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A Maximum Likelithood Approach for Image
Registration Using Control Point And Intensity

Winston Li and Henry Leung, Member, IEEE

Abstract—Registration of multidate or multisensor images is an
essential process in many image processing applications including
remote sensing, medical image analysis, and computer vision. Con-
trol point (CP) and intensity are the two basic features used sep-
arately for image registration in the literature. In this paper, an
exact maximum likelihood (EML) registration method, which com-
bines both CP and intensity, is proposed for image alignment. The
EML registration method maximizes the likelihood function based
on CP and intensity to estimate the registration parameters, in-
cluding affine transformation and CP coordinates. The explicit for-
mulas of the Cramer—-Rao bound (CRB) are also derived for the
proposed EML and conventional image registration algorithms.
The performances of these image registration techniques are eval-
uated with the CRBs.

Index Terms—Affine transformation, control points (CPs),
Cramer-Rao bound (CRB), image registration, intensity, max-
imum likelihood (ML).

1. INTRODUCTION

EGISTRATION refers to the process of establishing the
Rgeometric transformations between images taken at dif-
ferent times, from different sensors, or from different viewpoints
[1]. There are at least three main applications of image reg-
istration: remote sensing [2], [3]; medical image analysis [4];
and computer vision [5]-[7]. Registration is an important pre-
processing step for fusion of remote-sensing images. In med-
ical imaging, image registration is a vital component for a large
number of applications such as clinical diagnostic, radiotherapy
treatment, and surgery. In computer vision, image registration
is required for motion tracking, object recognition, and shape
reconstruction.

Many image registration algorithms have been proposed
based on different image features and criteria. Intensity and
control points (CPs) are two basic features used for image
registrations in the literature. While intensity is the gray value
of a pixel, CPs are pixel points, such as corners, road inter-
sections, points of locally maximum curvature, and centers
of gravity of close-boundary regions in an image [8]-[10].
Most CP-based methods use a least-squares (LS) criterion to
estimate the registration parameters [11], [12], and the intensity
approach might use the normalized cross-correlation [13],
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LS [14], and maximum likelihood (ML) criteria [15], [16].
The CP and intensity approaches have their own advantages
and disadvantages. The CP approach has a low computation
complexity, but its registration accuracy might be poor. The
intensity approach has a more accurate registration, but it
cannot be applied to some applications such as image-to-map
registration because the intensity information is not available
in the reference map. In addition, the computation load of
the intensity approach is fairly high. Recently, combination
of different registration methods has becoming a promising
approach to improve the performance of image registration.
The landmark registration and intensity registration are used
iteratively to align nonrigid magnetic resonance images [17]. A
hybrid registration method is proposed in [18] that takes advan-
tages of both optical flow-based photometric registration and
landmark-based registration, but due to the lack of a rigorous
measure for the image registrations, it is difficult to assess the
performance of an image registration technique.

In this paper, an exact maximum likelihood (EML) [19]
image registration method is proposed. It uses both CP and
intensity features in a unified framework to compute the regis-
tration parameters. A single cost function is defined based on
both features. When either information is not available or has
a poor measured quality, the EML method can still be used to
align images. When there is no CP, the EML method can be
shown to be equivalent to the intensity-based ML registration
approach. When the intensity information is not available,
the EML method becomes a ML approach for the CP-based
registration. We also show here that when the CP measurement
noise level is high, the ML approach for CP-based registration
is superior to the conventional CP-based LS approach.

To evaluate the performance of an image registration algo-
rithm, we propose to use the Cramer—Rao (CRB) to assess the
theoretical limit of image registration. CRB is widely used in
statistical signal processing to determine the fundamental limit
on estimation accuracy [20]-[22]. Although image registration
is usually considered as a parameter estimation problem, to the
best of our knowledge, such a theoretical limit for image regis-
tration has not yet been developed. In this paper, we derive the
CRBs for the conventional CP and intensity approaches as well
as the proposed EML approach. Based on these bounds, we can
evaluate the effectiveness of using CP and intensity for image
registration, and the efficiency of the estimation techniques in
achieving the registration limit.

This paper is organized as follows. Section II introduces our
proposed unified CP and intensity-based EML image registra-
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(a)

Fig. 1.
the circles and the second corresponding CPs are represented by the squares.

tion model. Section III presents the EML algorithm that es-
timates the registration parameters of the unified model. The
CRBs of the EML method and the conventional CP and inten-
sity approaches are derived in Section I'V. Experimental results
are presented in Section V to evaluate the performance of the
proposed EML and to compare with the conventional image reg-
istration methods. Conclusions are given in Section VI.

II. IMAGE REGISTRATION MODEL

To align a distorted image through some affine transforma-
tion to a reference image as shown in Fig. 1, either CP or the
intensity information is usually used in the conventional image
registration approaches. Suppose that the number of CPs is Ny,
the number of overlapped pixels between the reference and dis-
torted images is N», and the measurement noises on the Ny
CPs and on the N, overlapped pixels are independent white
Gaussian, we can then formulate the image registration as a ML
estimation problem based on both CP and intensity. The mea-
surement models of the CPs and intensity are first introduced
here. Based on these measurement models, we develop a uni-
fied model for image registration.

A. CP Measurement Model

Let X1(k) = [z1(k), y1(k)]" and Xo(k) = [z0(k), yo(k)]"
denote the true coordinates of the kth corresponding CPs in the
reference and distorted images, respectively, &k = 1,2,..., Ny
where N is the total number of CPs. These CPs can be linked
by an affine transformation given by

X.(k)=t+RXo(k), k=1,2, ..., Ny (1)
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(b)

EML image registration method uses both CP and intensity. (a) Reference image. (b) Distorted image. The first corresponding CPs are represented by

where ¢ = [tz, ty]T represents the x- and y-axis translations,
R is the affine transformation matrix between the reference and
distorted images and is given by

R— <1+7“11 712 ) )

721 1+ 790

where the diagonal elements of R are defined as (1 + rq)
and (1 + r92) so as to simplify the derivation of the recursive
optimization of the EML image registration method. The four
elements of R cover any combination of rotation, skewing,
shearing, and scaling between the reference and distorted
images.

Let Xa(k) = [zva(k), wya(k)]" and Xp(k) =
[t5(k), ys(k)]T denote the measured coordinates of the
corresponding CPs in the reference and distorted images, re-
spectively, k = 1,2,..., N1. The CP measurement model can
be expressed as

(k) + r12yo(k) + tx 4+ ns(k)
k) =ra1zo(k) + (14 r22)y0 (k) + ty + na(k)  (3)

where n; and 7 = 1, 2, 3, 4 are white Gaussian noise with zero
mean and variance 67.
Equation (3) can be written in matrix form as

z(k) = A(k)n + b(k) + n(k) Q)
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(b)

Fig. 2. First remote-sensing image example. (a) Reference image. (b) and (c) Two distorted images after some affine transformations.

where

z(k) =[(Xa(k)", (X5(k)T]"
b(k) =[(Xo(k)", (Xo(k))"]"
n(k) = [n1(k), na(k), ns(k), n4(k)]T

N = 11,0203, 74,05, 06] " = [r11, 712,721, 722, tw, ty]”
0 0 0 0 0

A(k)

0 0
1 0
0 1

z(k), n(k), and 5 represent the vectors for measurements, noise,
and registration parameters, respectively. The covariance matrix
of n(k) is equal to 621, where I is the identity matrix.

B. Intensity Measurement Model

Assume that the size of the reference image is M; X Ms.
Let €2 denote the overlapping region of the reference and dis-
torted images, and there are N pixels in €2. Given the coordinate
uo(i, j) = [uo(i), vo(j)]T of a pixel in the reference image,
the coordinate uy (i, j) = [u1(), v1(5)]T of the corresponding
pixel in the distorted image can be related by

Jj) =1t + Ruo(i, j) )

U1 (7

where 1 = 1,2,..., My, 7 = 1,2,..., M5, and t and R are
the affine transformation parameters to be estimated. Suppose
that the true gray values of pixels u(4,7) and ug(é, j) are
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Fig. 4. Comparison of the CRBs and MSEs of the estimated translations and affine matrix obtained by the EML image registration method and the conventional
CP-based LS method. The MSE is plotted versus the CP measurement noise deviation for the images in Fig. 2(a) and (c). (a) Translation MSE. (b) MSE for the
affine matrix. N; = 100, N» = 0, and é; changes from 0 to 10 pixels. CRB[n] = CRB[n].

fi(wi(7, 7)) and fo(uo(é, 7)), correspondingly, the measured
gray value of the pixel u (4, j) can be expressed as

fa(ui(iy 5)) = fr(ui(i, j§)) +ns(i, J) (6)

where n5(1, j) is a white Gaussian noise process with zero mean
and variance 63.

C. EML Image Registration Model

Based on the CP and intensity measurement models in (4)
and (6), we propose the following unified registration model
for the EML approach. Assume that the measurements noises
of CPs and intensity are independent white Gaussian, then
the conditional density function for the N; CP measurements
z(k), k =1,2,..., Ny, and for the N intensity measurements
fa(ua(4,7)), (7,7) € ©Q, can be written as [23]

1

LiLy (7N
(V2r) T sl

L =

where

1 1
leexp{—ﬁrl}, LZZGXp{—WFZ}
1 2

Ny
Ty =Y {x(k) — A(k)n — b(k)}" {z(k) — A(k)n — b(k)}
k=1

Ly = i {fa(ui(,5)) — fo(uo(i, )}, ®)

(i,7)€Q

For the reference image, uo(7) = 4, vo(j) = j, and (4, j) € Q,
i.e., (7, 7) is the coordinate of an overlapped pixel between the
reference and distorted images. L; is determined by the CP
measurements (k) and k = 1,2,..., Ny. The unknown pa-
rameters in L7 include the affine transformation 7, the CP co-
ordinates £(k) = [zo(k), yo(k)]", k = 1,2,..., Ny, and the
CP measurement noise variance 2. L is determined by the in-
tensity measurements. The unknown parameters in Lo include
the affine transformation 5 and the intensity measurement noise
variance §3. These unknown parameters will be estimated by
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Comparison of the CRBs and MSEs of the estimated translations and affine matrix obtained by the EML image registration method and the conventional

CP-based LS method. The MSE is plotted versus the CP measurement noise deviation in the subpixel level. (a)Translation MSE. (b) MSE for the affine matrix.
N; = 100, N> = 0, and 6; changes from 0.0 to 0.10 subpixel. CRB[g] = CRB; [n].

maximizing the likelihood function L based on the N; CP mea-
surements and N» intensity measurements.

When there is no CP, N1 = 0, (7) becomes the likelihood
function of the conventional intensity-based ML registration
method [15], [16]

L= ;Lg. ®

(var) ™ o}

When the intensity information is not available, No = 0, (7) can

be expressed as
L L { ! r }
= 1 = eXp T Aot .
(Var) ™ 6N (Var) ™ s 267
(10)

The objective function of the conventional CP-based LS method
can also be linked to the likelihood function in (10) by [2]

1 1

1
Lis=—T;.

N, (11)

III. EML IMAGE REGISTRATION ALGORITHM

Based on the EML image registration model in (7), an iter-
ative optimization technique can be applied to maximize the
likelihood function. The unknown parameters include the affine
transformation 7, the CP coordinates £(k), & = 1,2,..., Ny,
CP measurement noise variance 62, and intensity measurement
noise variance 3. We first derive the estimation formulas for 67
and 6%. The EML algorithm is then used to estimate the coordi-
nates £(k) and the registration parameter 7 recursively.

Without loss of generality, we ignore the constant term in de-
riving the optimization process, and the corresponding negative
log likelihood function of (7) becomes

A:—IOgL:Al-l-AQ (12)

where
At =Ny In(8) + —T
1 =4V1intog 26% 1
1
A2 :N2 In (62) + —2F2. (13)
262

Note that A is a function of 62, 62, i, and &(k). If we set 63, 1,
and £(k) equal to their estimates, i.e., 63 = 63,7 = 9, £(k) =

(k) = [#o(k), 9o(k)]", k = 1,2,..., Ny, and minimize A
with respect to 81, then 67 can be estimated by
1 &
0 = 3 2_ (k) — A(kyd
k=1

—b(k)T (z(k) — A(k)n — b(k)). (14)
Similafly, by setting 67,7, Elnd &(k) equal to their estimates, i.e.,
62 = 62, m = 7, &(k) = &(k), and minimizing A with respect
to 8o, the estimate of 62 is given by

= > L+ Buoli, )= foluo(i, 7)Y (5)

Substituting 62 and 62 back into (12), we can solve for £(k) and
7. That is

(k). A)] = arg min A, 5 o 5 (16)

O]

Because an analytical solution for £(k) and 7 is hard to derive,
an iterative optimization method is used here. We divide the
EML image registration algorithm into two steps to estimate
&(k) and 7. First, £(k) is estimated while 7 is held fixed at its
estimate 7). Then, 5 is updated by using the current estimate of
CP coordinates. We will keep iterating these steps until the final
convergence is achieved.
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Fig. 6. Comparison of the CRBs and MSEs of the estimated translations and affine matrix obtained by the intensity-based EML image registration method.
The MSE is plotted versus the intensity measurement noise deviation for the images in Fig. 2(a) and (c). (a) Translation MSE. (b) MSE for the affine matrix.
N, = 0, No = 10000, and é» changes from 0.0 to 100. CRB[n] = CRB:|n].

A. Estimating &(k) With 0 Being Held Fixed

By setting the affine transformation parameter 7 as its esti-
mate 7§ = [F11,712, 721, P20, t, ty]T, the CP coordinate &(k)
can be estimated as

(k) = arg g}g A ‘n=ﬁ k=1,2,....N. (17

Since £(k) is a minimum of A given #, the first derivatives of A

should be zero, i.e., 9A /OE(k) ‘f(k):é(k) = 0. That is
oA
(k)
__1 _ .o O0(@(k) — A(k)h — b(k))
TR (z(k) — A(k)f — b(k)) DE(R)
1 . s 0A(k) 8b(k)>
= — — —A — T _ A\ 2P
g et = A - b0)” (-5~ G
=0. (13)
From (18), we have
C¢(k) = D(k) (19)
where
C=1I+ IA?.TIA?., 15 is a2 x 2 identity matrix
AT R
D(k)=Xa(k)+ R (Xp(k)—1). (20)

By solving (19), we can obtain an optimal estimate of (k) for
k=1,2...,N

(k) = C7'D(k). 1)

B. Estimating n With €(k) Being Held Fixed

Based on the estimate (k) = [#0(k), fo(k)]” obtained in
the previous step, we can get an update of the estimate of 7 by
a method similar to the Marquardt—Levenberg strategy in [14].
That is

A = 0 — o (V24 + A1) 7 VA (22)

where o and A are constants, and I is the identity matrix.
When o = 1, (22) becomes the standard Marquardt—Levenberg
strategy in [14]. When A = 0, it becomes the Newton optimiza-
tion method in [19].

The derivative of A with respect to ) can be derived from (12).
That is

_ oA _ ON;  0As
VA = 8_71 = —an —a”l (23)
where
8A1 1 all ~T ~ A
—_— = - = A (k k) — A(k — bk
on 5%; (k)= (k) — A(k)ny — b(k)]
Oy 1 & o o O0falun(i,g))
=7 [faui(i, 5))— fo(uo(i, 4))] ——7—-
(24)

When intensity is missing, the estimate 'f]<t+1)

directly by solving (24), and is given by

can be obtained

Ny, -1z
) AT a T .
A = {ZA (k)A(k)} > A (k)[x(k) - b(k)).
k=1 k=1
(25)
The Hessian matrix V2A are determined by
VZA = V2A; + VA (26)
where the elements of V2A; and V2A, are given by
02A; 1 AT, .
LS AT Ao
Nkon; 151 =1
N> . .
%Ay 1 Z 9 fa(ua(i, 7)) 0fa(ua(s, 7)) 27
omom 62 4 O om
(i,)€Q

Ofa(uy(i,7))/Onr can be computed by using the similar
method. For instance
Ofa(wi(i,g)) _ Ofa(wi(i,j)) Oua (i)

otz Ouq (1) ot 28)
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is large.

From (5), we have Ouj(i)/0tz = 1. To compute
dfa(ui(i, j))/Oui(7), a cubic convolution interpolation with
the following kernel is used [24]

s> = 3 s)? + 1, 0<|s|<1
2s)=q —LIsP+ 3 s —4ls|+2, 1<|s|<2- 29
0 2 < |s]

Suppose that uq (4, j) is a pixel point located in the rectan-
gular subdivision [U(7),U (i + 1)] x [V(§), V(j + 1)] in image
fa where U(i) and V (j) are integers, i.e., U(i) < wui(i) <

(b)

Second remote-sensing image example. (a) Reference image. (b) Distorted image with similar intensity. (c) Distorted image in which intensity variation

Ui+ 1), and V(j) < 01(j) < V(i +1). fa(us(é, j)) can
be obtained by using the above cubic convolution interpolation
kernel

2 2 . }
. w1 (1) — U@+ 1)
BN = 3P sy (25D -
y vi(j) =V (j+m)
hy
where h, and h, are the sampling increments in the = and y
axis, respectively, and ¢;; = fa(U(4),V(4)) is the gray value.

(30)
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Fig. 9. Comparison of the CRBs and MSEs of estimated translations and affine matrix obtained by the EML image registration method and the conventional
CP-based LS method. The MSE is plotted versus the CP measurement noise deviation for the images in Fig. 7(a) and (c). (a)Translation MSE. (b) MSE for the
affine matrix. N; = 100, N» = 0, and é; changes from 0 to 3.0 pixels. CRB[n] = CRB;|[n].

Ofa(ui(i, 5))/Oua(i) and O fa (w1 (4, j))/Ov1(j) can then be
derived from (30).

The procedures of the EML image registration algorithm are
summarized in the following steps.

Step 1) Set an error threshold € and the
maximum iteration time fpax-
Step 2) Initialize 5(®, 6%0),
the iteration.
Step 3) Estimate the CP coordinate f(t)(k)
using (21) for k=1,2,...,N;.
Step 4) Estimate n(t) using intensity and
estimated CP coordinates in the Step 3).
a) Estimate 9fa(u1(4, 5))/Oui(d) and
6fA(u1(z', J))/avl(]) using (30) .

b) Estimate VA and V?A by (23) and
(26) .

c) When only CPs are available,
7Y by (25).

550) and start

estimate

Step 5) Estimate 5?) and 5g) by using
£9(k), 7, and (14) and (15). A is up-
dated according to [14, Appendix]. « is
decreased after a few iterations.

Step 6) If t = tpmax, OF Hﬁ“)——ﬁ@_IW‘ < &, go
to Step 7); else, go to Step 3).

Step 7) Stop.

IV. CRB OF THE EML IMAGE REGISTATION METHOD

CRB is a performance bound that measures the accuracy limit
of a parameter estimate. By observing the differences between
the CRB and the mean square error (MSE) of the estimates, we
can evaluate the accuracy of the proposed EML and conven-
tional registration methods. CRB is defined as the inverse of the
Fisher information matrix (FIM) [23], which is the second-
order derivative of the expectation of the log likelihood function.

The CRB of the EML registration algorithm is defined as

CRB[n,&(k)] = FIM 31)
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(b) MSE for the affine matrix. N; = 100, N> = 0, and é; changes from 0.0 to 0.10 subpixel. C RB[n] =

where the FIM is given by

Fln) F[n,f(k‘)]}
F[g(k),m]  FIE(R)] |-

The elements of the above F.IM can be derived as

%A ] 1 T
Flpgp|=F|—| == A" (k)A(K
= | ) = 5 2470

FIM = [ (32)

2
E8A2
anon

52A
FIEW) = P | ggrisseqm)
= ;dzag[%T% RIR, ..., RTR
Fin,€(k)] = B [afa—ﬁ(k)] = %A(k)ﬂm, R
FIEW = | 3 1m | = P €01 (33)
where
10 147 r r
R=- (0 1 7"1211 1 +2’}“22> ) (34)

From the block matrix inverse theory [25], we have

CRBn]
= {Fln] - Fln,é(k)|FIE(k) oy

- {i 612 {AT(k)A(k) — AT
(%) ()}

where P1' = I — P, and P = R{RTR}"' R
E (0A2/0m)" (0A3/0m) is given in the Appendix.

(k)R {mTére}‘l %TA(k)}

(35)

CRB[n].

Suppose that CRBy [n] is the CRB of the CP-based EML
registration algorithm. C RBj [n] can be derived from (38) by
letting E (02 /0n)" (9A2/0m) = 0

CRBi[n|=
Ny -1
{Z 512 {z‘lT(k)A(k)—AT(k)é\‘t{élﬂtTélﬂa}‘1 §RTA(I<:)}} _

(36)

Let CRBs[n] denote the CRB of the conventional intensity-
based ML image registration method. Suppose that the number
Ny of CPs is zero in (37), C' R Bs[n] becomes

CRBj [n] = {E <aa_A1,2>T <88—A112> }_1

V. PERFORMANCE EVALUATION

(37

In this section, we evaluate the registration performances of
the proposed EML and conventional CP-based LS method, and
compare them with the corresponding CRBs. We consider the
EML image registration algorithm for the following three cate-
gories: 1) N1 # 0 and Ny # 0 (using both CP and intensity);
2) N1 # 0 and Ny = 0 (using CP only); 3) Ny = 0 and Ny # 0
(using intensity only).

Two cases are investigated here. In the first case, CPs are uni-
formly distributed in the images. In the second case, CPs have a
special distribution. To compare the registration accuracy, dis-
torted images are generated using some known affine transfor-
mations. Each test is repeated P times, and we set P = 100 in
the experiments. In each test, the affine transformation param-
eters are fixed while the CPs and noisy images are reproduced
using the same affine transform and noise variances. The MSE
is defined as the average of these 100 trials. The MSE of the

r-axis translation is defined as \/(1/P) Z L (tz(p) — ta:)z
where x(p) and tz denote the estimate at the pth trial and the
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Comparison of the CRBs and MSEs of the estimated translations and affine matrix obtained by the intensity-based EML image registration method.

The MSE is plotted versus the intensity measurement noise deviation for the image in Fig. 7(a) and (b). (a) Translation MSE. (b) MSE for the affine matrix.

N, = 0, Ny = 10000, and 6> changes from 0 to 100. CRB[n] = CRBz|n].

true z-axis translation, respectively. The MSEs of the y-axis
translation and affine matrix elements are defined in a similar
fashion. In our study, we only plot the component that has a
larger MSE. More precisely, if the MSE of z-axis translation
estimate is larger, the estimate of z-axis translation will be de-
picted for illustration. Similarly, for the affine matrix, the ele-
ment estimate with the largest MSE among the four elements is
chosen for plotting.

A. CPs With Uniform Distribution

In this example, the original and two distorted remote-sensing
images are shown in Fig. 2(a)—(c), respectively. In Fig. 2, the
maximum gray level is 512. One noisy distorted image with the
intensity variance 6o = 100 is shown in Fig. 2(c). The size of the
images is 128 x 128. Fig. 3 shows the MSE of the EML algo-
rithm for aligning Fig. 2(a) and (b), and three CRBs: C RB|n)],
CRBs[n], and C RBs[n]. The CP measurement noise variance
61 changes from 0.01 to 0.1 subpixel. The intensity measure-
ment noise variance 62 changes from 10 to 100. When the CP
variance is 47 = 0.01, the corresponding intensity variance is
61 = 10. Ny = 200, Ny = 2500. The CRB of the CP and in-
tensity-based EML approach is lower than both C R B [r] and
C R Bs[n)]. The performance of the EML approach is close to its
CRB for all noise levels. Because of limited Monte Carlo trials
and computer computation accuracy, the MSE is a little lower
than CRB for some samples.

When the intensity information is unavailable, the registration
performances of the conventional LS method and the proposed
EML method are plotted in Figs. 4 and 5 versus different CP
measurement noise levels. If No = 0, CRB[n] = CRB]n),
and C RBs[n)] is unavailable because the intensity-based image
registration approach cannot be applied in this case. In Fig. 4,
the number of CPs is 100, and the CP measurement noise is in
the pixel level. The EML method significantly outperforms the
conventional method when the noise level is high. The perfor-
mance of the proposed EML image registration method is close

to the CRBs for all noise levels. However, when the CP measure-
ment noise variance is larger than three pixels, the performance
of the CP-based LS method is far worse than the CRBs. For ex-
ample, the CRB of the translation estimate in Fig. 4(a) is 3.7
pixels when the CP variance is ten pixels. However, the MSE is
about 7.4 pixels. The same conclusion is drawn in [19] for the
EML-based radar registration problem. Fig. 5 plots the CRBs
and MSEs of the EML and conventional CP-based LS methods
when the CP measurement noise is in the subpixel level. The
performances of both LS and EML methods are close to the
CRBs in this case. Both methods obtain registration within sub-
pixel accuracy.

We also consider the situation when there is no CP available.
When the number of CPs N; = 0, Ny = 10000, CRB[n] =
CRBs[n], and CRB1[n)] is unavailable because the CP-based
image registration approach cannot be applied here. Most of the
two images in Fig. 2(a) and (c) are overlapped. Variations of
the CRBs and MSEs of the EML approach versus the intensity
measurement noise are shown in Fig. 6. When the intensity mea-
surement noise variance d» changes from 0 to 100, the MSEs of
estimated translations are below 0.010 subpixel, and the MSEs
of estimated affine matrix are below 0.0001. The registration
accuracy is high even if the intensity measurement noise is rel-
atively large.

B. CPs With Special Distribution

In many applications, CPs cannot be selected uniformly in the
image. For example, CPs must be selected along the coastlines
in some ocean remote-sensing images. In the second example,
we consider ocean remote-sensing images as shown in Fig. 7.
When aligning Fig. 7(a) and (b), both CP and intensity infor-
mation can be used for registration. However, when aligning
Fig. 7(a) with Fig. 7(c), only CPs can be used for registration
because the intensity difference between these two images is
too large to be suitable for registration. The size of the images
is 118 x 110. Because the number of pixels along the coastline
is limited, only 100 CPs are selected.
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Fig. 8 evaluates the performance of the proposed EML algo-
rithm for registering Fig. 7(a) and (b) when both CPs and inten-
sity are available. The three CRBs are also depicted for compar-
ison. The parameters are set as N; = 100, N» = 10 000, the CP
measurement noise variance §; varies from 0.01 to 0.1 subpixel,
and the intensity measurement noise variance 6 changes from
10 to 100. The performance of the EML method is close to the
CRB which is much lower than C'R B [n], but only a little lower
than CRBs[n).

Figs. 9 and 10 evaluate the performance of the proposed EML
algorithm for registering Fig. 7(a) and (c) when only CPs are
available. Fig. 9 shows the results for the CP measurement noise
in the pixel level. When §; is larger than 1 pixel, the estimates
of translations and affine matrix by the conventional LS method
are far from the CRB. But the performance of the proposed
EML method can stay close to the CRB for all noise levels. In
Fig. 10, the CP measurement noise is decreased to the subpixel
level. The performances of both methods are close to the CRB.
When 6, is of 0.1 subpixel, the MSEs of estimated translations
for coastline-located and uniformly distributed CPs are about
0.16 and 0.04, respectively. Apparently, the registration accu-
racy based on uniformly distributed CPs is much higher than
that of the coastline-located CPs.

Next, we consider the situation that only intensity is used for
registration of Fig. 7(a) and (b). We plot the CRB and MSE of
the EML image registration method versus the intensity mea-
surement noise in Fig. 11. When the intensity measurement
noise variance o changes from 0 to 50 and Ny = 10000, the
MSE:s of estimated translations are smaller than 0.01 subpixel,
and the MSEs of estimated affine matrix are below 0.0001. The
accuracy of the proposed registration method is also high for
ocean remote-sensing images.

VI. CONCLUSION

In this paper, we proposed a unified ML model based on both
CP and intensity for image registration. An EML method was
developed to estimate the registration parameters and CP co-
ordinates in a recursive fashion. The CRBs of the EML and
conventional CP and intensity-based image registrations were
also derived. The performances of the conventional CP-based
LS and the EML image registration methods were evaluated in
different situations, and the performances were compared with
the CRBs. Through our investigation, we can draw the following
conclusions.

The EML approach has a wider application than the con-
ventional CP and intensity-based methods. When both CPs and
intensity are available, the accuracy of the proposed EML reg-
istration method is higher than both CP and intensity-based ap-
proaches. The EML image registration method can also be used
to align images when either intensity or CPs are not available.
When the CP measurement noise is relatively high, the perfor-
mance of the proposed EML method that uses only CPs is still
close to the CRB while the conventional LS method is far worse
than the CRB.

The CRB of the translations and affine matrix elements is not
sensitive to the intensity measurement noise variance when most
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of the two images to be aligned are overlapped. Even if the in-
tensity measurement noise is strong, the accuracy of the pro-
posed EML image registration method using intensity is still
high. However, the CRB of the CP-based approaches is more
sensitive to the CP measurement noise. When the CP measure-
ment noise variance is in the pixel level, the accuracy of the
CP-based registration method is much lower than the inten-
sity-based approaches.

The distributions of the CPs have great effect on the reg-
istration accuracy of the CP-based EML and LS registration
methods. The registration accuracy will be much higher when
CPs are uniformly distributed in the images.

APPENDIX
DERIVATION OF E(9A2/0n)T (0A2/0n) IN (35) AND (37)

E(0MA2/0)T(0A2/0) can be derived from (24). The deriva-
tives of A, with respect to the registration parameter 7 must first
be obtained. That is

Ohy 9Ny dui(i) 1 <A 9fa(w(irj) .
(97”11 aul( ) 8’1“11 o 5% ( z);QTL” Bul(l,) UO(L)
My 1 famd)
8r12 % JZ: Dur (i) vo(4)
Ny
8A2 1 8fA ’U,1 7J>> :
6r21 % Jz: 8111 ) UO(L>
Na
oAy 1 8fA ui(4,7)) .
val-
87‘22 % ; 81}1 ) O(J)
oAy _ 1 i Ofa(wi(i, )
Otz % Oy (1)
i,9)
0hs 1 & 9fa(w(i,g))
0Ny A (u1
= N 38
8ty %z; dv1(J) (38)

The elements of E(9As/0n)T (OA2/0n) are expressed as

[OAy 0Ny 1 N
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where  f; = Ofa(ui(i,5))/0ui(i), and fo =

Ofa(ui(i,j))/0v1(4), fi and fo are computed by
using the cubic interpolation method defined in (29). Other

elements of E(9Ay/0m)T (0A2/0n) are given by

[8A2 aAg] B [OAZ 8A2] (40)

on; On; on; On;

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 13, NO. 8, AUGUST 2004

(1]
(2]
(3]

[4]
(5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

REFERENCES

L. G. Brown, “A survey of image registration techniques,” ACM Comput.
Surveys, vol. 24, no. 4, pp. 325-376, Dec. 1992.

R. A. Schowengerdt, Remote Sensing Models for Image Pro-
cessing. San Diego, CA: Academic, 1997.

R.R. Brooks and S. S. Iyengar, Multi-Sensor Fusion: Fundamentals and
Applications with Software. Upper Saddle River, NJ: Prentice-Hall,
1998.

J. B. A. Maintz and M. A. Viergever, “A survey of medical image regis-
tration,” Med. Image Anal., vol. 2, no. 1, pp. 1-36, Apr. 1998.

Y. Bresler and S. J. Merhav, “Recursive image registration with appli-
cation to motion estimation,” I[EEE Trans. Acoust., Speech, Signal Pro-
cessing, vol. ASSP-35, pp. 70-85, Jan. 1987.

J. Townshend, C. Justice, C. Gurney, and J. McManus, “The impact
of misregistration on change detection,” IEEE Trans. Geosci. Remote
Sensing, vol. 30, pp. 1054-1060, Nov. 1992.

Z. Yang and FE. S. Cohen, “Image registration and object recognition
using affine invariants and convex hulls,” IEEE Trans. Image Processing,
vol. 8, pp. 934-946, July 1999.

J. Ton and A. K. Jain, “Registering Landsat images by point
matching,” [EEE Trans. Geosci. Remote Sensing, vol. 27, pp.
642-651, Sept. 1989.

S. Gold, A. Rangarajan, C. Lu, S. Pappu, and E. Mjolsness, “New
algorithms for 2D and 3D point matching pose estimation and cor-
respondence,” Pattern Recognit., vol. 31, no. 8, pp. 1019-1031,
1998.

Z. Mao, D. Pan, H. Huang, and W. Huang, “Automatic registration of
SeaWiFS and AVHRR imagery,” Int. J. Remote Sensing, vol. 22, no. 9,
pp. 1725-1735, June 2001.

K.S. Arun, T. S. Huang, and S. D. Blostein, “Least-squares fitting of two
3-D point sets,” IEEE Trans. Pattern Anal. Machine Intell., vol. PAMI-9,
pp- 698-700, Sept. 1987.

S. Umeyama, “Least-squares estimation of transformation parameters
between two point patterns,” IEEE Trans. Pattern Anal. Machine Intell.,
vol. 13, pp. 376-380, Apr. 1991.

P. A. Van Den Elsen, E. D. Pol, T. S. Sumanaweera, P. E. Her,
S. Napel, and J. R. Adler, “Grey value correlation techniques used
for automatic matching of CT and MR brain and spine images,”
in Proc. SPIE Visualization in Biomedical Computing, vol. 2357,
1994, pp. 227-237.

P. Thevenaz, U. E. Ruttimann, and M. Unser, “A pyramid approach to
subpixel registration based on intensity,” IEEE Trans. Image Processing,
vol. 7, pp. 27-41, Jan. 1998.

M. S. Mort and M. D. Srinath, “Maximum likelihood image registration
with subpixel accuracy,” in Proc. SPIE, vol. 974, San Diego, CA, Aug.
1988, pp. 38-45.

W. L. S. Costa, D. R. Haynor, R. M. Haralick, T. K. Lwellen, and M.
M. Graham, “A maximum-likelihood approach to PET emission/atten-
uation image registration,” in IEEE Nuclear Science Symp. Medical
Imaging Conf., 1993.

H. J. Johnson and G. E. Christensen, “Consistent landmark and inten-
sity-based image registration,” IEEE Trans. Med. Imag., vol. 21, pp.
450-461, May 2002.

P. Hellier and C. Barillot, “Coupling dense and landmark-based ap-
proaches for nonrigid registration,” IEEE Trans. Med. Imag., vol. 22,
pp. 217-227, Feb. 2003.

Y. Zhou, H. Leung, and P. C. Yip, “An exact maximum likelihood reg-
istration algorithm for data fusion,” IEEE Trans. Signal Processing, vol.
45, pp. 1560-1573, June 1997.

F. Rice, B. Cowley, and M. Rice, “Cramer-Rao lower bounds for QAM
phases and frequency estimation,” IEEE Trans. Commun., vol. 49, pp.
1582-1591, Sept. 2001.

X. Liu and N. D. Sidropoulos, “Cramer-Rao lower bounds for low-rank
decomposition of multidimensional arrays,” IEEE Trans. Signal Pro-
cessing, vol. 49, pp. 2074-2086, Sept. 2001.

A. Dogandzic and A. Nehorai, “Cramer-Rao bounds for estimating
range, velocity, and direction with an active array,” IEEE Trans. Signal
Processing, vol. 49, pp. 1122-1137, June 2001.

T. W. Anderson, An Introduction of Multivariate Statistical Anal-
ysis.  New York: Wiley, 1984.

R. G. Keys, “Cubic convolution interpolation for digital image
processing,” IEEE Trans. Acoust., Speech, Signal Processing, vol.
ASSP-29, pp. 1153-1160, Dec. 1981.

G. H. Golub and C. F. Van Loan, Matrix Computation.
Johns Hopkins Univ. Press, 1990.

Baltimore, MD:



LI AND LEUNG: MAXIMUM LIKELIHOOD APPROACH FOR IMAGE REGISTRATION

Winston Li received the B.S. and M.S. degrees in
electrical engineering from the Radio Department,
Northwestern Polytechnic University, Fremont, CA,
in 1988 and 1991, respectively, and the Ph.D. degree
in electrical engineering from the Department of
Electrical Engineering, Xidian University, Xi’an,
China, in 1995.

From 1995 to 1997, he designed adaptive channel
equalization and RAKE receivers for IS95 CDMA
as a Postdoctoral Research Fellow in the Radio
Department, Southeast University, Nanjing, China.

1127

Henry Leung (M’90) received the Ph.D. degree in
electrical and computer engineering from McMaster
University, Hamilton, ON, Canada.

He is currently a Professor with the Department
of Electrical and Computer Engineering, University
of Calgary, Calgary, ON. He was with the Defence
Research Establishment Ottawa, ON, where he was
involved in the design of automated systems for air
and maritime multisensor surveillance. His research
interests include chaos, computational intelligence,
data mining, nonlinear signal processing, multi-

From 1998 to 1999, he developed circuit exchange and image monitoring  media, and wireless communications.

systems as a Team Leader at Dongfang Electronics Company, Yantai, China.
From 2000 to 2001, he was a Technical Manager of the IP/ATM and WCDMA
projects with Eastcom Company, Hangzhou, China. Since 2001, he has been
a Postdoctoral Research Fellow in Department of Electrical and Computer
Engineering, University of Calgary, Calgary, AB, Canada. His main research
interests are in 3G and beyond, IP/ATM, smart antenna, vehicle localization
and navigation by fusing GPS/INS/radar/camera, and intelligent transportation
systems.



	toc
	A Maximum Likelihood Approach for Image Registration Using Contr
	Winston Li and Henry Leung, Member, IEEE
	I. I NTRODUCTION

	Fig. 1. EML image registration method uses both CP and intensity
	II. I MAGE R EGISTRATION M ODEL
	A. CP Measurement Model


	Fig. 2. First remote-sensing image example. (a) Reference image.
	B. Intensity Measurement Model

	Fig. 3. Evaluation of the registration MSE of the EML algorithm 
	Fig. 4. Comparison of the CRBs and MSEs of the estimated transla
	C. EML Image Registration Model

	Fig. 5. Comparison of the CRBs and MSEs of the estimated transla
	III. EML I MAGE R EGISTRATION A LGORITHM

	Fig. 6. Comparison of the CRBs and MSEs of the estimated transla
	A. Estimating $ \mbi{\xi}(k) $ With $ \mbi{\eta} $ Being Held Fi
	B. Estimating $ \mbi{\eta} $ With $ \mbi {\xi}(k) $ Being Held F

	Fig. 7. Second remote-sensing image example. (a) Reference image
	Fig. 8. Evaluation of the registration MSE of the EML algorithm 
	Fig. 9. Comparison of the CRBs and MSEs of estimated translation
	Step 1) Set an error threshold $ \varepsilon $ and the maximum i
	Step 2) Initialize $ {\mbi{\eta}}^{(0)} $, $ \delta _{1}^{(0)} $
	Step 3) Estimate the CP coordinate $ {\mbi{\xi}}^{(t)} (k) $ usi
	Step 4) Estimate $ {\mbi{\eta}}^{(t)} $ using intensity and esti
	Step 5) Estimate $ \delta _{1}^{(t)} $ and $ \delta _{2}^{(t)} $
	Step 6) If $t = t_{\max } $, or $ \left\Vert {\mbi{\mathhat \eta
	Step 7) Stop.
	IV. CRB OF THE EML I MAGE R EGISTATION M ETHOD

	Fig. 10. Comparison of the CRBs and MSEs of the estimated transl
	V. P ERFORMANCE E VALUATION

	Fig. 11. Comparison of the CRBs and MSEs of the estimated transl
	A. CPs With Uniform Distribution
	B. CPs With Special Distribution
	VI. C ONCLUSION
	D ERIVATION OF $ E( {\partial \Lambda _2 / \partial \mbi{\eta}} 
	L. G. Brown, A survey of image registration techniques, ACM Comp
	R. A. Schowengerdt, Remote Sensing Models for Image Processing .
	R. R. Brooks and S. S. Iyengar, Multi-Sensor Fusion: Fundamental
	J. B. A. Maintz and M. A. Viergever, A survey of medical image r
	Y. Bresler and S. J. Merhav, Recursive image registration with a
	J. Townshend, C. Justice, C. Gurney, and J. McManus, The impact 
	Z. Yang and F. S. Cohen, Image registration and object recogniti
	J. Ton and A. K. Jain, Registering Landsat images by point match
	S. Gold, A. Rangarajan, C. Lu, S. Pappu, and E. Mjolsness, New a
	Z. Mao, D. Pan, H. Huang, and W. Huang, Automatic registration o
	K. S. Arun, T. S. Huang, and S. D. Blostein, Least-squares fitti
	S. Umeyama, Least-squares estimation of transformation parameter
	P. A. Van Den Elsen, E. D. Pol, T. S. Sumanaweera, P. F. Her, S.
	P. Thevenaz, U. E. Ruttimann, and M. Unser, A pyramid approach t
	M. S. Mort and M. D. Srinath, Maximum likelihood image registrat
	W. L. S. Costa, D. R. Haynor, R. M. Haralick, T. K. Lwellen, and
	H. J. Johnson and G. E. Christensen, Consistent landmark and int
	P. Hellier and C. Barillot, Coupling dense and landmark-based ap
	Y. Zhou, H. Leung, and P. C. Yip, An exact maximum likelihood re
	F. Rice, B. Cowley, and M. Rice, Cramer-Rao lower bounds for QAM
	X. Liu and N. D. Sidropoulos, Cramer-Rao lower bounds for low-ra
	A. Dogandzic and A. Nehorai, Cramer-Rao bounds for estimating ra
	T. W. Anderson, An Introduction of Multivariate Statistical Anal
	R. G. Keys, Cubic convolution interpolation for digital image pr
	G. H. Golub and C. F. Van Loan, Matrix Computation . Baltimore, 



