and to transform it into frequency domain is presented. Then, the procedure
of matching process of parametric line in frequency domain will be described.

l.1.Determination of image parametric line equation

Theline in 2-D image spatial domain y = f(x) can be written in parametric representation
as follows:
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X=got+ gt + gatt + gt +.. o
y =ho+ It + hot® + hyt® + ..

For each point i = 1, 2, 3,... with given coordinates (x;, y;) laying on a line, the value of
parameter ¢ will be computed by following description (Fig. 1):

t;=2nl /L for close line, @)
t;=mnl /L for open line.
where: [; — the line segment from starting point s to point ¢ (i = 1, 2, 3,...),
L — the perimeter of line.
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Fig. 1. The elements of line: s — start point; ¢ — centroid; / — line segment; 1, 2, 3... points of line

Suppose the corresponding image and object points can be established by collinearity
condition:

an(X - Xo) + an(Y - Yo) + an(Z - Z,)

U
A X F o —T) tanZ -2 Fw

Y__fall(X_XO)'f_aZZ(Y_YO)+a23(Z_ZO)__fB )
VT (X = )+ anlY — Vo) + a2~ 2 ' w

where: ayy, ap. ai3; s, G, a3 A3, A3, Az — the elements of rotation matrix, which are the
functions of the image exterior orientation angles (¢, @, x); Xo, Yo, Zo — the coordinates of
image exposure station; f. — camera focal length.

Substituting the left side of the Eq. (3) by right side of Eq. (1) we have new equation in
the general form:

filgo: &1, 82 83 @, @, X Xo, Yo, Zo) = 0

4
fz(}lo, hl, hz. ]73, (/7, , Z, Xo. Yo, Zo) =0 ( )
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To determine the parameters in Eq.(4) we have to write Equation (4) into Eq. (5) by
using Taylor’s expansion

9f1 f1 df; afi df; dfi f1 df i
d g0+ ., . +8g3d 8q)d(p = —dw 0,? —dy+ aXOa’XO+a dYo+
&f;dzo‘*'flo—vl “
e E afs E o, dfh ik afs B
—dI 2
8g0d] +(9g1dl] 2, —dh +(9 d]3+¢9(p Q 0 W o b X, 5 0a’YO
af
+éod20+f7():vg

For each image line feature the number of unknowns in Eq. (5) carries out 14. It means
the needed minimum number of points belonging to a line is 7. At a result of solving Eq.(5)
we can simultaneously create the image parametric line feature and compute the elements
of image rotation matrix for next steps. After having found image exterior orientation we
can determine any parametric line features in an image (1).

l1.2.Least-squares parametric line matching in frequency
domain using centroid-based transformation

Centroid-based transformation in frequency domain is proposed to use for the sake of
two reasons:

1. In conventional 2D spatial transformation, the translation parameters Ax, Ay (shifts
of the two origins of coordinate system) were unchangeable under the effect of scaling s and
rotation ©. By spatial transformation the positional change of the transformed line feature is
not corresponding with translation parameters Ax, Ay, because the centroid of the feature
(geometric center of a line feature) is changed by scaling s and rotation @. In order to obtain
explicit form of transformation parameters (Ax, Ay, s, ®) the change of centroid should be
isolated from scaling and rotation. This could be accomplished by mean of transforming
a feature about the centroid, which is so-called centroid-based transformation (Fig. 2)
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Fig. 2. Similarity centroid-based transformation in 2-D spatial domain
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2. In spatial domain corresponding points of same line belonging in two surfaces are
difficult to define. due to the differences of scale and starting point. In order to overcome
this problem, an algorithm to perform the matching process in the frequency domain is
proposed. where the Fourier descriptors of line are matches.

The content of this subsection is briefly taken out of the work [13].

1.2.1. Representation of parametric line in frequency domain

Equation (1) is now transformed into frequency domain by Fourier descriptors

as follows:
x(1) ap = |a, by| |cos kt
[:y(t):l : Lj : ; Lk dkj]. Lin kt} ©)

The coefficients for close line are:

1 2 1 2%
=5 { x(1)dt =5 (I)»(r)dt
1 2 1 2

a, =~ [x(t)cos kidt by == [x(1)sin kdr (N
7 Ty

2 2

1 1
e =~ [y(r)cos kedt di == [y(®)sin kedt
o Ty

and for open line:

x(2) ap = | a; cos kt
Lr(t)} - LJ * Z[ck cos kt} €
where:

4 2n

1 1
ag=— [x(0ar co=— E|;y(l)a't
)

2r

2r 2
[x(®)cos kedt by == [x(1)sin krdt
0 o

:;lw

with ag, ¢o — the coordinates or zero harmonics of line centroid; a;, by, ¢, d; — the higher
harmonics; x(7) and y(r) in Eq. (7), (9) will be taken out of Eq. (1); kK — natural number, in
practice k£ = 3.
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1.2.2. Centroid-based transformation in frequency domain

The starting point can be chosen anywhere along the line, we also consider that a change
of the starting point can be interpreted as a phase shift Ar. The At can be an arbitrary value
between @ and 27 for close line, but for open line Ar takes one of two value © and r,
because the starting is either one of the two end points.

The transformation in frequency domain is a transformation directly operated
on the given harmonic coefficients (ao. co, @i, br. ¢, di) into new harmonic coefficients
(a§, ¢4, ar, bi. di). Coordinates of the centroid (a,, ¢;) are the zero harmonics
and others coefficients (ay, by, ¢, d;) of higher harmonic are independent of the
centroid translation. Therefore centroid-based affine transformation in frequency domain
can be divided into parts as follows:

ag dg Ax
¢t |7 |eo * Ay (10)

ap. bi e flla. by||coskAr — sinkAt
cv di| T |r z||le dil|sinkAr cos kAt (11a)
e
For centroid based similarity transformation the affine transformation matrix > o canbe

substituted by scaling factor s and rotation angle ©:
ap b; cos@ — sin@||ax bi||coskAr — sinkAr
ci di |~ $lsin® cos @] cx  di||sinkAt cos kAt (11b)
1.2.3. Least-squares matching in frequency domain

The problem of finding corresponding points of two lines is realized by least-squares
matching using centroid-based transformation in frequency domain. For this goal the
transformation parameters can be directly solved in the frequency domain.

For both cases of close and open line the transformation parameters Ax, Ay can be
directly calculated by using the formula (10).

To solve others parameters of similarity transformation as: s, 6, Ar, the observation
equation can be derived from Eq. (11b). We have two cases:

— for close line:

di Uy a by —cp —di||cos O coskAt
bi Uy, by —ay —di ¢, || cos O sinkAt

S =5 ) (12)
Cr U o di by || sin © cos kAt

d; Uy, dy —c. by —a ]| sin @ sinkAt



An approach for surface matching... 9]

The iterative method of least-squares adjustment could be used to determine the
unknowns: s, ©, Ar with given approximations values: so, ©,, Aty First approximations
values of unknowns some transformations of computation have been found in [13].

— for open line: with Ar = 0 (see Eq. 8) the observation equation will be:

a; Vay | | @

)+ [o (3]
a; Voi|  |a=1) —c(=D"||m
L J " LJ - L(_ 1)* a(—l)‘:' L} (5

where: m = s.cos ©; n = s.sin O.
At last, the unknowns s and @ could be calculated as follows:

Nm? + n?

[nj (15)
arctg | —
m

with Ar = m

s

C)

Il

In order to estimate the accuracy of matching process the Mean Square Error is
calculated as:

l q
MSE = 2 D (0% + V3 + V% + ;) for close line (16)

k=1

In case of open line matching the terms v,; v,; in (16) are excluded.

We consider that the determined parameters Ax, Ay, s, ©, At were affected by camera
distortion error, factors of image tilt angles and terrain height differences. To overcome this
problem we can choose some lines lying on the four corners of an image and determine
simultaneously their equation in the form (1). For each point (x, y) belonging to line there is
two observation equations in the formula (5) with 14 unknowns. The needed number of
points on a line is desired at least 7. If we have four lines lying on four corners of an image,
the number of unknowns being to determine will be 38 (8 coefficients per a line and
6 common image exterior orientation elements), the needed number of points belonging to
each line is at least equal to 5.

According to Eq. (12) (Fig. 2) the parameters s, © are not only the scale factor and
rotation angle of line but also are the common parameters for an image transformation,
whereas, the parameter At is rather different for each line. For k = 3, the number of equation
(12) for each line is equal to 12 with 3 unknowns (s, ©, Ar). If we take four lines lying on the
four corners of an image to simultaneously least-squares matching the number of equation
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in the form (12) will be equal to 48 with 6 unknowns (4 unknowns (Ar) for four lines and
2 common parameters (s, ©).

The translation parameters (Ax, Ay) are separately computed on the base of (10) for each
line feature on an image.

13.Steps of surface matching using image parametric
line feature in frequency domain

Below, we arrange sequences to implement surface matching using image parametric
line feature

I* Calculation of line equation in parametric representation and image exterior
orientation parameters:

a) choose a starting point, compute parametric representation for sequence points lying
on the line (Eq.2).

b) computation of first approximate coefficients goo, €10, £20> £30; Hoo> 05 M0, Fso:
— goo, hoo are denoted as a coordinates of starting point, ie. goy = X;, figo = Vs-
— 810 hio and gy, hyo can be computed under the condition that three points s, 1, 2,

are lain on the line (see Fig.1) as follows:

DI Dz D3 D4
L= B; gan = E hyp = ”5; hyo = E
where
D= I ﬁ§D1= (xr — xy) IE;DZZ n (xl—x:);
5 f% (x,—x) 13 Lo (x—x)
1 — Ys 2 I 1 — Ys
Dy = 1 = ¥s) L;D‘t: 1 01—y
02—y t L (a-—y)

— &s0. h3 are computed from Eq. (1) when known goo, g10- 205 F00s F10, Fao.

c) first approximate image exterior orientation elements are equal to 0, ie. @y = @y = Yo
=0; Xs=Yo=2Z;=0.

d) creating and iteratively solving Eq. (5) to determine the line coefficients gy, g, g2, g3:
ho. hy, hy, hy and image angle orientation elements @. @, x; Xo, Yo, Zo.

e) compute the elements of the rotation matrix a,,, a2, a13; a1, Gra, Ar3; A1, A3z, A33 TOT
next step.

2* Transforming the line in parametric representation (x(r), y(z)) into frequency domain
and performing the least-squares matching to determine parameters Ax, Ay, s, O, At.
a) calculate the coefficients a,, ¢,, a;. by, ¢, di in frequency domain for close line (Eq. 7)
or for open line (Eq. 9). Next, performing (Eq. 0) or (Eq. 8), respectively.
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b) solve least—squares matching for close line (Eq. 10 and Eq. 12) or for open line
(Eq. 10, Eq. 13, Eq. 14) to determine transformation parameters Ax, Ay, s. ©, Ar.
¢) estimate matching process accuracy by Mean Squares Error (Eq. 16).

3* Transforming point coordinates of any line on the second image s, = {q,—} into first
image s, = 1 p,-} with help of determined transformation parameters, using centroid-based
transformation (Fig. 2):

b cos® —sinO||x, — ap, ag, Ax
=5 . + +
Vi sin®  cosO||y, — cp Con Ay
where: agp, cg; X3, ¥2 — the coordinates of centroid and other points of line in the second

image s, = \¢;

4* Calculating 3D point coordinates of transformed image coordinates (in first image)
with help of exterior orientation of first image:

7

X1 Xo ap  ap dag ,

.\‘l

Yi|=|Yo|+M|an an ax l: ,
7 yl

VA Z a3 ax  as

where: M — scale factor calculated on the base of corresponding distances in first image and
surface S1.

5* Finding the corresponding terrain points under the following condition:

|AX|;|AY);|AZ] < | o7
where: oy — the threshold value; AX=X{ - X; AY=Y{ -Y: AZ=Z|- Z,.

6* Computing RMS errors based on the founded corresponding terrain points:

[[AXAX] _[iavan [iazaz]
my = 3 Ny = 5 my =
n n n

where: n — the number of founded corresponding terrain points.

The transformed 3-D point coordinates X1, Y{, Z{ obtained from the step (4*) can be
treated as approximate values. It means that new surface Z{ = F{(X{, Y1) is approached to
first surface S1: Z, = Fy(X,, Y)). For increasing an accuracy and reliability we implement one
more time surface matching, basing on the Eq. (18-22) presented in third section.

2. Object parametric line feature-based matching in frequency domain

The content of this section is similar to the second section, but the difference between
them depends on the fact that parametric line feature of a surface is performed in the 2D
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object system. Substituting small letters in (Eq. 1) by big letters we obtain the parametric
line feature in 2D object system:

X=Gy+ G T+ GT*+ GT* +... 15
¥= H, 4 BT BT + HI £, (17)

where: T — the parametric representation in object system which is defined by Eq. 2.

After substituting the point planar coordinates X; Y of a line in a surface to Eq. 3 by
Eq.17 we receive equation similar to Eq. 4. For finding the coefficients Gy, G, G,, G, Ho.
H,. H,, H; the equation like as (5) has to be created and solved by iterative least-squares
adjustment.

Next step we use formulas presented in section 2. At first. the coefficients ao. o, ai. by,
¢ di Ax, Ay, s, O, Ar are changed by big letters Aq, Co, Ay, Bi. Cr, Dy, AX, AY, S, @, AT for
object line.

Object parametric line feature-based matching has been done in frequency domain. At
the end, we obtain transformation parameters which are used to transform planar
coordinates (X», ¥>) of point set S2 into set S1, while the heights of points in S2 have to be
enlarged by scale parameter S. Next step, we can use theoretical formulas presented in [16].

We designate X1, Y{, Z{ — the transformed point coordinates of the set S2 in the set S1.
Let Z, = F\(X,, Y>) be first mathematically represented surface. The transformed surface
from S2 to S1 by parameters AX, AY, S, @isZ{=F{(X{, Y{). Two surfaces Z;, Z{ have to be
matched. Suppose P = [X, Y, Z,]" and P’ = [X{ Y{ Z{]" are a pair of corresponding points
between two surfaces. There is mathematical existence between P and P”:

X, X1 E
Yi|=R|Yi|+ N (18)
Z, A 14

where: R — the rotation matrix of ¥, 2, K angles; E, N, W — translation parameters.

Let point P’ = [X, Yy Zo]" be the approximate corresponding point, of which X, = X7, ¥,
= Y| and Z, is interpolated from Z, = F\(X}, ¥)). Let X, = X0 + AX,, Y, = Yo + AY, Z, = Z,
+ AZ,. The AZ, increment can be computed from Z;, = Fi(X,, Y)) as follows:

AZ, = aF‘Ax # ‘9F‘AY (19)
Tax, o an

Linearization of Eq. 19 at ¥=Q=K=0and £E=N= W =0 gives:
AX,=X{-Xo+dE-Y{dK + Z{d¥
AY, =Y =Yy +dN + X{dK - Z1dS2 (20)
AZ, =721 -Zo+dW - X{d¥+ YdQ

In respect of assumption X, = X1 Y, = Y/ the first two equations of (20) become:
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AX, = dE - Y{dK + Z|dW "
AY, = dN + X!dK — Z|dQ @b

Basing on (19). (20), (21) the observation equation for corresponding points have the form

Fla
V.=Zy—Z| + (dE - Y{dK + Z{d'P) 5}1 + (dN + X{dK -
1

OF 22
—L AW+ X[d¥ - YdQ (22)

Z1dQ) 57
1

The parameters ¥, £, K; E, N, W in Eq. (22) will be solved by least-squares adjustment
when first surface S1 have to be generated in DEM models. Since partial differentials
dF,/19X,, dF,/dY, in Eq. (22) have been easily computed.

CONCLUSION

The paper presents actual problem of surface matching when we like to compare
two surfaces of same scene derived by different sensors. An approach of surface matching is
based on the image or object line features which are described in parametric representation.

In the both cases of image or object line feature the number of characterized points of lines is
needed to determine their parametric equation. In practice, these lines laying on the surface can
be easily chosen, for example, as contour lines, polygon nets along communication ways. Image
and object parametric line features would be performed by solving space resection. By this way
the two groups of parameters of line equation and image exterior orientation will be
simultaneously obtained. As the points of two surfaces are differently distributed and not
correspondingly identical, wherever, corresponding points of same line belonging to surfaces
are difficult to define. To overcome this difficulty image and object parametric line feature
based matching in frequency domain, supporting on the centroid-based transformation, is
proposed. By this way the starting point of line can be chosen anywhere along the line. The
additional phase shift parameter (a change of starting point) is introduced to matching process.

The accuracy and reliability of surface matching depend on the accuracy and reliability of
determined transformation parameters. In order to increase the accuracy and reliability of surface
matching some lines features on the four comers of surface (or of image) could be extracted.

Distinct advantage of the presented approach is to solve the problem encountered often in
practice while different sensor images of same scene have different grey characteristics and bigger
differences of exterior orientations.
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Propozycja dopasowania powierzchni ze zastosowaniem parametrycznych cech liniowych
na zdjeciu i na powierzchni w czestotliwoSciowej przestrzeni

Streszczenie

Praca przedstawia problem dopasowania powierzchni tego samego terenu przy wykorzystaniu zdjeé
wykonanych z pulapu lotniczego i satelitarnego oraz danych, takich jak np.: SAR, IFSAR, LIDAR. Praca
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koncentruje sie¢ na okreSleniu mozliwosci zastosowania liniowych cech, takich jak: poligony wzdluz sieci
komunikacyjnej, czy warstwice terenu, ktore sa przydatne do rozwiazywania problemu dopasowania powierzchni.

Linie okreslone na zdjeciu lub na powierzchni terenu sa przedstawione za pomoca analitycznej funkcji
parametrycznej w czestotliwosciowej przestrzeni dzigki rozwiazaniu zadania wcigcia przestrzennego 1 za-
stosowania wzoru Fourier’a. Proces dopasowania odpowiednich liniowych cech parametrycznych w tej
przestrzeni zostal zrealizowany przy zastosowaniu centroid transformacji. Otrzymane parametry transformacji
stanowia podstawowe dane do przeksztalcenia drugiego zdjecia (drugiej powierzchni) w pierwsze (pierwsza
powierzchnig).

JIroone Yvin Ke

HPQHHO)KEHHC leHCHOCOGHCHH}I NMOBEPXHOCTH C IIPHMEHEHHEM ITapaMeTpPpH4eCKHX JIHHEHHBIX HepT
Ha CHHMK H HAa NOBEPXHOCTH B IIPOCTPAHCTBE YaCTOTHI

Peswome

Ilpeacrasnena npobieMa npucnocoOeHHsl MOBEPXHOCTH TOH-Ke caMOil MECTHOCTH C HCIOJb30-
BaHHEM a’pO- M KOCMHYCKHX CHMMKOB, a TakXe Takux HaHHbIX Kak SAR, IFSAR, LIDAR. PaGota
COCPENOTOYEHA HA ONpeleeHHH BO3MOXHOCTH MPUMEHEHHS JIMHEHHLIX YepT, TaKUX KaK: MOJIMIOHBI
BIOJIb KOMMYHHMKALUMOHHLIX JTHHUH MM TOPH3OHTAJbHLIX JIHHWH MECTHOCTH, KOTOpBIE SBIISIOTCA
NPHUTOAHBIMH ISl pelIeHHs NPOOIEMbl MPUCITOCOOIEHUS TOBEPXHOCTH.

JIuHuu, onpenenéHHble Ha CHUMKE MJTH Ha MOBEPXHOCTH MECTHOCTH MPEACTABIAIOTCS MPH IIOMOLLH
AHAJTUTHIECKOHN MapaMeTpH4ecKoi (PYHKIHMH B NMPOCTPAHCTBE YACTOTDI, Graroaapsi pelieHHI0 3aaadu
NPOCTPaHCBEHHOH 3ace4yku M mpuMeHeHust dpopmynnt Pypue. Ilpouecc npucnocobieHust COOTBETCT-
BEHHDLIX JINHEHHLIX MapaMeTPHUYECKHX 4EPTOB B 3TOM MPOCTPAHCTBE ObLT BLIMOJIHEH C IPHUMEHEHHEM
LeHTpOUA0B npeobpasopanus. [lonydeHHbIe TapaMeTpbl NpeoOpa30BaHUs COCTABISIOT OCHOBHBIE JaHHbI
17151 npeoOpa30BaHUs BTOPOro CHUMKa (BTOPOH MOBEPXHOCTH) B NIEPBLIii CHUMOK (NEPBYIO MOBEPXHOCTD).



