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Abstract

keywords annotation.

Background: Drosophila melanogaster has been established as a model organism for investigating the
developmental gene interactions. The spatio-temporal gene expression patterns of Drosophila melanogaster can be
visualized by in situ hybridization and documented as digital images. Automated and efficient tools for analyzing
these expression images will provide biological insights into the gene functions, interactions, and networks. To
facilitate pattern recognition and comparison, many web-based resources have been created to conduct comparative
analysis based on the body part keywords and the associated images. With the fast accumulation of images from
high-throughput techniques, manual inspection of images will impose a serious impediment on the pace of biological
discovery. It is thus imperative to design an automated system for efficient image annotation and comparison.

Results: We present a computational framework to perform anatomical keywords annotation for Drosophila gene
expression images. The spatial sparse coding approach is used to represent local patches of images in comparison
with the well-known bag-of-words (BoW) method. Three pooling functions including max pooling, average pooling
and Sqrt (square root of mean squared statistics) pooling are employed to transform the sparse codes to image
features. Based on the constructed features, we develop both an image-level scheme and a group-level scheme to
tackle the key challenges in annotating Drosophila gene expression pattern images automatically. To deal with the
imbalanced data distribution inherent in image annotation tasks, the undersampling method is applied together with
majority vote. Results on Drosophila embryonic expression pattern images verify the efficacy of our approach.

Conclusion: In our experiment, the three pooling functions perform comparably well in feature dimension
reduction. The undersampling with majority vote is shown to be effective in tackling the problem of imbalanced data.
Moreover, combining sparse coding and image-level scheme leads to consistent performance improvement in

Background

The development of a multi-cellular organism begins from
a single fertilized egg and proceeds as cell division and
differentiation, controlled by the spatio-temporal expres-
sion of a multitude of genes over time [1]. Study of
the gene regulatory network is a crucial step towards
unveiling the mechanism governing cell-fate differenti-
ation and embryonic development [2]. For many years,
Drosophila melanogaster has been established as the
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canonical model organism for the study of the funda-
mental principles of animal development [3-5]. To facil-
itate a systematic understanding of transcriptional reg-
ulation during Drosophila embryogenesis, the Berkeley
Drosophila Genome Project (BDGP) [6,7] has produced
a comprehensive atlas of gene expression patterns in the
form of two-dimensional (2D) digital images using high-
throughput RNA in situ hybridization [8]. These images
capture the spatial pattern of individual genes at a partic-
ular developmental stage (time). The images in BDGP are
annotated with anatomical and developmental ontology
terms using a controlled vocabulary to facilitate text-
based search of gene expression patterns [6]. Currently,
the annotation is performed manually by human curators.
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With the rapid accumulation of available images gener-
ated by high throughput technologies, it is imperative to
design effective computational methods to automate the
annotation [9,10].

In the BDGP database, a collection of images from the
same developmental stage range and the same gene are
annotated by multiple ontology terms. The multi-image
multi-label nature of this problem poses significant chal-
lenges to traditional image annotation methodologies.
This is partially due to the fact that the assignment of a
particular term to a group does not imply that all images
in this group are associated with this term. Hence, special
formalism needs to be designed to retain the group mem-
bership information. In addition, the shape and appear-
ance of the same body part may vary from image to
image due to the effects of stochastic processes during
embryogenesis and the distortions introduced by the cur-
rent image acquisition techniques. Hence, invariance to
local distortions is a crucial requirement for an accurate
annotation system. Several prior studies on the auto-
matic annotation of Drosophila gene expression images
have been reported. Zhou and Peng [11] constructed
their system based on the assumption that each image in
the group is annotated by all the terms assigned to that
group; Ji et al. [12] considered a learning framework that
incorporates both the image group information and the
term-term interactions; Yuan et al. [10] designed a bag-of-
words based approach in which the spatial information of
the images is utilized. To date, no systematic comparison
between the image-level and the group-level methods has
been reported. In addition, it is not clear which scheme
performs the best in combining and pooling images in
the same group. Moreover, little attention is paid to the
highly imbalanced intrinsic structure of the gene expres-
sion pattern images, which will significantly compromise
the performance of traditional learning algorithms that
expect balanced class distributions or equal misclassifica-
tion costs [13].

In this article, we propose an image-level approach
for the automated annotation of gene expression pattern
images. In this approach, the images are first partitioned
into several local patches; and the SIFT descriptor is used
to construct a representation for each patch. We apply
both bag-of-words and the sparse coding approaches
to compute high-level representations from the SIFT
descriptors. To obtain image features, a pooling algorithm
is utilized to combine patch-level representations to gen-
erate image-level features. We propose to achieve this
by a max pooling algorithm, which takes the strongest
signal of the patches into consideration and is shown
to perform comparably well to other pooling algorithms
including average pooling and Sqrt pooling. After the fea-
tures are generated, we propose an image-level scheme to
perform the annotation. By assuming each image in the
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group contain all of the terms in the group, the training
set is constructed from individual images (see Figure 1).
The model built from the training set is applied to each
image in the test groups. A union operation is applied to
perform prediction for each group, that is, the predicted
labels from all images within one group are properly com-
bined to generate the final prediction for this group (see
Figure 2). Note that our image-level representation is dif-
ferent from the method in [11], as we still treat a group of
images as one annotation task, and our image-level anno-
tation scheme is different from the one in [10], since we
build a feature representation for each image in the group.
The mechanism of undersampling is introduced in order
to provide a balanced distribution for the binary classifi-
cation problem. To reduce the random factor introduced
by undersampling, we repeat the undersampling mecha-
nism for multiple times and use majority vote to perform
the prediction. We test our proposed approach on the
BDGP images retrieved from the FlyExpress database
(www.flyexpress.net) [14]. Annotation results from our
study indicate that the image-level scheme outperforms
the group-level scheme. Results also show that major-
ity vote together with undersampling produces promising
results in dealing with imbalanced data.

Methods

In this section, we describe the image representation and
keyword annotation schemes. Given a BDGP image, we
apply sparse coding as well as the well-known bag-of-
words (BoW) method to represent the gene expression
pattern. We then employ three different pooling meth-
ods to generate the image features. Based on the image
features generated, an image-level scheme and a group-
level scheme are developed to annotate the keywords. The
data set exhibits an imbalanced data distribution; we pro-
pose to adopt undersampling to retain the efficacy of the
standard SVM classifier.

Image representation

First, we present our framework for image representa-
tion, which is closely related to the bag-of-words (BoW)
framework [15]. The BoW approach treats each image
as a vector recording the frequency of every presented
visual word detected from the image. The vector repre-
sentation is then used to classify images into different
categories [16].

In our framework, we first apply the SIFT descriptor to
generate invariant visual features from local regions on
images. A visual codebook is then constructed by applying
the clustering algorithm on the invariant raw descriptors
for a subset of images. The cluster centers are consid-
ered as the visual words of the images (codebook). After
the codebook is generated, each descriptor will be repre-
sented by a numerical vector using either BoW or sparse
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Figure 1 The training process of the group-level scheme and the image-level scheme. In the training process, one group of images is
considered as one sample in the group-level scheme, while each image within a group is treated as a sample in the image-level scheme.

coding approach. A pooling function is then adopted to
summarize hundreds of representers to form one feature
vector for one image. An overview of our framework is
given in Figure 3.

Step 1: feature detection and description
The image feature detection step involves partition-
ing the original image into multiple regions that serve
as local patches for visual description. The images in
the FlyExpress database have been standardized semi-
automatically, including alignment. We use a series of
overlapping circles to generate multiple local patches from
each image and adopt the scale-invariant feature trans-
form (SIFT) [17] descriptor to represent each patch. SIFT
converts each patch to a 128-dimensional vector. After
this step, each image is represented as a collection of vec-
tors of the same dimension (128 for SIFT). The collection
of vectors are known as descriptors.

We construct the codebook based on the descriptors
by selecting a subset of images and applying the k-means

clustering algorithm. Visual words are then defined as the
centers (or centroids) of the clusters. A visual word can
be considered as a representative of several patches with
the same characteristics. The codebook length is the num-
ber of clusters, which can be set manually. In our work,
we set this number to 2000 as in [10]. After the codebook
is constructed, the descriptor for each patch is mapped
to a numerical vector based on its relationship with the
codebook through two different ways: the hard assign-
ment (BoW) and the soft assignment (sparse coding). We
present both approaches in the following section.

Step 2: descriptor assignment

The BoW performs hard assignment for descriptors; that
is, it chooses the closest visual word in the codebook to
represent each descriptor. Then each image can be rep-
resented by a histogram of the visual word. Assume the
number of patches for a given image is N and the size
of the codebook is M. Denote I; = 1 if the ith patch

is assigned to the j#* visual word, and 0 otherwise. Then

scheme Test images
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Figure 2 The testing process of the group-level scheme and the image-level scheme. In the testing stage, the group-level model will provide
prediction for each group of images, while the image-level model will predict keywords for each image within this group. In addition, in the
image-level scheme, we make a union of all the predicted keywords in this group, which will form the final prediction for this group of images.
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Figure 3 The proposed framework of Drosophila gene pattern annotation. Given an image, the SIFT detector is utilized to generate descriptors
for local patches of this image. After SIFT detection, the BoW or sparse coding is applied to transform the descriptors into representers. Then the
pooling functions map the representers into features. We then use these features to perform keywords annotation via different schemes.

the given image can be described as H = [h1, ko, .. ., by,

where
N
h]' = Z e,'j.
i=1

A recent study [10] shows that combining BoW and spa-
tial information would deliver better performance than
using only BoW. We add spatial information into BoW in
our study.

The spatial BoW can be obtained via augmenting
the simple BoW representation to a larger vector with
extra spatial information. We implement the spatial BoW
by adopting the spatial pyramid matching scheme [18].
Denote H as the histogram of an image generated by a
non-spatial BoW; the spatial histogram bag can be written
as S, = [Hi1,H»,...,H,] where n is the number of spa-
tial sections. In our work, we partition patches into 2 by
2 sections on each image, which enlarges the non-spatial
BoW representation of the same image by a factor of 4.

The BoW approach assigns each patch to the closest
visual word in the codebook, which involves solving the
following optimization problem:

1
minimize = [|Ax — y|13,
x 2

It is clear that BoW is a vector quantization from y to
the codebook, which means only one visual word can be
picked to represent the patch represented by y. The hard
assignment ignores the relationship between y and other
visual words, while the soft assignment method over-
comes the limitation with assigning each descriptor to
a limited number of visual words with different weights
simultaneously.

Denote the codebook matrix as A € R¥*M and the
descriptor for a given patch as y € R?, the soft assign-
ment can be characterized as the following optimization
formulation:

minimize
X

1
—lAx — yl12 + A%l
2|| Yz + Allxll 2)

subjectto x;>0,i=1,...,c

where A is a parameter that controls the sparsity. This is
essentially a linear regression problem with ¢; norm reg-
ularization, known as Lasso [19] in the machine learning
literature and can be solved efficiently by SLEP [20]. We
also consider the spatial sparse coding, which is expected
to produce a more accurate description of images.

Step 3: feature pooling

. 1) Next, we apply different pooling methods to transform
subjectto x; € {0, 1}, Z x = 1. a collection of representers to one numerical vector (the
=1 image feature). After feature detection and description,
Table 1 Imbalanced image data set
Stages groups Term1 Term2 Term3 Term4 Term5 Term6 Term7 Term8 Term9 Term10
4-6 1081 302 259 231 216 199 195 107 91 90 87
7-8 877 390 371 358 342 273 241 162 145 103 71
9-10 1072 472 430 429 413 306 249 224 215 128 103
1-12 2113 936 882 604 568 554 475 284 263 261 232
13-16 2816 1068 811 791 642 564 517 492 389 353 324

In this table, we show the total number of groups and the corresponding groups which contain the top 10 terms. For most of the terms, the number of positive
samples (groups which contain the term) is less than the number of negative samples (groups which do not contain the term).
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Figure 4 Average vs majority vote for undersamplings. The y-axis of the figure indicates the AUC.
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each image is represented by a collection of represen-
ters (discrete for BoW, continuous for sparse coding) of
the same dimension. Pooling is used to achieve more
compact representations and better robustness to noise
and variance. Let X be the sparse coding representers of
SIFT descriptors. We compute the image features by a
pre-defined pooling function:

z=f(X) (3)

where f is applied on each column of X. Recall that each
column corresponds to the responses of all the descriptors
to one specific item in the codebook. Therefore, differ-
ent pooling functions construct different image statistics.
We transform a collection of representers into one vector
serving as the feature of the image using three different
pooling functions: average pooling, the max pooling and
the square root (Sqrt) pooling.

Average pooling

For any image represented by a set of descriptors, we can
compute a single feature vector based on some statistics
of the representers. For the BoW, a common choice is to
compute the histogram:
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ways to proceed the pooling operations. The max pool-
ing function was introduced in [24-26], and it maps each
column of X to its max element:

IR (5)

The max pooling basically uses the strongest signal
among multiple patches to represent the information of
the image, and the characteristics of that image are poten-
tially well captured by the max pooling. Max pooling has
been shown to be particularly well suited to the sparse
features [27].

Zj = max {xlj,xzj, ce

Sqrt pooling

The P-norm is one of statistics that continuously transi-
tions from average to max pooling, of which a special case
is the square root of mean squared statistics (Sqrt) pooling
(P = 2). Mathematically, it is defined as:

It is clear that the Sqrt pooling takes advantage of all
the information in X, and the only difference between the
Sqrt pooling and average pooling lies in the statistics they

1 M choose to evaluate the information.
=T in’ ) Each of these pooling functions captures one aspect of
=1 the statistical property of representers. We consider all
where x;(i = 1,...,M) is the representers generated three pooling functions in our empirical studies for com-

through BoW and M is the number of patches we have cre-
ated. In this method, we have actually taken the average
value of all the BoW representers. For the more sophis-
ticated spatial BoW, the representation z for one image
is the concatenation of histograms associated with var-
ious locations. In this case, z can be seen as again a
histogram after normalization. The average pooling is the
most commonly used pooling functions [21-23] and it can
be applied to sparse coding representers accordingly.

Max pooling

Average pooling can be used on both hard-assignment
and soft-assignment representers. Due to the intrinsic
continuity property of soft assignment, there are other

parison, and the results indicate that all three pooling
functions perform comparably well in our application.

Keywords annotation schemes

In this section, we describe two different annotation
schemes for the keywords annotation based on various
types of features extracted from the BDGP images, e.g.,
the max-pooling spatial sparse codes, the average-pooling
BoW, etc. The group-level annotation scheme takes each
group of images as one sample in the training and testing
and is used in previous studies [10,12]. It has been shown
to give promising results. We propose the image-level
annotation scheme in this paper which treats individual
image as one sample.

Table 2 NonSpatial vs Spatial group-level annotation for top 10 terms in all stages

NonSpatial Spatial
Stages
Accuracy AUC Sensitivity Specificity Accuracy AUC Sensitivity Specificity

4-6 7277 0.7573 0.7965 0.7180 7344 0.7609 0.7965 0.7254
7-8 75.09 0.7533 0.7473 0.7626 75.74 0.7557 0.7532 0.7761
9-10 7415 0.7499 0.7446 0.7553 7413 0.7504 0.7429 0.7579
11-12 7718 0.7827 0.8044 0.7610 77.74 0.7876 0.8074 0.7678
13-17 79.78 0.7988 0.8001 0.7975 80.45 0.8048 0.8042 0.8053

Spatial BOW performs slightly better than NonSpatial BOW.
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Figure 5 Image-level scheme with union vs image-level scheme without union for all stage ranges. The y-axis of the figure indicates the AUC.
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Group-level annotation

In the current BDGP database, groups of images are man-
ually annotated with a set of keywords. It is possible that
not all images in a group are associated with each keyword
in the set. Following this intrinsic structure of the BDGP
data, we first illustrate the group-level annotation scheme.

Given a group of images and the corresponding key-
words, the SIFT descriptors are generated for each image
in the group. We then perform hard assignment as well as
soft assignment from the SIFT descriptors to obtain the
representers. By concatenating all the representers of the
group together, various pooling functions can be applied
to produce the feature vector. In the group-level scheme,
one group of images are treated as one sample, and the
pooling functions are used to extract the information from
all images within this group. We train our model using
the training samples and the model is used to predict the
keywords for the testing samples.

The group-level annotation scheme is built directly
from the data structure, where each group of images is
represented by one sample in the training and testing
procedure (see Figure 1 and Figure 2). Since previous stud-
ies [10,12] have shown that the group-level scheme gives
promising results in keywords annotation for Drosophila
gene expression images, we implement the group-level
scheme and use it as a baseline for comparison.

Image-level annotation

Different from the group-level scheme, each image serves
as one sample in the image-level scheme and the pool-
ing function is applied on an individual image rather than
a group of images. In the training procedure, we assume
that each image in the group is associated with all the key-
words for that group. Hence, a larger number of positive
training samples are generated for training our models.
The training procedure is illustrated in Figure 1.

We train our model from samples representing individ-
ual images and apply it to individual images as well. After
obtaining the predicted keywords for individual images,
we make a union of the keywords from the same group
(see Figure 2). The evaluation of the scheme is done by
comparing the predicted keywords and the ground truth

Table 3 Image-level with union vs Image-level without union

Page 8 of 13

for that group, which is the same as group-level evalu-
ation. The union operation is introduced to reduce the
noise since not all images within a group are associated
with all the keywords for that group. We also include
the image-level scheme without union for comparison
purpose.

Both the group-level annotation scheme and the image-
level annotation scheme are implemented in our study,
and our results indicate that image-level scheme out-
performs the group-level scheme as it captures more
information from each BDGP image.

Undersampling and majority vote

Our image data set is highly imbalanced. For example,
there are 1081 groups of images in stage range 2, while
only 90 groups contain the term ‘anlage in statu nascendi’
(Table 1). It has been shown that direct application of
commonly used classification algorithms on an imbal-
anced data set would usually provide sub-optimal results
and one effective approach is to generate a balanced train-
ing set [28-30]. Intuitively, we may do random sampling to
generate a balanced sample set from the imbalanced data,
such as oversampling and undersampling. Oversampling
adds a set A sampled from the minority class to the origi-
nal data. In this way, the total number of samples increases
by |A|, and the class distribution is balanced accordingly.
On the contrary, undersampling removes data from the
majority class and reduces the size of the original data set.
In particular, denote the minority class as B, we randomly
select a subset of size | B| of majority class examples while
keeping the minority class untouched.

In [10], oversampling is utilized to deal with imbalanced
gene pattern images data set. We apply the undersam-
pling in our study as oversampling may cause overfitting
[13]. Compared with the results in [10], our experiments
produce better sensitivity in prediction. To reduce the
random factor in undersampling and further improve the
performance, we do undersampling for multiple times and
combine multiple predictions by majority vote. In our
experiment, we perform undersampling for 21 times and
summarize all the models to evaluate the system we have
built. Majority vote [31] is adopted to perform the final

stages Without union With union

Accuracy AUC Sensitivity Specificity Accuracy AUC Sensitivity Specificity
4-6 69.49 0.6796 0.6623 0.6968 77.35 0.7437 0.7002 0.7872
7-8 75.78 0.7509 0.7260 0.7758 7842 0.7666 0.7209 0.8123
9-10 74.39 0.7469 0.7373 0.7565 78.98 0.7592 0.7481 0.7702
11-12 74.69 0.7574 0.7753 0.7395 79.84 0.8021 0.8153 0.7889
13-17 78.24 0.7687 0.7433 0.7939 82.04 0.8012 0.7655 0.8359

Image-level with union performs much better than without union (sparse coding).
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Figure 6 Group-level scheme vs image-level scheme with union for all stage ranges. The y-axis of the figure indicates the AUC.




Sun et al. BMC Bioinformatics 2013, 14:350
http://www.biomedcentral.com/1471-2105/14/350

prediction in our study. We use mean prediction as the
baseline for evaluation and our results show that majority
vote performs better.

Results and discussion

We design a series of experiments to compare aforemen-
tioned approaches for keywords annotation, and report
and analyze the experimental results. In this section, we
present the comparison in four directions:

Comparison between spatial and non-spatial features;
Comparison between group-level and image-level
schemes;

Comparison between BoW and sparse coding;
Comparison of different pooling methods.

Data description and experiment setup

The Drosophila gene expression images used in our work
are obtained from the FlyExpress database, which con-
tains standardized images from the Berkeley Drosophila
Genome Project (BDGP). The Drosophila embryogenesis
is partitioned into 6 stage ranges (1-3,4-6,7-8,9-10, 11—
12, 13-17) in BDGP. We focus on the later 5 stage ranges
as there are very small number of keywords appeared in
the first stage range.

The Drosophila embryos are 3D objects [32], and the
FlyExpress database contains 2D images that are taken
from different views (lateral, dorsal, and lateral-dorsal)
[33]. As majority of images in the database are in lateral
view [12], we focus on the lateral-view images in our study.

Since most keywords are stage-range specific, we build
a codebook for each stage range. Based on the codebook,
the spatial BoW features and the spatial sparse coding rep-
resenters are computed. We adopt both group-level and
image-level annotation schemes to compare the perfor-
mance. Various pooling functions are applied to generate
the features for annotation.

Given the feature representation, we carry out the
undersampling for prediction. We focus on the most fre-
quent 10 terms for each stage range. The groups that
contain a particular term are selected as our positive sam-
ples. We use 80% of the positive samples as the positive
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training set T r,, the remaining 20% as testing set T st.
We also select a subset of samples T st,(|T st,| = |T stp|)
which do not contain the term. The test set T st =
T stp+T sty is kept untouched during our experiment. As
the data distribution is imbalanced, we apply undersam-
plings for 21 times on the remaining negative groups to
form T r,(|T ru| = |T rpl). Thus, we have 21 training sets
Tr())=Trp,+Tru@, i=1,...,21, which are made up
of the same positive set and different negative sets.

We employ the one-against-rest support vector
machines (SVM) [34] to annotate the gene expression pat-
tern images, where the SVM builds a decision boundary
between T r, and T r, and produces the predictions for
T st. The average and majority vote are used to summa-
rize multiple undersamplings (see Figure 4). The results
of the experiment verify the superiority of our proposed
approach.

Comparison between spatial and non-spatial features
We first carry out the comparison between spatial BoW
and non-spatial BoW based on the traditional group-level
schemes. We fix the same settings in both cases, including
the training samples, test samples and the pooling func-
tions. The only difference between the two cases lies in
the length of SIFT descriptors: the spatial descriptors is 5
times the length of those for non-spatial representation.
The extra part of the descriptors captures the location
information of multiple patches for the images. As the
positive samples for most terms are less than the nega-
tive samples, we perform 21 under-samplings to balance
the training samples for the annotation. We choose four
measurements: accuracy, AUC, sensitivity and specificity
to evaluate the performance of different approaches.
Comparison results for all 5 stage ranges by weighted
averaging top 10 terms are shown in Table 2. From the
comparison, we conclude that using spatial information
improves the performance. Hence, all of the subsequent
empirical studies employ the spatial representation.

Comparison between group-level and image-level schemes
In this experiment, we compare the group-level scheme
and the image-level scheme. For the group-level scheme, a

Table 4 Group-level vs Image-level scheme for top 10 terms in all stages

Group-level Image-level
Stages
Accuracy AUC Sensitivity Specificity Accuracy AUC Sensitivity Specificity

4-6 7344 0.7609 0.7965 0.7254 76.27 0.7345 0.6891 0.7798
7-8 75.74 0.7557 0.7532 0.7761 7847 0.7635 0.7006 0.8264
9-10 7413 0.7504 0.7429 0.7579 74.28 0.7333 0.6977 0.7669
11-12 77.74 0.7876 0.8074 0.7678 80.14 0.7974 0.7946 0.8002
13-17 80.45 0.8048 0.8042 0.8053 81.02 0.7869 0.7412 0.8325

Image-level spatial BOW performs slightly better than group-level spatial BOW.



Sun et al. BMC Bioinformatics 2013, 14:350

http://www.biomedcentral.com/1471-2105/14/350

Table 5 BoW vs Sparse coding for top 10 terms in all stages
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BoW Sparse coding
Stages
Accuracy AUC Sensitivity Specificity Accuracy AUC Sensitivity Specificity

4-6 76.27 0.7345 0.6891 0.7798 77.35 0.7437 0.7002 0.7872
7-8 7847 0.7635 0.7006 0.8264 7842 0.7666 0.7209 0.8123
9-10 74.28 0.7333 0.6977 0.7669 78.98 0.7592 0.7481 0.7702
11-12 80.14 0.7974 0.7946 0.8002 79.84 0.8021 0.8153 0.7889
13-17 81.02 0.7869 0.7412 0.8325 82.04 0.8012 0.7655 0.8359

Spatial sparse coding performs slightly better than spatial BOW (image-level).

group of images serve as one sample, and the correspond-
ing keywords act as the labels. For image-level scheme,
each image of the group is treated as one sample, and
the keywords of the group are assigned to all the images
within the group (for training). Given a group of images,
the group-level models will predict the terms associated
with the whole group; the image-level models will predict
the terms associated with each image within the group
and the union of predicted terms from all images within
the group will be used as the final prediction.

Table 6 Different pooling methods for top 10 terms in all
stages

Stages Max pooling

Accuracy AUC Sensitivity Specificity
4-6 7543 0.7320 0.7002 0.7637
7-8 77.28 0.7616 0.7311 0.7921
9-10 74.46 0.7457 0.7397 0.7517
11-12 7851 0.7893 0.8015 0.7771
13-17 80.96 0.7952 0.7664 0.8240
Stages Average pooling

Accuracy AUC Sensitivity Specificity
4-6 7521 0.7315 0.6976 0.7654
7-8 76.80 0.7603 0.7332 0.7874
9-10 74.32 0.7439 0.7397 0.7480
11-12 7749 0.7828 0.8034 0.7623
13-17 80.12 0.7842 0.7521 0.8164
Stages Sqrt pooling

Accuracy AUC Sensitivity Specificity
4-6 75.73 0.7360 0.7031 0.7692
7-8 7749 0.7664 0.7373 0.7955
9-10 74.58 0.7459 0.7380 0.7538
11-12 7837 0.7907 0.8094 0.7720
13-17 80.73 0.7936 0.7681 0.8191

In our experiment, all the three pooling methods produce comparable
performance. In particular, max pooling and Sqrt pooling perform slightly better
than average pooling.

To support our image-level scheme, we implement
another image-level scheme without union which eval-
uates the prediction on the image-level. The results are
reported in Figure 5. Under the same condition, the union
operation significantly improves the performance of the
image-level scheme over all stage ranges (see Table 3).

Our empirical study also shows that the image-level
scheme with union outperforms the group-level scheme,
which can be seen in Figure 6. Thus, in the later part
of this paper, we focus on the image-level scheme. The
comparisons over all stages are summarized in Table 4.

Comparison between BoW and sparse coding

In this part, we compare the performances of spatial BoW
and spatial sparse coding based on image-level scheme,
which produces the best result in the previous study. The
BoW method assigns each SIFT descriptor to its closest
visual words, and uses a histogram to summarize all of the
representers. On the other hand, the sparse coding assigns
each SIFT descriptor to multiple visual words with differ-
ent weights, and different pooling functions are used to
summarize the representers. For the sparse coding, we use
a subset of images to tune X via cross-validation. We use
average pooling for both BoW and sparse coding.

We compute the weighted average for all of the 10 terms
for comparison. Overall, spatial sparse coding performs
better than spatial BoW (see Table 5), which is consistent
with previous studies [10].

Comparison of different pooling methods

To study the difference of various pooling functions, we
conduct another experiment to compare three different
pooling methods based on spatial sparse coding. Recall
that the max pooling takes the max element of each col-
umn of X, the average pooling takes the mean value of

Table 7 Comparison with previous research

Measure [10] Our approach
Sensitivity 0.6544 0.7946
Specificity 0.8577 0.8002

Here is a sample comparison between the previous results (refer to Table five in
[10]) and our results (refer to Table 5) for stage range 11-12.
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each column of X, and the Sqrt pooling take the square
root of ¢5 norm of each column of X. Different pool-
ing functions utilize different statistics to summarize the
representers.

Overall, the experimental results show that our
image-level max-pooling approach achieves the best
performance among different combinations of image rep-
resentation methods and keywords annotation schemes.
In particular, all three pooling methods perform compara-
bly under the same condition. Furthermore, the max pool-
ing and the Sqrt pooling produce slightly better results
than the average pooling (see Table 6).

Comparison with previous work

There are three main differences between the approach
in reference [10] and our paper. First, we propose dif-
ferent ways of pooling the representers: the sum pooling
is used in [10] while we provide three different pool-
ings in our study (average pooling, max pooling and Sqrt
pooling). Secondly, we apply different ways of treating
imbalanced data: the oversampling is used in [10] while
we use undersampling in our paper. Finally, we adopt a
different classification scheme: the group-level scheme is
used in [10] while we propose the image-level scheme
in our study. Compared with the results in [10], our
approach produces better prediction performance (see
Table 7).

Conclusion

This article proposes an image-level undersampling
scheme for annotating Drosophila gene expression pat-
tern images. In our study, images are represented by BoW
and spatial sparse codes. To transform the representers to
sample features, different pooling functions are adopted.
In addition, an image-level annotation scheme is pre-
sented to boost the performance. The random undersam-
pling mechanics are applied to deal with the imbalanced
data in our study. Results on images from the BDGP
database demonstrate the effectiveness of our proposed
approach.

The current approach is only applied to the Drosophila
embryo images in lateral view. There are also images in
dorsal view and lateral-dorsal view which are not used
in our study. We plan to extend the proposed method to
other views of images in the future.

Availability of supporting data
Images used in this paper are available at http://www.
flyexpress.net/.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors analyzed the results and wrote the manuscript. JY conceived the
project and designed the methodology. QS and SM implemented the

Page 12 0f 13

programs. QS and LY drafted the manuscript. SN, SKand JY supervised the
project. All authors have read and approved the final manuscript.

Acknowledgements

This work is supported in part by the National Institutes of Health grants
(LM010730, HG002516-09) and the National Science Foundation grant
(115-0953662).

We also would like to thank the anonymous reviewers for useful comments on
this manuscript.

Author details

'Center for Evolutionary Medicine and Informatics, The Biodesign Institute,
Arizona State University, Tempe, AZ, 85287, USA. 2School of Life Sciences,
Arizona State University, Tempe, AZ 85287, USA. 3Ira A Fulton Schools of
Engineering, Arizona State University, Tempe, AZ, 85287, USA. *Department of
Computer Science, Old Dominion University, Norfolk, VA, 23529, USA. °Center
of Excellence in Genomic Medicine Research, King Abdulaziz University,
Jeddah, Saudi Arabia.

Received: 16 March 2013 Accepted: 6 November 2013
Published: 3 December 2013

References

1. LecuyerE, Yoshida H, Parthasarathy N, Aim C, Babak T, Cerovina T, Hughes
TR, Tomancak P, Krause HM: Global analysis of mRNA localization
reveals a prominent role in organizing cellular architecture and
function. Cell 2007, 131:174-187. [http://www.sciencedirect.com/
science/article/B6WSN-4PTNRXP-R/2/
fb52595ebb5af21b63becf189fbe8c95]

2. Fowlkes CC, Luengo Hendriks CL, Kerdnen SV, Weber GH, Ribel O, Huang
MY, Chatoor S, DePace AH, Simirenko L, Henriquez C, Beaton A,
Weiszmann R, Celniker S, Hamann B, Knowles DW, Biggin MD, Eisen MB,
Malik J: A quantitative spatiotemporal atlas of gene expression in
the Drosophila blastoderm. Cell 2008, 133(2):364-374.

3. Sean Carroll SW, Grenier J: From DNA to Diversity : Molecular Genetics and
the Evolution of Animal Design. 2nd ed. Malden, MA 02148, USA:
Wiley-Blackwell; 2005.

4. Levine M, Davidson EH: Gene regulatory networks for development.
Proc Natl Acad Sci U S A 2005, 102(14):4936-4942. [http://www.pnas.org/
content/102/14/4936.abstract]

5. Matthews KA, Kaufman TC, Gelbart WM: Research resources for
Drosophila: the expanding universe. Nat Rev Genet 2005, 6(3):179-193.
[http://dx.doi.org/10.1038/nrg1554]

6. Tomancak P, Beaton A, Weiszmann R, Kwan E, Shu S, Lewis SE, Richards S,
et al.: Systematic determination of patterns of gene expression
during Drosophila embryogenesis. Genome Biol 2002, 3(12):0081-0088.

7. Tomancak P, Berman B, Beaton A, Weiszmann R, Kwan E, Hartenstein V,
Celniker S, Rubin G: Global analysis of patterns of gene expression
during Drosophila embryogenesis. Genome Biol 2007, 8(7):R145.

8. Grumbling G, Strelets V, The FlyBase Consortium: FlyBase: anatomical
data, images and queries. Nucleic Acids Res 2006, 34:D484-D488.

9. JiS,LiYX, Zhou ZH, Kumar S, Ye J: A bag-of-words approach for
drosophila gene expression pattern annotation. BVC Bioinformatics
2009, 10:119.

10. Yuan L, Woodard A, Ji S, Jiang Y, Zhou ZH, Kumar S, Ye J: Learning sparse
representations for fruit-fly gene expression pattern image
annotation and retrieval. BMC Bioinformatics 2012, 13:107.

11. Zhou J, Peng H: Automatic recognition and annotation of gene
expression patterns of fly embryos. Bioinformatics 2007, 23(5):589-596.

12, Ji'S, Yuan L, Li YX, Zhou ZH, Kumar S, Ye J: Drosophila gene expression
pattern annotation using sparse features and term-term
interactions. In Proceedings of the Fifteenth ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining; 2009:407-416.

13. He H, Garcia EA: Learning from imbalanced data. Know! Data Eng IEEE
Trans 2009, 21(9):1263-1284.

14. Kumar S, Konikoff C, Van Emden B, Busick C, Davis KT, Ji S, Wu LW, Ramos
H, Brody T, Panchanathan S, et al.: FlyExpress: visual mining of
spatiotemporal patterns for genes and publications in Drosophila
embryogenesis. Bioinformatics 2011, 27(23):3319-3320.

15. Sivic J, Zisserman A: Efficient visual search of videos cast as text
retrieval. IEEE Trans Pattern Anal Mach Intell 2009, 31:591-606.


http://www.flyexpress.net/
http://www.flyexpress.net/
http://www.sciencedirect.com/science/article/B6WSN-4PTNRXP-R/2/fb52595ebb5af21b63becf189fbe8c95
http://www.sciencedirect.com/science/article/B6WSN-4PTNRXP-R/2/fb52595ebb5af21b63becf189fbe8c95
http://www.sciencedirect.com/science/article/B6WSN-4PTNRXP-R/2/fb52595ebb5af21b63becf189fbe8c95
http://www.pnas.org/content/102/14/4936.abstract
http://www.pnas.org/content/102/14/4936.abstract
http://dx.doi.org/10.1038/nrg1554

Sun et al. BMC Bioinformatics 2013, 14:350 Page 13 of 13
http://www.biomedcentral.com/1471-2105/14/350

16. Mikolajczyk K, Schmid C: A performance evaluation of local
descriptors. [EEE Trans Pattern Anal Mach Intell 2005, 27(10):1615-1630.

17. Lowe DG: Distinctive image features from scale-invariant keypoints.
Int J Comput Vision 2004, 60(2):91-110.

18. Lazebnik S, Schmid C, Ponce J: Beyond bags of features: spatial
pyramid matching for recognizing natural scene categories. In
Proceedings of the 2006 IEEE Computer Society Conference on Computer
Vision and Pattern Recognition. Washington: IEEE Computer Society;
2006:2169-2178.

19. Tibshirani R: Regression shrinkage and selection via the lasso. J R Stat
Soc Ser B 1996, 58:267-288.

20. LiuJ,Ji'S, Ye J: SLEP: Sparse Learning with Efficient Projections: Arizona State
University; 2009. [http://www.public.asu.edu/~jye02/Software/SLEP]

21. Le Cun BB, Denker J, Henderson D, Howard R, Hubbard W, Jackel L:
Handwritten digit recognition with a back-propagation network.

In Advances in Neural Information Processing Systems: Citeseer; 1990.

22. LeCunY, Bottou L, Bengio Y, Haffner P: Gradient-based learning
applied to document recognition. Proc IEEE 1998, 86(11):2278-2324.

23. Pinto N, Cox DD, DiCarlo JJ: Why is real-world visual object
recognition hard? PLoS Comput Biol 2008, 4:e27.

24. Riesenhuber M, Poggio T: Hierarchical models of object recognition in
cortex. Nature Neurosci 1999, 2(11):1019-1025.

25. Serre T, Wolf L, Poggio T: Object recognition with features inspired by
visual cortex. In Computer Vision and Pattern Recognition, 2005. CVPR
2005. IEEE Computer Society Conference on, Volume 2: IEEE; 2005:994-1000.

26. YangJ, YuK, Gong Y, Huang T: Linear spatial pyramid matching using
sparse coding for image classification. In Computer Vision and Pattern
Recognition, 2009. CVPR 2009. IEEE Conference on: IEEE; 2009:1794-1801.

27. Boureau YL, Ponce J, LeCun Y: A theoretical analysis of feature pooling
in visual recognition. In International Conference on Machine Learning;
2010:111-118.

28. Estabrooks A, Jo T, Japkowicz N: A multiple resampling method for
learning from imbalanced data sets. Comput Intell 2004, 20:18-36.

29. Chawla NV, Japkowicz N, Kotcz A: Editorial: special issue on learning
from imbalanced data sets. ACM SIGKDD Explorations News| 2004, 6:1-6.

30. Han H, Wang WY, Mao BH: Borderline-SMOTE: A new over-sampling
method in imbalanced data sets learning. In Advances in Intelligent
Computing. Heidelberg: Springer Berlin; 2005:878-887.

31. Kuncheva LI, Whitaker CJ, Shipp CA, Duin RP: Limits on the majority
vote accuracy in classifier fusion. Pattern Anal Appl 2003, 6:22-31.

32. Weber GH, Rubel O, Huang M-Y, DePace AH, Fowlkes CC, Keranen SVE,
Luengo Hendriks CL, et al.: Visual exploration of three-dimensional
gene expression using physical views and linked abstract views.
Comput Biol Bioinform IEEE/ACM Trans 2009, 6(2):296-309.

33, Mace DL, Varnado N, Zhang W, Frise E, Ohler U: Extraction and
comparison of gene expression patterns from 2D RNA in situ
hybridization images. Bioinformatics 2010, 26(6):761-769.

34, Chang CC, Lin CJ: LIBSVM: A library for support vector machines.
ACM Trans Intell Syst Technol 2011, 2:27:1-27:27. Software available at
[http://www.csie.ntu.edu.tw/~cjlin/libsvm]

doi:10.1186/1471-2105-14-350

Cite this article as: Sun et al: Image-level and group-level models for
Drosophila gene expression pattern annotation. BMC Bioinformatics 2013
14:350.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at ) -
www.biomedcentral.com/submit ( BiolMed Central



http://www.public.asu.edu/~jye02/Software/SLEP
http://www.csie.ntu.edu.tw/~cjlin/libsvm

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Image representation
	Step 1: feature detection and description
	Step 2: descriptor assignment
	Step 3: feature pooling
	Average pooling
	Max pooling

	Sqrt pooling
	Keywords annotation schemes
	Group-level annotation
	Image-level annotation

	Undersampling and majority vote

	Results and discussion
	Data description and experiment setup
	Comparison between spatial and non-spatial features
	Comparison between group-level and image-level schemes
	Comparison between BoW and sparse coding
	Comparison of different pooling methods
	Comparison with previous work


	Conclusion
	Availability of supporting data
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References

