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Abstract: Research on internal waves in the coastal ocean is one of the most important tasks both in physi-
cal oceanography and ocean monitoring network. Currently, how to quickly and accurately detect the ocean
internal waves from the huge ocean surface is still a challenging issue. In this paper, we model the ocean
internal wave detection as a task of region classification for texture images and then propose a rapid internal
waves detection method based on a deep learning framework (PCANet). In the proposed method, two models
have been trained: one is the deep feature representation model, which combines principal component anal-
ysis (PCA), binary hashing, and block-wise histograms and can extract more distinguishing features than
handcraft feature. Moreover, because the filter learning in PCANet does not require regularized parameters
and numerical optimization solver, the training process of the representation model is very fast. The other
one is a classification model based on a linear support vector machine. The object proposal method has been
applied to get the possible candidates when analyzing a captured image, which dramatically decreases the
searching time. Experiment results on the data set captured by unmanned aerial vehicles verify the speed
ability and effectiveness of the proposed method.
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1 Introduction

To monitor and explore ocean, wide-area secure ocean networks [24, 25, 33] should be designed to collect
information from different types of sensors [34] such as largely static with power tether, autonomous under-
water vehicles [12, 41], unmanned aerial vehicles (UAV) [3, 7, 40] and satellites. Internal wave phenomenon is
widespread in the ocean [10, 14, 15]. Because it can significantly affect oceanic current measurements, under-
sea navigation, antisubmarine warfare operation [2, 28] and the security of ocean network, internal wave
and its side effects have been studied in various aspects. Traditional internal wave detection methods [5, 13,
19, 21] usually obtain data from the synthetic aperture radar (SAR), and then internal wave can be mapped
on the SAR image according to the sensitivity of SAR data [1, 23, 31], which changes with small-scale surface
roughness. However, it is impossible to repeatedly observe the same wave packet over a short period of time.
Though the low-altitude aerial oblique photograph can compensate the shortcomings of SAR image, a very
large ocean surface can be covered, and short time change of internal waves can be observed with UAV, how
to detect the internal waves rapidly and accurately is still a challenging task right now.

With the development of deep learning and computer vision, the real-time and efficient internal wave
detection based on UAV become possible. In this paper, we propose a novel method based on deep learn-
ing for internal wave detection. A fast and accurate deep learning network PCANet [9] is used to detect the
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internal waves. PCANet is a deep feature learning network which can combine principal component analysis
(PCA), binary hashing, and block-wise histograms effectively, and experimental results show that the pro-
posed scheme can achieve the state-of-the-art performance in the detection of ocean internal waves.

Our method includes two stages. The first stage is model training stage. With the captured images by UAYV,
we randomly select image patches to generate a raw data set. To reduce the computation cost, the images in
the data set will be converted to gray level and normalized to the size of 28 x 28. Then the normalized image
patches are trained to get a PCANet. The learned deep PCANet can be used to extract the distinguishing
feature representation of internal waves under different conditions. Then a linear support vector machine
(SVM) classification model can be obtained with the extracted feature. In the matching stage, object propos-
als method [18, 30, 37] is applied to the input image to get the possible candidates, and then we transfer the
candidates patches to the trained PCANet and SVM classification model. According to the positive classifica-
tion results, the accurate positions of the internal waves can be detected and localized.

There are five sections in this paper. After the introduction section, the nonlinear near surface internal
waves was introduced in Section 2. In Section 3, feature learning algorithm with PCANet is introduced. In
Section 4, performance of the internal wave detection framework was evaluated with the data set captured
by UAV. Final conclusions were addressed in Section 5.

2 Related Works

2.1 Nonlinear Near-Surface Internal Waves

Internal wave is widely observed in the ocean, particularly in the relatively shallow waters such as Yellow Sea
[36]. Internal wave occurs within subsurface layers of marine waters that are stratified due to temperature
and salinity variations. Internal waves are observed throughout the year since the tropical waters are strati-
fied. Disturbance created within the ocean gives rise to these waves, which represent a significant mechanism
for transport of momentum and energy within the ocean [11].

Internal wave plays a significant role in maintaining the ocean circulation and global climate. Moreover,
internal wave has certain impacts on human activities, such as platform drillings in industry and subma-
rine voyages in the military field [32]. Sea water would have strong inertia wave and stress force induced
by the massive energy of internal wave; thus, it can influence human being activities significantly. In this
work, related algorithms and techniques for automated detection of internal wave features from the image
of internal waves are discussed. There are many in situ observations of internal waves in the ocean [1, 11, 24,
26]. The parameters of nonlinear internal waves which are founded in the nonlinear theory can be inversed.
The nonlinear theory takes advantage of water column data, which are composed from in situ observations.
Theories of nonlinear waves could be significantly persuasive when analyzed, based on small but limited
amplitudes. The observed wave packets demonstrated almost all the time rank-ordered, and the larger well-
separated waves at their leading edge could be segregated as solitary-like waves. After that, the mathemati-
cal theory of solitary waves, which are derived under diversified assumptions, probably could be utilized as
an effective guidance to their behavior and at the same time motivate impressive accurate predictions occa-
sionally. There are various widely used wave models, such as Korteweg-de Vries (KDV) [29], Benjamin-Ono
(BO) [4] and intermediate long wave (ILW). The KDV is the most appropriate model when applied into suc-
cessful prediction of experimental or observational solitons. Even for large amplitude solitary, for example
waves which are outside of the strict assumption of the KDV theory, while BO or ILW theory appears not to
do so [8, 20, 22, 35].

Based on the model, numerical simulation was carried out, and the parameters of nonlinear internal
waves such as phase speed were inversed. Under the assumption of weak non-linear, weak dispersion, the
KDV equation is shown in the following form:

0.+c,00 +abd +y0 =0. (1)
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where 6 is the vertical displacement of isopycnal surface from its equilibrium level, ¢ is time, and @, y and C;
are environmental coefficients describing nonlinearity, dispersion and long-wavelength phase speed, respec-
tively. Soliton solutions to this equation take the form of

0(x, t)=-6 sech’ {X_Ld} 2
with phase speed of
6
c=c,— a3 o, 3)
and a soliton half width of
127"
L= (-V] . %)
0,a

b%s
where is the wave phase, and 6, is the wave amplitude, accordingly.

In situ observations of internal waves have been improved with the development of monitoring sensors
and instruments [6, 38]. However, these data sets achieved from these measuring devices are usually not well
suited for making precise measurements of wave speed and direction. Sometimes, these measuring devices
are expensive and also face the difficulties of the installation influenced by the sea conditions when deployed
in the ocean, the measurement of the spatial coverage and resolution also insufficient. On the other hand,
photogram metrically rectified oblique photo images from a circling aircraft are used to track a number of
internal wave packets for periods of up to 1 h, which makes highly accurate measurements of wave propaga-
tion speeds and directions possible.

2.2 Object Detection Methods Based on Deep Learning

Internal wave detection belongs to the object detection problem, and object detection is one of the long-stand-
ing and important problems in computer vision, which is a more challenging problem than classification since
it intrinsically includes the problem of object localization. With the high capacity of deep convolutional neural
networks (CNNs), object detection has recently made ground-breaking advances. Object detection based on
deep CNNs [37] can be divided into two branches: region based method [37] and regression based method [30].

2.2.1 Region Based Detection

Region-based CNN (RCNN) [17] framework is the first and most notably region-based method. To address
the localization problem, RCNN uses region proposal techniques generating hundreds or thousands of can-
didate bounding boxes which include an object with high probability and refer to detection as a classifica-
tion problem which uses deep CNN to classify the candidate boxes. RCNN surpassing traditional deformable
parts model framework by a large margin in mAP, it suffers from severe localization errors even though it has
exploited bounding box regression as a post-processing step which only helps on small localization errors.
Fast RCNN [16] employs several innovations accelerating detection speed while also increasing detection
accuracy. By introducing a multi-task loss, it can simultaneously classify objects and regress bounding boxes
to target location. Despite the success of fast RCNN, it still struggles with inaccurate localization that causes
the most severe errors. This inaccurate localization mainly stems from the proposal method which gener-
ates candidates only providing rough localization rather than precise localization. Even though faster RCNN
proposes a region proposal networks that can generate better proposal, there is still a large space to further
advanced detection performance by refining the bounding boxes.
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2.2.2 Regress-Based Detection

Bounding box regression is a commonly used paradigm to refine bounding box coordinates. Even region-
based methods described above introduce regression step to refine bounding box and boost the mAP [30].
However, directly regressing the bounding box to the target coordinates is a difficult learning task that cannot
yield accurate enough bounding boxes. You only look once frame object detection is viewed as a regression
problem, it simply utilizes a single neural network model to predict bounding boxes and class probabilities
directly from full images, so that the accuracy is not optimal. But it is less likely to predict false positives in
the background due to the use of global features in training and testing stage which implicitly encodes con-
textual information about classes as well as their appearance.

Single shot multibox detector (SSD) [27] is a unified and fast single shot object detector for multiple cat-
egories using a single deep neural network. SSD approach discretizes the output space of bounding boxes
into a set of bounding box priors over different aspect ratios and scales per feature map location. At predic-
tion time, the network generates confidences that each prior corresponds to objects of interest and produces
adjustments to the prior to better match the object shape. Additionally, the network combines predictions
from multiple feature maps with different resolutions to naturally handle objects of various sizes.

PCANet [9] is a very simple deep learning network for image classification which comprises only the very
basic data processing components: cascaded PCA, binary hashing and block-wise histograms. PCANet can be
designed and learned extremely easily and efficiently. The PCANet serves as a simple but highly competitive
baseline for texture classification and object recognition. This simple CNN improves some defects of classic
CNNs such as too long training time, need for special tuning parameters and technique problems. This allows
for training networks with many features, making them insensitive to variability between classes.

3 Our Method

Our proposed method includes two parts: (1) the first part is the model training: we use PCANet and SVM
to train a classification model [see Figure 1 (top)]; (2) the second part is detection: we use selective search
method [39] to produce proposals. Then we use trained PCANet models to extract the proposals features and
use SVM models to classify them.

Training stage

Training images 135"“ SApIeS

Generate patches . Preprocess

Features
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_ samples ‘ PCANet # Linear SVM

470
:1 Negative samples Deep feature Classification
2 representation model model

Detection stage

. Features
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| region Wave? no wave

Input image Proposals

Figure 1: The flow chart of internal waves detection framework based on PCANet.
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3.1 Model Training

PCANet is a relatively simple deep learning network, which is easy to train for and can be applied in dif-
ferent tasks in computer vision, including face classification and optical character recognition. The basic
architecture of PCANet is shown in Figure 2. The training of PCANet has three stages: the first two stages are
based on PCA and in the last stage, hashing (in order to produce nonlinear output) and histogram are used
to demonstrate the results [9].

Consider an image with m x n pixels in size C there are N images in the training set. In each image, a patch
of size k x k, around each pixel was taken, as shown in Figure 3. All the patches are collected, vectored and
combined into a matrix of k, x k, rows and (m - k, +1) x(n - k,+1) columns.

For example, in the image I, a matrix X, was obtained; thus, the patch mean from each patch was sub-
tracted, obtaining

X=[X,X, ....]e R, (5)

where c indicates the number of rows of X.. Then, the eigenvectors of XX” was obtained, and the ones corre-
sponding to the L, maximum eigenvalues as the PCA filters were saved, which can be expressed as

W'=¢,(Xx")eR“",1=1,2, .., L. (6)

1
The leading principal eigenvectors capture the main variation of all the men-removed training patches.
The first stage was finished at this stage. At the second stage, a similar process with stage 1 was applied. The
input images Il.l of stage 2 should be
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Figure 2: The structure of the two-stage PCANet.
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Figure 3: Illustration of patch taking for a 5x5 image.
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I'=1+W},i=1,2,.,N. @

the boundary of I, is zero-padded so that I,.’ have the same size of I, all the patches of Iil were collected, and
patch mean from each patch was subtracted, thus obtaining

_17! 7! 7 e phkoNe j_
Y =[¥, ¥, .Y NeR" ™ 1=1,2, ., L. ®)

1
in which the Y was combined together as a matrix:
Y=[Y', Y2 ..., Y ]e R\ )

The PCA filters of the second stage are then obtained as

W’ =q,(YY")eR"™, ¢=1,2, .., L, (10)

For each input I i’ of the second stage, we will have L, outputs; each convolves Ii’ with Wg2 for=1,2,..,L;

o' ={1'=w>}._" (11)

At the final stage, for each input image of stage 2, and around each pixel, we view the vector of L, binary
bits as a decimal number. This converts the L, outputs in Oi’ back into a single integer-valued “image” Tl,’ :

z=1
T =Y 2 H(I!'*W,.?), 1=1, 2, .., L. (12)
L

2

The function H(-) binaries output results, i.e. the value of the function is 1 for positive inputs and 0 oth-
erwise. For each of the L, images Tl,l, [=1, 2, ..., L, were partitioned it into B blocks, with size of k k,x B, and
the 2" x B histogram matrix in each block ranging [0, 2" —1] was computed, followed by vectorizing the
matrix into a row vector Bhist(T). Finally, the Bhist(T') of T, [=1,2, ..., L, was concatenated as the feature

f,=[Bhist(T"), ..., Bhist(T")]' e R """ (13)

As the PCANet was used to extract the features of the images of internal waves, the normal water surface
pictures were labeled with O and waves pictures were labeled with 1. The model parameters of PCANet include
the patch sizes k,, k,, the filters numbers L,, L,, the number of stages and the block size for histograms. In the
experiments, we resize each image into 60 x 60, patch size 7 x7, stage number 2, L =L,=8 and the block size
7x7 was set. We extract features from PCANet, and then put it into a linear SVM for classification with the
attached labels.

Training feature templates consist of train and detect. For the Train part: Firstly, the size of the current
template was set. Secondly, the size of positive samples and negative samples were set as the template size,
and the samples feature was extracted by PCANet. Then, training was started using linear SVM. As for the
detection part: extracting feature vectors and detecting negative images and then overall detection. At this
time wrong result was obtained. The result needed to be added to negative samples and trained again. This
process may be repeated several times until the error is minimized.

3.2 Matching

Our internal wave detection framework consists of two parts. Category-independent region proposals, which
define the set of candidate detections available, will be generated in the first part. The second part is convo-
lutional network that extracts a fixed-length feature vector from each region.

In order to compute features for a region proposal, the image data in the region must be converted into a
new one that is compatible with the CNN. Within the many possible transformations of our arbitrary-shaped
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regions, the simplest one is preferable. Regardless of the size or aspect ratio of the candidate region, we warp
all pixels in a tight bounding box around it to the required size. Prior to warping, the tight bounding box is
dilated so that at the warped size there are exactly several pixels of warped image context around the original
box.

The convolutional networks used in this work require a fixed-size input in order to produce a fixed-
size output. For detection, waves proposals that are arbitrary image rectangles are considered. The method
encloses each wave proposal inside the tightest square and then scales the image contained in that square
to the CNN input size. There is a variant on this method, which means excluding the image content that sur-
rounds the original wave proposal. In the meantime, including additional image context around the original
wave proposal should be also taken into consideration.

4 Experiments

This section verifies the feasibility of the technique for internal wave detection. We first introduce the data
sets. We then introduce the application of our method on two data sets collected in the lab.

4.1 Data Sets

We evaluate the proposed approach on two different data sets. The two data sets were both taken by
the DJI Drone (DJI Innovations, Shenzhen, China). The first data set is composed of the simulative wave
images. The second data set consists of the inshore surge wave images. Figure 4 shows some samples of
our data sets. In the two data sets, we use both the patches as the positive and negative samples for train-
ing. For positive samples, we get the patches from the image after the resize process in order to get the
clearer waves. And for the negative samples, because we need more details to distinguish between the
wave and no wave, we get the patches from the original image. In the next two experiments, we select
both 1000 positive samples and 1000 negative samples.

Figure 4: Image samples of our data set. First row represents simulative wave images, while second row represents the inshore
surge wave images.
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4.2 Experiment on the Simulative Waves

The data set was taken by the DJI Drone. During the shooting process, the camera took photos by looking
straight down from the belly of the drone over the water surface. First, the drone was hovering over the water
surface, and photos of calm water surface were taken based on regular intervals. Then the production of
waves was simulated, and pictures were taken to track the waves.

To get the best model for wave detection, we cut out the positive and negative samples from an origi-
nal picture manually. Figure 5 shows some training samples cut from original images. Every image includes
three categories of samples: (1) negative samples with labels of 0, which means calm water surface; (2) posi-
tive samples with labels of 1, which represent simulating the production of waves; (3) noise samples are the
samples that are difficult to distinguish by machine.

In order to reduce the use of memory and increase the contrast, we use binarization and resizing process.
An image includes the object, background and noise. To extract directly the target object from the digital
image and multiple values, the most commonly used method is to set a threshold of T; image can be divided
into two parts by T: the pixel group is greater than T or less than T. After binarization, we resize the samples
to 28 x 28. The result of this process is shown in Figure 6. From the table, we can see that the positive samples
are black, while the negative samples are black-and-white. It is easy to distinguish the category of samples.
Then the samples were put into PCANet to extract the features, and trained linear SVM classifier to detect the
waves.

We use selective search method to produce proposals which achieve state-of-art result in proposal
domain. For a whole image, we produce 1000 proposals and then, we use trained PCANet models to extract
the proposals features and use SVM models to classify them. Experiment results indicate that the proposed
method has achieved reliable results to detect internal wave. The detection examples with internal waves
detection framework based on PCANet is shown in Figure 7. We use 400 test samples to verify the accuracy of
the training model, and the results in this data set achieve 86.5% accuracy of detection.

Figure 5: Image patches of three types of simulative wave samples. First row represents positive samples, second row repre-
sents the negative samples and third row represents the noises.
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Figure 6: Image patches after binarization processing. First row represents positive samples, second row represents the nega-
tive samples and third row represents the noises.
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Figure 7: Detection examples with internal waves detection framework based on PCANet.

4.3 Application on Detective Inshore Surge Waves
Because the appearances of the internal wave and surge wave are similar, we use the waves generated by the

inshore surge wave to simulate the generation of internal waves. Similarly, we also use the DJI UAV to get the
images. Figure 8 shows some positive samples and negative samples cut from the image. Figure 9 shows the

results of binarization process.

|

Figure 8: Image patches of three types of inshore surge waves. First row represents positive samples, second row represents
the negative samples and third row represents the noises.
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Figure 9: Image patches after binarization processing. First row represents positive samples, second row represents the nega-
tive samples and third row represents the noises.




112 —— S.Wang et al.: Fast Internal Wave Detection DE GRUYTER

Table 1: Comparison of the accuracy rate (%) of the proposed approach on two data sets collected by the DJI drone.

Data set Accuracy rate
Simulative wave 86.50
Inshore surge wave 94.50

The same with the experiment on the simulated waves, we use our proposed framework, using PCANet
and SVM to train a classification model, using selective search method to produce proposals. Then we use
trained PCANet models to extract the proposals features and use SVM models to classify them. We use 400
test samples to verify the accuracy of the training model; results in this data set achieve 94.5% accuracy of
detection. Table 1 shows the comparison of the accuracy of the results mentioned in the two experiments.

5 Conclusions

In this paper, a framework for internal waves detection based on feature learning methods was proposed. The
internal waves can be detected efficiently by using the PCANet. Experiments demonstrated the feasibility of
the proposed technique for internal waves feature detection. Additionally, the result shows that accuracy rate
improves along with the sample size increasing. It was believed that the experiment can be further improved
when larger scale data set is used.
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