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3D rotation invariants based on orthogonal Gaussian-Hermite moments are proposed in this paper. We
present an elegant and easy theoretical derivation of them. At the same time we prove by experiments that
the Gaussian-Hermite invariants have better numerical stability than the traditional invariants composed of
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1. Introduction

Pattern classification and object recognition play vital roles in
image processing and computer vision. Generally, recognition is
achieved by seeking descriptors that can represent the object regard-
less of certain transformations and/or deformations. Moment invari-
ants were proved to be very powerful tools for feature representation
and it has been demonstrated many times that moment invariants
perform effectively in object recognition [1].

So far, various kinds of moment invariants to spatial transforma-
tions of the object have been proposed. Among all transformations
that have been studied in this context, rotation plays a central role.
Being a part of rigid-body transformation, object rotation is present
almost in all applications, even if the imaging system is well set up
and the experiment has been prepared in a laboratory. On the other
hand, rotation is not trivial to handle mathematically, unlike for in-
stance translation and scaling. For these two reasons, invariants to
rotation have been in focus of researchers since the beginning.

With the rapid progress of applied mathematics, computer sci-
ence and sensor technology, 3D imaging comes into engineering and
practice due to its more flexible and precise descriptions of 3D ob-
jects. Undoubtedly, developing rotation invariants for 3D images has
become a hot topic in the computer vision community. However, 3D
rotation is more difficult to handle than its 2D counterpart, since it
has three independent parameters. That is probably why only few
papers on 3D rotation moment invariants have appeared so far. The
first attempts to derive 3D rotation moment invariants are relatively
old. Sadjadi and Hall [2] explored ternary quadratics extensively and
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derived three translation, rotation and scaling (TRS) moment invari-
ants. Guo [3] proved the results of Sadjadi and Hall in the different
way and he derived more invariants to translation and rotation in 3D
space. Cyganskiand Orr [4] applied tensor theory to derive 3D rotation
invariants. This method was also mentioned by Reiss [5], who used
invariant image features to recognize planar objects. Xu and Li [6]
developed the invariants in both 2D and 3D space based on geomet-
ric primitives, such as distance, area, and volume. Galvez and Canton
[7] employed normalization approach. The object is transformed into
the coordinates given by eigenvectors of the second-order moment
matrix and its transformed moments are taken as invariants. A mod-
ification of this method appeared in [8], where a slightly different
moment matrix is used for normalization. Another method to derive
3D rotation invariants is based on complex moments [9,10]. Recently,
Suk and Flusser [11] proposed an automatic algorithm to generate 3D
rotation invariants from geometric moments up to an arbitrary order.

Although moments are probably the most popular 3D shape de-
scriptors, it should be mentioned that they are not the only features
providing rotation invariance. For example, Kakarala and Mao [12]
used the bispectrum well-known from statistics for feature compu-
tation. Kazhdan [13] used an analogy of phase correlation based on
spherical harmonics for comparison of two objects. In this particular
case it was used for registration, but can be also utilized for recogni-
tion. In [14], the authors used amplitude coefficients as the features.
Fehr [15] used the power spectrum and bispectrum computed from
a tensor function describing an object composed of patches. In [16],
the same author employed local binary patterns and in [17] he used
local spherical histograms of oriented gradients.

In comparison with traditional geometric or complex moments,
the outstanding advantage of orthogonal moments is their better nu-
merical stability, limited range of values, and existing recurrent rela-
tions for their calculation. Hence, several authors have tried to derive
the 2D invariants from orthogonal moments. In 3D, however, the
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situation is more difficult than in 2D, but one can still expect that 3D
orthogonal moments preserve their favorable numerical properties.
There exist polynomials orthogonal inside a unit ball and others that
are orthogonal on a unit cube. Seemingly, the polynomials defined
on a unit ball are more convenient for deriving rotation invariants
because the ball is mapped onto itself and the polynomials are trans-
formed relatively easily under rotation. This approach was used by
Canterakis [18] who employed 3D Zernike moments.

In this paper, we propose rotation 3D invariants from Gaussian-
Hermite moments. To derive them, we used an approach that we
already successfully applied in 2D [19]. We prove that the transfor-
mation of Gaussian-Hermite moments under rotation can be deduced
indirectly, without explicit investigation of this transformation. Un-
der our knowledge, Gaussian—-Hermite polynomials are the only ones
offering this possibility. Hence, we prove in the paper that the rotation
invariants from Gaussian-Hermite moments have the same forms as
those of rotation invariants from geometric moments in 3D space.
This is an important conclusion because it allows us to reduce rotation
invariant derivation from Gaussian-Hermite moments to that from
geometric moments in 3D space, which are much easier to develop
but we still benefit from the numerical stability of Gaussian-Hermite
moments.

The core idea of the paper and its main theoretical achievement
expressed by Theorem 1 is similar to that presented in [19] for a 2D
case. It should be, however, stressed that the transition from 2D to 3D
is not generally straightforward and easy. The rotation in 3D has three
degrees of freedom comparing to a single parameter of a 2D rotation.
Hence, any 3D mathematical objects and structures somehow related
to rotation are far more rich than in 2D. Another difference that also
makes the 3D problem more complicated is that rotation in 3D is not
commutative. These are the reasons why the generalization from 2D
to 3D cannot be done automatically but should always be carefully
studied. Such studies sometimes discover an analogy with 2D (which
is the case of this paper) and sometimes end up with different results.

The rest of the paper is organized as follows. Section 2 gives a gen-
eral introduction to 3D rotation. The latest achievement about rota-
tion invariants from geometric moments in 3D space is also recalled in
this section. Section 3 reviews Gaussian-Hermite moments and gives
two theorems according to which we can use the formations of ge-
ometric invariants to build rotation invariants of Gaussian-Hermite
moments. Numerical experiments are presented in Section 4. Finally,
Section 5 concludes the paper.

2. 3D rotation and its invariants

To describe a rotation in 3D space, we use extrinsic Tait-Bryan
angle convention (z —y — x) [20]. We consider the rotation along z
axis by angle «, along y axis by angle —f, and along x axis by angle y.
Hence, a general 3D rotation can be directly represented by a matrix
multiplication

R = Rx(y )Ry (= )Ry (). (1)

Any rotation in 3D space can be decomposed into three successive
rotations as defined by Eq. (1). Thanks to this, it is sufficient to consider
elementary rotations along the axes only.

In 3D space, geometric central moment of order (p + q + r) is de-
fined

Jpar = / Z / Z / :<x X PO -y - 2 f(x.y. 2) dxdydz, (2)

where the centroid of the image f(x,y,z) is calculated by x. =
M100/Moo0, Ye = Mo10/Mogo, and zc = Mgg1/Mopo- Recently, Suk and
Flusser [11] proposed and implemented an automatic method for
generating 3D rotation invariants from geometric moments. Their
complete results are summarized in [21]. A list of 1185 irreducible
rotation invariants in 3D space is available there. These invariants are

built up from the moments of order 2 up to order 16. 3D rotation
invariants of geometric moments are potential tools for the applica-
tions, such as object recognition and image retrieval. However, poor
numerical stability exposes when the order of the invariant increases
to a certain number. Hence, it is necessary to develop 3D rotation in-
variants based on orthogonal moments, which generally have better
numerical stability than geometric moments.

3. 3D rotation invariants from Gaussian-Hermite moments
3.1. Gaussian-Hermite moments

The pth degree Hermite polynomial is defined by

Hy(x) = (—1)”6Xp(x2)%em(—x2). (3)

Hermite polynomials can be efficiently computed by the following
3-term recurrence relation:

Hp1(x) = 2xHp(x) — 2pHp 1(x) forp>1, (4)

with the initial conditions Hy(x) = 1 and H;(x) = 2x. Hermite poly-
nomials are orthogonal on (—oo, co) with a Gaussian weight function

foo Hp (x)Hq (x) exp (—x*)dx = 2Pp1/T 8y, (5)

where §q is the Kronecker delta. A weighted and normalized version,
which is actually a scaled Hermite function, is usually used in practice

Hy(x;0) = (2Pp!V/m o) V2 Hy(x/0 Jexp(—x?/20°2). (6)

Gaussian-Hermite moment is defined with (6) being its basis func-
tion. The system (6) is not only orthogonal but also orthonormal, so it
is convenient to conduct image reconstruction from the correspond-
ing moments. However, when we multiply ﬁp (x; o) inx direction and
ﬁq (v; o) iny direction, the product depends not only on the sump + q,
but also on the product p!q!; therefore, we must remove it from the
basis function

H,(x; o) = Hy(x/0 )exp(—x%/20°%). (7)
Fig. 1 shows such non-coefficient basis functions (7) of order 8 with
different . We call the moments with respect to the basis func-
tions (7) non-coefficient Gaussian-Hermite moments. For an image

f,y,2) in 3D space, its non-coefficient Gaussian-Hermite moment
of order p + q + r is defined as

ma= [ [ [ Botio)Ryyio)@ oy, ixdydz. - (8)
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Fig. 1. Non-coefficient basis functions of the 8th order with different o.
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In general, we prefer to use the central Gaussian-Hermite moments
to achieve the translation invariance

ﬁpqr=/ / / Hp(x — xc; 0)Hg(y = ye; 0)Hr (z — ;. 0)
f(x,y,2)dxdydz. (9)

The choice of the actual o value depends on the size of the object.
It should be chosen such that the centralized basis functions (7)
effectively cover the object.

3.2. Derivation of rotation invariants

Rotation invariants based on Gaussian-Hermite moments have
been proposed for 2D image by Yang et al. [19] who showed that
rotated Hermite polynomials are transformed in the same way as
basic monomials xPy4. Here we formulate and prove an analogical
theorem for a 3D case.

Theorem 1. Let p, q, and r be three non-negative integers. Let the coor-

dinates be rotated as (% § 2)T = R(x y z)T. Then
L(p.q.r)

Xyi2= 3" coni(p.q.1.a, B.y) XPyhZ",
i1

(10)

where L(p, q, ) is a certain number determined by p, q, 1. con; represents
a constant sequence specifically related to p, q, 1, «, f and y. p;, q;, 1; are
integers determined by p, q, r. Hermite polynomials are transformed in
the same way

L(p.q.r)
Hy®H@)H,@) = Y con; (p.q.1. . B. ) Hy, ()Hg, ()H;, 2).
i=1
(11)

The proof of Theorem 1 can be found in Appendix A. It is easy to
prove that with the standard deviations oy = oy = 07, 3D Gaussian
functions are rotation invariants when the transformation of coordi-
nates is defined by (1). So, multiplying a 3D Gaussian function at both
sides by (11) does not violate the equality. Still, taking Theorem 1, the
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(a) The first scan

separability and rotation invariance of Gaussian functions into ac-
count, we can draw the central conclusion that rotation invariants of
Gaussian-Hermite moments have the same constructing formations
as those of rotation invariants of geometric moments in 3D space.
More formally, this conclusion can be formulated as follows:

Theorem 2. If x is a rotation invariant in geometric moments
mghy ) = x(m m Mp.gir;)
s Hpigiri | T X P1qiris Tpaqatas - - -5 TEDiQiT;

(12)

afy apy
X (mPI‘Jlrl ’ szQz"z’ .

then x is also a rotation invariant in Gaussian-Hermite moments, i.e.,

X (ﬁ;ﬁl?ﬁ ’ ﬁgﬁizfz’ e ﬁl);xg%) = X(nmqm’ anszz’ e nPiQiTi)' (13)
The proof of Theorem 2 is given in Appendix B.

Theorem 2 offers a straightforward efficient way of deriving ro-
tation invariants from Gaussian-Hermite moments. We just take the
existing invariants from geometric moments and just replace the ge-
ometric moments by the Gaussian-Hermite ones. The form of the
invariants does not change at all. In this way we obtain the Gaussian-
Hermite invariants “for free”, without any additional investment.
For example, I = (4200 + [o20 + Hooz and I = gy + tdyg + 13, +
2130 + 213y, +2u3,, are the first two rotation invariants from
[11,21]. According to Theorem 2, we replace every geometric moment
by the corresponding Gaussian-Hermite moment in these invariants
and then we obtain three rotation invariants of Gaussian-Hermite
moments. For example, the first rotation invariant from Gaussian-
Hermite moments is ®1 =799 + 720 + Mooz~ It is possible to use
all invariants presented in [21] to build the invariants of Gaussian-
Hermite moments. Obviously, we can easily obtain totally 1185 rota-
tion invariants of orthogonal Gaussian-Hermite moments. Hence, we
found an efficient and elegant way of deriving orthogonal moment
invariants in 3D of any orders based on Gaussian-Hermite moments.
This forms the major theoretical contribution of the paper. In the
next section, we demonstrate the invariance property both on artifi-
cial and real data and, namely, show the better numerical stability of
Gaussian-Hermite invariants.

Scan 2

150

150 0 y

(b) The second scan

Fig. 2. Two scans of a teddy bear.
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Fig. 3. The values of five selected invariants of the teddy bear. The MREs of the invari-
ants over six rotations are 3.8%, 3.8%, 3.6%, 3.5%, and 2.9%, respectively.

4. Numerical experiments

In this section, we will test the proposed invariants numerically.
We construct rotation invariants of Gaussian-Hermite moments from
@, to $q185 according to those of geometric moments from I; to I11g5
listed in [21]. The experiments are designed to verify rotation invari-
ance and evaluate the numerical stability of the proposed invariants.

4.1. Verification of invariance on synthetic images

This experiment was designed to verify the rotation invariance
of the proposed invariants. We used 100 objects from the Princeton
Shape Benchmark (PSB) [22]. For each shape we rasterized this mesh
model and inscribed itinto 200 x 200 x 200 volume, which was taken

Original

100

100 0
X s X

(a) Original image

Reconstructed

60 45 y

(b) via geometric moments

as the original image. This original image has only two values in its
voxels: 1 for the voxels of the object and O for those of the back-
ground. Five random rotations of the original image were generated
and the first 42 Gaussian-Hermite invariants were calculated for both
original image and its rotated versions. To evaluate quantitatively the
invariance, we used mean relative error (MRE) to measure the com-
putational error of the ith invariant. The MRE of the ith invariant is
defined as

N .
MRE; = L > || x 100%, (14)

N«
Jj=1

where ®; and <I>i are the ith invariants of the original image and
the jth rotated version, respectively. N is the number of rotated ver-
sions. Consequently, we found the maximum MRE (MMRE) for each
object. MMREs of 85 objects are below 1% and that of 10 objects be-
tween 1% and 2%. In the remaining five cases, the invariant value in
the denominator is so close to zero that the MMRE is higher. Any-
way, this experiment exhaustively demonstrated a desirable rotation
invariance.

4.2. Verification of invariance on real images

We carried out a similar experiment in more challenging condi-
tions — we used real 3D object and its real rotations in the space. We
took a teddy bear and scanned it by means of Kinect device, then
we repeated this process five times with different orientations of the
teddy bear in the space. Hence, we obtained six 3D scans differing
from each other by rotation and also slightly by scale, quality of de-
tails and perhaps by some random errors (see Fig. 2 for two sample
scans). When using Kinect, one has to scan the object from several
views and Kinect software then produces a triangulated surface of
the object. We converted each teddy bear figure into 3D volumet-
ric representation of the size approximately 150 x 150 x 150 voxels.
Then we calculated the 14 invariants from ®; to ®14 of each scan.
In Fig. 3 we show five randomly selected invariants computed from
the different scans. As can be seen from this figure, the values of the
invariants have only slight variance (check the MRE values in the fig-
ure caption), which demonstrates the desirable invariance in a real

Reconstructed

100

100 0 y

X

(c) via Gaussian—Hermite moments

Fig. 4. The reconstruction of a volumetric image by both geometric moments (error 7336) and Gaussian-Hermite moments (error 29) using moments of orders from (0, 0, 0) to

(87.87.87).
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(a) Object n. 488

(c) Object n. 1245

environment. The behavior of the other nine invariants is basically
the same.

Comparing to the simulated case, now the MREs of individual
invariants are about 10 times higher (but still safely below 5%). This
does not contradict the theory but rather illustrates the problems we
face when using real data acquired by a non-ideal scanner.

4.3. Image reconstruction

This experiment illustrates the major result of the paper. We show
that Gaussian-Hermite moments demonstrate better image repre-
sentation ability than the geometric moments. All polynomial bases
of the same order are theoretically equivalent - knowing the coor-
dinates (moments) in one of them, we can calculate the moments in
the others. This works in theory but in numerical implementation we
face different properties of different polynomial systems that affect
their representation ability. The quality of image representation is
best measured by a reconstruction error.

100

100 O
X Y

(b) Object n. 493

100

(d) Object n. 1249

Fig. 5. The volumetric versions of the objects from PSB. (a), (b) The bottles, (c), (d) the fighter jets.

The direct reconstruction from the geometric moments can be
computed approximately up to 10 x 10 x 10 voxels only, then the
kernel functions xPy4z" lose their precision and the whole algorithm
collapses. To overcome this, the reconstruction through the Fourier
transformation is commonly used

Fuew = 3233 CEPET p iy )

p=0 g=0 r=0

In practice, the infinite series must be truncated. We can compute
the Fourier transformation from the moments by (15) and then ob-
tain the original image by inverse Fourier transformation. The main
problem of this method is that the power series is only an approxi-
mation of the exponential kernel of the Fourier transformation. Even
if we take relatively high number of moments, the error of this ap-
proximation (namely of the high-frequency parts) is still significant.
Reconstruction from Gaussian-Hermite moments can be performed
directly thanks to the orthogonality:
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(c) Object n. 1245
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f&y.2)=m"ic 1Y S S @ pIgirt) i ny, Hy (x; o)

p=0 q=0 r=0
H,y;0)H z;0) xy.z=012,.. N-1. (16)

In discrete case, it is suitable to truncate the infinite series so the
number of moments equals the number of voxels or even more, when
they are not precise.

Hence, there is neither an ill-conditioned problem nor inaccurate
use of Fourier transformation. As we can see in the experiment, this
results in much better reconstruction. We used a binary volumetric
image of the size 100 x 100 x 100 voxels of aninsect (see Fig. 4a) from
the Princeton database. We calculated both geometric and Gaussian-
Hermite moments of it up to the order 87. This is the maximum
achievable order for geometric moments; higher-order moments are
subject of floating-point overflow. Gaussian-Hermite moments could
be calculated up to higher orders but we used the same order as for
geometric moments to keep the comparison unbiased. The recon-

100

(b) Object n. 493

100

(d) Object n. 1249

Fig. 6. The noisy (15 dB) versions of the objects from PSB. (a), (b) The bottles, (c), (d) the fighter jets.

struction from geometric moments via Fourier transformation is of a
poor quality with all fine details degraded (see Fig. 4b). On the other
hand, the reconstruction from Gaussian-Hermite moments contains
almost all fine parts such as the claws, the feelers, and the butt quite
vividly apparent, see Fig. 4c. The reconstruction quality can be quan-
tified by the number of different voxels between the reconstructed
image and the original. The error of the reconstruction from geo-
metric moments is 7336, while Gaussian-Hermite moments yield
almost negligible error equal to 29. This result clearly demonstrates
that Gaussian-Hermite moments provide significantly better image
representation than geometric moments in 3D case. Hence, 3D invari-
ants based on Gaussian-Hermite moments have better discrimination
ability than 3D geometric invariants.

4.4. Object recognition

In this experiment we demonstrate that the better numerical
stability of the Gaussian-Hermite moments actually increases the
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Fig. 7. The success rate of the recognition. (a) The bottles, (b) the fighter jets. Legend: —o— geometric moments, —x — Gaussian-Hermite moments.

recognition power of the respective invariants in some cases. We
again used the objects from the Princeton Shape Benchmark [22].
To demonstrate the phenomenon, we selected several pairs of ob-
jects that are visually very similar to each other (see Fig. 5 for two
examples). For each object we generated 90 “shaky” instances by
adding a zero-mean Gaussian noise to the coordinates of the triangle
vertices of the object surface (see Fig. 6). The amount of the noise
was measured by the signal-to-noise ratio (SNR), defined in this case
as

SNR = 10log (02/0}?). (17)

where o5 is the standard deviation of the object coordinates and oy,
is the standard deviation of the noise. We used SNRs from 55dB to
10dB, so we had nine degraded instances on each noise level. Now
we let the algorithm to recognize the shaky objects by means of the
geometric invariants I11g1, 1182, 1183, 1184, and I;185 [21] and by
the corresponding Gaussian-Hermite invariants ®11g1, ®1132, ®11s3,
@184, and q1g5. We intentionally used these higher-order invariants
(from 13th to 16th order) because low-order invariants either cannot
distinguish similar objects or, if they can, they do not suffer by the
loss of precision in case of geometric moments.

The success curves of the objects from Fig. 5 are shown in Fig. 7. If
the noise is mild, both invariants can recognize the objects perfectly.
On medium levels of noise, the performance of the Gaussian-Hermite
invariants dominates. The explanation is in numerical stability - ge-
ometric moments of orders 13-16 lose the precision due to the ne-
cessity of working with very high values while Gaussian-Hermite
moments can be computed in a stable way with much less precision
loss. For a heavy noise 10dB, the shaky objects are so similar that the
performance of both methods decreases. However, the performance
of the Gaussian-Hermite invariants is still in the range 65-90% while
that of the geometric invariants drops to 50%, which is in the case of
two classes equal to a random decision. This experiment clearly illus-
trates the advantage of Gaussian-Hermite invariants when recogniz-
ing similar objects. If the objects (classes) are significantly different,
they can be discriminated by low-order invariants and the described
effect does not show up.

5. Conclusion

In this paper, we proposed an approach to developing 3D rota-
tion invariants based on orthogonal Gaussian-Hermite moments. We
have found an important rotation property of Hermite polynomi-

als and used it to construct the invariants. The rotation invariants of
Gaussian-Hermite moments in 3D space have the same formations as
those of geometric rotation invariants. This is a significant theoretical
result, because it offers the solution to the problem of developing 3D
rotation invariants from Gaussian-Hermite moments both theoreti-
cally and practically. With this result, we can construct the rotation
invariants of Gaussian—-Hermite moments from the existing geomet-
ric rotation invariants. It is no longer necessary to derive rotation
invariants based on Hermite polynomials or basis functions directly
“from scratch”.

The actual calculation of the Gaussian-Hermite moments is then
performed by means of recurrent relations, which avoids the unsta-
ble calculation of geometric moments. Experimental results on both
synthetic and real data verified the rotation invariance of Gaussian—
Hermite invariants. At the same time, the superior numerical sta-
bility of Gaussian-Hermite moments and invariants was confirmed
compared to traditional invariants from geometric moments by ex-
periments with object reconstruction and with recognition of noisy
shapes.

Acknowledgments

The authors thank the Czech Science Foundation for financial sup-
port of this work under the grant number P103/11/1552. B. Yang
was also supported by the ERCIM “Alain Bensoussan” Fellowship Pro-
gramme (financed by the Marie Curie Co-funding of Regional, Na-
tional, and International Programmes of the European Commission)
and by the post-doctoral fellowship of the Academy of Sciences of the
Czech Republic.

Appendix A. Proof of Theorem 1

Suppose the original coordinates are (x,y, z). After the rotation
along z axis by angle «, the transitional coordinates (%, j, Z) are deter-
mined by

®72) =R(@)(xy2).

The subsequent rotation along y axis by angle —f creates the transi-
tional coordinates (x, y, ), which can be calculated from the previous
coordinates (%, y, Z) as

(A1)


http://dx.doi.org/10.13039/501100001824
http://dx.doi.org/10.13039/501100001667

B. Yang et al./ Pattern Recognition Letters 54 (2015) 18-26 25

—_— ST
(k72 =Ry(-p)(ky2) . (A2)
The third rotation along x axis by angle y produces the coordinates
*.3.2)

(®92)" =R (72" (A3)
According to (A.3) and Theorem 1 in [19] we have
RPPIZ" = XP(ycosy —zsiny )l (ysiny +zcosy)
q+r
=Y k(. q.1. y)RPYITZ, (A4)
s=0
and
Hp®)Hq()H,(Z) = Hp(X)Hq(ycosy — Zsiny )H,(ysiny +Zcosy)
q+r
= Z k (S, q.r, V) Hp (X)Hqur—s()_’)Hs(Z) (A.5)
s=0

Substituting (A.2) into (A.4) and (A.5), (A.4) can be further expanded
as
q+r

> k(s.q.1.y)(&cos B + Zsin B) (—Xsin B + Zcos By yIT S
s=0
q+r p+s

=Y k(s.q.r.y)Y_k(t,p.s, — BRI

s=0 t=0
and (A.5) is also expanded as
q+r

Z ks, q, 1, y)Hy(®cos B + Zsin B)Hs(—&sin B + Z cos B)Hgir—s ()
s=0
q+r p+s

= Z k(s,q.1.y) Z k(t. p.s, —B)Hpis—« ®Hgr—s(HH: 2). (A7)
s=0 t=0

After substituting (A.1) into (A.6) and (A.7), (A.6) has the form
q+r p+s

> kis.q.ry)) k(t.p.s,—p)xcosa —ysina)P st

s=0 t=0

q+r p+s
x (xsina +ycosa)t 2 = "k(s.q.1.y) Y _k(t.p.s,—p)
s=0 t=0
pHq+r—t
x Y k(U p+s—tq+r—s @Iyl (A.8)
u=0
and (A.7) becomes
q+r p+s
> kis.q.r.y) Y k(t.p.s.—B)Hps-c(xcosa — ysina)
s=0 t=0
q+r p+s
Hgirs(sina +ycosa)H(z) = » k(s q.1,7) Y k(t.p.s, —B)
s=0 t=0
pq+r—t
X Z k(u.p+s—t.q+r—s a)Hpqru®H,(Y)H: ).
u=0
(A9)

(A.8) indicates a linear combination. Substantially, it can be rewritten
to

L(p.q.r)
Rz = > con;(p.q.r.a, B.y) xPy%iz" (A.10)
i=1
Likewise, (A.9) can be also rewritten to

L(p.q.r)
Hy®Hy@)H:2)= > con; (p.q. 1., B, y) Hp, ()Hg, (v)Hy, (2)
i=1
(A11)

The proof of Theorem 1 has been completed.

Appendix B. Proof of Theorem 2

Suppose we have the original image f(x, y, z) defined in V and the
rotated image fR(, 9, 2) defined in V. After the rotation, the geomet-
ric moment of order (p + q + ) for fR(R. 9, 2) is defined as

mify = [[[ wvzrias i

After the substitution (®)2)T =R(xyz)T and considering that
fR®.9,2) = f(x.y. 2) we get

e’ / / fv y2'f(x,y, 2)|J|dxdydz

L(p.q.r)

Z con; (P, q.r,o, B, )/) Mpigir;»
i=1

(B.1)

(B.2)

where |J| = det(RT) = 1. When o in (7) has the same value for x, y
and z axes, Gaussian-Hermite moments can be computed in a similar
way

ey — f / ; A, ®H,0) @ & 9. 2)dsdydz

[[] o @A @y, ez

Lp.q.r)
Z coni(p,q.1, ., B, V)'?p.-qirr

i=1

(B.3)

Let x be a rotation invariant of geometric moments that has a
form of (12). Since it is an invariant, the angles «, B, y are com-
pletely eliminated. Therefore, according to (B.2), (B.3), and (12),
the combination x also eliminates the angles in Gaussian-Hermite
moments,

X (ngf])l/rl’ ngz%)z/fz’ B ngigi)r/i) = X(’?mqlrw Npagarys ’7piqm) (B‘4)

In order to obtain the translation invariance simultaneously, 7pqr
in (B.4) can be correspondingly replaced by Mpigiry» which then estab-
lishes (13). The proof of Theorem 2 has been completed.
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