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Abstract: Polymetallic nodules are spherical or ellipsoidal mineral aggregates formed naturally in
deep-sea environments. They contain a variety of metallic elements and are important solid mineral
resources on the seabed. How best to quickly and accurately identify polymetallic nodules is one of
the key questions of marine development and deep-sea-mineral-resource utilization. We propose a
method that uses YOLOv5s as a reference network and integrates the IoU (Intersection over Union)
and the Wasserstein distance in the optimal transmission theory to accurately identify different sizes
of polymetallic nodules. Experiment using deep-sea hyperspectral data obtained from the Peru Basin
was performed. The results showed that better recognition effects were achieved when the fusion
ratio of overlap and Wasserstein distance metric was 0.5, and the accuracy of the proposed algorithm
reached 84.5%, which was 6.2% higher than that of the original baseline network. In addition, the rest
of the performance indexes were also improved significantly compared to traditional methods.

Keywords: deep-sea polymetallic nodules; YOLOv5; intersection over union; target recognition;
Wasserstein distance

1. Introduction

Polymetallic nodules, also known as ferromanganese nodules, are mainly found in the
surface layer of sediments on the seafloor of the world’s oceans [1]. They are formed at water
depths of 3500–6500 m and are an important oceanic mineral resource [1,2]. Polymetallic
nodules have a core consisting mainly of rock fragments, bone fragments or fragments of
old nodules, and an outer shell layer composed mainly of Fe-Mn oxyhydroxides, which are
formed around the core by hydrogenetic and diagenetic precipitation [3,4].

The morphology of polymetallic nodules is varied, with nodules being the most
common and some also appearing as crusts or plates. The surface is black, brown, or tan [5].
The global polymetallic nodule prospecting area includes the Clarion-Clipperton fracture
zone (CCZ) in the East Pacific Ocean, the Central Pacific Basin, and the Peru Basin, etc. [6]. In
the 1890s, the study of polymetallic nodules began to attract attention globally [7], and in the
1960s, large-scale research and the study of oceanic polymetal resources began to be carried
out globally [8]. With the increasing tensions regarding land resources, the development
of oceanic solid mineral resources has become an important choice. The polymetallic
nodules of the Peru Basin mainly contain Mn, Cu, and Ni, alongside trace amounts of
other metal elements such as Co, The, Mo, Pt, and rare earth elements (REEs) [9–13]. These
metallic elements are widely used in production in sophisticated industries and have a
high economic value [14–17]. In recent years, deep-sea mining has gradually become an
emerging and important industry, and seabed mineral resource investigation has been
increasingly emphasized [10].
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Traditional survey methods for polymetallic nodule resources include multi-beam
acoustic detection, mechanical sampling, and optical image interpretation [18–23]. In recent
years, the active hyperspectral image has been gradually applied to deep-sea resource
surveying [24,25], which can carry out detailed surveying and characterization of seabed
mineral deposits and allow understanding of the distribution of seabed resources [26–28].
Hyperspectral images contain hundreds or thousands of continuous narrow-band spec-
tra [29]. A large amount of spectral data can provide more information and help with the
investigation of deep-sea mineral resources. At present, the supervised learning method is
widely used in the processing of underwater hyperspectral-image data. The supervised
learning needs to manually mark the region of interest as the training sample, and then
select the appropriate classifier for classification. For example, Dumke et al. [30] used super-
vised learning algorithms such as Support Vector Machine (SVM) to classify hyperspectral
images [31,32]. However, it is difficult to obtain deep-sea sample data, and manual labeling
is subjective and vulnerable to the interference of the complex deep-sea environment, which
will have a certain impact on the classification results [33]. Unsupervised learning is based
on clustering analysis of the spectral features of hyperspectral images, which can solve
the problem of the lack of deep-sea-hyperspectral-label data [34,35]. Ye et al. [36] used an
unsupervised algorithm to classify and identify manganese nodules on the ocean floor, but
the unsupervised classification lacks a priori true value, and the classification accuracy is
often lower than that of supervised classification [37].

In the field of underwater target recognition, it is difficult to accurately extract seafloor
targets due to the small percentage of pixels in the image such as for polymetallic nodules,
and the target itself is not clearly characterized and is presented as blurring, incomplete,
or occluded [38]. Currently, most of the small-target detection algorithms use CNN (Con-
volutional Neural Networks) to directly predict the category and location of the target,
such as SSD (Single Shot MultiBox Detector), the YOLO (You Only Look Once) series, and
RetinaNet, which are faster but less accurate [39–42]. YOLOv5 is a more mature detection
model for small-target detection [43]; however, it was found that the original model could
not effectively identify some of the polymetallic nodules that are small in size or at the edge
of an image. The Wasserstein distance [44] metric of optimal transmission theory is more
sensitive to small-target detection than the IoU (Intersection over Union) [45] metric, which
has been shown to have good results in small-target detection.

In order to make up for what is lacking in the above studies, we are aiming at the real
problems of high cost, low recognition accuracy, and efficiency, as well as the inability to
effectively solve the identification of small targets in an image with existing technology.
This paper takes YOLOv5 as the original network and utilizes pseudo-RGB images pro-
cessed from deep-sea hyperspectral data to produce the dataset. The NWD (Normalized
Wasserstein Distance) [46] metric is added into the original network, and a small-target
recognition method fusing the overlap IoU and NWD metrics is proposed, so that the IoU
and the NWD are jointly involved in the network structure according to a certain propor-
tion, improving the performance of the model in the recognition of polymetallic nodules.
We produced a dataset of polymetallic nodules from the Peru Basin using a manual labeling
method. The target recognition model learns the features such as size, contour, shape, and
texture of polymetallic nodules from the dataset. It effectively distinguishes polymetallic
nodules from sediments and marine organisms and accurately recognizes polymetallic
nodules in the image data. The improved recognition model has a beneficial effect on the
recognition of small-sized nodules with a diameter of 3–5 cm and semi-buried nodules in
the study area. When new image data with polymetallic nodules are input, the model can
automatically and accurately recognize polymetallic nodules and apply the recognition
results to the exploration of deep-sea mineral resources.
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2. Data Description
2.1. Data and Study Area

The Peru Basin is located in the southeast Pacific Ocean, west of the South American
continent, northeast of the Nazca Plate (between the Pacific Plate and the South American
Plate), and adjacent to the Peru subduction zone in the east, the Galapagos Plateau boundary
in the north, and the East Pacific Rise in the west [47–49]. It is one of the metallogenic
prospects with the largest amount of polymetallic nodule resources in the world [50]. The
Peru Basin has widely distributed pelagic sediments, including deep-sea clay, bioclasts, and
deep-sea ooze. A large number of different genetic types of nodules are widely distributed
in the shallow sediments of the sea basin [51,52]. The Peru Basin sediments are strongly
bioturbated. Biological drilling is observed both on the seafloor and in the sedimentary
column [53–55]. This process helps the nodules to be maintained on the sediment surface.
There are two types of nodule burial in the Peru Basin. Large nodules are buried because
they are not easily moved by organisms. As a result, the buried portion of the nodule is
larger than the portion that is exposed on the sediment surface [6]. This type of nodule
makes up the majority of the basin. Small nodules are predominantly found on ridges.
Nodules in the Peru Basin could reach a maximum diameter of 21 cm. Nodules less than
1.5 cm in diameter are rare. The study area is located in a polymetallic nodule-distribution
area in the Peru Basin with a water depth of 4140–4200 m. Most of the area is covered by
sedimentary layers [56], and its surface sediments are composed of 7–10 cm dark brown
ooze covered with light-colored clay rich in biological carbonates [57]. Polymetallic nodules
in the vicinity of the study area are partially covered by sediments or completely buried.
The size of polymetallic nodules in this area is generally between 3 cm and 10 cm, with
some up to 15 cm in diameter, and the density of nodules is estimated to be 5–10 kg/m2 [58].
In our study area, based on the hyperspectral data obtained, there are large nodules with a
diameter of 10–12 cm and small nodules with a diameter of 3–5 cm. Thus, we empirically
divided polymetallic nodules into two types: one is normal-size polymetallic nodules with
a diameter of about 10 cm, and the other is small-size polymetallic nodules with a diameter
of less than 5 cm.

The experimental data for this paper were derived from the Underwater Hyperspectral
Imager (UHI) developed using Ecotone in a polymetallic nodule field in the Peru Basin
(southeast Pacific Ocean) during the 2015 RV SONNE cruise SO242/2 of the German
research vessel SUN Imagers, UHI; a total of 15 constant velocity (0.05 m/s) and along-
track trajectories were obtained in the 20 × 40 m2 area containing polymetallic nodules
and different benthic organisms [57] (11 of which were selected for polymetallic nodule
identification in this paper), as shown in Figure 1. UHI data in 112 spectral bands between
378 and 805 nm were obtained with a spectral resolution of 4 nm and a spatial resolution of
1 mm per image pixel. Except for two tracks of 20 m, the remaining tracks were between
1.7 and 4.9 m long.
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Figure 1. (a) Bathymetric map (500 m resolution, from GEBCO), with red star marking the location 
of the study area; (b) overview map of the study area (red triangle) and offshore region of the Peru 
Basin; and (c) locations of the 11 main survey tracks (Tracks 4–14) of this study. 

2.2. Data Preprocessing 
The raw data were preprocessed using radiometric correction and other prepro-

cessing to reduce the data to 83 bands between 400 and 710 nm, and the data format was 
BSQ, containing 15 hyperspectral trajectory data, of which 11 trajectories with serial num-
bers 4–14, which are suitable for polymetallic nodule identification, were selected for fur-
ther analysis on the basis of the preprocessing results. The UHI pseudo-RGB data consist-
ing of three bands, 645 nm (R), 571 nm (G), and 473 nm (B), were used for identification. 
The processed pseudo-RGB image is shown in Figure 2a, and the polymetallic nodules 
presented in the image are characterized as shown in Figure 2b. 
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Figure 1. (A) Bathymetric map (500 m resolution, from GEBCO), with red star marking the location
of the study area; (B) overview map of the study area (red triangle) and offshore region of the Peru
Basin; and (C) locations of the 11 main survey tracks (Tracks 4–14) of this study.

2.2. Data Preprocessing

The raw data were preprocessed using radiometric correction and other preprocessing
to reduce the data to 83 bands between 400 and 710 nm, and the data format was BSQ,
containing 15 hyperspectral trajectory data, of which 11 trajectories with serial numbers
4–14, which are suitable for polymetallic nodule identification, were selected for further
analysis on the basis of the preprocessing results. The UHI pseudo-RGB data consisting
of three bands, 645 nm (R), 571 nm (G), and 473 nm (B), were used for identification.
The processed pseudo-RGB image is shown in Figure 2a, and the polymetallic nodules
presented in the image are characterized as shown in Figure 2b.
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Figure 2. (a) Processed Pseudo-RGB image and (b) schematic diagram of polymetallic nodule classification.

2.3. Dataset

The images in the dataset contain polymetallic nodules of various shapes and sizes,
the dataset size is small, and the imbalance of the actual training data may lead to wrong
classifications. Considering this, in this paper, some of the processed images were rotated
and cropped for sample expansion, and the dataset was co-produced with a total sample
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size of 2508 to ensure the performance of model detection. In the dataset, 60% were used for
training, 20% for validation, and 20% for testing. The target annotation of image data was
performed using LabelImg and the annotation file was stored in txt format. The division of
the dataset is shown in Table 1.

Table 1. Dataset segmentation.

Dataset Category Photograph Number of Tags

Train polymetallic nodule 86 1966
Test polymetallic nodule 10 542

As shown in Figure 2b, the polymetallic nodules in this study can be classified into
the following four categories based on the image characteristics: (1) normal-sized nodules
(approximately 10 cm in diameter), (2) small-sized nodules (nodules that are partially
exposed or visually less than 5 cm in diameter), (3) overlap between two nodules, and
(4) nodules that are incomplete at the edge of the image. It should be noted that classification
(3) is for cases where there is overlap between the nodules. In some cases, the nodules
internally are formed by multiple nucleus (polynucleated) and sometimes formed by de
accretion of two of more nodules during growth (polynodules).

3. Methods
3.1. YOLOv5

The basic idea of YOLOv5 is to preprocess the input image into 640 × 640 × 3 matrix
data, divide it into N × N grids, judge whether there is a detection target in the grid area
according to whether the confidence of each grid exceeds the set threshold, and classify
that predicted target according to the classification probability. The precise position and
size of the target are then determined by the detected rectangular frame, and, finally, the
output result displays the prediction information of each grid.

The network structure of YOLOv5s is shown in Figure 3, which is composed of four
parts, including Input, Backbone, Neck and Head [43], and the functions of each part are
as follows:

(1) Input: the input image is preprocessed so that the size of the picture becomes
640 × 640 × 3 and the image data is normalized.

(2) Backbone: focus structure is used as a benchmark network, combined with CSP
structure, to extract image data features.

(3) Neck: FPN + PAN structure is used to further fuse and extract the information output
by Backbone.

(4) Head: GIOU Loss is used as a loss function to process the characteristic information
output by the Neck and output a detection result.

There are 5 versions of YOLOv5 detection network, including YOLOv5s, YOLOv5m,
YOLov5l, YOLOv5x, and YOLOv5n. The difference between these is that the number
of convolution kernels used in the Focus structure is different. The reason for choosing
YOLOv5s in this paper is that it takes into account both the accuracy and complexity of the
model, with small size and fast speed [43].
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3.2. Detection Mechanism

IoU represents the Intersection over Union, and its simplified mathematical equation
is IoU = A∩B

A∪B , as shown in Figure 4. Calculating the intersection of two rectangular boxes A
and B is essentially calculating the intersection of two sets (A, B), which is further simplified
to the calculation of the upper and lower boundary point (y1, x2) of the intersection. The
role of IoU is to determine positive and negative samples and calculate the non-maximum
suppression value (NMS). It can be found from Figure 5 that, for small targets, slight
position deviation will cause obvious changes in IoU. There will also be some changes to
normal-size targets. Therefore, new metrics need to be introduced in small-target detection
to measure the similarity between different distributions, so as to achieve better results in
small-target detection.

Small targets often have partial background pixels in their rectangular boxes, in which
the foreground and background pixels are concentrated in the center and boundary of the
rectangular box, respectively [46]. The rectangular box is modeled as a two-dimensional
Gaussian distribution to better describe the weights of different pixels in the rectangular box,
where the weight of the central pixel in the rectangular box is the highest and the weight of
the pixel decreases from the center to the boundary. Converted into a mathematical model,
the rectangular box can be modeled as a two-dimensional Gaussian distribution

µ =

[
cx
cy

]
, Σ =

[
w2

4 0
0 h2

4

]
(1)

where w and h represent the center coordinates, width and height, respectively. µ and Σ
represent the covariance matrix of the mean vector and Gaussian distribution. Furthermore,
the distribution distance between the two Gaussian distributions is used to measure the
similarity between the two rectangular boxes.
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The Wasserstein distance comes from the distance metric in Optimal Transport theory.
The second-order Wasserstein distance between two two-dimensional Gaussian distribu-
tions µ1 = N(m1, Σ1) and µ2 = N(m2, Σ2), µ1 and µ2 is defined as

W2
2 (µ1, µ2) = ∥m1 − m2∥2
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where ∥ · ∥ is the Frobenius norm. For Gaussian distributions A = (cxa, cya, wa, ha) and
B = (cxb, cyb, wb, hb) modeled by rectangular boxes Na and Nb, this can be further simpli-
fied to

W2
2 (Na, Nb) =

∥∥∥∥∥
([

cxa, cya,
wa

2
,

ha

2

]T
,
[

cxb, cyb,
wb
2

· hb
2

]T
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2

2

(4)

A value using the exponential form normalization of the distance metric W2
2 (Na, Nb)

as a metric to measure similarity is called the Normalized Wasserstein distance (NWD)

NWD(Na, Nb) = exp

−

√
W2

2 (Na, Nb)

C

 (5)

In the equation, C is a constant related to the data set. In this paper, C is set to the
average absolute size of the Tiny Object Detection Dataset (AI-TOD). The loss function is
set via the NWD indicator as follows: LNWD = 1 − NWD(NP, Ng). Among them, Np and
Ng are the Gaussian distributions of the prediction boxes P and G, respectively. As shown
in Figure 6a, the NWD-based loss can provide gradients in both cases with |P ∩ G| = 0 and
|P ∩ G| = PorG.



J. Mar. Sci. Eng. 2024, 12, 333 8 of 17

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 8 of 17 
 

 

It can be simplified as: 

( ) 222 1/2 1/2
2 1 2 1 2 1 22

,
F

W m mµ µ = − + + Σ −Σ
 

(3) 

where   ⋅  is the Frobenius norm. For Gaussian distributions a a a aA ( , ,w ,h )= cx cy  

and b b b bB ( , ,w ,h )= cx cy  modeled by rectangular boxes aN  and bN , this can be fur-
ther simplified to 

( )
2

2
2

2

, , , , , , ,
2 2 2 2

T T
a a b b

a b a a b b
w h w hW N N cx cy cx cy

    = ⋅           

(4) 

A value using the exponential form normalization of the distance metric 
2

2 a bW ( N ,N )  as a metric to measure similarity is called the Normalized Wasserstein 
distance (NWD) 

( ) ( )2
2 ,

, exp a b
a b

W N N
NWD N N

C

 
 = −
 
   

(5) 

In the equation, C is a constant related to the data set. In this paper, C is set to the 
average absolute size of the Tiny Object Detection Dataset (AI-TOD). The loss function is 
set via the NWD indicator as follows: 1 ( , )P gLNWD NWD N N= −  . Among them, pN  

and gN  are the Gaussian distributions of the prediction boxes P and G, respectively. As 
shown in Figure 6a, the NWD-based loss can provide gradients in both cases with 

0P G∩ =  and P G PorG∩ = . 

 
 

  
(a) (b) 

Figure 6. Schematic diagram of NWD reflecting the distance of the prediction box; (a) P is the pre-
diction box, G is the real frame, and (b) NWD reflects Gaussian distribution distance diagram. 

As shown in Figure 6b, P1 and P2 are two distributions in two-dimensional space. P1 
and P2 are evenly distributed on the line segments AB and CD, respectively. By adjusting 
the parameter θ, the distance between two distributions can be controlled. Similarly, in a 
multidimensional space, with the distribution of two overlapping parts that can be ig-
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Figure 6. Schematic diagram of NWD reflecting the distance of the prediction box; (a) P is the
prediction box, G is the real frame, and (b) NWD reflects Gaussian distribution distance diagram.

As shown in Figure 6b, P1 and P2 are two distributions in two-dimensional space. P1
and P2 are evenly distributed on the line segments AB and CD, respectively. By adjusting
the parameter θ, the distance between two distributions can be controlled. Similarly, in
a multidimensional space, with the distribution of two overlapping parts that can be
ignored or do not overlap, θ can provide effective measurement references; that is, NWD
can effectively measure the distance between two distributions. NWD has the following
advantages in small object detection: (1) the metric scale remains unchanged, (2) it can
effectively handle positional deviations, and (3) it can measure the similarity between
non-overlapping or mutually contained rectangular boxes. Also, it has good generalization
in small-target recognition in different scenarios [40].

Based on plenty of previous experiments, we found that the original YOLOv5s refer-
ence network failed to achieve the expected recognition effect. Considering that the image
contains some small-scale polymetallic nodules and occluded parts that are difficult to
accurately recognize, according to the characteristics of NWD in small object detection,
NWD is integrated into the original network to replace IoU, and the original part of the
original network that used IoU is modified, including NMS (Non-Maximum Suppression)
and loss function. Additionally, a small-target recognition method that integrates IoU
and NWD metrics is proposed, allowing IoU and NWD to participate in the network
structure to certain proportions to improve the performance of the model in the recognition
of polymetallic nodules.

Based on the above analysis, the basic process of polymetallic nodule identification
using the improved method is shown in Figure 7.
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3.3. Workflow

(1) Preprocess original data, including radiation correction, data compression, color
synthesis and image enhancement, to obtain processed image data.

(2) Divide the polymetallic nodules in the image into four categories according to the
characteristics of the image, adding network public data to expand the number of
samples, making a data set together with the processed image data, and divide the
data set into a training set, a verification set and a test set according to a ratio of 6:2:2.

(3) With YOLOv5s as the benchmark network, the NWD metric is integrated into the
network to participate in the identification work together with the IoU metric in the
benchmark network. Five models with different NWD fusion ratios were set up to
conduct ablation experiments to test the influence of different fusion ratios of the two
metrics on the model recognition effect.

(4) Carrying out an experiment on the test set, comparing a recognition result with a
manually marked true value result, counting the correct number, the false test number,
and the missed test number of each model, and calculating performance indexes such
as precision rate, Recall rate, and the like.

(5) Comparing various evaluation indexes and finally obtaining an optimal model for
recognizing the polymetallic nodules by taking YOLOv5s as a reference network and
fusing two detection modes of IoU and NWD.

4. Results
4.1. Platform and Indicators

This experiment was built based on the deep learning framework Pytorch. The
experimental environment configuration is shown in Table 2.

Table 2. Experimental environment.

Operating System CPU Memory Deep Learning
Framework

Windows 10
Intel(R) Core(TM) i7-9700 CPU

@ 3.00 GHz 3.00 GHz
(Intel, Santa Clara, CA, USA)

64 GB Pytorch
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The following four commonly used indicators in the field of object detection are used
to measure the performance of the model: precision, recall, mAP and box_loss.

Precision refers to the proportion of correctly predicted positive examples to all pre-
dicted positive examples. Recall refers to the proportion of correctly predicted positive
examples to all actual positive examples, mAP refers to the average value of all precisions,
and box_loss is the error between the prediction box and the calibration box

Precision =
TP

TP + FP
(6)

Recall =
TP

TP + FN
(7)

where TP (True Positive) means that the predicted positive example is actually a positive
example; FN (False Negative) means that the predicted positive example is actually a
negative example; FP (False Positive) means that the predicted negative example is actually
a positive example; AP means the average accuracy of a single category; and mAP is the
average of all accuracy

AP =

1∫
0

P(R)dR (8)

mAP =
N

∑
i=1

APi/N (9)

where N represents the number of detected target categories.

4.2. Ablation Experiment

According to the actual situation, ten improved models with different fusion ratios
(the range is 0–1, and the interval is 0.1) were set for ablation experiments, and five models
with the most obvious change characteristics were selected according to the experimental
results. The fusion ratios of each model were 0, 0.3, 0.5, 0.8, and 1, respectively. After the
training set and validation set experiments, the precision, recall, average precision, and loss
curves of the model were calculated and are shown in Figure 8, where, the horizontal axis
is the training period, the vertical axis is the model performance index, and the NWD_ratio
is the NWD fusion ratio of the model. It can be seen that in the training process, when
the NWD_ratio is 0.5, the model accuracy is the highest, which is significantly improved
compared with the original model without NWD. At the same time, it can be found that the
performance of each model is different due to the difference in NWD fusion ratio. When
the NWD_ratio is 1, that is, the IoU metric in the original model is completely replaced,
the accuracy of the model is reduced. Similarly, when the NWD_ratio is 0.5 the model has
the highest recall, which is significantly higher than that of the original model. With the
gradual increase in the NWD fusion ratio, the recall also changes. When the NWD_ratio is
0.5, the model has a smaller loss value and faster convergence speed than other models,
indicating that the error between the prediction frame and the calibration frame is smaller,
and the mAP is higher than that of other models. Therefore, the model with an NWD
fusion ratio of 0.5 is taken as the optimal model for improvement, that is, the ratio of NWD
and IoU in the improved network is 0.5, respectively.
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Figure 8. Performance results of models with different NWD fusion ratios.

Figure 9 shows the performance results of different improved models. By comparison,
it can be found that the model effect is a follows: NWD_ratio = 0.5 > NWD_ratio = 0.3 >
NWD_ratio = 0 > NWD_ratio = 0.8 > NWD_ratio = 1. The specific test results are shown in
Table 3. When the NWD fusion ratio is 0.5, the model performs best, where the accuracy
is 6.2% higher than that of the original network, the mAP@0.5 is 13.4% higher than that
of the original network, and the recall is 16% better than that of the original model. It
can be seen from the figure that the performance of the model changes greatly with the
change in the NWD fusion ratio. When the NWD fusion ratio gradually increases from
0, the performance of the model is significantly improved. When the NWD fusion ratio
exceeds 0.5, the performance is significantly reduced and is lower than that of the original
network. In this experiment, the complete replacement of IoU detection in the original
network by NWD does not give the best results. After analysis, not all polymetallic nodules
in the image belong to small-target detection, and the excessive proportion of NWD will
lead to multiple rectangular frames of the same target in the recognition results. Therefore,
we take the NWD_ratio of the improved scheme = 0.5 as the final improved model.

Table 3. Statistics of detection results of different improved models.

NWD_Ratio Precision (%) Recall (%) mAP@0.5 (%)

0 80.6 71.5 78.9
0.3 85.3 77.6 86.2
0.5 86.8 87.4 92.3
0.8 72.7 69.0 70.1
1 64.5 62.0 62.7
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4.3. Variance Analysis

542 samples in the test set are recognized, and the recognition results of different
improved models are shown in Figure 10. When the NWD_ratio is 0.5, the small-sized
polymetallic nodules partially exposed out of seabed sediments and the nodules located at
the edge of the image can be accurately recognized, and the problem of repeated detection
frames does not occur for small-sized targets. The coincidence degree with the artificial
marking result is the highest, and the recognition effect is the best. The original network
model without NWD has the problems of missed detection and false detection, which
cannot accurately identify some smaller polymetallic nodules, and there is confusion
between polymetallic nodules and sediment protuberances. When the NWD_ratio is 1,
there are many repeated detection frames in the same target recognition result for the small-
size polymetallic nodules, and the number of missed detection and false detection increases.

For each model, the block count, the number of correct detection, the number of false
detection, and the number of missed detection are shown in Table 4. According to the
statistical results, the number of missed detection and false detection is the least when
NWD_ratio is 0.5, with the number of missed detections reduced by more than half and
the number of false detection reduced by about one third compared with the original
model without NWD. When the NWD_ratio is 0.5, the precision and recall of the model
are the highest. When the NWD_ratio is 0.3, there is no significant change in the number
of correct tests, the number of false tests is reduced, and the number of tiles is reduced,
so the precision and recall are partially improved compared with the network without
NWD. When the NWD_ ratio is 0.8, the correct number, the number of image blocks and
the number of errors are significantly increased compared with when the NWD_ratio is 0.5,
resulting in a decrease in accuracy. When the NWD_ratio is 1, the model has the largest
number of tile counts and detections, and the accuracy rate decreases, which is in line with
the model performance results. To sum up, the model with the fusion ratio of NWD and
IoU of 0.5 is taken as the final improved model in this study.

Table 4. Test set statistics results.

NWD_Ratio Manual
Count

Block
Count

Correct
Number

False
Detection

Missed
Detection

0 542 651 509 142 33
0.3 542 621 512 109 30
0.5 542 625 529 96 13
0.8 542 743 513 230 29
1 542 1074 504 570 38
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5. Discussion

In our model, the NWD metric was introduced to replace the NMS in the original
network and the IoU part of the loss function. Ten different fusion ratios ranging from 0–1
(five with obvious changes were selected in the paper) were set for the ablation experiments,
and the model performance was further evaluated using four indicators including precision,
recall, loss, and mean average precision. By adjusting the NWD fusion ratios, the optimal
ratio of IoU and NWD metric fusion was found, and the improved model with better
recognition was thus obtained. The experimental results show that the number of correct
recognitions was closest to that of manual markers, with the fewest number of false
and missed detections, and the precision rate was improved by 6.2% compared to the
original model when the ratio of NWD and IoU fusion was 0.5. All evaluation metrics are
significantly improved over the original model.

The improved model has better recognition of small-sized polymetallic nodules and
semi-buried metallic nodules in data classification, achieving what we expected. Small-
sized and semi-buried polymetallic nodules are of great significance in seafloor-mineral-
resource exploration, and it is likely that a significant portion of them remain unrevealed
under sediment cover [59–61]. We also found that, when the fusion ratio of NWD was more
than 0.5, the model recognition effect was deeply affected by the duplicate detection frame,
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as both precision rate and recall rate were decreased. This is mainly because IoU is the
ratio of the intersection and concatenation of the two bounding boxes, and a larger value
of IoU indicates that the two boxes are closer. The NMS (Non-Maximum Suppression)
algorithm is used in the YOLO model to deal with the problem of targets being detected
multiple times [62]. The NMS selects the detection frame with the highest confidence from
all of the frames and then calculates the IoU of the remaining detection frames with that
frame. If the IoU is greater than the threshold set, it means that there is too much overlap
between the two boxes, and the box will be removed. The NWD metric is a good measure
of the similarity between two small targets and it outperforms traditional metrics for target
identification in tests on public datasets [63].

The NWD metric cannot completely replace IoU in this model, and after experiments,
we set a scaling parameter so that the two metrics can jointly participate in the deep-sea
polymetallic nodule-identification process. In subsequent larger datasets of polymetallic
nodules, this scaling parameter will need to be adjusted so that the two metrics can still
work in tandem to achieve the best possible identification.

6. Conclusions

In order to more effectively utilize deep-sea hyperspectral data for the exploration of
polymetallic nodule resources, this paper proposes a polymetallic nodule-identification
method based on the YOLOv5s network, which integrates two indicators, NWD and IoU.
The method fully considers the characteristics of high-resolution hyperspectral data and
applies them to deep-sea polymetallic nodule resource investigations. We selected the
hyperspectral remote sensing images obtained by the Underwater Hyperspectral Imager
in the Peru Basin of the Southeast Pacific Ocean as the experimental data, classified the
polymetallic nodules according to their sizes and burial conditions, introduced the NWD
metric to replace the NMS (non-maximum suppression) in the original network and the
IoU part in the loss function, and tested the efficiency of the different improved models in
recognizing the polymetallic nodules through the adjustment of the fusion ratio of the NWD
to find a more suitable method for recognizing small-sized and partial polymetallic nodules.

The method proposed in this paper has a beneficial effect on recognizing small-sized
polymetallic nodules and partially buried nodules, and it can be applied to the exploration
of deep-sea mineral resources. It should be noted that, in many cases, most of the small or
half-buried polymetallic nodules in the image cannot be visualized in the image under the
cover of sediment (these nodules play an important role in the development and utilization
of deep-sea-mineral resources), so the question of how to more accurately identify this type
of nodules needs our further research.

The importance of this methodology is not only for detecting big nodules, but also the
small ones, contributing in a better way to estimating the percentage of seafloor-coverage
from nodules. On occasion, these apparently small nodules are partially buried, which has
implications for mining and geological studies. It is interesting to consider the application
of these methods to vast areas of abyssal plains providing predictive models and mapping
for future exploration of resources.
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