Multilinear Feature Extraction and Classification of Multi-Focal Images,
With Applications in Nematode Taxonomy

Min Liu, Amit K. Roy-Chowdhury*
Department of Electrical Engineering, University of California, Riverside

Abstract

In this paper, we present a 3D X-Ray Transform based
multilinear feature extraction and classification method for
Digital Multi-focal Images (DMI). In such images, morpho-
logical information for a transparent specimen can be cap-
tured in the form of a stack of high-quality images, rep-
resenting individual focal planes through the specimen’s
body. We present a method that can effectively exploit the
entire information in the stack using the 3D X-Ray projec-
tions at different viewing angles. These DMI stacks rep-
resent the effect of different factors - shape, texture, view-
point, different instances within the same class and different
classes of specimens. For this purpose, we embed the 3D X-
Ray Transform within a multilinear framework and propose
a Multilinear X-Ray Transform (MXRT) feature represen-
tation. By combining the tensor texture and shape infor-
mation we can get better recognition rates than just relying
on the original or key frames of DMI stacks. The experi-
mental results on the nematode DMI data show that the 3D
X-Ray Transform based multilinear analysis method can ef-
fectively give 100% recognition rate on a real-life database.

1. Introduction

In the biological field, Digital Multi-focal Images (DMI)
is a new way for documentation and communication of
specimen data [4]. In this approach, morphological infor-
mation for a transparent specimen can be captured in the
form of a stack of high-quality images, representing indi-
vidual focal planes through the specimen’s body, as shown
in Figure 1. With the data from DMI, the viewer can recon-
struct a three-dimensional image of the specimen. Thus,
the use of DMI overcomes the limitations imposed by tradi-
tional methods, which omit three-dimensional topology of
structures, especially all topological information along the
focal axis [4, 7].

There is little work in the analysis of DMI images, al-
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Figure 1. Examples of DMI stacks taken from 3 nematode species
(horizontal direction). Each stack contains multiple focal planes
(frames) taken from the top to the bottom of the specimen, with
only 3 key frames of each shown here (vertical direction).

though they are becoming very popular in biological imag-
ing. Figure 1 shows 3 DMI stacks of images taken from
a Differential Interference Contrast microscope [1]. Given
such stacks of multifocal images, how do we efficiently in-
tegrate the information from all layers? To reach this ob-
jective, we propose the 3D X-Ray Transform to explore the
information through different image layers, so that we can
make better feature extraction and classification for DMI
images. For example, the first 2 DMI stacks in Figure 1 be-
long to the same nematode class, but it is possible to make
the mistake that they are from different classes by shape
or texture based classification, relying only on the original
image frames. However, if we project those 2 DMI stacks
along different angles with the 3D X-Ray Transform, those
projections in the same direction look similar, as shown in
the top 2 rows of Figure 5. Moreover, although the origi-
nal key frames in the 2nd and 3rd stacks look similar, they
belong to different species, and in Figure 5 we can see that
their projections along the 2nd and 3rd directions are differ-
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Figure 2. The diagram for training and recognition of the proposed
3D X-Ray Transform based multilinear analysis method.

ent. Based on this we can make the right classification for
those 3 DMI stacks. The 3D X-Ray Transform allows us to
analyze the entire multi-focal stack of images from differ-
ent viewing angles - something direct analysis of the images
would not allow.

For the classification of DMI stacks, there are multiple
factors that need to be analyzed - shape, texture, viewpoint
of the X-Ray Transform, different instances within the same
class and different classes of specimens. For this purpose,
we embed the 3D X-Ray Transform within a multilinear
framework. This allows us to model the inter-relationships
between the different variables, while at the same time al-
lowing independent analysis along each dimension. We will
show the application of this feature extraction and represen-
tation technique in classification of nematodes - a species
that is very difficult to classify since there are over 80,000
of them. This is possibly the first approach that looks at
the automated analysis of DMI images, which is becoming
increasingly popular in biology.

1.1. Proposed Approach and Relation to Existing
Work

Most of the work on image feature extraction and classi-
fication are done through the 2D image processing methods
[10, 13, 14]. Since we want to integrate all the 2D fea-
ture information across different image layers, we propose
the use of 3D X-Ray Transform, which will explore the 3D
structural information out of a multifocal image stack from
different viewing directions. As shown in Figures 4 B-F,
the 3D X-Ray Transform of the 1st DMI stack in Figure 1
gives us different information about this stack at 5 differ-
ent angles. Recent methods for 3D feature extraction like
spatio-temporal interest points are not suited for this pur-
pose because the images in multiple focal planes have dif-
ferent characteristics compared to a space-time volume [8].

In the face recognition field, the multilinear image anal-
ysis method plays an effective role for the recognition of
natural face images formed by different factors, such as ex-

pression, illumination, pose and so on [9, 12]. In multilin-
ear analysis, the facial image ensemble is represented as a
high dimensional tensor. By a high-order generalization of
Principal Component Analysis (PCA) and high-order sin-
gular value decomposition (HSVD), the collection of facial
images is represented by separating the different modes un-
derlying the formation of facial images. This idea can be
applied to the classification of DMI stacks, since they also
represent the combination of various factors - poses (view-
points) of the X-Ray Transform, different instances within
the same class and different classes of specimens. There-
fore it is intuitive to use the multilinear method for feature
extraction and classification of the DMI data and we do so
by combining it with the 3D X-Ray Transform.

1.2. Broad Overview of Solution Strategy

In this paper, we will show how to derive features for
DMI data sources that take into account the shape and tex-
ture information across the focal planes, as well as the vari-
ability when viewed from different directions. We will show
how to design classifiers based on this Multilinear X-Ray
Transform feature representation and provide experimental
results on its usefulness in large real-life databases. The di-
agram of this proposed MXRT method is shown in Figure
2, and the training and testing steps are listed below.

1. Training

(a) The inputs are labeled DMI stacks.

(b) For each training DMI image stack, compute the
3D X-Ray Transform at defined angles (poses).

(c) For 3D X-Ray Transform output images at each
pose (angle), obtain the tensor texture basis and
tensor shape basis through multilinear SVD.

2. Testing

(a) Given an unknown DMI stack, get the 3D X-
Ray Transform output images at the same defined
poses (angles) as in the training procedure.

(b) Project the 3D X-Ray Transform output images
at each pose to the corresponding tensor texture
basis and tensor shape basis, and obtain the dis-
tance matrices for texture and shape.

(c) Get the distance matrix by combining the ten-
sor texture and shape distance matrices, and then
find the class label through nearest neighbor cri-
teria for the 3D X-Ray Transform output image
at each pose of the given DMI stack.

(d) Obtain the final recognition result by a majority
voting process between the labels for each X-Ray
Transform pose from the previous step.
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Figure 3. The illustration of 3 dimensional X-Ray Transform [2].

2. Detailed Methodology
2.1. 3D X-Ray Transform

The 2D X-Ray Transform of an image is the projection
of the image intensity along a certain angle [11], similar as
the Radon Transform [5]. In the 3D case, the X-Ray Trans-
form is the object’s projection on a plane, whose orientation
is identified by a pair of angles (6, ¢), as shown in Figure 3.
It can be mathematically defined as:

Ry, 6) = / S(a,y,2)d, )

where S(x,y, z) denotes the DMI images along the 2 di-
rection, x,y and ', 3y’ are the coordinates in the original
2D image plane and the transformed image plane respec-
tively, and the transformation of those coordinates is ex-
pressed as [2]

7' = xcospcosl + ysinpcosh + zsin b
y = —xsing + ycos ¢ )]
Z' = —xcosgsinf — ysingpsinf + zcosf

As explained in the Introduction, the biggest advantage
of DMI is that it can keep the 3D topology and structure
information of the specimen. The topological and struc-
tural information can be effectively captured by the 3D X-
Ray Transform at different poses (i.e., angles) as in Figure
4A. Figures 4B-F are the projections of 3D X-Ray Trans-
form of the 1st DMI stack in Figure 1, at 5 different poses,
(w/2,m7/2), (0,7/2), (m,m), (w/5,7/3) and (7 /3, 7/5) re-
spectively. From Figure 4 we can see that different poses of
projections capture very different characteristics of the DMI
stack. The 3D X-Ray Transform output images at the above

Figure 4. 3D X-Ray Transform output images at 5 poses (an-
gle pairs) (B(m/2,7/2), C(0,7/2), D(w,n), E(rw/5,7/3) and
F(m/3,m/5)), of the 1st DMI stack shown in Figure 1. A is the
illustration of different poses around a given DMI stack for the 3D
X-Ray Transform.

5 poses will be used for multilinear feature extraction and
classification of different DMI stacks in the experiments.
Based on the outputs from 3D X-Ray Transform of DMI
stacks, we can make very accurate feature extraction and
classification from those multifocal image stacks. Figure
5 shows the 3D X-Ray Transform of the 1st, 2nd and 3rd
DMI stacks shown in Figure 1 at 5 poses. We can see that
although the original 2D image frames in the Ist stack and
2nd stack are totally different, their X-Ray Transform pro-
jections are similar. If we do the classification just relying
on the 2D image frames, we will wrongly classify the first 2
DMI stacks. But by looking at those 3D X-Ray Transform
output images, we can make the correct classification.

2.2. Multilinear Subspace Analysis

A tensor is a multidimensional matrix or we can re-
gard it as high order matrix or n-mode matrix; it is
the generalization of a vector (first order tensor) and a
matrix (second order tensor). For an N'! order tensor
A e RO xInx..xIN whoge elements can be denoted
as Ai,..in...iy, where 1 < 4,, < I,,, its mode-n vectors are
I,,-dimensional vectors obtained from A by varying index
i, while keeping the other indices fixed. The mode-n vec-
tors are the column vectors of matrix A, that results by
mode-n flattening the tensor A [12]. As the Singular Value
Decomposition (SVD) in matrix analysis orthogonalizes the
row space and column space, an N-mode tensor also can be
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Figure 5. 3D X-Ray projections along 5 directions((w/2, w/2),
0,7/2), (m,7), (w/5,7/3) and (7 /3, 7/5)), for the DMI stacks
(represented row-wise) shown in Figure 1.

decomposed by N-mode SVD. It is an extension of SVD
that orthogonalizes these N spaces and expresses the tensor
as the mode-n product [12], denoted x,,, of N-orthogonal
spaces as

D:ZX1U1X2U2"'xnUn"'xNUN; (3)

where Z is the core tensor, similar as the diagonal singu-
lar value matrix in conventional matrix SVD, and U,, is the
mode-n matrix, containing the orthonormal vectors span-
ning the column space of matrix D, resulting from the
mode-n flattening of D. The core tensor Z governs the in-
teraction between the mode matrices Uy, - - -, Up.

We will embed the 3D X-Ray Transform of the DMI
stacks into the multilinear analysis to learn the shape and
texture basis for each of the classes. We will also compare
this against using key-frames from each stack replacing the
3D X-Ray Transform output images.

2.3. X-Ray Based Tensor Texture Analysis

In the tensor texture analysis, we train the 3D X-Ray
projections (as shown in Figures 4 and 5) in P poses (an-
gle pairs) separately. We introduce the training process and
recognition process step by step, as follows.

1. In the training process, the training data are DMI
stacks from [V classes, and for every class we pick M
samples. Let R, ; denote the 3D X-Ray Transform
output image at the py;, pose (angle) for the iy, DMI
stack. Every image is converted to a row vector. The
training data of the 3D X-Ray Transform output im-
ages at the py;, poseis an N x M x L, tensor Diey p,
where L, is the length of R, ;.

2. The multilinear analysis of Dicy j, can be expressed as

Dtex,p = Ztex,p X1 Utex,class,p X2 Utex,sample,p
XSUtex,RT,pvp = ]-a () Pa

4)
where the N x M X L, core tensor Zcx,, governs
the interaction between the factors represented in the 3
mode matrices: the N x N mode matrix Uyex class,p
spans the space of class parameters (which is com-
posed of the row vectors ctTeXJw, n = 1,...,N), the
M x M mode matrix Uyex sample,p Spans the space
of sample parameters, while the L, x (N - M) mode
matrix Ugex rT,p Orthogonally spans the space of all
training X-Ray projections at the p;, pose. Here the
subscript “RT” denotes the 3D X-Ray Transform.

3. The multilinear method enables us to represent each
class by the texture basis of the N x M x L, tensor

Btex,p = Ztex,p X2 Utex,sample,p X3 Utex,RT,p- (5)

Then each class n(n = 1, ..., N) can be represented by
a coefficient vector Ciex p,n (size V), which is the row
vector from the class matrix Uyey, class,p- FOr a certain
sample m, we can get the basis tensor Btex7,)77,,,(m =
1,..., M) of size N x 1 x L,. We flatten Byex . along
the class mode to get the tensor texture basis matrix
Byex,p,m for the 3D X-Ray projections at the pyj, pose.

4. In the recognition process, for a given DMI stack, we
get its 3D X-Ray projections at those P defined poses

(0p, Pp) as R/ .

5. Foreach R’,,, we project it to the corresponding tensor
texture basis Byex, p,m to get the coefficient vector

C/texvpvm = Bt;,)l;p,lepﬂp =1,.., P. (6)

6. For each R/}, we obtain the texture distance matrix

Diex.p(m, 1) = [|€texcp,m — Crexpinl|

7
p=1,...,Psn=1,.,.N;m=1,..,M). O

By the nearest neighboring method, we find the index
n, that yields the smallest value of the texture distance
for the pyj, pose, and we identify R/ p as class n,.

7. After we get n, for all 3D X-Ray Transform output
images R',,(p = 1, ..., P), we do the majority voting
among n,, to get the final recognition result for this
testing DMI stack.

2.4. X-Ray Based Tensor Shape Analysis

The analysis of the shape needs to be incorporated into
the texture, since the discriminating information is con-
tained in both texture and shape features. We show how
to compute the shape feature in the multilinear framework.
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Figure 6. The nematode DMI stack database, including 5 classes
of nematodes, and each class includes 10 samples (species). Each
sample is represented by a DMI stack containing more than 100
focal planes (frames) taken from the top of the specimen to the
bottom. Only 6 key frames from different focal planes of every
stack are shown. They are 20 samples from each of the 5 classes
(4 samples are picked for each class for illustration purposes).

In the multilinear shape analysis, the training data are the
shape vectors, which can be extracted by the method intro-
duced in [6]. There the authors defined the preshape as the
geometric information that remains when location and scale
effects are filtered out. A centered preshape is obtained by
subtracting the mean from the shape vector and then scaling
to norm one. Mathematically, if the original shape vector is
denoted by X, the centered preshape is given by

CcX 1

_ _ T
S = ”CX”,Where C =1 klklk, (8)

where I, is a k x k identity matrix and 1 is a k-dimensional
vector of ones. To get shape vector from preshape, we need
to remove the rotational component. Since our images are
all aligned, we do not need to compensate for the in-plane
rotation and hence can work with the preshape.

After we get the preshape vectors S, ; from the X-Ray
Transform output images R, ;, we train the extracted shape
tensor in P poses similarly as in the tensor texture case.

1. The training shape tensor, Dgyp, p, at the pyy, pose is a
N x M x J, tensor (J), is the length of the preshape
vectors Sy, ; extracted from the 3D X-Ray projections
at the py, angle for the 7., DMI stack.)

2. The shape tensor analysis yields

Dshp,p = Zshp,p X1 Ushp,class,p ) Ushp,sample,p

X3Ushp,RT,p7p =1,.., Pv

©))

where the N x M x J, core tensor Zg,p,, gOV-

erns the interaction between the factors represented in

the 3 mode matrices: Ugpp class,p Spans the space of

class parameters (which is composed of the row vec-

tor cg;]p,p,n), Ughp,sample,p Spans the space of sam-

ple parameters, while the J, x (N - M) mode matrix

Ugnp,RT,p Orthogonally spans the space of all training

shape vectors S, ; extracted from the 3D X-Ray Trans-
form output images R, ; at the py, pose.

3. The shape basis of the NV x M x J, shape tensor is

Bshp,p = Zshp,p X2 Ushp,sample,p X3 Ushp,RT,p'
(10)
For a certain sample m, we get the shape basis ten-
SOT Bshp,pm(m = 1,..., M) of size N x 1 x J,. We
flatten it along the class mode to get shape basis matrix
Bgnp,p,m for the 3D X-Ray projections at the p;j, pose.

4. In the recognition process, for a given DMI stack, we
get its 3D X-Ray Transform output images R/}, p =
1,..., P, and extract the shape vector S’,, for each R’,,.

5. We project each S’), to the corresponding tensor shape
basis B'shp,p,m to get the coefficient vector
S,,p=1,..,P (11)

/ _n-T
C shp,p,m = Bshp,p,m

6. We obtain the shape distance matrix

Dihp,p(m5 1) = || shp,pm — € shp p,all (12)

for S’,. By nearest neighboring method we find the
index n,, with the smallest value of the shape distance
for the py;, pose, and we identify S’,, as class n,,.

7. After we get the recognition results n,, for all the 3D
X-Ray Transform output images R/, (p = 1,..., P),
we do majority voting among 7, to get the final recog-
nition result for this testing DMI.

3. Experimental Results

The data for our experiment is the nematode DMI stacks,
containing 5 classes and each class containing 10 samples
(as the DMI stacks shown in Figure 6). Each image stack
consists of more than 100 multi-focal frames obtained from
a Differential Interference Contrast microscope [1], which
is a type of light microscopy where contours are enhanced
compared to “plain” bright-field microscopy with little or
no loss of resolution (unlike phase contrast) and it does
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Figure 7. 3D X-Ray Transform projections at 3 poses, (7/2, 7/2),
(0,7/2) and (7, ), for the training DMI stacks.

not involve fluorescent excitation from laser sources (un-
like confocal). All nematode images are registered to have
the same mouth location. In the experiments, we just use
one channel data of the original color images for feature
extraction and classification, and the image intensity is nor-
malized to remove the affection of illumination. For ev-
ery class, 4 samples (DMI stacks) are for training and the
rest are for testing. We select (7/2,7/2), (0,7/2), (7, ),
(w/5,m/3) and (7/3,7/5) as the 5 poses (angles) of the 3D
X-Ray Transform, and the 3D X-Ray Transform output im-
ages at the first 3 poses of those training DMIs are shown in
Figure 7. We can see that different angles capture very dif-
ferent characteristics of the image stacks. Since every DMI
stack contains different numbers of images, their 3D X-Ray
Transform output images are not the same size (even the ra-
tios of image length to width are different). So we have to
normalize them to be the same size for the X-Ray projec-
tions at the same pose.

3.1. Tensor Texture Analysis

In the tensor texture analysis, we compute the basis for
each direction separately, because the images at different
angles have different ratios of image length to width. The
images at 3 poses, (7/2,7/2), (0,7/2) and (7, 7), for the
training nematode DMI stacks are shown in Figure 7. The
training tensor data at those five poses are of sizes 5 x 4 x
97200, 5 x 4 x 48600, 5 x 4 x 64800, 5 x 4 x 196245 and
5 x 4 x 196245, respectively.

In the tensor texture training step, for the X-Ray Trans-
form output images R, ; at the p;,(p = 1,...,5) pose, we

Classes

Classes

Classes

Figure 8. Tensor texture bases of the 3D X-Ray Transform projec-
tions at 3 poses, (7/2,7/2), (0,7/2) and (7, ), for the training
DMI stacks.

get, from Equation (4), the core tensor Ziex p, the 5 x 5
mode matriX Ulyex class,p Spanning the class space (which is
composed of the row vector chﬁp’n, n=1,..,5),thed x4
mode matrix Ugex sample,p SPanning the sample space, and
the mode matrix Uyey rT,, sSpanning the space of all train-
ing X-Ray Transform output images at the py;, pose. From
Equation (5), we get the texture basis tensor Biex,p,m for
the myy, sample (m = 1,..,4), which we flatten along the
class mode to get the texture basis matrix Byex p,m. The
visualization of those bases is shown in Figure 8.

Given a testing DMI stack, first we get its 3D X-Ray
Transform output images R’,, at different poses. Then we
project them to the corresponding texture basis to get the
coefficient vector and obtain the texture distance matrix
Diex,p(m,n)(m = 1,..,4;n = 1,...,5). Through the
nearest neighboring criteria we find n,, that yields the small-
est value of the texture distance for the p;; pose. Finally by
majority voting among n,(p = 1,...,5) we get the recogni-
tion result for this testing DMI stack. This 3D X-Ray Trans-
form based multilinear texture analysis method obtains a
recognition rate of 87%. The recognition performance of
this multilinear texture analysis is shown in Figure 9.

3.2. Tensor Shape Analysis

For the tensor shape analysis, not all 3D X-Ray Trans-
form images have prominent shape information. From Fig-
ures 4-5 and Figures 7, we can see that 3D X-Ray Trans-
form outputs at poses, (7/2,7/2), (7, 7), (n/5,7/3) and
(m/3,7/5), can be used to extract the shape information,
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Figure 9. Multilinear texture recognition performance on the 3D
X-Ray Transform output images of 30 nematode testing DMI sam-
ple stacks. In the vertical direction, numbers 1-5 denote the 5 ne-
matode classes. In the horizontal direction, numbers 1-6 denote
the 6 testing samples from class 1, 7-12 from class 2, 13-18 from
class 3, 19-24 from class 4 and 25-30 from class 5. The green
color denotes correct classification results, and the red color de-
notes wrong classification results (as viewed on a color monitor).

Figure 10. Extracted shape contours from the 3D X-Ray Trans-
form output images at the pose (7 /2, 7/2) for 5 DMI stacks (one
DMI stack picked from each class).

while the images from the 2nd pose (0, 7/2), do not have
much shape information. Some extracted shape contours at
the pose (7/2, w/2) are shown in Figure 10. Similar to the
above description, we do the multilinear shape analysis and
get the recognition performance shown in Figure 11.

3.3. Combination of Tensor Texture and Shape

We combine the multilinear texture and shape analysis
to build a more accurate classifier. Specifically, for a given
DMI stack, through the 3D X-Ray Transform at the py,
pose, we get R/, (p = 1,...,5) and S',(p = 1,3,4,5).
After projecting them to the corresponding tensor texture
basis and shape basis, we obtain the texture distance ma-
trix Diexp(m,n)(m = 1,..,4n = 1,..,5) for R/,
(p =1,...,5), and the shape distance matrix Dgpp ,(m, 1)
for S, (p = 1,3,4,5). When p = 2, Dgpp p(m,n) = 1,
because we are not using the shape information at this pose.
‘We combine the shape and texture distance matrices as

Dp(m; ’I’L) = Dtex,p(mv n) X Dshp,p(mv n), (13)

where D,, is the combined distance matrix for the 3D X-
Ray Transform output image R/, at the p;, pose. Then
we identify R’, as class n, through the nearest neighbor
method for all poses, and after the majority voting among
ny(p = 1,...,5) we finally get the recognition result for this
given DMI stack.

Classes

5 10 15 20 25 30
Testing samples

Figure 11. Multilinear shape recognition performance on the 3D
X-Ray Transform output images of nematode DMI stacks of 30
testing samples. In the vertical direction, numbers 1-5 denote the
5 class labels. In the horizontal direction, numbers 1-6 denotes
the 6 testing samples from class 1, 7-12 from class 2, 13-18 from
class 3, 19-24 from class 4 and 25-30 from class 5. The green color
denotes correct results, and the red color denotes wrong results.

| Classifier | Recognition Rate |
PCA 60%
ICA 57%
Gabor Texture 60%
Tensor Texture 87%
Tensor Shape 83%
Key Frames Tensor 73%
Tensor Texture and Shape 1 94%
Tensor Texture and Shape 2 97%
Tensor Texture and Shape 3 100%

Table 1. Recognition rate comparison between different classifica-
tion methods. The 4th-7th rows are the recognition rates on the
training data composed of 4 samples from each class, the 8th row
is the recognition rate on the training data of another 4 samples
from each class, while the 9th row is the recognition rate on the
training data of 5 samples from each class. The training and test-
ing data for the first 3 rows are described in the text.

The combination of the tensor texture and shape infor-
mation improves the recognition rate, which is shown in
the recognition performance comparison table (Table 1) be-
tween different classification methods. The training data
for the classifiers using PCA and Independent Components
Analysis (ICA) [3]is 20 key frames, coming from those 20
DMI stacks used for the MXRT training (one DMI stack,
one key frame), and the testing data is 30 key frames from
the 30 testing DMI stacks for the MXRT testing. The clas-
sification based on Gabor texture is also done for those 50
key frames (from 50 DMI stacks) [10]. The classification
performance of those 3 methods is also listed in Table 1.

We have done the classification by changing the train-
ing data and testing data, and got similar recognition rate.
Also, we increased the amount of the training data, and got
slightly better recognition results. These results are summa-
rized in Table 1.
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3.4. Tensor Analysis on Key Frames

Given stacks of multifocal image frames, an alternative
and intuitive way for classification is to do the tensor analy-
sis on the original image frames. So here we give a short de-
scription of the multilinear analysis on the key image frames
(i.e., some selected focal planes) from every DMI stack, and
the recognition performance is also listed in Table 1.

In the training step, we pick the same number of the most
typical frames as the key frames from the same focal plane
(for example, 6 frames for each stack), as in Figure 6. Then
the training data is a 5 x 4 x 6 x 97200 tensor. After the
multilinear SVD analysis as introduced in the previous sec-
tion [12], we get

D=2 X1 Uclass X9 Usample X3 Uframe X4 Upixel;
(14
with the 5 x 5 mode matrix Uj,ss spanning the class space
(which is composed of the row vector cg;xﬁn, n=1,..,5),
the 4 x 4 mode matrix Ugample Spanning the sample space,
the 6 x 6 mode matrix Ugame spanning the focal plane
space, and the mode matrix Upixc orthogonally spanning
the space of all training key frames.
The basis for different classes of this training tensor is

B=2Z2 X9 Usample X3 Uframe X4 Upixe1~ (15)

Then each class n(n = 1,...,5) can be represented by a
coefficient vector of size 5, c,,, which is the row vector from
the class matrix U,j.55. For a certain sample m and a certain
frame f, we can get the basis tensor By, f(m =1, ...,4; f =
1,...,6) of size 5 x 1 x 1 x 97200. We flatten 3,  along
the class mode to get the basis matrix B, ¢.

In the recognition process, given a testing image T, we
project it onto those bases and get the coefficients for every
(m, f) pair, i.e., Cpp p = B;l’T T. Then we obtain the 3rd
order distance matrix D(m, f,n) = ||Cm, ¢ — ¢y ||, and by
the nearest neighboring method, we find the index n that
yields the smallest value of the distance matrix, and we
identify this testing image T' as class n.

4. Conclusions

In this paper, we presented a 3D X-Ray Transform based
multilinear feature extraction and classification method for
Digital Multi-focal Images. Given a stack of DMI images,
different images contain different information. Direct im-
age processing of the single image frames can only provide
2D image plane information, while the 3 dimensional varia-
tion information across different image frames will be lost.
Howeyver, the 3D structure information of a multifocal im-
age stack can be captured through the 3D X-Ray Transform
at different angle views. There are multiple factors that
need to be analyzed - shape, texture, viewpoint, different in-
stances within the same class and different classes of spec-

imens. For this purpose, we embed the 3D X-Ray Trans-
form within a multilinear framework. By combining the
tensor texture and shape information we can make a better
recognition rate than just relying on the key frames of DMI
stacks. The experimental results on the nematode DMI data
show that the proposed 3D X-Ray Transform based multi-
linear analysis method can effectively improve the recogni-
tion rate from 60% (PCA) to 100%.
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