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ABSTRACT In the intelligent ship field, with the upgrading of ship maintenance mode, the human-centered
system maintenance will be gradually replaced by the artificial intelligence decision methods. To improve
the training speed and testing accuracy of the state estimation model, an optimized Support Vector
Machine (SVM) driven approach by Improved Artificial Bee Colony (IABC) was proposed to solve
the global parameters optimization problem. First, the JABC method was achieved from three aspects:
nectar source initializing, employed bee global neighborhood searching, and scouts mutation neighborhood
searching. Second, the multi-class SVM with one-against-one classifiers was selected, and the best global
parameters were achieved by the IABC. Third, the optimized SVM model was adopted in the testing to
verify the effectiveness of state estimation. Finally, the elaborated methodology was applied to two actual
ship systems to get the analysis results. The effectiveness was verified by using two examples. The results
show the following: the IABC optimized SVM can obtain the global optimal parameters at a faster speed
than the traditional ABC optimized method; the IABC optimized method can help the training start with
better initial parameters, and get a higher classification accuracy rate than the traditional ABC optimized
method. Based on the comparative analysis results, the IABC optimized SVM shows an obvious advantage
of parameter optimization in the training process, and it can also significantly improve the model training
efficiency and achieve a higher state estimation accuracy. The optimized SVM by IABC is an effective state

estimation method in ship systems.

INDEX TERMS Marine engineering, support vector machine, artificial bee colony, state estimation.

I. INTRODUCTION

With the development of the intelligent ship field, more
sophisticated sensors in marine engine room systems were
installed to collect data. To fully exploit the meaning of
information and realize an intelligent upgrade of ship mon-
itoring and maintenance mode, it is necessary to study some
specific methods to improve the reliability and accuracy of
state identification in the engine room systems.

In the traditional view, ship maintenance has been con-
sidered an unnecessary high expenditure area, and advanced
monitoring methods have not yet been widely applied [1].
Nevertheless, the intelligent maintenance in ships has been
made in the past years and is rapidly progressing [2]. For
this, Hountalas [3] developed a diesel engine performance
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model that can account for both normal and faulty conditions.
Chandroth [4] proposed a method combined vibration data
with cylinder pressures data for the condition monitoring of
the main engine. Accordingly, the thermodynamic model of
marine engine has been developed and used to achieve condi-
tion monitoring [5], [6]. Accordingly, Li et al. [7] developed
a self-learning algorithm to perform fault diagnosis in the
combustion system of a marine diesel engine. In addition,
Dikis and Lazakis [8] developed a machinery risk analysis
tool that can perform condition monitoring and maintenance
support by combining real-time machinery information. Fur-
thermore, Gkerekos et al. [9], [10] developed a self-learning
model for the condition monitoring of ship machinery based
on vibration measurements and further performed a more
thorough optimization step for deriving a more robust model.
Kowalski et al. [11] used various signals that are emitted by
the engine as a data input for a pattern classifier, and presented
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a one-vs-one extreme learning ensemble-based fault diagno-
sis method in marine 4-stroke diesel engines. Wang et al. 12]
adopted the LASSO (Least Absolute Shrinkage and Selection
Operator) regression algorithm to implement feature vari-
ables selection, and proposed a novel ship fuel consumption
prediction model. Coraddu et al. [13] and Cipollini ez al. [14]
introduced a regression method to achieve a component
degradation estimate in a marine combined diesel-electric and
gas propulsion plant. Cipollini et al. [15] then further used
the same dataset to compare supervised and unsupervised
algorithms for fault detection. Raptodimos and Lazakis [16]
investigated an unsupervised neural network to achieve run-
ning state monitoring of a two stroke marine diesel engine
by identifying clusters containing data representing abnormal
states. Zhang et al. [17] used a single-parameter threshold
method and radar chart analysis method to evaluate the health
status of ships’ power equipment, and converted the evalua-
tion results into health score values. Cheliotis ef al. [18] intro-
duced a data condition and performance hybrid imputation
method for energy efficient operations of marine systems,
which combined data mining with first-principle knowledge
and was implemented in a dataset acquired from the main
engine system of an oceangoing vessel. Zhang et al. 19]
established a real-time state evaluation system for the power
quality of an electric propulsion ship using the fuzzy ana-
lytical hierarchy process method, which strengthened the
supervision for the ship electric power system. Liu et al. [20]
applied the fault diagnosis method combining rough set and
optimized Support Vector Machine (SVM) to the state identi-
fication of the marine main engine, and achieved good results
on the multi-category classification problem.

Effective state estimation methods in the ship systems
can provide decision support for proactive maintenance and
improve the automation and intelligence of ships. Existing
methods have disadvantages such as poor parameter opti-
mization ability and low model training efficiency. Especially
when faced with complex large-scale engine room electrome-
chanical systems, the generalization and versatility of these
methods have been challenged.

This article aims to present an SVM-driven methodology
to achieve a multi-state estimation for the ship systems.
To improve the performance of state estimation, the method
will present an optimized SVM model, which can be trained
via the data obtained online and labeled in different system
states. To enhance the training speed and testing accuracy
of the state estimation model, an improved Artificial Bee
Colony (ABC) method will be studied to find the global
optimal parameters in the training process. To verify the
effectiveness of state estimation, two ship systems will be
selected to obtain comparative analysis results compared with
the traditional optimization method, and some objective con-
clusions will be drawn finally.

Il. PROPOSED METHODOLOGY
The methodology elaborated in this article includes a prepro-
cessing method for the acquired dataset (part one), an IABC
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FIGURE 1. Visual representation of the proposed methodology.

method for global parameter optimization (part two), and
an SVM driven multiple classification approach using the
optimized global parameters (part three) [21]. The flowchart
of the proposed methodology is presented in Fig. 1.

A. RAW DATA PREPROCESSING
The data required for SVM model training can be processed
by the following steps:

Step 1: Abnormal data filtering.

Due to recording inconsistencies, human error, or sen-
sor faults, the input training data x; should be filtered out,
if its elements with values beyond p+30, where u is the
mean value of each element and o is the standard deviation.
According to the 30 rule, most abnormal data points of the
training dataset will be filtered out without affecting the vast
majority of normal points.

Step 2: Dataset splitting.

The remaining dataset is split into training (70%) and test-
ing (30%) sub-datasets. The former is used to train the model
and optimize parameters, and the latter is used to evaluate
the generalization ability of the model. To verify the per-
formance of the SVM model, the K-folding cross-validation
method [22] is performed on the training sub-datasets
to generate the model training dataset and validation
dataset.

Step 3: Dataset normalizing.

Due to the different dimensions of the raw data, it is
necessary to normalize the training and testing sub-datasets
for the continuity of model training and learning. Formula (1)
can be used to normalize the original data [23].

y=2x X — Xmin _1
Xmax — Xmin
if Xmax = Xmin, then y = xmin (D

where y is the value after sample normalization, x is the
raw value of the sample sequence, and X4, Xmin are the
maximum and minimum values in the sample set.
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B. IMPROVED ABC ALGORITHM

The ABC method is a global optimization algorithm based
on the intelligent foraging behavior of honey bee swarm,
proposed by the Karaboga team in 2005 [24]. The ABC can
take all kinds of possible solutions existing in the solution
space as the nectar sources, that is, the position of each nectar
source represents a possible solution of the problem, and its
quality is measured via its fitness value [25]-[27]. To enhance
the global optimization capability, we have made some
improvements over this algorithm, and call it an Improved
ABC (IABC) in this article. The processing of the IABC
algorithm is shown in Fig. 2 and the relevant description is
as follows.

Step 1: Population parameters initialization.

Set the maximum number of iterations and searches as Ny
and Ng. Generate employed bees and onlookers correspond-
ing to the number of nectar sources. If the number of nectar
sources representing solutions of the optimization problem
is N, and the dimension of each solution is D, the N nectar
sources can be generated randomly as

xi=x1,%2, ...,%p), i=12...,N 2)

where i is the nectar source ID.

If the initial solutions are not reasonable, they will have
a great influence on the optimization performance of the
whole algorithm. Therefore, to increase the diversity of the
initial populations, make the initial solutions distribute in
the solution space evenly, an unlearning improvement strat-
egy [28], [29] will be adopted as follows:

First, generate randomly N nectar sources via (3).

;i,dz Xmin,d + Sd (xmax,d — xmin,d) , d=1,2,...,D (3)

where d is the dimension of nectar source /, Xmin, ¢ and X max 4
mean the upper and lower bounds of d dimension value, and
s4 is the random number among [0,1].

Second, generate N inverse nectar sources via (4).

—~

ii,d = Xmin,d + Xmax,d — Xi,d (@)

Finally, by merging the two types of nectar sources, calcu-
lating and sorting their fitness, the best N nectar sources as
the initial populations can be selected via (5).

. — .t — ~ .
J argj:g’lfl_fimﬁ ((x Ux)./)
x,:(?Ui) i=1,2,...,N

J

&)

where:fit is the fitness computing function.

Step 2: Employed bees neighborhood search phase.

In the traditional ABC method, the employed bees will
search new nectar source via (6), and update the position of
the nectar source according to the search results to form a new
nectar source x; as a new solution.

b =xhD g (D B0 i 6

J.d
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FIGURE 2. Visual representation of the process of IABC algorithm.

where k is the number of searches, i or j is the nectar source
ID, dis the dimension of the nectar source, and r is the random
number among [—1,1].

It can be seen that (6) does not include the global optimal
value, so the algorithm has insufficient searching ability near
the global optimal value, which can lead to a slow update
speed and easily fall into a local optimal solution. Therefore,
the neighborhood search method can be improved by intro-
ducing a global search factor [30] as

k) _ (k=1 k=1) _ (k=1 .,
Xy =Xy —i—r(xl,,d X )+y, VEX
y =91 (xgbest.d - X£§_1)> + 52 (xcbesnd - x;]‘;_l)) (7)

where r is the random number among [-1,1], 51 and s; are the
random numbers among [0,1], Xgpesr,a is the d-th element of
the global best solution found so far, and x¢pes, 4 1s the d-th
element of the best solution in the current iteration.

After the new nectar source x; is generated, the fitness f;
is calculated via (8) accordingly. Then, by comparing with
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the original nectar source, the greedy selection strategy is
adopted to retain the information of the nectar source i with
greater fitness.

1/(1+1)
L+ 1]

;>0

fi = fit(x;)) = i <0

(®)
where #; is the objective function value of the i-th nectar
source x; corresponding to the optimization problem.

Step 3: Onlookers neighborhood search phase.

After the employed bees complete their search task, they
will return to share the nectar source information (solution
and fitness) with the onlookers. Each onlooker will calcu-
late the preference probability via the fitness according to
the roulette wheel selection method (9) to select the nectar

source.
N
Di :fl/ an 9
n=1

where p; is the preference probability of the nectar source i,
and f; is the fitness of it.

After selecting the nectar source, the onlookers adopts
the same improved searching and updating method as the
employed bee, and uses the greedy selection strategy to gen-
erate a new nectar source i and a fitness f;.

Step 4: Scouts neighborhood search phase.

If the fitness of a nectar source x; is not improved within
N search times, the nectar source will be discarded, and the
corresponding employed bee will transform into a scout, then,
a new alternative nectar source will be searched via (10).

xEO) — Xmin) (10)

where the superscript 0 means the nectar source i iS a new
original nectar source, X,,;, and X, mean the upper and
lower bounds of D-dimension value of nectar source, and
r is a D-dimension random number among [-1,1] for each
dimension.

Similar to (6), the search method (10) does not include the
global optimal value. To improve the searching ability near
the global optimal value, the search method can be updated
as follows:

= Xmin + 7 (Xmax

X =x! = Xmin + 51 *max — Xmin) (1)

D
if ) sia
d=1

S mutationl
=X =X+ (1

rand
i

IA

D
2 b

ni b
- ﬁl (xgbest _xi)

X, =x
(12)
D
D
if Zs1 a>7 (13)
d=1
23 — xmulatlon2
1

D
n
Xi +S3 <1 - ]VI) (xcbesl _xi)
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0) s
X, = Xj = arg max fit X; 14
; gj_123f i) (14)

where §1, §2, §3 are all D-dimension random number among
[0,1], and n; is the number of the current iteration.

After finding a new nectar source x; via (14), the scout will
change back to an employed bee, and go to step 2 of the next
iteration to update the nectar source.

Step 5: End of optimization.

If the number of iterations reaches the maximum number
Ny, or the fitness of a certain nectar source reaches the thresh-
old preset, the optimization process will end, and the best
nectar source found so far will be memorized and output to
the SVM model for testing.

C. SVM CLASSIFICATION METHOD

The SVM method was first proposed by Cortes and Vapnik
in 1995 [31]. It is based on the Structural Risk Minimiza-
tion (SRM) principle rooted in the statistical learning theory,
and can give a better generalization ability. In the SVM,
the SRM is achieved through a minimization of the upper
bound of the generalization error 32].

1) LINEAR BINARY SVM CLASSIFIER

Given training sample set D = {(x1, y1), (X2, y2),..., (Xm,
ym)}, vie{-1,1}, M is the number of samples. The samples
are assumed to have two classes namely positive class with
the labels y; = 1 and negative class with the labels y; = —1.
For the samples, it is possible to determine a hyperplane f(x)
= 0 to separate them.

f@®=Wix+b=0 15)

where W is the normal vector, which determines the direction
of the hyperplane, and b is a scalar.

Via the sign equation f{x), a distinct separating hyperplane
should satisfy the constraints (16) to classify input data in
either positive class or negative class.

{f(xi) =1 fy=1 16

fax)=—-1 ifyi=-1
Further, the constraints (16) can also be presented as

yf @) =yWixj+b)>1, i=1,2,....M (17)

The optimal hyperplane of two data sets is required to
have a maximum distance between itself and the nearest data.
The nearest data used to define the margin are called sup-
port vectors. The maximum distance is called the maximum
margin, and can be obtained as a solution to the following
optimization problem:

1
min - |W]|?
w.ce 2

st. yiWixi+b)>1, i=1,2,....M (18

By introducing the Lagrange multiplier «; > 0, the opti-
mization can be simplified to an equivalent Lagrange dual
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problem:

M
) 1
Jpin, LOV. ) = S IWIP + 3o (1= 3WTxi + 1))
=

M M
1
= SIWIP =D emyiWixi+b) + ) ai
i=1 i=1
(19)

For the optimal point, via the saddle-point equations (20),
the results can be obtained as shown in (21).

oL(W, b, JL(W, b,
M =0, M =0 (20)
W b

M M
W=> ayxi, » ay=0 (2l
i=1 i=1

Then, the dual optimization formula (22) can be derived by
inserting (21) into (19).

max L(a) = Za, - = Z Za a;yiyix; xj

11]1

Zaiyj =0, o >0,
i=1

By solving the dual optimization problem, «; can be
solved, which is corresponding to the training sample (x;, y;).
Because (22) has inequality constraints, the above process
satisfies the Karush-Kuhn-Tucker (KKT) condition, for any
training sample (x;, y;) and «;, the conclusion can be derived
as follows:

i=1,2,...,M (22)

o = O, o = 07
yif (xi) = 0, =1 or (23)
o (if xi)) — 1) = 0. o; >0 and yif(x;)=1.

where the x;, which corresponding to «;> 0, is called a
support vector, and most of the other training samples will
be abandoned after training due to the fact that they do
not contribute to the classification model, so by inserting «;
into (21), W can be solved, and by inserting Winto (15), b can
further be calculated via

Mgy

T
Msv Z(W Xi — yi) (24)

where Mgy is the number of support vectors, x; is the support
vector, and via the calculated W, b, the SVM classification
decision model can be expressed as
Mgy
f)=Wix+b= Z aiyix|x +b (25)
i=1
In most situation, the training sample set D is linearly
inseparable, that is, not all samples can meet the constraints,
and there are always some samples cannot be divided cor-
rectly. To solve this problem, the soft margin and kernel func-
tion can be introduced in the process of SVM classification.

VOLUME 8, 2020

2) SOFT MARGIN SVM

The soft margin allows the SVM classifier to make errors in
some samples. By introducing the soft interval mechanism,
the optimization problem (18) can be expressed as

M
Jmin_> Lywp + czls,

1=
ot yiWTxi+b)>1—§
- & >0,

i=1,2,....M

26
i=12,....M (26)

where &; is called slack variable, which presents the distance
between the margin and the examples x; that lying on the
wrong side of the margin, and C is called penalty factor,
the larger C, the more intolerable the existence of errors,
the easier to over-fit, and vice versa.

Similar to (18), the equivalent Lagrange dual function
of (27) can be obtained via the Lagrange multiplier method.

min L(W,b,«, &,
womn ( &, 1)

1 M
=5 IWIP+Cy &

i=1
M
+ o (1 -
i=1

where o; > 0, p; > 0 are Lagrange multipliers. For the
optimal point, let the partial derivative of L as follows:

IL(W.,b,a) AL(W, b, ) _o IL(W,b,a)
oW - ab o o€ B

M
— Wi +0)) = Y it 27)
i=1

(28)

Then, the following results can be obtained

M M

W= Zai)’ixiv Zaiyi =0, C=qa;+pu (29
i=1 =1

So, the dual optimization problem can be derived by insert-
ing (29) into (27) as

Zal - = ZZO{ QYiyX; xl

11]]

max L(x) =
o

0<uo <C, i=1,2,....M

M
Zaiyj =0,
i=1

(30)

Similar to (22), the process of the soft margin SVM satis-
fies the KKT condition too, and can be shown as

a; >0, u; >0, a; =0,

vif (x;) +& >0, N or 31)
o if xi)) — 1+ &) =0, «; > 0 and

& >0,u8=0 yifx) =1-§.

where x; represents a support vector when the Lagrange
multiplier o; > 0.
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According to (29), (31): if «o; <C, then u; > 0, and
&; = 0, that is, the sample is just on the boundary of the
maximum margin; if «; = C, then u; = 0, so further if
&; < 1, the sample will fall within the maximum margin, and
if £&; > 1, the sample will be misclassified. It can be seen
that the model of soft margin SVM is only related to the
support vectors, so the decision model can be expressed as
same as (25).

3) NON-LINEAR SVM

The SVM classification method mentioned above is very
efficient, but many data sets are not linearly separable in most
cases. For the non-linear classification tasks, a non-linear
vector function ® (x) = (D (x), P1(x),...,DP;(x)) can be used
to map the n-dimensional input vector x to a /-dimensional
feature space (I> n). The mapping can make the input data
become linearly separable in /-dimensional space. This leads
to the non-linear decision formula (32) as

Msy
f(x) = sign (Z aiyi (@ Texi), o)) + b) (32)
i=1

Because the dimension of feature space may be very high
or even infinite, it is usually difficult to directly calculate
the dot product of the feature space mappings of the original
data points. The problem can be solved by using the kernel
function «, stated as

K (xi, X)) = (@(x), (x))) = DT (x;), D(x)) (33)

By introducing the kernel function «, the dual formula and
the non-linear decision formula can be rewritten as shown as
follows:

M | MM

mélx L(x) = Z] o — 3 Z Z a0 yiyiK (Xi, X;j) (34)

=

i=1 j=1

M
st. Y =0, 0<e=<C, i=1,2,....M
i=1
Msy
f@) = sign (Z iy (xi, X) + b) (35)
i=1

The commonly used kernel functions include polynomial
kernel, Gaussian kernel and sigmoid kernel functions. Among
them, the Gaussian kernel function (36) has the advantages
of fast convergence, nonlinear mapping and less parame-
ters [33], and will be adopted in this article.

K (x,-, xj) = exp (— Hx,- — xj”2 /202) (36)

where o is the kernel parameter, the larger o is, the less
support vectors are identified, and vice versa.

4) MULTI-CLASS SVM

The discussion above is binary classification and the label
values are 1 and —1. In ship systems, however, there are
always more than two classes of system states that need to
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FIGURE 3. Structure of the OAO multi-class SVM model.

be estimated. Therefore, the multi-class classification method
will be further discussed based on the binary classification
method. There are many ways to solve multi-class SVM clas-
sification, such as directed acyclic graph (DAG), binary tree
(BT), one-against-one (OAQO), and one-against-all (OAA)
methods [34]. Among them, the OAO method is a widely used
and verified multi-class method that has a shorter training
duration and higher training accuracy, when the number of
sample labels is not large [35], [36].

If k is the number of classes, there will be k(k—2)/2 binary
classifiers in OAO model, and each one trains data from two
classes. For the training data D; = {(x1, y1), (X 2, y2),...,
(xr, y7)}, yr€{-1,1}, the optimization problem of the binary
classifier C(i, j) in OAO can be expressed as

2 ro.
+Cy g
t=1

WiT®G,) + b0 > 1 — &0, if y, =i

st AWIHT @) +bi < —1+&7, if y =)
£l>0 i=1,2,....M
(37)

. I .
min = H W’J‘
wipig) 2

where x; is the training data, y; is the label of x;, and T is the
number of the training data D;;. The equivalent Lagrange dual
function of (37) can be obtained via the Lagrange multiplier
method. Similar to (35), the decision formula of binary SVM
between class i and class j is

Msy )
f(x) = sign (Z o)y (xr, x) + b’f) (38)

t=1

After the training of each classifier, the process of
multi-classification is shown in Fig. 3. In the process, the vot-
ing strategy will be adopted: for each unknown sample, all
classifiers constructed will be used, and each classifier votes
on its classification results via decision formula (38); if the
result is identified as the i-th class, the number of votes
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TABLE 1. Parameter description and unit.

1D Parameter description Unit
P, No. 1 filter suction pressure bar
P, No. 1 filter discharge pressure bar
) Ballast pump suction pressure bar
Py Ballast pump suction pressure bar
Ps No. 2 filter suction pressure bar
Pg No. 2 filter discharge pressure bar
P; Ballast water treatment plant outlet pressure bar
Py No. 12 valve outlet pressure bar
O Ballast pump flow m’/h
[0} Ballast water treatment plant flow m’/h
[0 Port ballast tank main pipe flow m’/h
O Starboard ballast tank main pipe flow m’/h
Py, Ballast pump motor output power kW

in the i-th class will be increased by 1, and the output is
the highest cumulative number of votes obtained via the
“MaxWins” strategy, which is the prediction classification of
this unknown sample; in case that two classes have identical
votes, the one with the smaller index will be selected.

D. IABC OPTIMIZED SVM METHOD

It can be seen from (36), (37) and (38) that the key param-
eters that affect the performance of the SVM classifier are
the penalty factor C and the kernel parameter o. For that,
the IABC method will be adopted to optimize the two critical
parameters as follows [37]:

Step 1: Raw data preprocessing.

According to the steps of the data preprocessing mentioned
above to achieve the data process.

Step 2:IABC algorithm initializing.

Set the following parameters: the size of the bee colony,
the number of nectar sources, the maximum number of
searches for each nectar source Ny, the maximum number of
iterations Ny, and the value ranges of the penalty factor C and
the kernel function parameter o.

Step 3: Objective function setting.

To evaluate the quality of the SVM classifiers, the training
(70%) sub-dataset preprocessed will be adopted as input data
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FIGURE 5. Sample data trends with 5 states.

in the SVM model training, and the objective function of
SVM will be set according to classification accuracy as

t = fi(vace) = 1 — Vace (39)

where v, 18 the classification accuracy in the range [0,
+1], and ¢ is the target value of the optimization process,
the smaller the better, O is the best.
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TABLE 2. Descriptive statistics of the data samples.

P, P, P Py Ps Ps P, Py O [ 0; 0, Pm
count 300 300 300 300 300 300 300 300 300 300 300 300 300
mean 0.942 0.831 -0.183 3.386 1.255 1.191 0913  0.3%4 13343 1310 71332 595.69 244.12
std 0.013  0.131 0.203 0.438 0.25 0.246 0236 0.072 9234 87.092 55.842 40.14 3.552
min 0912 0.326 -0.662 2.397 0.826 0.788 0.583 0.23 1107.2  1107.5 562.29 29731 235.08
25% 0.9339 0.8639 —0.275 3.35 1.134 1.049  0.767 0.344 1304.7 12369 665.19 571.83 241.84
50% 0.9433 0.8795 —0.232 3.572 1.248 1.178  0.874  0.383 1363.1 13352 727.65 607.03 244.16
75% 0.9516 0.8955 -0.086 3.662 1314 1.247 0948 0.434 1402.5 1380.2 757.6 62492 246.59
max 0.9773 0.9352 0.2025 3986 224 2.14 1.897  0.635 1462.3 14344 800.19 651.64 250.78
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FIGURE 6. Initial nectar sources producing and selecting.

Step 4: Model training and parameters optimizing.

Adopt the IABC method mentioned above to optimize the
SVM model parameters C, o. According to the nectar source
fitness (8), all the possible solutions can be optimized through
the respective searching activities of the three honeybees.

Step 5: Model classification performance checking.

The obtained optimal parameters C, o in the previous step,
namely the global optimal nectar source, are used to construct
the SVM model. Then, the testing (30%) sub-dataset will be
used to evaluate the generalization ability of the model.
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Parameter C
D. Initial nectar sources selected.

lll. METHODOLOGY APPLICATION

Two example systems of a real ship were selected to verify
the effectiveness of the proposed method. The first is a Ballast
Water system (BW), which as an important auxiliary system
for adjusting the floating state of ships, and the second is
a central Cooling Water system group (CW), which com-
bines a Sea Water cooling system (SW), a Low Temperature
Fresh Water cooling system (LTFW), and a High Temperature
Fresh Water cooling system (HTFW). Both example systems
have a scattered equipment layout, complex pipe network,
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FIGURE 7. Parameter optimization process.

and numerous valves, so it is difficult to perform manual
maintenance during system operation. But the purpose of
method verification here is different. The former focuses on
the recognition of fault states, while the latter focuses on the
recognition of normal states. The data required for model
training and testing was acquired through the online Data
Acquisition System (DAS) of the ship in different system
states.

A. WORKING STATE IDENTIFICATION OF BW

1) STATE DEFINITION AND PARAMETER SELECTION

The working states of the BW were be summarized as S1 to
S5: normal working state (S1), sea chest filter blocked (S2),
ballast pump wear (S3), valve stuck (S4), and sea water
pipeline leakage (S5). Based on the system working principle
and the abstract system layout diagram, it can be derived that
the system states have a strong relationship with the following
system parameters: the fluid pressure monitoring points Py,
Py, P3, P4, Ps, Pg, P7, Pg; the flow monitoring points Q1,
0>, 03, Qu; the ballast pump motor output power P,,. The
acquisition points of all parameters are shown in Fig. 4, and
the description of each parameter is shown in Table 1.
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FIGURE 8. Multi-class SVM state estimation results in testing.

2) DATA ACQUISITION AND PREPROCESSING

According to the 5 system states, after abnormal data filtering
via 3o rule, there are 300 samples acquired through DAS left,
where the data trends according to 5 states are shown in Fig. 5.
The static feature statistics are shown in Table 2, including
the mean, minimum and maximum values of each feature,
the standard deviation, and the values at different (25%,
50%, and 75%) quantiles. By data splitting, the number of
samples for each state is 60, including 42 (70%) training sam-
ples and 18 (30%) testing samples, and due to the different
dimensions of the state data, used (1) to further achieve data
normalization.

3) IABC INITIALIZATION
Set the maximum number of iterations N; = 100, the max-
imum number of searches for each nectar source Ngp = 50,
the number of nectar sources N = 40, the optimization range
of parameters C, o is 0-100, and generate employed bees and
onlookers corresponding to the number of nectar sources.
Adopt the unlearning improvement strategy via (3), (4)
and (5) to generate 40 initial nectar sources as shown
in Fig. 6.
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FIGURE 9. The layout of the CW data acquisition and monitoring points.

4) SVM INITIALIZATION

Set the K-folding parameter k = 6, adopt OAO classifier (38)
as the basic system state estimation model, and select the
Gaussian function (36) as the kernel function, so the penalty
factor C and the kernel parameter ¢ will be the optimized
parameters via IABC.

5) MODEL TRAINING AND PARAMETERS OPTIMIZING
According to the nectar source fitness (8), the solution (C, o)
can be optimized through the respective searching activities
of the three kinds of honeybee from the initial nectar sources
selected (as shown in Fig.6 D). The trends of the classification
accuracy between IABC optimized SVM (IABC-SVM) and
traditional ABC optimized SVM (ABC-SVM) are shown
in Fig. 7, and more details are shown in Table 3.

6) CLASSIFICATION PERFORMANCE TESTING

The obtained optimal parameters C, o in the previous step
were used to construct the SVM model. Then, the testing
(30%) sub-dataset was used to evaluate the generalization
ability of the model in the process of testing. The results of
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TABLE 3. Comparison of training performance.

ABC-SVM IABC-SVM
Training time 38.77s 23.35s
Initial mean accuracy 91.02% 96.52%
The best mean accuracy 99.05% 99.05%
Cross validation accuracy 89.05% 98.67%
Best C 67.53 75.92
Best 0 0.71 0.74
TABLE 4. Comparison of testing performance.
ABC-SVM IABC-SVM

Optimal parameters (67.53,0.71) (75.92,0.74)

S1 estimation/label 18/18 18/18

S2 estimation/label 17/18 17/18

S3 estimation/label 18/18 18/18

S4 estimation/label 16/18 16/18

S5 estimation/label 16/18 18/18

Accuracy 94.44% (85/90)  96.67% (87/90)

model testing are shown in Fig. 8, and more details are shown
in Table 4.
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FIGURE 10. Sample data trends with 5 states.

B. WORKING STATE IDENTIFICATION OF CW

1) STATE DEFINITION AND PARAMETER SELECTION

The working states of the CW were be summarized as S1 to
S5: mooring state with A/E 1 running (S1), mooring state
with A/E 2 running (S2), mooring state with A/E 3 running
(S3), low load at sea with a single A/E running (S4), and
high load at sea with two A/Es running (S5). Based on
the system working principle and the abstract system layout
diagram, it can be derived that the system states have a strong
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TABLE 5. Parameter description and unit.

1D Parameter description Unit
P, Main Sea water pumps outlet pressure bar
P, L.T.F.W. pumps outlet pressure bar
P H.T.F.W. pumps outlet pressure bar
[ Sea water flow of No.1 central cooler m’/h
0> Sea water flow of No.2 central cooler m’/h
[0 Fresh water flow of No.1 central cooler m’/h
Os Fresh water flow of No.2 central cooler m’/h
Qs Fresh water bypass flow of central coolers m’/h
Os No.1 A/E cooling water flow m’/h
[ No.2 A/E cooling water flow m’/h
Os No.3 A/E cooling water flow m’/h
[0 Low temperature water flow of H.T.F.W. cooler m’/h
O High temperature water flow of H.T.F.W. cooler m’/h
Ou Fresh water bypass flow of H.T.F.W. cooler m’/h
T, Sea water outlet temperature of No.1 central cooler °C
T, Sea water outlet temperature of No.2 central cooler °C

75 Fresh water outlet temperature of No.1 central cooler °C
T4 Fresh water outlet temperature of No.2 central cooler °C

Ts Outlet temperature of L.T.F.W temperature regulator °C
Ts Fresh water outlet temperature of A/E 1 plant °C

T; Fresh water outlet temperature of A/E 2 plant °C
Ts Fresh water outlet temperature of A/E 3 plant °C

Ty Fresh water outlet temperature of main L.O. cooler °C
Tio L.T.F.W outlet temperature of H.T.F.W cooler °C
Th MV/E jacket water outlet temperature °C
Ty H.T.F.W outlet temperature of H.T.F.W cooler °C

relationship with the following system parameters: the fluid
pressure monitoring points Py, P>, P3; the flow monitoring
points Q1, 02, 03, Q4, Os, O, 07, 08, Q9, O10, O11; the
temperature monitoring points 71, T, 13, T4, Ts, Te, T7, T3,
Ty, Ty, T11, T12. The acquisition points of all parameters
are shown in Fig. 9, and the description of each parameter
is shown in Table 5.

2) DATA ACQUISITION AND PREPROCESSING

According to the 5 system states, after abnormal data filtering
via 30 rule, there are 500 samples acquired through DAS
left, where the data trends according to 5 states is shown
in Fig. 10. The static feature statistics is shown in Table 6.
By data splitting, the number of samples for each state is 100,
including 70 (70%) training samples and 30 (30%) testing
samples, and due to the different dimensions of the state data,
used (1) to further achieve data normalization.

3) IABC INITIALIZATION

Set Ny = 100, Ng = 50, N = 40, and the optimization range
of C, o is 0-100. Generate employed bees and onlookers,
and adopt the unlearning improvement strategy to generate
40 initial nectar sources as shown in Fig. 11.

4) SVM INITIALIZATION
Set the K-folding parameter k = 6, adopt OAO classifier, and
select the Gaussian function as the kernel function.

5) MODEL TRAINING AND PARAMETERS OPTIMIZING
The initial nectar sources selected are shown in Fig.11 D. The
trends of the classification accuracy between IABC-SVM and

ABC-SVM are shown in Fig. 12, and more details are shown
in Table 7.
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FIGURE 11. Initial nectar sources producing and selecting.
TABLE 6. Descriptive statistics of the data samples.
Part A
P Py P 0O O 0s Oy Os Os % Os ) O
count 500 500 500 500 500 500 500 500 500 500 500 500 500
mean 1.739 3975 3316 24943 211.57 23.57 292 48349 27.1 15.18 13.43  309.19 8.18
std 0.117  0.15 1.201  229.37 232.18 50.05 5556 72.05 11.17 1556 14.86 1531 11.31
min 1.566 3814 2353 0 0 0 0 25496 0.0005 0.0005 0 286.5 0
25% 1.652  3.889 2353 0 0 0 0 428.6 2824  0.0013 0.0013 301.25 O
50% 1.704 3929 2353 431.83 0 0.0005 0 501.26 30.49 0.002 0.002 309.07 0
75% 1.768  4.013 4.42 453.84 449.13 543 26.26  549.1 3343 3049 2895 32239 18.39
max 2.02 4.305 5.106  513.15 527.18 236.95 197.64 653.16 35091 3724  41.14 34444 4736
Part B
O T T, T Ty Ts Ts T; Ty Ty Tho Ty T
count 500 500 500 500 500 500 500 500 500 500 500 500 500
mean 88.29 25.63 30.66  25.1 26.61 3543 3895 3696 35.61 35.71 36.9 51.39  37.56
std 108.96 1.69 6.34 0.52 1.95 2.06 4.66 3.29 1.31 2.2 3.37 1898  2.87
min 0 23.71 2371 2476 2482 299 31.18 3137 31.18 30.78 32.05 36 33.15
25% 0 24.06 2476 2482 2499 3436 3526 3499 3521 3435 3455 36 35.66
50% 0 2496  27.69 2482 25.66 3525 3621 36 36 3526 3489 36 36
75% 205.53 27.35 3795  25.17 27.98 36.07 44.1 36.88 36 3691 4027 7449 40.26
max 27295 3046 4033 2954 31.79 4132 47777 4828 4788 42.05 4474 80.77 44.74

6) CLASSIFICATION PERFORMANCE TESTING
The obtained optimal parameters C, o were used to construct
the SVM model. The testing (30%) sub-dataset was used to
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evaluate the generalization ability of the model. The results
of model testing are shown in Fig. 13, and more details are
shown in Table 8.
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TABLE 7. Comparison of training performance.
ABC-SVM IABC-SVM
Training time 100.37s 75.28s
Initial mean accuracy 94.81% 98.01%
The best mean accuracy 99.86% 100%
Cross validation accuracy 99.14% 100%
Best C 7.11 35.76
Best 0 2.22 1.49
TABLE 8. Comparison of testing performance.
ABC-SVM IABC-SVM
Optimal parameters (7.11,2.22) (35.76, 1.49)
S1 estimation/label 30/30 30/30
S2 estimation/label 21/30 26/30
S3 estimation/label 28/30 30/30
S4 estimation/label 30/30 30/30
S5 estimation/label 30/30 30/30
Accuracy 92.67% (139/150)  97.33% (146/150)
C. RESULTS

From the two examples, it can be seen from Fig. 7 (exam-
ple 1) and Fig. 12 (example 2) that the IABC-SVM can reach
the global optimization at a faster speed than the ABC-SVM
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in the model training process. In addition, it can also be
seen from the trend of their average accuracy that the IABC
method can help the training start with better initial nectar
sources with 96.52% (example 1) and 98.01% (example 2)
average accuracy than the traditional ABC with 91.02%
(example 1) and 94.81% (example 2). More comparative
parameters such as the training time, the best mean accuracy,
etc. are shown in Table 3 (example 1) and Table 7 (exam-
ple 2). Form the comparative information, we can conclude
that the performance of the IABC-SVM is better than the
ABC-SVM.

From the results of model testing in Fig. 8 (example 1) and
Fig. 13 (example 2), The IABC-SVM can get a slightly higher
classification accuracy rate than the ABC-SVM, although the
performance of the two methods tends to be the same. More
evidence about the testing performance are shown in Table 4
(example 1) and Table 8 (example 2). Therefore, it can be
derived that the IABC-SVM can show a slight advantage in
the testing process compared to the ABC-SVM.

According to the analysis above, compared with traditional
ABC optimized SVM, the IABC optimized SVM can signif-
icantly improve the model training efficiency, quickly obtain

206731



IEEE Access

H. Cao et al.: Optimized SVM-Driven Multi-Class Approach by IABC to Estimating Ship Systems State

the global optimal parameters, and obtain a slightly better
state estimation performance in the process of model testing.

IV. CONCLUSION

The elaborated method can achieve the parameters optimiza-
tion for the multi-class SVM model and improve the model
training efficiency. Because this method can make full use
of the training dataset to find the global best parameters in
a SVM model, and avoid the uncertainty and local optimiza-
tion, it can perform a multi-states estimation for some marine
engine room systems, and get a good performance, which can
be verified in the given examples.

There is still some improvement space for the proposed
method: more different ship systems, especially some special
systems, will be tested to verify the classification accuracy
and the generalization performance; for some complex ship
systems or combined large-scale ship systems, if the number
of system parameters, which have a strong relationship with
each system state, is too large and exceeds the capacity of the
model, an effective data dimension reduction method can be
further applied to the data preprocessing stage. In addition,
an effective state prediction model can be further introduced
in the method to achieve the performance of state prediction.

With the maintenance mode upgrading of large commer-
cial ships, the method can further perform a large-scale sys-
tem state evaluation by combining multiple marine engine
room systems, and even form a unified function unit to con-
duct intelligent state evaluation and prediction for the entire
mechanical and electrical system of large commercial ships.
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