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Development of a Fuel Consumption Prediction Model
Based on Machine Learning Using Ship’s Data

Kim, Young-Rong

Division of Navigation Science

Graduate School of Korea Maritime and Ocean University

Abstract

As the environmental regulations of the international organizations
are being strengthened and interest in the economic operation of the
ship is being increased, many studies have been done to reduce the
amount of fuel consumed by ships. In the ship operational measures,
management of navigation performance, hull and propeller condition and
ship system have been performed to improve the energy efficiency of
ships. In recent years, due to the development of collection and
storage of big data and communication technologies, there have been
great demands for real-time monitoring techniques predicting ship

operational performances through ship data.

In this study, it is intended to develop a prediction model for fuel
consumption rate based on the real-time ship operational data. In
previous studies, all the operational data collected from the ship
were used without being aware, or the main data to estimate fuel
consumption of a ship were selected relying on only the expert®s

experience. These cases could cause multicollinearity and overfitting

- viii -



problems, and the complexity of the calculations has been also led to

inefficiencies in the model generation process.

In order to resolve the weakness of existing prediction models, this
study performed overall data processing to recognize the
characteristics of ship data and then selected independent variables
for implementing the Tfuel consumption prediction model logically
through dimensional reduction methods such as correlation analysis,
variance inflation factor, principal component analysis, and Lasso
regularization. Finally, the vregression model and ANN(Artificial
neural network) algorithm were applied to complete prediction models,

and the performance of those models was analyzed.

It is sure that the fuel consumption rate prediction model could
support the operator®s decision-making during the route planning,
detect hull and equipment anomalies, identify performance degradation
due to long-term operations and help users understand operational
data. The prediction model developed in this study would be a basic
stepwise study of the energy efficiency optimization system to support
the operator®s decision making. In future studies, it will be possible
to establish a sophisticated prediction system by improving the
accuracy and reliability of the model based on data on various types

of ships and operating conditions.

KEY WORDS: Ship energy efficiency; Fuel consumption prediction; Machine

learning; Dimension reduction method; Neural network.
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Table 1.1 Previous studies on the prediction of ship energy efficiency

Type of _ Dependent
Author _ Independent variable _ Method
ship variable
STW, Wind speed, Wind
Pedersen oil direction, Wave height, Wave
& Larsen. tanker direction, Water depth, Shaft power ANN
(2009) Water temperature, Air
temperature
Petersen STW, Propeller pitch, Mean
Coastal draft, Trim, Distant to the Fuel
et al. . . . ANN, GP
2012) ferry ther, 'Wlnd speed, Wind consumption
direction, Rudder angle
Lu et al oil Shaft power, Ship resistance Spfelzlceific Empirical
(2013) tanker p » Oip . formula
consumption




RPM, SOG, Mean draft, Trim,

Besik¢i et Oil : ; Fuel ANN,
al. (2016) tanker Cargo quasntlty, Wind speed, consumption | Regression
ea state
Wane et Cruise RPM, SOG, Shaft power, Wind speed,
al (2%16) shi Wind speed, Water depth, Water WNN
‘ p Fuel consumption depth
: : Shaft .
Yoo et al. | Container | RPM, SOG, M/E Torque, Ship . Empirical
. . power, Ship
(2016) ship resistance formula
Speed
RPM, SOG, STW, Shaft
Kim et al. | Container | . POVEr: Mean draft, Trim, Fuel PLS
. Displacement, Wetted surface . .
(2017) ship . . consumption | regression
area, Propeller immersion,
BEFS, Wind resistance
RPM, SOG, STW, Shaft
Yu et al. | Merchant |  POWeT, Mean draft, Trim, Fuel ANN,
. Displacement, Wetted surface . i
(2018) ship : . consumption | Regression
area, Propeller immersion,
BES, Wind resistance
RPM, SOG, STW, Shaft
power, Mean draft, Trim,
Cargo quantity, GM, LASSO
Shengzhe Container Displacement, BFS, Wind Fuel regression,
ng et al shi direction, Current, Wind consumption SVM
(2018) p wave height, Sig.Wave P regression,
height, Swell height, Swell ANN, GP
direction, CO2 efficiency,
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SOG, STW, Wind speed, .
™ | Gt | v drecton, Water depn, |, i | EnBed
Water speed, Ship position
SOG, STW, Mean draft,
Parkes et | Merchant Trim, Wind speed, Wind
al. (2018) ship direction, Wave height, Shaft power ANN
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A2 7 A5 2 TH

2.1 "lojE] &7

£ AT+ 13k TEU(Twenty-foot Equivalent Unit) § ZHolUA-S
0% ABARSE ASFEdo A3 AFE FPstATh Table 2.1 th/dAdto
F9a AYold, Fig. 2.1& Aule] uhi]x] =(general arrangement)S e
Zolt} 20149 19 49 RE 20149 69 204747 <F 670QzF Muto] a3}
A AR HolEE A¥F ZHA] Alo] Al ~El(Alarm Monitoring and control
System; AMS)ZH-¥ FHstuom 3+ = 7]+ <F 83¢ HAE=Z Fig. 22 2
Table 2.29} #Zo] ofrjol-fFH =& Fasidtt. F3H WHF9 e e
39270019 1% Aoz HolHrE 54 HAH AdHte dWrE &8
Srd Folgts B dT7Y FHo Fetr] fstd #34E vely F
oA =H 7hest HEg F V) E & EFS Table 2.3 22 ¢34

2539

o

=)

2
i 1= 2 of

i

Table 2.1 Principal particulars of the target ship

Particular Target Ship
LOA [m] 360.0

LBP [m] 345.0
Breadth [m] 46.0
Moulded depth [m] 28.0
Summer draft [m] 15.5
Deadweight [ton] 142,000.0
Displacement [ton] 185,000.0




HIEEYD HINWVAINGD SSYTD NAL00VEL

INIWIONVHAY TVHINIO

Fig. 2.1 General arrangement of the target ship



. s \West bound
I -.__u_,_‘\\ | == Eadt bound

Fig. 2.2 Operational route of the target ship

Table 2.2 Port rotations of the target ship

Port Rotation

Xingang(China)-Kwangyang(Korea)-Pusan(Korea)-Shanghai(Chi
West Bound | na)-Xiamen(China)-Yantian(China)-Singapore(Singapore)-Suez(

Egypt)-Algeciras(Spain)-Hamburg(Germany)

Hamburg(Germany)-Rotterdam(Netherland)-Le
East Bound | havre(France)-Suez(Egypt)-Singapore(Singapore)-Yantian(Chin
a)-Hongkong(China)-Xingang(China)

_10_



Table 2.3 Data list collected from the target ship

No. Variable Unit Remark

1 M/E RPM

2 Speed of the ground knot

3 Speed through water knot

4 Course of the ground | degree
000/090/180/270 degree refers

5 Heading degree | to north/east/south/west
direction

6 True wind speed m/s

000/090/180/270 degree refers
7 True wind direction degree | to northerly/easterly/southerly
/westerly wind

8 Rudder angle degree
9 Mean draft meter

, (+) : Trim by the stern
10 Trim meter ,

(=) : Trim by the head

11 Displacement ton
12 Wetted surface area m’
13 Shaft power kW

14 M/E fuel consumption ton/h

2.2 A7 B9

Fig. 2.3& ?ﬂ?-"’/] EEEE UE Aot Ao =R £33 A HolH



_______________________________________

_______________________________________

_____________________________________________________________________________

Data Pre-processing

\ 4

Integration

v

Cleaning

v

Transformation

v

Reduction
(Feature extraction
& Feature selection)

_______________________________________

_______________________________________

i Analysis v v

Regression Artificial Neural

i Network

; | [
. Z
| M odel Validation M odel

Validation

_____________________________________________________________________________

Fig. 2.3 Flow chart of the study
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Table 3.1 Configuration of ship data

Ship operational data

At Berth & Arrival & - .
At sea Missing section
Departure

Month | Day Hour | Month | Day Hour | Month | Day Hour

3 17 0 0 28 17 1 0 0
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32 "oy &%

dolE B3 dAAME HA HolEE FHAFstY BRIt s =2 Y
o] FAs FIUANA I Jde FHE WG Fig 31 Ag P EAe
fo]A S 3t =HH dHo]E S CSV(Comma Separated Values)utd & 2] o
33 o Alolth

NO. Full date GLL:Lat. - LGLL:Lat. - LGLL:Lat.De Latitude  GLL:Long. GLL:Long. GLL:Long.[Longitude GLL: UTC (I GLL: UTC (i GLL:Status 1=A 2=D 3: VTG:Cours VTG:Cours VTG:Spee: VTG:Spee
1 2014-01-010:0 543 9146 1 5°42.8914( 9004 4531 190°4.1453; 14 58.27 A D 91 92.7 13 241
2 2014-01-010:1 543 1 5'42.7885: 5004 859 1 90'4.2085¢ 14 59.12 A D 91 92.6 13 24.1
3 2014-01-010:2 543 15'42.783% 9004 3906 1904.4390( 15 0.16 A D 91 92.8 13 4.1
4 2014-01-010:3 543 15°42.7787. 9005 8594 190°4.7859 15 LIS A D 24.1
5 2014-01-010:4 543 15'42.7741. 9005 190°4.9039: 15 216 A D 24.1
6 2014-01-010:5 543 15'42.7709: 190"5.2226( 15 3.24 A D 24.3
7 2014-01-010:6 543 1 5'42.7676¢ 1 90'5.4015¢ 15 4.03 A D 24.3
£ 2014-01-010:7 543 15'42.7639: 15 521 A A 243

3 1 15 6.16 A A

2 1 15 7124 D

13 1| 1 15 A [5)

s 1 1 15 A o

543 1 1 15 A o

543 1s 190°6.983 15 A A

543 15" 1/90°7.210 15 A D

543 15" 150774312 15 A o

543 15 i is A o

543 i3 i i3 A 0

543 15 is5 o

543 is 15 ")

: 543 1 15 D
22 2014-01-01 0:21 543 1 15 A 243
23 2014-01-01 0:22 543 15°42.7191 190°8.9375( 15 A 24.4
24 2014-01-010:23 543 15'42.7148 190°9.1765( 15 2114 A D 24.4
25 2014-01-01 0:24 543 15742.7131¢ 9009 19079.2937; 15 2216 A 2] 24.4
26 2014-01-01 0:25 543 15°42.7126¢ 9010 1 90°9.6046¢ 15 2314 A A 244
27 2014-01-01 0:26 543 1 5'42.7105( 9010 2891 190%9.7289: 15 242 A o 24.4
28 2014-01-01 0:27 543 15'42.7076. 9010 6719 190'9.9671¢ 15 252 A A 243
29 2014-01-01 0:28 543 1 5'42.7059( 9010 7813 190'10.278: 15 26.17 A A 24.4
30 2014-01-01 0:29 543 15°42.7043! 9010 7344 190°10.373¢ 15 2712 A D 24.4
31 2014-01-010:30 543 15'42.7002¢ 3011 1953 190'10.719! 15 28.15 A D 24.3
32/2014-01-01 0:31 543 9678 15'42.6967¢ 9011 5391 190"10.853¢ 15 29.26 A D 243

Fig. 3.1 An example of operational data collected from
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oA e Ar " HelH e odpoes AEsiy FHHoR 3 &

Az A8 (Pukelsheim, 1994).

Normal Distribution

1
1
1
1
1
1
1
1

Probability Density
(=]
S

1
1
1
1
1

H—30 n—20 H—a u uto u+20 u+ 3o

Fig. 3.4 Confidence intervals by the 3-sigma rule of the normal distribution
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Al = 9

I AdsaRgd O 37 B S ARESt] o dpks EXE At =
AL YA HolH sk AHHEE HEE Yeglen dXMdo] #=
NS0 HHko® bW 3] A M(regression line)S 9wttt 3AAHNE 7|FC
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Fig. 3.6 Fig. 3.501A4 +3 ZFHAE Holuye #AF3 Fol 4 o=
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*  Unfiltered
ol| O Filtered
Regression

( -/l Sampling point

Fuel Consumption [ton/h]
[}

(5]

0 0.5 1 1.5 2 2.5 3 3.5

Power [kW]

4 4.5
<104

Fig. 3.5 Outlier detection by the relationship between engine power and fuel

=
(o] o

(o)}

Fuel consumption [ton/h]

consumption

- = = Fuel consumption

—— Power

AT =S

Sampling point {

WS

Fig. 3.6 Analysis of data identified as

180
Time [min]
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Trim [m]

Fuel oil consumption [ton/h]

Mean draft [m]

15.0

------ Unfiltered
—— Filtered

14.0

R

e

11.0

0 60 120 180 240 300
Time [min]

Fig. 3.7(a) Time series data of mean draft filtered by median filter

4.0

““““““ Unfiltered
—— Filtered

-4.0
Time [min]
Fig. 3.7(b) Time series data of trim filtered by median filter
S Unfiltered
——— Filtered
5.0
4.0
3.0
2.0
1] 60 120 180 240 300
Time [min]

Fig. 3.7(c) Time series data of fuel consumption filtered by median filter
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Table 3.2 Descriptive statistics of operational variables

_ _ Standard
No Variable Name Min Max Average o
deviation
1 M/E RPM 50.00 90.00 63.45 7.47
Speed of the ground
2 8.00 22.40 14.71 2.01
[knot]
Speed through water
3 7.40 21.80 14.54 1.88
[knot]
Relative wind speed
4 0.00 72.89 19.61 10.15
[knot]
Relative wind
5 o 0.00 180.00 43.07 43.45
direction [degree]
Rudder angle
6 0.00 36.10 1.64 2.43
[degree]
7 Mean draft [meter] 11.25 15.70 14.26 0.94
8 Trim [meter] -2.30 2.15 -0.05 0.58
9 Displacement [ton] | 123466.40 | 184009.60 | 163225.08 | 13240.03
Wetted surface Area
10 . 13108.02 | 14514.28 | 14047.80 292.93
[m2]
Fuel consumption
11 0.08 0.48 0.21 0.05

rate [ton/mile]
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Fig. 3.8 HlolE e dH P A3} 5 s|=2EIH O HwF Zojt) HolH
o] B, A, W FAFE AXUA E4o] ELA3 HolH, o|dFk B A2F
& Fol AAHAUT

{000 Unfiltered ‘ ‘ ‘ J unfiltered
[ IFiltered [IFiltered

Frequency of occurrence
Frequency of occurrence

0 20 40 60 80 100 0 5 10 15 20 2¢
RPM Speed of the ground [knot]

Fig. 3.8(a)(b) Comparison of filtered and unfiltered histograms of
(@M/E RPM (b)speed of the ground

2 x10* 14 X1o4 : . : . :
I Unfiltered I unfiltered
18 [IFiltered [ IFiltered
1.2 ]
16
[0 [0}
214 2 r
o o
3 3
§ 12 § 0.8
5 1 k)
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9 0 06
g 08 5
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© 06 204
w w
0.4
0.2
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0 0
0 5 10 15 20 25 0 10 20 30 40 50 60 70
Speed through water [knot] Relative wind speed [knot]

Fig. 3.8(c)(d) Comparison of filtered and unfiltered histograms of
(c)speed through water (drelative wind speed
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Fig. 3.8(g)(h) Comparison of filtered and unfiltered histograms of
(e)mean draft (f)trim
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Correlation analysis
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Table 3.3 VIF values of independent variables

Variable Name Regr.es.sion Standard p-value Corrélétion VIF
coefficients error coefficients
Constant 0.000 0.000 0.993

M/E RPM 1.575 0.002 0.000 0.892 18.9

Speed of the ground -0.504 0.001 0.000 0.599 9.2
Speed through water -0.298 0.003 0.000 0.724 29.6
Relative wind speed 0.072 0.001 0.000 0.371 1.9
Relative wind direction 0.016 0.001 0.000 -0.261 1.4
Rudder angle 0.044 0.001 0.000 -0.024 1.4
Mean draft 0.020 0.012 0.091 -0.436 598.2
Trim 0.058 0.004 0.000 0.385 72.9
Displacement 0.376 0.025 0.000 -0.435 2499.0
Wetted Surface Area -0.498 0.020 0.000 -0.416 1718.8

Table 3.4+= Table 3.3914 B4R 7} 100]74% My FollA AR
AAS = FAHE YeEH Aot EF,

I 7V BBATVE S HFE A E =

Ae-rdd, Wiz, A5y, g5y A2 HEE AASHY 37 23S
sttt Al AR GAA AEH Y] ZAAA I 922 107 o] A T
saxde 7tsde] & ASE AHstd JoZ AASFAT viA T TA
ANXe F718Y B9 i, AdSE ASE B, HaE9 F 570 |
T7F gkon 7 Wy BAMMAAFE G 2F 1005t tEdAl
Aol WHAIEEA] & o7 ARHET. Fig 3118 HFFFHoz Jd& wWELe
dH BAE TR Aot BE ST 1 FRAFTE 0.5 ostEA A
Z29] Ao A Adgos dold As & F AT
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Table 3.4 The process of variable selection by multicollinearity test

Variable Name Regr.es.sion Standard p-value Corrélétion VIF
coefficients error coefficients
Constant 0.000 0.000 0.992
M/E RPM 1.576 0.002 0.000 0.892 18.9
Speed of the ground -0.504 0.001 0.000 0.599 9.2
Speed through water -0.298 0.003 0.000 0.724 29.6
Relative wind speed 0.072 0.001 0.000 0.371 1.9
Relative wind direction 0.016 0.001 0.000 -0.261 1.4
Rudder angle 0.044 0.001 0.000 -0.024 1.4
Mean draft -0.013 0.012 0.280 -0.436 574.2
Displacement 0.096 0.014 0.000 -0.435 785.2
Wetted Surface Area -0.223 0.004 0.000 -0.416 61.0
Variable Name Regr.es.sion Standard p-value Corrélétion VIF
coefficients error coefficients
Constant 0.000 0.000 0.991

M/E RPM 1.555 0.002 0.000 0.892 18.4
Speed of the ground -0.499 0.002 0.000 0.599 9.1
Speed through water -0.284 0.003 0.000 0.724 29.4
Relative wind speed 0.073 0.001 0.000 0.371 1.9
Relative wind direction 0.014 0.001 0.000 -0.261 14
Rudder angle 0.047 0.001 0.000 -0.024 1.4
Mean draft 0.265 0.011 0.000 -0.436 479.2
Displacement -0.404 0.011 0.000 -0.435 477.9
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Variable Name Regression | Standard p-value Correlation VIF
coefficients error coefficients
Constant 0.000 0.001 0.991
M/E RPM 1.551 0.002 0.000 0.892 184
Speed of the ground -0.498 0.002 0.000 0.599 9.1
Speed through water -0.282 0.003 0.000 0.724 29.4
Relative wind speed 0.074 0.001 0.000 0.371 1.9
Relative wind direction 0.014 0.001 0.000 -0.261 14
Rudder angle 0.048 0.001 0.000 -0.024 14
Mean draft -0.139 0.001 0.000 -0.436 1.2
Variable Name Regression | Standard p-value Correlation VIE
coefficients error coefficients
Constant 0.000 0.001 0.993
M/E RPM 1.644 0.003 0.000 0.892 18.0
Speed through water -0.845 0.003 0.000 0.724 17.7
Relative wind speed 0.068 0.001 0.000 0.371 1.9
Relative wind direction -0.005 0.001 0.000 -0.261 14
Rudder angle 0.022 0.001 0.000 -0.024 1.3
Mean draft -0.131 0.001 0.000 -0.436 1.2
Variable Name Regr.es.sion Standard b-value Correlation VIF
coefficients error coefficients
Constant 0.000 0.001 0.998
M/E RPM 0.818 0.001 0.000 0.892 1.2
Relative wind speed 0.223 0.001 0.000 0.371 1.3
Relative wind direction -0.024 0.001 0.000 -0.261 14
Rudder angle 0.098 0.001 0.000 -0.024 1.2
Mean draft -0.184 0.001 0.000 -0.436 1.1
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Correlation analysis
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Table 3.5 Eigen values and cumulative variances of principal components

(all variables)

Cumulative

0.426

0.654

0.790

0.893

0.939

0.977

0.996

0.999

1.000
1.000
1.000

Proportion

0.426

0.227

0.137
0.103
0.046

0.037

0.020

0.003

0.001

0.000
0.000

Eigen value

4.691

2.499
1.503
1.135
0.504
0.412

0.218

0.030

0.008

0.001

0.000

PC1
PC2
PC3
PC4
PC5
PC6
PC7
PC8
PC9
PC10

PC11
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Eigenvalue — — = Cumulative explained variance
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Fig. 3.12 Eigen values and cumulative variances corresponding to the
number of components (all variables)

Table 3.5¢} Fig. 3.12€ BEH F=3 1 /FX& 247 4.691, 2.499, 1.503, 1.135
2 4] FAEAAE 10139 @S BT o SHA FAERH 1 #%
o] &3] oA Ae & T A B4 vEE AA tiste
80.3%E AT + Jdor=E A 4ZE7A Y MTE

o},

I

_39_



RPM

108

10.6

104

Ja)
a
7
a
Z
=

WIND DIR

DRAFT

RUDDER

Fig. 3.13 Score plot of each variable according to the principal component

olt}. 7}

al

K
=

e}

i

UeEtle™ 7}

A s 9RE Al F

i
k-

KR

T

g

SE=S

H

o WolAm (el 4§ o]

oF
=

..mo

oy

A

r

B

—
file)

A

2) Al 2

Z7kek7] Mol wl %

o]

_40_



e o] o= A

3) A 34

B

: BbZpo] AA

4) Al 48 &

ERED

1

R

kel BAZFY =AA By

R

1

0
o

b srels

°

om o= we A7 B
25 9lo] A%

o

i

Table 3.63 Zom =+

Uehd Zo] Fig. 3.140|th

L

|

o Az

J

A
~

1=
R

=
_41_



Table 3.6 Eigen values and cumulative variances of principal components

(independent variables)

Eigen value Proportion Cumulative
PC1 3.315 0.395 0.395
PC2 2.617 0.312 0.706
PC3 1.038 0.124 0.830
PC4 0.621 0.074 0.904
PC5 0.403 0.048 0.952
PC6 0.286 0.034 0.986
PC7 0.095 0.011 0.997
PC8 0.020 0.002 1.000
PC9 0.001 0.000 1.000
PC10 0.000 0.000 1.000
Eigen value = = = Cumulative explained variance
4.0 — 1.0 &
- c
-7 8
3.0 -7 ’ 08 %
()]
2 0.6 Eu
220 3
g f 04 8
i =
1.0 =
02 =
€
0.0 — 00 3
1 3 4 5 6 7 8 10 11

Number of components

Fig. 3.14 Eigen values and cumulative explained variances corresponding to
the number of components (independent variables)
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e 4 o Table 3.6 Fig. 3.14& EW 37N FAHE7IA= 22+ 3.315,
2.617, 1.0382 1019 < 7IA o, Al 4AFHEFEHE 06212 43
= Fo] tA e e & F Utk B 73 E4 HES e Al
IFAETMA = A oF 83.0%, A 4FHE7HA E3sHA of 90.4%E HAHT
T ATk Al 3FAFES afrate] 1 ool st A E4kRI gl 0.8300 = A
BEo] A FEY Ao=w AWt wEtA B AFolA = Fig. 3149 F
AR el WE IFaH v &4 BlES et A AFAERMAE dF
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Zio|th.

Table 3.7 Principal component scores of each variable
PCl | PC2 | PC3 | PC4 | PC5 | PC6 | PC7 | PC8 | PC9 | PCIO
RPM 0.453 | 0.323 | 0.126 | 0.141 | 0.091 | -0.051 | -0.566 | -0.568 | -0.005 | -0.003
SOG 0.436 | 0.379 | -0.111 | 0.033 | -0.073 | -0.014 | 0.770 | -0.232 | 0.001 | -0.001
STW 0.440 | 0.386 | -0.041 | 0.027 | 0.005 | -0.017 | -0.211 | 0.781 | 0.005 | 0.003

vgg\];D -0.007 | -0.019 | 0.836 | 0.406 | -0.026 | 0.324 | 0.147 | 0.090 | -0.003 | 0.000

WSED 0.022 | -0.074 | -0.486 | 0.454 | 0.185 | 0.718 | -0.040 | -0.014 | -0.002 | 0.001

RUDDER | -0.048 | -0.127 | -0.173 | 0.771 | -0.186 | -0.566 | 0.018 | 0.047 | -0.002 | 0.000

]?I{E:FI\”} -0.352 | 0.417 | -0.012 | 0.058 | 0.056 | -0.004 | -0.011 | -0.019 | 0.832 | -0.064

TRIM | 0.144 | -0.215 | 0.068 | 0.035 | 0.909 | -0.228 | 0.130 | 0.051 | 0.117 | 0.124

DISP -0.354 | 0.420 | -0.012 | 0.056 | 0.087 | -0.014 | -0.005 | -0.014 | -0.312 | 0.768
WSA | -0.372 | 0.431 | 0.000 | 0.070 | 0.282 | -0.061 | 0.022 | 0.002 | -0.444 | -0.625
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Table 3.8 Regression coefficients of independent variables
determined by PCA

Variable name Coefficients
Constant 0.2058
PC 1 0.0160
PC 2 0.0107
PC 3 0.0119
PC 4 0.0187

2 HoAes gta AAstE Fdstd s dAdel o7 IAAATY H=T
TS WALt HZAH] FAGg FAE SN 2A SR olef H™T
e Fatske] o] &2 FF A4l FUME AMEsith Figo 3162 24 =
(tuning parameter) Ztoll WE z SHHFE JAAFE e Aol zZHzt
o AEd ZHHSFE Yudtt. 2™ RS o] 0o 77t A5 IAAF7
Z"Jixﬂiﬂ‘ﬂé Aol ZPAAA L Frol SUHE TSR THEHT A= FFH
Zbe |FRE SAATIE 002 43S 4 7 A
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Trace plot of coefficients fit by LASSO
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Fig. 3.16 Regression coefficients of independent variables according to the
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Fig. 3.17 Mean squared errorcross according to the tuning parameter
(10-fold validation)
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Table 3.9 Regression coefficients of independent variables

determined by LASSO
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Correlation analysis
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Fig. 3.18 Correlation analysis of independent variables selected by
empirical method

Table 3.10 VIF values of independent variables selected by empirical method

Variable Name Regrfes.sion Standard b-value Corrélétion VIF

coefficients error coefficients

Constant 0.205 0.000 0.000

Speed of the ground 0.038 0.000 0.000 0.599 1.2
STW-SOG 0.023 0.000 0.000 0.233 1.2
Relative wind speed 0.021 0.000 0.000 0.371 1.2
Relative wind direction 0.002 0.000 0.000 -0.261 1.3
Mean draft -0.012 0.000 0.000 -0.436 2.1
Trim 0.002 0.000 0.000 0.385 2.1

_50_



Al 47 dqd2d g 2 Fr}

41 4 =24 ¢

411 Hlolg &

B2 AFdA= aRE dFEde stge fste] AA U IHAEES
g5 & Hlol Ei(trammg data set)e} H7}& dolE(test data seh)E FEEFTh

AA vlolg F 70%E 858 HolHE B3y qZ3nds YAsed AHe
st o shgol AFEEA 2 UmA 30%E Tad 2o Hes U]
3 H7HE dolHE &&sAth Aty dEaRs JdSFrde] s 534
Aoz gotslr] s AA dHolHE 2 &9 e UA, AT T2
2 FE3St] AREstE Zlo] niR AT AoRE AlndTh AR B AT o

=
Adukel Aeleol|Adute stz &% 544 UA, sdFEe] F
il

» 82 1o
i
jn)

o
ool EH7L A ¢tk ES wolEHel AXY HHL FAAA BAo| 2
Bad YR P EAE Tk AAR ] S5 vlolE|9 HrhE ol ]

o] A FAHA &7] "o B AFelM= A @ dHolHE 7:39
&2 Uro] AREStth dEEde] Eite] He SHHSTE 3489 fo
H Z29HS B34 dAsgom Table 413 2th A" WE2 749
g5& dolHd tgsdE A AF AT 7S J &5t qSrIS 5
Htg o 1 FA-S Table 4.29F 2t}

_51_



Table 4.1 Definition of variables for prediction models

Method of selecting . Dependent
. ) Independent variables )
independent variables variable
Correlation analysis R.PM’. Wind ~ speed, — Wind
1 direction, Rudder angle, Mean
& VIF
draft
Principal component
2 analysis(PCA) PC1, PC2, PC3, PC4
Fuel
consumption
Least abSOIC 150G, STW, RPM, Wind speed. | rate
3 8¢ Rudder angle, Mean draft, Trim,
selection Wetted surface area
operator(LLASSO)
SOG, STW-S0OG, Wind speed,
4 Empirical method Wind direction, Mean draft,
Trim

Table 4.2 Cases for analyzing the performance of prediction models

Method of selecting independent
variables

Learning method

Case

Correlation analysis & VIF

Multiple linear regression

Case Artificial neural network

Case Principal component regression
PCA

Case Artificial neural network

Case LASSO regression
LASSO

Case

Artificial neural network

Case

Case

Empirical method

Multiple linear regression

Artificial neural network
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o

UERA .

PC1= 0.453RPM+ 0.43650G+ 0.4405TW—0.007T WIND SPD
+0.022 WINDDIR— 0.048RUDDER— 0.352DRAFT
+0.144 TRIM— 0.354DISP— 0.372 WS4

PC2= 0.323RPM+0.37950G+ 0.386.5TW—0.019 WIND SPD
—0.0714 WIND DIR— 0.12TRUDDER+ 0.41TDRAFT
—0.215TRIM+ 0.420D1SP+ 0.431 WSA

PC3= 0.126RPM—0.11150G— 0.041.5TW+ 0.836 WIND SPD
—0.486 WINDDIR— 0.173RUDDER— 0.012DRAFT
+0.068 TRIM—0.012DISP

PC4= 0.141RPM+0.03350G+ 0.027STW+ 0.406 WIND SPD
+0.454 WIND DIR+ 0.7T7T1RUDDER+ 0.058 DRAFT
+0.035 TRIM+ 0.056 DISP+0.070 WSA

(4.2a)

(4.2b)

(4.20)

(4.2d)

FUEL EFFICIENCY,,, = 0.0160PC1+0.0107PC2+0.0119P,C3+0.0187PC4 (4.3)
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Table 4.3 Main parameters of ANN models

Parameters Method
Correlation & VIF : 5
PCA : 4
Input layer node
LASSO : 8
Empirical method : 6
Hidden neuron 10
Output layer node 1
Learning algorithm Levenberg-Marquardt
Activation function Tan-sigmoid
Performance function MSE

Operational
Variables

Hidden layer

.....

Fuel
Efficiency |

Output layer

Fig. 4.1 Schematic diagram of ANN structure for prediction model
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Table 4.4 Fuel consumption rate prediction models developed by the study

Method of . Training data
selecting Learning
independent method
variables RMSE adj —
Case 1 Multiple linear | 174 0.8867
Correlation regression
analysis & VIF I
Case 2 Artificial neural | ) 0.9105
network
Principal
Case 3 component 0.0237 0.7884
PCA regression
Case 4 Artificial neural | )9 0.8426
network
Case 5 LASSO 0.0096 0.9651
regression
LASSO —
Case 6 Artificial neural | ;56 0.9831
network
Case 7 Multiple linear | 5517 0.8225
Empirical regression
method o
Case 8 Artificial neural | ;5 0.9074

network
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Fuel efficiency [ton/mile]
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0.4
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L — Predicted value
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Fig. 4.2(a) Prediction accuracy of case 1 for 10 days of test data

Case 2
0.4
0.3
0.2
0.1 = Predicted value
0 Test value
o 1 2 3 4 5 & 7 8 9 10
Time [day]

Fig. 4.2(b) Prediction accuracy of case 2 for 10 days of test data
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Fuel efficiency [ton/mile] Fuel efficiency [ton/mile]

Fuel efficiency [ton/mile]

Case 3

-------- Predicted value

Test value

] 1 2 3 4 3 il 7 B 9 10
Time [day]

Fig. 4.2(c) Prediction accuracy of case 3 for 10 days of test data

Case 4
0.4
0.3
0.2
0.1
------- Predicted value
o Test value
0 1 2 3 a s 6 7 &8 3 10

Time [day]
Fig. 4.2(d) Prediction accuracy of case 4 for 10 days of test data

Case b

--------- Predicted value

Test value

1] 1 2 3 a4 3 ] 7 8 9 10
Time [day]

Fig. 4.2(e) Prediction accuracy of case 5 for 10 days of test data
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Fuel efficiency [ton/mile] Fuel efficiency [ton/mile]

Fuel efficiency [ton/mile]

Case 6

0.4
0.3
0.2
0.1
--------- Predicted value
Test val
o est value
0 1 2 3 a 5 6 7 8 9 10

Time [day]
Fig. 4.2(f) Prediction accuracy of case 6 for 10 days of test data
Case 7/

0.4

0.3

0.2

R — Fredicted value '
0 Test value
0 1 2 3 4 5 A 7 8 9 10

Time [day]
Fig. 4.2(g) Prediction accuracy of case 7 for 10 days of test data

Case 8
0.4
0.3
0.2
CE Predicted value
0 Test value
o 1 2 3 4 5 & 7 8 9 10

Time [day]
Fig. 4.2(h) Prediction accuracy of case 8 for 10 days of test data
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Table 4.5 Performance results of each prediction model for test data

Method of Test data
selecting Learning
independent method
variables RMSE adj— R®
Case 1 _ Multiple linear | 415 0.9119
Correlation regression
analysis & VIF FFie
Case 2 Y Artificial neural | 511q 0.9456
network
Principal
Case 3 component 0.0211 0.8299
PCA regression
Case 4 Artificial neural | ;)44 0.8901
network
Case 5 LASSO 0.0106 0.9574
regression
LASSO Artifical 1
Case 6 rHbiclal nedral |4 0074 0.9793
network
Case 7 N Multiple linear | 5574 0.7140
Empirical regression
method FFic
Case 8 Artificial neural | ;4 0.9298
network
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Fig. A.1 Linear transformation using principal component analysis

R

=4

AFE2 Hely 9

& 2 (ADAA Z7|eo 2

kel =27), 249 b4

i

Ho
o

of o

<!

A

D AA &

p

A
At Aot A,

(A.8)

CTI,

Az mAe FAHE o5

(A9

_76_



AR HAx mAY FAE(:) TAA FHZAE0] oF 80~90%E H=

A A pmAle] FARE B4 el A Ao BT

TR E tilel FAYES AHREe A FHACE 4 FARY 1H
el 1 ol FAE] Mewtsg Addgdtt o 4aAPEE Aeste 4
S FF Afgkol 10]7] wWEolth (Kaiser, 1960). 12y fgko] 1Rt & F

2 FAES Adste A

AET FAs s I A7 UR FHoA 075
75 A} Uolliffe, 1972).

238 == Fig. A2 & Zo] 1/3E A7l 2 YEsta xFad= A4
9] &, yEol= AYY THFE vepdY. 238 - ZoA afFke] FAas
T FAZE 343 SRS AAY 0] 77 A= AY olAA] FAHAES A

o} (Cattell, 1966).

e

-

)

Scree plot

Eigen value
w
T

0 1 1 1 1 1
0 1 2 3 4 5 6

Number of components

Fig. A.2 An example of scree plot

_77_



Jm
i)
[‘E
AE
=
>

N
|
5
o
X
rE
i

oA &= &
A7 AL = vk =3 FEHSF g OH“E:‘O] “*Oixltﬂ ZF Wl o
 A&S ddsty] ofHA ok o3 EAHES At flek] 2ha At
3}(Least Absolute Square and Selection Operator;LASSO)= 3| A A2 =79
Z7d R4(tuning parameter)E FAFozZH AulF oz o] e ZYW
T IJAAT TS FhsF= otk dFHo] fle WY FJAAFTE 0
o7 grEo] F7] Wi Wy AYS 7hsstA stal oldd whet a4 o] o

b 28-S wrEo=t (Robert, 1996).

Ba ARsts A Al0)F go] 719 a AFH] FAHow HAAAS
o Aulgte] e Hasets AL AkRAOD Bk

P

Alasso T v 2
ﬁl = argminﬁz(yi—ﬂo— Zﬂjxu) , Z |3;| <t (A.10)
-1 =1 =1

n D 2 D
Blasso = argmin;;[Z(ZJz;_ﬂo - Zﬂjfij) + )‘Z |5j| ] (A.11)
i=1 j=1 i=1

_78_



A7V AW AGarsk AE7F AR FAAFES] ol Fopint Wil a7} 2
OFA™ A et A=7E AopAw (o] HE AWkl A¥ 37 Yol Ao
2 Alws G Az o fol Harh HA sk SFAAls gk A& FHe

Ro] Aot}

Fig. A.3 Geometric interpretation of LASSO regression

_79_



5

e AR o]Fojx Qith

9

2]

il

ol

o
e
o)

AR o) Fof

S
.

7|2 EZ

il

Al A v Artificial Neural Network;ANN)-& o

3L
o

(NE AA H

gy3h I

5
T

AZFAW7h A Fare

==3t} (Frank, 19598).

X1

Wy

<
+
e
Xn
2
*
: 5
+ £
~N =]
x O
2
+
%
Z
S~
[
« B3
=
=2
£
@
2]
R} 5
Wo.oW m
o~ 1S
= =

Inputs

Fig. B.1 The basic concept of a single artificial neuron

olg Aoz Ued o

5 2o,

o
=]

(B.D

(B.2)

_80_



A71NA 2= AE, we 7FEA, v BE, o= FAE =29, = A T
[e)

SolH, y= 28 et

Minsky and Papert (1969 & 719 S22 o] Fojxl @3 HAAEEY A

e FH7] 98t 37 o3 ToE FAE uF HPYEES At
03 HAAEEL @4 HAHMEEY] A F2E 7HAAYT 4858 295 A
ole] dti} o]ie] 2YFolet st FES Fol HAFAHAE JHA = dolE
gl A = gFo] 7t EE AT dEd 94949 HAdy AAE UEY
71 flaiA A, A=, AIRCIES} e A3 FrE 2Tl AET
o dHu duEEe FYTAAA BAste A g dor 24yFor A
et S SHY LAE AoARE JHFX| ek HE e HAS =

(@) L (B.3)

QL
i
o
&
S
o

A71NA p= Gl 7127 BAE 2

_81_



-10 -8 -6 -4 -2 0 2 4 6 8 10

Fig. B.2 Sigmoid function with different beta values

_82_



3 HAA

1

R

37 2ol A

T

oju

J)

wind
%]

[e)
U

o
=

15.2knot,

=13

o dAjolH

oj2HE

4=

Relative

A molA 7

Aoty SOG

36.45knot,

13.48m, Trim=-0.08mo.2 AP om EA 4
nqke] F7to A=

s

s
=

A AgARSE
b A

RPMo. = A
£l

fal

10=E
1A= e

1}

al7] w & Euk(black box)zt
3
speed

9

)

FA]

A= W WelA A

ol 2har

wind
g3} gA & o) uf

Z]
ay

o
=

Relative

90deg, Mean draft

o] H= WHwt AR Haghld Hd@goz WA

3 4]

Table 4.42] Case 89

o 4

olt}. tiA&elo] T

o
ul
=1

T

_]

dute) o 7)<

bsich, whebA

S
o X
= X
.

Aol M duAEE

7=

1
R

B
=

FAA 2de] 4
}

Fig. C.1 ~ C.6
2) Fig. C.2

1) Fig. C.1
ey

10-14=E 3kl H]
[

STW-50G=-0.1knot,
287 Ao

direction

o
&

°©

93 A%l A @

A

hyA

oy
)

7
Nlo

_83_



3
K
nE
Nd
)
LOLN

\

P

ol
00

M.O

=

RS ERREED

|

| .

Aol A

T

Faoy A %

5|

R

A

Al

al

EEPERRER

@ s)ajel 7

s}
el

0

o

fuy
B

B
@.O
=

AZAEEY 2ozt A ot 30

3) Fig. C.3

i

)

—_
o
o

ﬂmo

jariy
o

ruze]

Nd
il

4

wK

4) Fig. C.4

il

Fgate 7
SR

9

4 gtk wheba

&o] 714 PoiAn)

(Design draft)7} 14.5me]H, o]+=

T3k

=T

5) Fig. C5
7} 12.5-13.5m
A

2~
=T

<

N

A2 5E A

==
=

6) Fig. C.6
HFZo| A EE H )

o] 4

&}

of

o]

frs)

Mean

90deg,

15.2knot, STW-SOG=-0.1knot,
wind direction

(SOG
36.45knot, Relative
- 84 -

speed

wind

Relative



draft=13.48m)ol A= Au|EZ 0-0.8m FIHAA A5 & &0 7HA
yehdct,

oif
flo
P
o
fri

0.6

0.5
0.4 |
03 \/
0.2

0.1

Fuel efficiency [ton/mile]

8 10 12 14 16 18 20 22
SOG [knot]

Fig. C.1 Trend analysis of fuel consumption rate by speed of the ground

FaWral
o

0.5

0.4
/

0.2

Fuel efficiency [ton/mile]

0.1

O
o

-3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5
STW-SOG [knot]

Fig. C.2 Trend analysis of fuel consumption rate by STW-SOG

_85_



0.6

0.5

0.4

0.3

0.2

Fuel efficiency [ton/mile]

0.1

0 10 20 30 40 50 60 70
Relative wind speed [knot]

Fig. C.3 Trend analysis of fuel consumption rate by relative wind speed
0.6

o
o]

I
>

o
w

\

o
)

Fuel efficiency [ton/mile]
©
o

o

0 30 60 90 120 150 180
Relative wind direction [deg]

Fig. C.4 Trend analysis of fuel consumption rate by relative wind direction

0.6

o
5

o
>

Fuel efficiency [ton/mile]
o
w

0.2 H
1
i
0.1 :
! Designdraft
0 1
11.5 12 12.5 13 13.5 14 14.5 15 15.5

Mean draft [m]

Fig. C.5 Trend analysis of fuel consumption rate by mean draft

_86_



P
P

o 05
S
=
S 0.4
o)
o 0.3
(] |
& 0.2
[J]
g 0.1
[N
8
2 -1.5 1 0.5 0 0.5 1 1.5 2
Trim [m]

Fig. C.6 Trend analysis of fuel consumption rate by trim

_87_



AR 2

A Al

A S5

oAl 29| MAAA S PA I Y =EE

=]
T

A7} e B

Kis

qEE =

A3

=t
AHo 2 nt 1

il
£y

<H
ﬂ,ﬂ
o)
il
il
ol
He

4|z
5%

KeN
T

AEU T

o
A

i

3

AL3]

o}

A7e] AAel Puol i AW ole} o] 4w

o nle-g AU

Jn

T
qr

el
il
s
olJ
HR

o Ao e At 571 99

B
el
B
O

N

—=
o

il

B

e

T HAE APtaA B £ F4 dFF e-Navigation AT,

B

=

g AT A

Ef

% 24

ANA A

=z =
= =

7}

==
L

Bl

y

e

0

s gto 2 A7} A

=gy

=
=

WA AFEA RAAT, A

)

]

o

2019\ 6

!
ojy
o
w.o

—

NG

_88_



	1. 서 론 
	1.1 연구의 배경 
	1.2 선행 연구 고찰 
	1.3 연구의 목적 및 기대효과 
	1.4 논문의 구성 

	2. 연구 재료 및 방법 
	2.1 데이터 소개 
	2.2 연구 방법 

	3. 데이터 수집 및 전처리 
	3.1 데이터 수집 
	3.2 데이터 통합 
	3.3 데이터 정제 
	3.3.1 결측값 
	3.3.2 이상값 

	3.4 데이터 변환 
	3.4.1 변수 변환 
	3.4.2 표준화 

	3.5 데이터 축소 
	3.5.1 상관 분석 및 분산팽창지수에 의한 변수 선택 
	3.5.2 주성분 분석에 의한 특징 추출 
	3.5.3 라소 정규화에 의한 변수 선택 
	3.5.4 경험적인 판단에 의한 변수 선택 


	4. 예측모델 개발 및 평가 
	4.1 예측모델 개발 
	4.1.1 데이터 구분 
	4.1.2 평가 기준 
	4.1.3 다중선형 회귀 기반의 예측모델 개발 
	4.1.4 인공 신경망 기반의 예측모델 개발 

	4.2 예측모델 평가 
	4.2.1 평가 결과 


	5. 결론 및 제언 
	5.1 결론 
	5.2 제언 

	참고문헌 
	부록 A 통계 분석 이론 
	부록 B 인공 신경망 이론 
	부록 C 인공 신경망 모델의 경향 분석 
	감사의 글 


<startpage>14
1. 서 론  1
 1.1 연구의 배경  1
 1.2 선행 연구 고찰  3
 1.3 연구의 목적 및 기대효과  6
 1.4 논문의 구성  7
2. 연구 재료 및 방법  8
 2.1 데이터 소개  8
 2.2 연구 방법  11
3. 데이터 수집 및 전처리  13
 3.1 데이터 수집  13
 3.2 데이터 통합  14
 3.3 데이터 정제  14
  3.3.1 결측값  14
  3.3.2 이상값  15
 3.4 데이터 변환  21
  3.4.1 변수 변환  21
  3.4.2 표준화  27
 3.5 데이터 축소  30
  3.5.1 상관 분석 및 분산팽창지수에 의한 변수 선택  31
  3.5.2 주성분 분석에 의한 특징 추출  37
  3.5.3 라소 정규화에 의한 변수 선택  45
  3.5.4 경험적인 판단에 의한 변수 선택  48
4. 예측모델 개발 및 평가  51
 4.1 예측모델 개발  51
  4.1.1 데이터 구분  51
  4.1.2 평가 기준  53
  4.1.3 다중선형 회귀 기반의 예측모델 개발  54
  4.1.4 인공 신경망 기반의 예측모델 개발  56
 4.2 예측모델 평가  59
  4.2.1 평가 결과  59
5. 결론 및 제언  65
 5.1 결론  65
 5.2 제언  66
참고문헌  68
부록 A 통계 분석 이론  72
부록 B 인공 신경망 이론  80
부록 C 인공 신경망 모델의 경향 분석  83
감사의 글  88
</body>

