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Abstract: Underwater sound speed is one of the most significant factors that affects high-accuracy un-
derwater acoustic positioning and navigation. Due to its complex temporal variation, the forecasting
of the underwater sound speed field (SSF) becomes a challenging task. Taking advantage of machine
learning methods, we propose a new method for SSF forecasting based on the least square support
vector machine (LSSVM) and a multi-parameter model, aiming to enhance the forecasting accuracy
of underwater SSF with hourly resolution. We first use a matching extension method to standardize
profile data and train the LSSVM with the parameters of observation time, temperature, salinity, and
depth. We then employ radial basis function kernels to construct the forecasting model of SSF. We
validate the feasibility and effectiveness of the LSSVM model by comparing it with the polynomial
fitting (PF) and back propagation neural network (BPNN) methods, using hourly data obtained from
the measured data and open data. The results show that the means of the root mean square for the
LSSVM based on the observation time parameter and the LSSVM based on the multi-parameter
model achieve 0.51 m/s and 0.45 m/s, respectively, presenting a significant improvement compared
with the PF (0.82 m/s) and BPNN (0.76 m/s) methods.

Keywords: forecasting model; sound speed field (SSF); least square support vector machine (LSSVM);
matching extension; empirical orthogonal function (EOF)

1. Introduction

In the marine environment, acoustic signals serve as the primary signal carriers of
underwater positioning, navigation, timing, and communication (PNTC) systems [1-3].
However, the propagation speed of underwater acoustic signals has complex characteristics
in terms of spatial-temporal dynamics [4], which leads to the bending effect of the signal
propagation path. This issue presents challenges to the efficient utilization of beam energy
in directional underwater acoustic communication systems, as well as precise ranging for
underwater acoustic positioning and navigation [5,6]. Therefore, to obtain high precision
and high resolution, regional sound speed fields (SSFs) have become a key technology in
underwater PNTC systems. The main methods for obtaining underwater sound speed
profiles (SSPs) include the direct measurement and the inversion of SSPs. The sound speed
profiler (SSP), the conductivity temperature depth (CTD), and the expendable conductivity—
temperature-depth (XCTD) profiler are used to measure SSPs [7]. Due to the limited
observation depth of XCTD, the measured SSP, temperature profile (TP), and salinity
profiles (SP) cannot cover the full ocean depth. Furthermore, since the marine environment
often changes with time and space, it is time-consuming and labor-intensive to measure
the sound speed from point to point.
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In order to eliminate the representative measurement error of sound speed, the in-
version method of sound speed based on measured historical SSPs was developed to
construct SSFs with high resolution. Munk and Wunsch [8] introduced geophysical inver-
sion methods into marine physics and creatively proposed the concept of ocean acoustic
tomography. As one of the branches of ocean acoustic tomography, sound speed inver-
sion uses ocean environmental parameters to construct the distribution of SSFs in a target
spatiotemporal region. The inversion technology of sound speed mainly focuses on the
interpolation or extrapolation of sound speed based on position and time information,
matched field processing, compressive sensing, and deep learning. The matched field pro-
cessing method uses empirical orthogonal function (EOF) or singular value decomposition
(SVD) to perform principal component analysis for the SSP [9], and selects the matched
beam, the matched propagation time, or the matched multipath time difference to achieve
the inversion of the SSF [10-12]. Davis [13] proved that the EOF is the most effective basis
function for describing the sound speed profile in the sense of the minimum mean square
error. Bianco et al. [14] proposed that SVD should be used instead of EOF decomposition to
reduce the number of eigenvectors. Tolstoy et al. [15] proposed a matching field processing
method based on EOF for principal component analysis, which used the lattice traversal
method to search for matching terms to invert the SSP. In order to accelerate the search
process, the inversion of the SSF—based on particle swarm optimization (PSO), simulated
annealing (SA), and genetic algorithm (GA)—was developed to improve the efficiency of
searching the principal component coefficient for SSP feature vectors [16,17]. Although
the computational efficiency can be improved by a matched field algorithm combining
heuristic algorithms, it should be noted that the computational complexity of the algorithm
is relatively high, and its inversion accuracy is affected by the beam propagation delay.
The principal component coefficients and the least squares algorithm are used to construct
the SSF in the compressive sensing method. Bianco et al. and Choo et al. [18,19] proposed
the inversion method of sound speed based on compressive sensing and EOF decompo-
sition. Compared with matched field processing, the inversion efficiency of compressive
sensing is significantly improved, but the compressive sensing dictionary establishment
process adopts first-order Taylor expansion for linear approximation, which reduces the
inversion accuracy.

Since the marine environment is complex and changeable, it is hard to accurately
construct the sound speed model with a linear system or deterministic mathematical ex-
pression [20]. Machine learning algorithms offer a distinct advantage of fitting complex
nonlinear functions, which are suitable for solving the inversion problem of SSFs. The ap-
plication of deep learning techniques to sound speed inversion can be broadly categorized
into two approaches: those that utilize acoustic time delay observation data and those that
do not. For deep learning with acoustic time delay observation data, Stephan et al. [21]
firstly established the inversion framework of SSF by using an artificial neural network
(ANN). Ai et al. [22] constructed the SSF by using the back propagation neural network
(BPNN) combined with the EOF. The inversion accuracy of SSF based on the neural network
is affected by the acoustic time delay observation and the EOF order selection, and the
method requires a large number of historical SSPs as reference samples. Aiming for the
SSF construction of small sample, a task-driven meta learning (TDML) framework for con-
structing SSFs was proposed to achieve model convergence [23]. For deep learning without
acoustic time delay observation data, Zhang et al. [24] proposed the four-layer piecewise
function with nine parameters to describe the sound speed structure of the mixed layer,
the main thermocline, and the deep-sea isothermal layer, respectively. Zhang et al. [16]
utilized the nonlinear input—output characteristics of neural networks to train complex
seawater salinity parameters, and established the BPNN model. Luo et al. [25] constructed
the mapping relationship between the sound speed and the sediment physical parameter
using the BPNN method. The above methods construct a large-scale SSF based on multiple
parameters, and its accuracy is based on a large number of referenced SSPs.
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For underwater acoustic positioning and navigation, the temporal variation of sound
speed has a greater impact on positioning and navigation accuracy compared with the spatial
variation of sound speed [26]. Constructing the SSF with hourly resolution can effectively
eliminate the representativeness error of sound speed. To predict the SSF constructed with
hourly resolution, three major challenges need to be addressed: (1) how to extend the profile
data to construct the SSF of the full ocean depth; (2) how to construct the inversion method of
SSFs based on small samples; (3) how to construct the inversion model of SSFs made with
hourly resolution. Therefore, this paper proposes an SSF forecasting method based on the
least square support vector machine (LSSVM) considering multiple parameters. The proposed
algorithm is validated by measured and public data. By comparing sound speed data obtained
from equipment, polynomial fitting, BPNN, LSSVM with an observation time parameter, and
LSSVM with multiple parameters, we assessed the accuracy of different algorithms against
actual values.

The paper is organized as follows. We begin by presenting the matching extension
method based on EOF in Section 2. Section 3 introduces the forecasting method of SSF
based on polynomial fitting and BPNN, as well as the theoretical derivation and algorithm
implementation of the SSF forecasting method based on the LSSVM. The polynomial fitting
method, the BPNN method, the LSSVM based on the observation time parameter, and the
LSSVM based on multiple parameters are verified and analyzed using both the measured
data and public data in Section 4. Finally, we summarize the significant conclusions
in Section 5.

2. Matching Extension Method Based on EOF

Because the SSP, TP, and SP collected by XCTD cannot cover the full depth, the XCTD
data must be extended to provide the measured dataset of full ocean depth in order to
construct the forecasting model of SSF. We propose a matching extension method based on
EOF, and the basic steps of the matching extension method are as follows:

(1) Let measured SSPs, TPs, and SPs with full ocean depth set S = {S1,S»,...,S;},
T={T,T,,..., T;},and A = {A1,A;,...,A;}. Each SSP, TP, and SP sample could be

expressed as
Si = {(Si,1/d1>/ (Si,2/ dz), ey (Si,]', d])}
{ T; = {(ti1, d1), (tiz, d2), - .., (tij.d;) } (1)
Ai = {((11',1,111), (al',z, dz), ey ({11',]‘, d])}

where Si,js tijs and ajj are sound speed, temperature, and salinity, respectively, and
d]- is the depth. i = 1,2,...,I means the i-th sample; j = 1,2,. .., ] is the index label
of depth; and d; is the maximum sampling depth with full depth. If the maximum
depth of the target SSP (TP, SP) to be extended is dk, all SSPs, TPs, and SPsin S, T,
and A are partially intercepted by depth and form a dataset of reference SSPs—S =
{81,S2,...,8}, TPsT={Ty,T>,..., T;},and SPs A = {A1,A;,...,A;},i=1,2,...,1
with a maximum depth that equals dg, where S;, T;, and A; can be expressed as

E { Sll/dl / Sl 2/d2)/-~-/(si,k/dk)}
T {(tin,dv), (tin,d2), ..., (tige di) } )
{ allrdl ’ al 2/d2>r‘-'/(ai,krdk)}

wherek =1,2,...,K.
(2) Tomaintain the original principal component of any target SSP (TP, SP) to be extended,
the feature vectors of reference SSPs (TPs, SPs) and the target SSP are obtained through

EOF. These are calculated by
{SVd] = [svlld], SV s svm,d]} m=12,... M 3)
SVi, = [501,4, 50245/ SUnay ], m =1,2,...,N
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{TVd] = [tvl,d,,tvz,d,/- . .,tvm,d]},m =12,...,M )
Tle< = [tvl,dK’tUZ,dK’ .. .,tvn,dK],n =12,...,N

{AVdI = [avl’dl,avzld[, .. .,avm,d]},m =1,2,.. .,M (5)
AV, = |avi g, av4,, ..., 00,4, ],n=1,2,...,N

where SV, 1 TVd], and AV, | are the feature vectors of reference SSPs, TPs, and SPs,
respectively. SV, , TV,,, and AV, are the feature vectors of target SSPs, TPs, and
SPs, respectively. m and n are the order of the feature vector, and M and N are the
total number of orders, which satisfies 3 < M, N < 5.

(3)  Through the matching process, the coefficients sf; , tf; , and af; could be solved by

f1, = SVE (S — Suray )
S‘f = [St1,5¢2, -+ -/ Stk) (6)

Sur,dK = [gur,dlrgar,dzl ce. rgar,dk}

— T T
tde - TVdK (T§ - Tar/dK)
T§ = [tf,ll tt,Z/ sy tt,k] (7)

Tar,alK = [tur,dlr tar,aly sy tur,dk]

afy, = AVE (A Ay, )
o A? = [at,ll at,ZI ey at,k] (8)
Aar,dK = [ﬁﬂr,dllﬁﬂr,d2/ cee rﬁar,dk]
where Sf , Tf, and Af are the target SSP, TP, and SP, Eespectively. §W,dK, Tar,dK/ and
Ay 4, are the average SSP, TP, and SP distribution of S, T, and A, respectively.

(4) Wher.1 combining sde, tde, fmd ade with SVd[, TVd], and AVd[, the target SSP, TP, and
SP with full ocean depth will be constructed:

SF =S54, + SVaysfy,
T} =T, + TVa 9)
Af = A3 4, +AVa,afy,
where Sfr,d] = [SardlsSard2s - -+ Sardy) Tfr,d] = |tardis tardz - taray],s
Air,d, = [agr a1, Qgr,a, - - -+ Aayq7], and 5 = (861,82, ..., 5], = 1 oo byl
Af = [ay1,810,...,4,)].

3. Methodology for Constructing the Forecasting Model of Sound Speed Fields
3.1. Forecasting of SSFs Based on Polynomial Fitting

The forecasting method of SSFs based on polynomial fitting maps the nonlinear
relationship between the sound speed and the observation time at depth dj using historical
SSP data. The functional model of observation time and the vertical gradient of sound
speed can be obtained through polynomial fitting. The basic steps of the polynomial fitting
algorithm are given as follows:

(1) After the matching extension of SSP, the dataset of reference SSPs for SSF forecasting
can be obtained as

Sy ={(sr1,d1), (sr2,d2),-+, (S i)} r =1,2,---Rk=12---K (10)

where R is the number of reference SSPs.
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(2) The nonlinear relationship between the sound speed and the observation time at
depth 4, is constructed as

Sk = &g + BrTr + ¢ * sin(27,71/86400 + wy) (11)

where X; = [a, i, ¢r, wy] is the model parameter vector, 7 is the observation time of
measuring SSPs.

(38) R-th SSPs are used to construct the SSF; the linearization matrix form of Equation (11)
can be expressed as:

S1 oy 1 7. sin(2n7/86400 + w?)  cos(277/86400 + w)) A
2k Sg,k - 1 1 sin(257m/86400 +w?)  cos(2127/86400 + wY) Ay 12)
: : Co : : Ay
Srk s?/k 1 7 sin(2n7/86400 + w?)  cos(27,71/86400 4 wY) Acwy
80y = af + BTy + 9 + sin (27,7/86400 + ) (13)
where X(,z = [062, ,52, (])2, wg] is the approximate value of the model parameter,

X = [Aag, Ay, Ady, Awy] is the correction vector of the model parameter. Based
on Equation (12), the error equation is constructed by

Lij+ Vg = Arixy (14)
According to the least squares,
-1
= (ALAn)  ALL (15)
X = XY+ x; (16)

where L,  is the observation vector of Equation (14), V, y is the residual vector of L, x,
and A, is the design matrix of Equation (14).
(4)  When the observation time of the forecasting SSP is 7y, the SSP at depth d is calculated by

Sf = 0 + PiT + ¢ * sin(27,71/86400 + wy) 17)

(5)  Repeating step (1) to step (4), the forecasting SSP S = { (s .0/ do) , (s 11 dl), s, (s ks dk) }
of full depth can be obtained.

3.2. Forecasting of SSFs Based on BPNN

The BPNN algorithm has advantages in nonlinear function fitting and its algorithm
efficiency is high after the training model converges. Therefore, BPNN is used to construct
the sound speed field [20]. The forecasting method of SSF based on the BPNN algorithm
regards the unknown system as a black box—it can express the nonlinear relationships
between the sound speed and the observation time, the temperature, and the salinity at
depth dj using historical SSP data. However, the method has disadvantages in small sample
learning. The network structure of BPNN is shown in Figure 1 [20,27].

For the BPNN method, the input layer of the training set is expressed as

Tin:[(Tll"'/Tr"' R)ll (Tlf /TT"'/TR)k/"'/(Tl/.../TT..‘/TR)K]
din - [(dll' v /d dR) 17"

,( dR)k/"'/(dll"'/dr"'!dR)K] (18)
tirl:[(t]/"'/tr' ) /(t/ tR)k/"'/(tl/"'/tr"'/tR)K]
aAin = [(al,' o iar aR)]/' ,(al, aR)k/ o /(al/' v /ar te /aR)K]

where Ty, din, tin, and aj, are the input vectors of the observation time, depth, temperature,
and salinity in the training set, respectively.
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Tin
din
tin
ain
Input layer Hidden layer
Figure 1. Flowchart for SSF forecasting using BPNN.
The output layer of the training set is given as
Sout :[(Sll' .. /SY' .. /SR)]I' . I(Sll' .. /Si’. .. /SR)](/' .. /(51,. .. ,sr e ISR)K] (]_9)

where s, is the output vector of the sound speed in the training set.
The input layer of the forecasting set is

O = [(Tf,lrdf,lrtf,lraf,l)/ e (Tf,krdf,kr tf,kraf,k)r‘ ”, (Tf,K/ df, trk af,K)} (20)

where ¢, represents the input vectors of the observation time, depth, temperature, and
salinity in the forecasting set.
The output layer of the forecasting set is

Your = [Sp1,0 s Spk o/ SfK (21)

where ¥, is the output vector of the sound speed in the forecasting set.

Because the network structure of BPNN has only one output node, the number of
hidden layers in BPNN is a single hidden layer. The equation for the optimal number of
hidden layer nodes can be expressed as [20]

hidden < \/ |Kin — Kout| + 1 (22)

where x;,, and x,,; are the number of input and output layer nodes. 7 is a constant between
1 and 10.

The selection of hidden layer nodes first refers to Equation (22) to determine the
approximate range of the number of nodes, and then the recurrent optimization method is
used to determine the optimal number of nodes [28]. The number of hidden layer nodes
in the BPNN structure of Figure 1 is four. The node transfer function is expressed as a
tansig function in BPNN. At the same time, choosing the right parameter configuration
can improve calculation efficiency and accuracy. The number of iterations is chosen as 300;
the learning rate is 0.5; and the target is 0.0004 for sound speed field forecasting based on
BPNN in this paper.

3.3. Forecasting of SSFs Based on the LSSVM

The forecasting method of SSFs based on the LSSVM transforms the problem of model
construction into the problem of linear least squares in high dimensional space [29]. The
method constructs a function that reflects the temporal variation characteristics of sound
speed through the selection of kernel functions and training samples. The least-squares
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version of the support vector machine (SVM) classifier is obtained by reformulating the
minimization problem as [30]

ming(p,er) = 979+ LYk, & 23)

subject to the equality constraints

ss=9"9(G)+b+e (24)
where ¢ is the weight vector, G, = (1, dy, tr, a;), ¢(G;) is the mapping function, b is the
model parameter, ¢, is the error vector, and 7 is balancing parameters between equation

size and training error.
Combining Equations (23) and (24), the Lagrangian is defined as

R
Ly be o) =(g,be) = Y or{ 97 9(Gr) +b] +e, — 1} (25)
Equation (25) satisfies the following:
oL R
Fi p—). _ 05¢(G)=0 (26)
oL R
5 = Y o =0 (27)
oL
ae =Yy — 0 = 0 (28)
) T
3 srlp o(Gy) +b]+e —1 (29)

The matrix form of Equations (26)—-(29) can be expressed as:

10 0 —-ZN Ty 0
00 0 —sT||b 0
00 vy —I|lel|l” 0 (30)
Z s 1 0 o 1

where Z = [p(G1)s1, 9(G2)sa, -+, 9(Gy)ss|, s = [51,52,- -+ ,5¢], e = [e1,ez,--- , €], and
o = [01,09,- -+ ,07], 0 is the Lagrangian factor.

The kernel function matrix is defined as K = ZZT. When the radial basis function
(RBF) is selected as the kernel function, the mapping function is constructed as

K(G,G,) = exp(—HG - G,||2/p2) (31)

and Equation (31) is also given by

0 —sT b 0
el @

Figures 2 and 3 show the flowcharts of the SSF forecasting methods based on the LSSVM
considering the observation time parameter (represented as LSSVM-1) and the LSSVM con-
sidering multiple parameters (represented as LSSVM-2). For the LSSVM-1 method, the input
layer of the training set is the matrix [7,,d,1,d,p,--- ,dy ), v = 1,2,--- ,R k = 1,2,--- ,K.
The output layer of the training set is [s, 1,52, -+ , Sk, = 1,2,--- , R,k =1,2,--- ,K. The
input layer of the forecasting set is [Tf, dei,deo, - ,d f,k} . The output layer of the forecast-
ing set is the estimated SSF at full ocean depth. For the LSSVM-2 method, the input layer
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of the training set is the matrix |tf, d,k, t,x, ar,k} and the output layer of the training set is

511,512, ,5rk]- The input layer of the forecasting set is [Tf, drtrx a f,k} and the output

layer of the forecasting set is sy . After that, the SSF at full ocean depth is estimated by
repeating K times.

SSF Estimation

[Time 7, ] [Depth d“”(}

LSSVM-forecast

SSF Training

RBF kemel
function

I
Training Datasets :
|
|
|
I
I |
|
I
|
|
|
I
|

T
|
|
|
Time T :
|

Depth d(va)

LSSVM-train Model
Parameters
Sound speed
S(R.K)

Figure 2. Flowchart for SSF forecasting using LSSVM-1.

Depth d(R)__,)
Estimated SSF at
full ocean depth

Depth )

SSF Estimation

Training Datasets

SSF Training

|

|

|

I ( RBF kemel | [Time 7, ] [Depthd ; J [Temp-t , k] Salt 9.k
| function | Y crafure

|

|

parameters

[ I I T
| LSSVM-train LSSVM-forecast

| |

|I Sound speed :
| S(r.K) |
| |

Estimated SSF at the
f | Y
Estimated SSF at
Repeating K times full ocean depth

Figure 3. Flowchart for SSF forecasting using LSSVM-2.

Model

4. Results
4.1. Measured Data
4.1.1. Matching Extension of SSPs, TPs, and SPs

The SSP, TP, and SP data for this experiment were collected by CTD and XCTD,
including six sets of CTD data and nine sets of XCTD data. Figure 4 shows the numbers and
observation times of the measured sound speed profile. As shown in Figure 4, these data
were collected approximately one to two hours apart across the entire day. The observation
times were 04:20, 07:00, 08:30, 10:30, 11:40, 13:00, 14:45, 17:20, 19:00, 20:00, 20:20, 20:30, 21:00,
23:00, and 23:35 on 28 March 2023.

Due to the influence of seawater movement during the data collection process, the
gradient of the profile data does not increase linearly, and gross errors need to be eliminated.
Figure 5 shows the preprocessed SSP, TP, and SP data. The data collected by CTD is lowered
in the form of steel cables using a shipborne crane, with a measurement depth larger than
3000 m; and the data collected by XCTD is lowered using a projection gun firing method,
with a measurement depth smaller than 2200 m. Therefore, the depth of the profile data of
Figure 5 is unequal, which leads to the inability to construct the forecasting model of SSF
based on the datasets of Figure 5.
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Figure 4. The number and observation time of CTD/XCTD data.
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Figure 5. The distribution of the non-extended SSP, TP, and SP data. (a) The SSP of numbers 1-5;
(b) the SSP of numbers 6-10; (c) the SSP of numbers 11-15; (d) the TP of numbers 1-5; (e) the TP of
numbers 6-10; (f) the TP of numbers 11-15; (g) the SP of numbers 1-5; (h) the SP of numbers 6-10;
(i) the SP of numbers 11-15.

Ensuring consistency in the format of data samples is a prerequisite for SSF forecasting.
Therefore, the linear interpolation is firstly used to transform the profile data into 1 m
intervals. Then, the minimum depth of 3349 m in CTD data is used as a reference sample
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to extend the XCTD data through linear interpolation and the matching extension method
based on EOF. Figure 6 gives the extended SSP, TP, and SP data of equal intervals and
the same depth. From the TP and SP data of Figure 6, the TP data varies between 2 °C
and 25 °C and the SP data varies between 33 ppt and 35 ppt. These also indicate that the
temperature and salinity both have an impact on the sound speed, and the temperature has
a more significant impact on the sound speed than the salinity [31]. At the same time, the
extended profiles are gained based on the matching extension method and the EOF. The
change trend of the extended profile is same as the change trend of the reference profile,
which also supports the reference profile data for the construction of the SSF forecasting
model at full ocean depth.
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Figure 6. The distribution of the extended SSP, TP, and SP data. (a) The SSP of numbers 1-5; (b) the
SSP of numbers 6-10; (c) the SSP of numbers 11-15; (d) the TP of numbers 1-5; (e) the TP of numbers
6-10; (f) the TP of numbers 11-15; (g) the SP of numbers 1-5; (h) the SP of numbers 6-10; (i) the SP of
numbers 11-15.

4.1.2. Evaluation of the Inversion Accuracy of SSF

The polynomial fitting (PF) method, the BPNN method, the LSSVM considering the
observation time parameter (represented as LSSVM-1), and the LSSVM considering mul-
tiple parameters (represented as LSSVM-2) are used to predict the SSPs of number 7 to
number 15. We use previous datasets as reference SSPs to predict the SSP at later times.
Figure 7 presents the variation of the sound speed field forecasting datasets for number
7 to number 15. The figure shows the observation time and the quantity of the training
dataset for sound speed field forecasting. Figures 8-10 present the forecasting SSP, the test
SSP, and the difference between the forecasting SSP and the test SSP of different algorithms
in the representative SSPs of numbers 7, 10, and 13. From Figure 8, the forecasting accuracy
of PF is better than that of LSSVM-1 and LSSVM-2. This is due to the strong consistency
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Observation sequence number

of the changing trend in temperature and salinity between the forecasting SSP and the
reference SSP of Figure 7a. From Figure 6g,h, the salinity variation between the forecasting
SSP of number 7 and the reference SSPs of numbers 1-6 is approximately 34.5 ppt, which
makes the forecasting accuracy of PF better. The BPNN algorithm has the worst accuracy
compared with the other methods. The reason is that the accuracy of BPNN is significantly
worse than that of the LSSVM algorithm in small sample learning. For the SSPs of number
10 and number 13, the temperatures and salinity of the forecasting SSP and the reference
SSP—shown in Figure 7d,g—vary greatly, which leads to the poor performance of the PF
algorithm compared to the BPNN and LSSVM-1/2 algorithms in Figures 9 and 10. Further-
more, the LSSVM algorithm has the obvious advantage in small sample learning, and the
LSSVM-2 algorithm can fully use the measured environmental parameters to construct the
real SSE. Therefore, its construction accuracy is significantly improved compared with the
PE, BPNN, and LSSVM-1 algorithms from Figures 9 and 10.
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Figure 7. The variation chart of sound speed field forecasting datasets. (a) Number 7; (b) number 8;
(c) number 9; (d) number 10; (e) number 11; (f) number 12; (g) number 13; (h) number 14; (i) number 15.

‘The algorithm of PF

The algorithm of BPNN

The algorithm of LSSVM-1

Difference value (m/s)

The algorithm of LSSVM-2
SSP]

3000 2500 2000 -1500 1000 500 0
depth(m)

(a)

Figure 8. The comparison of the SSPs of number 7 predicted with different algorithms

rad .
3000 -2500 2000 -1500 -1000 -500 O
depth(m)

(b)

depth(m)

(©

(b) BPNN; (c) LSSVM-1; (d) LSSVM-2.

3000 -2500 2000 -1500 -1000 -500

3000 -2500 2000 -1500 -1000 -500 0
depth(m)

(d)

3

. (a) PF;



J. Mar. Sci. Eng. 2024, 12, 480 12 of 20

‘The algorithm of PF N The algorithm of BPNN

‘The algorithm of LSSVM-1

— -3 1 -3 1 -3 3
=3000 -2500 -2000 -1500 -1000 -500 0 -3000 -2500 -2000 -1500 -1000 -500 0 =3000 -2500 -2000 -1500 -1000 -500 0 =3000 -2500 -2000 -1500 -1000 -500 0
depth(m) depth(m) depth(m) depth(m)

(a) (b) (c) (d)

Figure 9. The comparison of the SSPs of number 10 predicted with different algorithms. (a) PF;
(b) BPNN; (c) LSSVM-1; (d) LSSVM-2.
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Figure 10. The comparison of the SSPs of number 13 predicted with different algorithms. (a) PF;
(b) BPNN; (c) LSSVM-1; (d) LSSVM-2.

In order to evaluate the accuracy of different depth layers for the nine selected forecasting
samples, the results of the root mean square (RMS) for the full ocean depth, the surface layer
(0-550 m), the thermocline (551-1500 m), and the deep-sea isotherm (>1500 m) are counted
and shown in Figure 11. The root mean square (RMS) is expressed as

Yo |sp(d)) —se(d))] i
((—0+1)

RMS = (33)

where { and ¢ are the initial and maximum depth of the full ocean depth, the surface layer,
the thermocline, and the deep-sea isotherm. s¢(d;) and s, (d;) are the forecasting sound
speed and the real value of the forecasting SSP.

From Figure 11, the accuracy of both LSSVM-1 and LSSVM-2 has significant improve-
ment in the full ocean depth compared with the PF algorithm. When there are significant
changes in the marine environment, the BPNN algorithm is better than the PF algorithm,
and its forecasting accuracy is maintained at about 1 m/s. In the surface layer and the
thermocline, the accuracy of the PF and the BPNN algorithms are significantly poor due
to the drastic changes of the temperature and the salinity, as well as insufficient training
samples, while LSSVM-1/-2 still keep the accuracy of about 0.6 m/s and 0.5 m/s in the
surface layer and the thermocline. In the deep-sea isotherm, the SSF with hourly resolution
is affected by the variation of the temperature and the salinity, which leads to the lower
accuracy of the PF algorithm. The forecasting accuracy of BPNN and LSSVM-2 for number
11 decreases in Figure 11; the reason is that the salinity level of number 11 fluctuates greatly
and it is significantly different from the salinity change in the training sample (number
1-number 10) from Figure 6g—i. Therefore, when the salinity changes greatly between the
forecast sample and the training sample, it affects the accuracy of BPNN and LSSVM based
on multiple parameters. Compared with PF and LSSVM-1, the accuracy of LSSVM-2 is
reduced, but within an acceptable range. Except for the forecast sample of number 11,
LSSVM-2 can consider the temperature and salinity parameter to construct the forecasting
model of SSF, which significantly improves the forecasting accuracy of SSFs.
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Figure 11. The RMSs of the forecasting SSP for the different algorithms and the different depths.
(a) Full ocean depth; (b) surface layer; (c) thermocline; (d) deep-sea isotherm.

After that, the maximum, minimum, and mean of the RMSs for the different algorithms in
different seawater stratifications, as well as the accuracy improvement percentage of LSSVM-1
and LSSVM-2 relative to the PF and BPNN methods in the mean of the RMS, are statistically
analyzed in Table 1. Regarding the maximum RMS of four of the methods, that of PF is
largest, with a value greater than 2 m/s in different seawater layers. The maximum RMS
for the other three algorithms is significantly reduced, and that of LSSVM-2 is the smallest
and maintains approximately 1 m/s in different seawater layers. Compared with the other
three algorithms, the minimum RMS for LSSVM-2 is the smallest, with a value less than
0.1 m/s in different seawater layers. The above results indicate that the PF algorithm only
considering the observation time has poor forecasting accuracy of SSFs. However, the BPNN
and LSSVM algorithms with good nonlinear function-fitting ability can significantly improve
forecasting accuracy. For the full ocean depth, the mean of RMS for LSSVM-1 is 0.51 m/s,
with an improvement of 37.7% and 33.2% compared to the 0.82 m/s of PF and the 0.76 m/s of
BPNN. Using the improved strategy of the inversion model based on multiple parameters,
the mean of RMS for LSSVM-2 is 0.452 m/s, with a notable improvement of 44.6% and 40.6%
compared to the 0.82 m/s of PF and the 0.76 m/s of BPNN. In the surface layer, the mean
of RMS for LSSVM-1 is 0.66 m/s, with an improvement of 34.9% and 34.1% compared to
the 1.01 m/s of PF and the 0.10 m/s of BPNN. Using the improved strategy of the inversion
model based on multiple parameters, the mean of RMS for LSSVM-2 is 0.61 m/s, with an
improvement of 39.8% and 39.1% compared to the 1.01 m/s of PF and the 1.00 m/s of BPNN.
Within the thermocline, the mean of RMS for LSSVM-1 is 0.47 m/s, with an improvement
of 36.0% and 30.6% compared to the 0.74 m/s of PF and the 0.68 m/s of BPNN. Using the
improved strategy of the inversion model based on multiple parameters, the mean of RMS
for LSSVM-2 is 0.44 m/s, resulting in an improvement of 41.2% and 36.3% compared to the
0.74 m/s of PF and the 0.68 m/s of BPNN. In the deep-sea isotherm, the mean of RMS for
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LSSVM-1 is 0.47 m/s, with an improvement of 40.8% and 32.3% compared to the 0.77 m/s
of PF and the 0.69 m/s of BPNN. Using the improved strategy of the inversion model based
on multiple parameters, the mean of RMS for LSSVM-2 is 0.38 m/s, with an improvement
of 51.4% and 44.4% compared to the 0.79 m/s of PF and the 0.69 m/s of BPNN. According
to the above results, the RMS for the LSSVM algorithm is less than that of the PF and BPNN
algorithm; the reason is that the LSSVM algorithm is more suitable for the training of small
samples and can achieve more complex nonlinear function fitting in high dimensional space.
Compared with LSSVM-1, LSSVM-2 has higher forecasting precision due to its consideration
of multiple parameters.

Table 1. The statistical results of the different algorithms.

Full Ocean Depth Surface Layer Isothermal Layer

Method Statistics (m/s) (m/s) Thermocline (m/s) (m/s)

Maximum RMS 2.19 2.80 2.07 2.04

PF Minimum RMS 0.15 0.23 0.14 0.13

Mean of RMS 0.82 1.01 0.74 0.79

Maximum RMS 1.16 1.40 1.04 1.27

BPNN Minimum RMS 0.35 0.64 0.22 0.14

Mean of RMS 0.76 1.00 0.68 0.69

Maximum RMS 1.05 1.20 0.91 1.07

LSSVM-1 Minimum RMS 0.09 0.15 0.10 0.04

Mean of RMS 0.51 0.66 0.47 0.47

Maximum RMS 1.00 1.14 0.87 1.01

LSSVM-2 Minimum RMS 0.09 0.14 0.07 0.08

Mean of RMS 0.45 0.61 0.44 0.38
Improvement
percentage of

LSSVM-1 relative Mean of RMS 37.7 34.9 36.0 40.8

to PF (%)

Improvement
percentage of

LSSVM-2 relative Mean of RMS 44.6 39.8 412 51.4

to PF (%)

Improvement
percentage of

LSSVM-1 relative Mean of RMS 33.2 34.1 30.6 32.3
to BPNN (%)
Improvement

percentage of Mean of RMS 40.6 39.1 36.3 44.4

LSSVM-2 relative
to BPNN (%)

4.2. Public Data Sources

In order to further verify the accuracy of the LSSVM based on multiple parameters
proposed in this paper, we chose the marine environmental data of January 2011, released
by the National Oceanic and Atmospheric Administration of the United States, as validation
datasets. The temporal resolution of the data is hours and the data includes 12 vertical
levels from 1.5 m to 750 m. Each data point includes the information of temperature,
salinity, sound speed, and depth. The above environmental data of one week is selected as
the validation dataset for the SSP forecasting. Similarly, the datasets of past times are used
as reference SSPs to predict the SSP in the future. Figure 12 shows the observation times of
the reference SSPs and forecasting SSPs for 137 groups within one week. The observation
time is calculated by hours within one week.
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Figure 12. The variation chart of sound speed field forecasting datasets. (a) Numbers 1-33;
(b) numbers 34-67; (c) numbers 68-101; (d) numbers 102-137.

The PE, BPNN, LSSVM-1, and LSSVM-2 methods are used to predict the SSPs of
137 groups in Figure 12. Figure 13 shows the nearest reference SSPs and forecasting SSPs
of the representative SSPs for the numbers 28, 62, 96, and 130. The variation trend of the
nearest reference SSPs and forecasting SSPs of the numbers 28 and 62 is similar, while the
SSPs of the numbers 96 and 130 have a significant difference in variation trends at a depth of
150 m. Figures 14-17 present the forecasting SSPs, the test SSPs, and the differences between
the forecasting SSPs and the test SSPs of the different algorithms in the representative SSPs
of the numbers 28, 62, 96, and 130. From Figure 14, the forecasting accuracy of LSSVM-1
is better than that of PF and BPNN, and the accuracy of LSSVM-2 has more significant
improvement compared with PF, BPNN, and LSSVM-1. Especially at a depth of 150 m,
the difference between the forecasting SSP and the test SSP of LSSVM-2 is smaller. From
Figure 15, the forecasting accuracy of BPNN is better than that of PF and LSSVM-1, and the
accuracy of LSSVM-2 has the best forecasting results of SSFs. The above results indicate
that as the number of samples increases, the accuracy of the forecasting models based
on BPNN and LSSVM considering multiple parameters is better. However, the accuracy
of LSSVM based on multiple parameters is better compared with that of BPNN. From
Figures 16 and 17, the forecasting results of PF are poor, while the LSSVM-1 and LSSVM-2
algorithms have better performances. The difference between the forecasting SSP and the
test SSP of the BPNN algorithm is significantly large at a depth of 150 m; the reason for the
above results is that the sound speed of the reference samples near the forecast samples
changes significantly from Figure 13. However, the forecasting accuracy of the LSSVM
considering multiple parameters still has significant improvement.
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Figure 13. The nearest reference SSPs and forecasting SSPs of the different forecasting times.
(a) Number 28; (b) number 62; (c) number 96; (d) number 130.
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Figure 14. The comparison of the SSPs of number 28 for the different algorithms. (a) PF; (b) BPNN;
(c) LSSVM-1; (d) LSSVM-2.
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Figure 15. The comparison of the SSPs of number 62 for the different algorithms. (a) PF; (b) BPNN;
(c) LSSVM-1; (d) LSSVM-2.
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Figure 16. The comparison of the SSPs of number 96 for the different algorithms. (a) PF; (b) BPNN;
(c) LSSVM-1; (d) LSSVM-2.
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Figure 17. The comparison of the SSPs of number 130 for the different algorithms. (a) PF; (b) BPNN;
(c) LSSVM-1; (d) LSSVM-2.

In order to evaluate the accuracy in detail, the difference between the reference and
forecasting SSPs and the RMSs of the forecasting SSPs for the different algorithms are
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counted and shown in Figure 18. Compared with the PE, the BPNN and the LSSVM-1
algorithms, the difference of LSSVM-2 fluctuates around zero and the undulation scope is
smaller. The RMS of LSSVM-2 has a significant decrease in accuracy compared to the other
three methods. Table 2 presents the mean and maximum values of the differences between
the different depths and algorithms. For the depth of 50 m, the mean and maximum values
of LSSVM-2 can improve from (—0.31, 1.20) m/s, (—0.16, 1.00) m/s, and (—0.24, 1.31) m/s
to (—0.04, 0.73) m/s compared with PF, BPNN, and LSSVM-1. For the depth of 150 m,
the mean and maximum values of LSSVM-2 can improve from (—5.45, 15.43) m/s, (—0.46,
59.66) m/s, and (—1.90, 9.90) m/s to (—0.29, 7.57) m/s compared with PF, BPNN, and
LSSVM-1. For the depth of 750 m, the mean and maximum values of LSSVM-2 can improve
from (—0.44, 1.76) m/s, (—0.13, 1.41) m/s, and (—0.22, 1.42) m/s to (—0.05, 1.40) m/s
compared with PF, BPNN, and LSSVM-1. After that, the means of the RMSs for different
algorithms, as well as the accuracy improvement percentage of LSSVM-1/2 relative to
PF and BPNN, are statistically analyzed and shown in Table 3. The mean of the RMS for
LSSVM-1 is 1.35 m/s compared to the 2.63 m/s of PF and the 1.77 m/s of BPNN, with an
improvement of 48.8% and 23.7%. Using the improved strategy of the inversion model
based on multiple parameters, the RMS of LSSVM-2 is 0.64 m/s compared to the 2.63 m/s
of PF and the 1.77 m/s of BPNN, with an improvement of 75.8% and 63.9%. Therefore,
compared with PE, the mean of RMS for BPNN in full ocean depth is smaller. The LSSVM-2
algorithm not only considers multiple parameters, but is not affected by the changing of
sound speed in adjacent training samples, which significantly improves its forecasting
accuracy of SSFs.
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Figure 18. The difference between the reference and forecasting SSPs and the RMSs of the forecasting

SSPs for the different algorithms. (a) Difference of depth 50 m; (b) difference of depth 150 m;
() difference of depth 750 m; (d) RMS of full ocean depth.
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Table 2. The mean and maximum values of the differences between the different depths and methods.

Depth Statistics PF BPNN LSSVM-1 LSSVM-2
Difference of Mean —0.31 —0.16 —0.24 —0.04
depth 50 m Max 1.20 0.99 1.31 0.73
Difference of Mean —5.45 —0.46 —1.90 —0.29
depth 150 m Max 15.43 59.66 9.90 7.57
Difference of Mean —0.44 0.13 —-0.22 —0.05
depth 750 m Max 1.76 1.41 1.42 1.40

Table 3. The mean RMS of the different algorithms and the accuracy improvement of LSSVM-1 and

LSSVM-2.
Method PF BPNN LSSVM-1 LSSVM-2
Mean RMS of full ocean depth 263 177 135 0.64
(m/s)
Improvement percentage relative _ ~
to PF (%) 48.8 75.8
Improvement percentage relative B ~ 237 63.9

to BPNN (%)

5. Conclusions

The irregular changes of ocean sound speed can cause significant acoustic observa-

tion errors in underwater acoustic observations. To construct a high-precision SSF with
hourly resolution, this paper proposes an inversion method considering multiple parame-
ters, based on the LSSVM algorithm and a matching extension technique. The following
conclusions are drawn from experimental analysis and comparison.

@

@)

®)

The matching extension method uses EOF decomposition to perform principal com-
ponent analysis for profile information, thereby achieving the profile extension in the
full ocean depth. The extended profile exhibits a similar trend to the reference profile,
which provides crucial reference data for constructing the SSF forecasting model for
the entire ocean depth.

For the measured data, when the forecasting SSPs and the reference SSPs have sig-
nificant consistency, the polynomial fitting algorithm has higher accuracy. However,
when the forecasting SSPs and the reference SSPs have significant differences, the
accuracy of the polynomial fitting algorithm is greatly reduced. When there are signif-
icant changes in the marine environment, the BPNN algorithm is better than the PF
algorithm, and its forecasting accuracy is affected by the number of training samples.
The RMS of the full ocean depth for the proposed LSSVM algorithm based on the
observation time is 0.51 m/s, with an improvement of 37.7% and 33.2% compared to
the 0.82 m/s of PF and the 0.76 m/s of BPNN. By using an improved strategy of the
multi-parameter model, the improved LSSVM can further improve the accuracy of
sound speed field prediction. The mean of the RMS of the full ocean depth for the
improved LSSVM algorithm based on the multi-parameter model is 0.45 m/s, with an
improvement of 44.6% and 40.6% compared to the 0.82 m/s of PF and the 0.76 m/s of
BPNN. The above results indicate that the LSSVM considering the multi-parameter
model has the highest forecasting accuracy. The reason is that the algorithm is more
suitable for the training of small samples and considers multiple parameters in order
to better express the sound speed.

For the public data, using the ability of linear least squares in high dimensional space,
the LSSVM algorithm can improve the forecasting accuracy of sound speed fields
by combining measured temperature, salinity, and pressure data. The mean of the
RMS for LSSVM-1 is 1.35 m/s, with an improvement of 48.8% and 23.7% compared to
the 2.63 m/s of PF and the 1.77 m/s of BPNN. The mean of the RMS for LSSVM-2 is
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0.636 m/s, with an improvement of 75.8% and 63.9% compared to the 2.63 m/s of PF
and the 1.77 m/s of BPNN. Consequently, this LSSVM considering multiple parame-
ters can construct a high-precision sound speed field with hourly resolution, which
offers sound speed corrections for underwater acoustic positioning and navigation.
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The following abbreviations are used in this manuscript:

SSF Sound Speed Field

LSSVM  Least Square Support Vector Machine
EOF Empirical Orthogonal Function

SSPs Sound Speed Profiles

TPs Temperature Profiles
SPs Salinity Profiles
RBF Radial Basis Function

CTD Conductivity-Temperature-Depth
XCTD  Expendable Conductivity—Temperature-Depth
RMS Root Mean Square

PNTC Positioning, navigation, timing, and communication
SSP Sound speed profiler

SVD Singular value decomposition

PSO Particle swarm optimization

SA Simulated annealing

GA Genetic algorithm
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