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Prediction of vessel fuel consumption using explainable artificial intelligence (XAD

Hyun Ju Kim

Department of Industrial and Data Engineering, The Graduate School,
Pukyong National University

Abstract

This study proposes a prediction model for fuel consumption in ships using
XGBoost and SHapley Additive exPlanation (SHAP) to explain the predicted
values. Previous studies have relied solely on operational data from ships to
develop prediction models, neglecting the incorporation of external weather
data. However, recently, a method has been applied to increase accuracy by
utilizing both operational and external weather data. Nonetheless, the reliability
of the prediction results and the variables used in the prediction model
implementation remained unexplained. To address these issues, XGBoost and
SHAP were used in this study to develop the prediction model.

This study provides an introduction to the research background, scope,
relevant regulations, and previous studies, as well as the research
methodology. It also explains the data cleaning method for ships and verifies
the prediction model's results. Additionally, it covers XAl-related theories and
the prediction model for fuel consumption in ships using XGBoost, as well as
the SHAP-based method for explaining variable influence. Finally, it discusses

the final results of this research and proposes future research directions.
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2.1 FABALZ]TFIMO)S] &7 A 5F

=7 8] AL 7] FH(International Maritime Organization; IMO)E 8l k@ 3 HF=] & oF
(International Conventionfor the Prevention of Marine Pollution from ships;
MARPOL)ell &J3f =A] sfj&oke] 247t vjEo] gk A7} o] FojA L
ATk YA RS LS](Maritime  Environment  Protection  Committee;
MEPO)OA =4 sl &AlRte] co, miEdl tigh A< 12k Aduh4d7k2 )
=% £ A7 (Greenhouse Gas Study; GHG Study)E 3¥st9la, @Al 4247}
A BaA7F AR oo WEW dfokllA WMiEEHE co, wWiEEol
20124 99 6,1005F Eol4 2018'd 109 56008 o2 F7leldas &
ATt [21.

Table 1.1 3l&&oke] co, WM&

el ERkE
d= AA 3= H] & (%)
2012 34,793 961 2.76
2013 34,959 956 2.714
2014 35,224 963 2.74
2015 35,238 990 2.81
2016 35,379 1,026 2.90
2017 35,310 1,063 2.97
2018 36,972 1,056 2.89

= A| 8| Ab7] 7H(International Maritime Organization; IMO)+= GHG(Greenhouse
Gas Study; GHG Study)ollA] 41z A1dk EEDIo] F7} ©HA Al3S £33+ ek4F]
oF% ZHA, =A SR B4 FU% A, A4 e 24V wieE A 2

4 B st 22 A9 A5 FRE AASA A (3l



53] =4 s g4 s faE fste] @), 371, A7) 5 AfaL
A7t AES 9% WS AASYT. BrldoR 2023dRE 20089 %
il 30%, 712402 20309=E 40%, A71Ho® 20508 5E 50% S
EXZ 3ha ok @r]H 22 IMO MEPCE 247k &S Sl 34 7]

PN L

A, A, ANA7IE 74 NES e Heks viEest ok 713
X2 AdbolU A &8 A A 4(Energy Efficiency Design Index; EEDD7} 2
3, ¢ 2AZ2E Adba A &&-32] A1 ¥ (Ship Energy Management Plan;
SEEMP)3} Au}-e-3tol| ) 2] & &% <=Energy Efficiency Operationma Indicator;
EEOD7} Sltt.

2021'd 6¢ IMO MEPCellA] MARPOL©] 7R g ol we} fAEMe i =24
b AEE AR AV A8En 7led =X EsE AdeyAas
(Energy Efficiency Existing Index; EEXD A%, &84 A== Adberi3 ok

%(Carbon Intensity Indicator; CI) =7} F7}= A},
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¢

FENY ZX)

ocs —cn SEEMP
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Figure 1.1 A SA7] FHIMO) A8k a7l ~uZ= =72k [4]

2.1.1 234X & 8-A4(Energy Efficiency Existing Ship Index; EEXD
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oo

EEXI&= &3

4
f

g2 g3

3.}

o

EEDI= HA%E S wastel 0,8 A3

L

o CO,E AT AALHolw drkdo =z Azl MCR(Maximum
Continuous Rating)e] 75~83%F =2 AAtET} [6], [7]. o= AALe] A A,
o3 747 24 uwg} A L2} AoletA] 3dEE 2EHAE 2o
7F Aot &34 & &R 5(Energy Efficiency Existing Ship Index; EEXDZE-&

2 2.23} o] Uehd % 9k [5]

M nME
(Hf;)( Z Puyray o Cruei) ° SFCME(i))+ (P41 pCrapSFCyr)
= e A If
+ (Hf; Z Ppriti) = Z Ferr(iyPamess () CrapSFCa
(‘ Ferr@yPesrtiy © Crur SFCy)
EEX[= —— (2.2)

CapacityV,, i f if Jif wfm

fi Capacity .Vref fw: Efficiency Technologies
fi Capacity .Vref fw: Transport work

PME: Main Engine Power (kW)

PAE: Auxiliary Engine Power (kW)



SFC: Specific fuel consumption (g/kW)

C: Fuel to CO2 factor (g CO2/ g Fuel) (nearly 3)

Capacity: for Cargo ships DWT, for Passenger ships GT

Vref: Reference speed (nm/h)

fi: Correction factor for capacity

fw: Correction factor for performance in real weather

fi: Correction factor for efficiency

AAEE R 2FEHo g Apolf o]l EEXI 1A= EEDI A9t &
dsHAl 159 =< lale] st EHe €0, < AT 400=
ool Xuke 2-8bM g 8X|=(Energy Efficiency Existing Ship Index;
EEXDet= A& 2023375 v ofditt. weba], 20233958l 1780
wet dE 3 Ak tisiA EEXIS]-&3k& RFSAIACks & &3k w5
Auke]l 73$oll= SHaPoli(Shaft Power Limitation) %=+ EPL(Engine Power

Limitation) &H]E |5 A X3 oFstty.

2.1.2 &A% eF= =] 4(Carbon Intensity Indicator; CII)



Cl s5<& ==3t7] A% Cll 2@ A 213 o] yekd & St [3].

Y (FCxC)

CII' 273 3k (Attained CII) = 21
I %k (Attaine ) Capacity x Total Distance @D

ol FC= #FE A AR AHEF, = ABRAEFS COMEFLR

Hetsles 38 WEAS=E, EEDIMHA 7hol=giclel wHAE  gholth
Capacity= A¥t £Fo|(F EF4 == AT FES)TH Total Distance= 1

Azt g ko] 233 F AYE om3 3]

Cll &%k 4 2.3% o] yebd < A Cl s &3ke 4Hgstr] #sl
Me 4 229 22 71E#kel a8ttt [3l

CII 71524k (reference CII) = aCapacity ¢ 2.2)

olwf ag¢} cx= 2019 IMO DCSH|olEl S &g3}e] 4F&3F 7| Aule] &
Zy Cll @A3S 7vte 2 =3 uj/jHsE z
o 2 EEDIAHA 7lol=glelo A Alasta At [31.

CII 383k (Required CII) = (1— 1—) x CII, , (2.3)
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expd= ClIE @27 E By Wt AZE Uetde 9EHe A
TEA AF 9 A7 g2 EEDI Zhol=gilel A Al A&

o Wy, B E ] Tl 2ABIAT, MW AT BAYT B =R
A ol% meke Wil tielel AT

221 HAHY 7wk ¥ S5 LHF 45 #E AT

g =8 139 Aoy Au Ho)E(328mx46 mXx9.7m container
shipp& 7I¥toe 2 st FAH 71AIghss 7IHES A3l o= md& A

ekt A% muol A ElolEg S, AAY A, sk P

AN Z A ZA} operating profile 71Fo.® AHgstart. 2z doly F3%
212 ofzf o} Ztt.[8]
- Noon Report(*§ 2 X Ii1A]) : Shaft power, rpm, and torque, M/E rpm,

and fuel oil consumption
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- Engine Log Book(lz =Z71X) : M/E power, scavenging air receiver
temperature, scavenging air pressure, M/E cooling water temperature
and pressure, M/E thrust power

- o] 9] AAMF : ME fuel flow counter, exhaust outlet temperature of

cylinders

2) FBHA &4 : Pearson WS 3 ®WFIHY #A A4S Ao
ofgfo] MEEY ARAEFN AAE E43te], main engine cylinder
values, scavenge air parameters, cooling water values, shaft parameter

indicators 7} 7} =& AIIAAE 71 S A5 THI8]

3 sts W - A dHoly 72470 T 58 HlolE = 66%48571), Bl ZAE
o]y 33%(2397E Uo] 3]+ ®HMultiple linear regression, Ridge &

ofy

LASSO regression, Kernel Ridge regression, Bayesian Ridge regression,
Support Vector regression, Multi-Layer Perceptron regression, Decision
tree regression, Random Forest regression, Ada Boost regression, Gradient
Boosting regression, Hist Gradient Boost regression, K-Nearest Neighbors)

T 12709 RS ARESte] Sk e thI8]

4) H7F B . El2E dolE 33%((23971)-& K-fold cross validation 7]H-&
ARgste] RS Hrletglom, oS AL o AsAZES
RSME(Root mean square error), MAE(Mean absolute error), r*(Coefficient

of determination)E AF&3le] mdl ¥ o= A= =S Hrp 2 8wy Th8]

5 H7} A3 ;. R*Coefficient of determination) AT =2 =d o =4S
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olE|E& A}F83F 50,79870¢) ¢l~El~7} mdo] #8501, R-squared, RMSE,
MAE 9 MAPE®} #&2 4717 A#ZE Alktste] o5 2dS Hrleiaoh =

l-l:l

5 H7} A3} : R-squared H7F23} 16719 32 Hat 0939 A== 7137
S AT e IR Iy} R-squared o] Hetel Hls) 0.8 ==
XA RMSE, MAE 31 MAPE®] ¢Jsf Uehtes ea&e B Fa 2a4&
Hop =24 @gkon o= A #Atel Het eakeE 23R st [9]

D
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Figure 2.3 SHAP Summary Plot [9]
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Feature Importance @il SHAP Feature Importance Rank per Voyage Number
Rank

Rata 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

SPEED_VG #01 #01 #01 #03 #01 #02 #01 #01 #01 #01 #01 #01 #01 #01 #01 #01 #01 #01 #01 #02 #01 #01 #01 #01 #01
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Figure 2.4 SHAP Feature Importance Ranking Heatmap [9]
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Raw data

Data Preprocessing

Data Split

Train Data

Test Data

Prediction Model with XGboost

Prediction Model Evaluation

Prediction Model Explanation with SHAP

Figure 3.1 Flow chart of the study
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3.2 "oy 49

B ATeAE ASE oA Hule] FRE Table 313 2tk iy A
© 1600000 EFe] By BHE Aufolth. By BHE Aute] FolE A
A8 amgol £ vlgol A L wA7|o] AAelH Bale] B

e A% F shtolr A2 FAHQ Mute] #7 FANA 500057 o4
£

a:2

(o

L. ¢

Table 6.1 Vessel Specification

Specification Measurement
Type of ship (BULK) CARRIER
L.O.A (m) 333.07
LBP (m) 327
Beammoduled(m) 60
Depth moduled (m) 29.8
Gross Tonnage(ton) 160,290
Net Tonnage(ton) 56,873
278.42 T
67.15
T
29.80
: R | S
333.07 >

Figure 3.2 Vessel Specification
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Figure 3.3 Course of a vessel

G e vl 4, 5 A7 A, Jgn, AA e de)
B 5 AAoR takd Heles £AHEt B aTdAL old du
dolEE 102 712 4% dolHE 108 7712 33 dolHe ¢4
st e WS HolEE 102ws2 F48 108FAe] dol

& BRAZ QHEste dole S AZRE AFen

2 AFoA s o Adrol 2020Lﬂ 01% 01¥ F-& 2020d 06 30L 714
o] 67 dolzke] At 98 HolEE ATel AT Wrel F ASE
190701t £ Aol Ae 1949 WHE BestHon 7 Featured] ot
A& Table 3.29 o] YeElAH,

Table 3.2 Original Feature

Feature Name Description Unit
ME1_FOC no.l ME Consumption kg/h
2 | SPEED_VG Speed over ground knots
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Vertical distance between the

waterline and the bottom of the hull

3 | DRAFT_FORE ) m
measured at the perpendicular of
the bow
Vertical distance between the
waterline and the bottom of the hull
4 | DRAFT_AFT i m
measured at the perpendicular of
the stern
Vertical distance between the
waterline and the bottom of the hull
5 | DRAFT_MID_PORT ) m
measured at the perpendicular of
the port side (left)
Vertical distance between the
waterline and the bottom of the hull
6 | DRAFT_MID_STBD . m
measured at the perpendicular of
thestarboard side(right)
Direction of indicated by the
7 | SHIP_HEADING i degree
vessel's own needle
Direction of which the vesselis
8 | COURSE_OVER_GROUND i degree
moving
9 | RUDDER_ANGLE angle of rudder degree
10| WIND_WAVE_HEIGHT Significant height of wind waves m
11| WIND_WAVE_DIRECTION Direction of wind waves degree
12| WIND_WAVE_DIRECTION Mean period of wind waves S
13| CURRENT_SPEED Directional movement of seawater m/s
14| CURRENT_DIRECTION Direction of seawater degree
15| SWELL_WAVE_HEIGHT Significant height of swell waves m
16| SWELL_WAVE_DIRECTION Direction of swell waves degree
17| SWELL_WAVE_PERIOD Mean period of swell waves S
18| REL_WIND_SPEED Speed of the apparent wind m/s
19| REL_WIND_DIR Direction of the apparent wind degree
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SHIP HEADING

COURSE OVER GROUND

LEEWAY

CURRENT DIRECTION

TIDEWAY

Figure 3.4 LEEWAY and TIDEWAY

wW3Fa SHIP

74kt

=
T

Figure 3.5¢} 79|

=
=
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SHIP HEADIMG {degree)

SWELL DIRECTIOMN

BWELL_WANVE_ANGL

Figure 3.5 SWELL_WAVE_ANGLE

B ATOIAE et AR £ oZo] Hule] FINT W %o A4
ZAEY, A7, 2F 5ol % FEE 49snA 5979 LEEWAY,
TIDEWAY, SWELL_WAVE_ANGLE, REL_WIND_ANGLES =% 0°~90° A}
o]9] Table 333 o] dlZloz WHAHeE Ak ot ¥ FHo|
SHIP HEADING®l A& 98¢ nth o A8 setrstad 9t
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Table 3.3 conversion of angles

Range Processing Unit
1 90 ° <angle<180 ° angle - 90° degree
2 180 ° <angle<270° angle -180° degree
3 270 ° <angle<360 ° angle — 270° degree

Aure P e Mduto] &8Ad EHAd0 AAE= ZA ot Ayl
, Aw), HE, $HoZ o] A7l £
A ARE FAHS FAZT AeEFe ArE5Y AolE E-(Trim)
olg} 3t ol A= Aulo] YHZ LW HEE ou|dt} B 52EA
& (PORD)H -+ (Starboard)®] =to]E H(HeeDolekal &t o= Adubo]

-2 7|20z AEE ov|gth
A

£ AT MEsel WIS PPt

t DRAFT_FORE
DRAFTAFT

Figure 3.6 Vessel Draft

Table 3.4 Transformed Feature range

Feature Name count mean std min max
AvgDraft 16542 9.116903 5909687 0 17.737
2 | Trim 16542 9422862 6.180069 0 32.839
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3 | Heel 16542 | 17207783 1373486 0 359.993
4 | LEEWAY 16542 | 182.84583 978664 | 0.019 | 359.985
5 | TIDEWAY 16542 | 170.64345 100.86274 0 399.775
6 | WIND_WAVE_ANGLE 16542 | 14635316 5414836 761 22.7115
7 | SWELL_WAVE_ANGLE 16542 | 15959232 5019753 1011 23.144
8 | REL_WIND_ANGLE 16542 | 1553026 538416 9.27 23.23
AeslH B dAFdAME "FeEdy 28-S 53 N2 "aE x23s)
o F 17709 W4E Table 3.59F o] Ao A& T
Table 3.5 final selected variables
Feature Name Description Unit
1 | ME1_FOC no.l ME Consumption kg/h
2 | SPEED_VG Speed over ground knots
Averaged value of DRAFT_FORE
3 | AvgDraft DRAFT_AFT, DRAFT_MID_PORT m
and DRAFT_MID_STBD
) Difference between DRAFT_AFT
4 | Trim m
and DRAFT_FORE
Difference between
5 | Heel DRAFT_MID_PORT and m
DRAFT_MID_STBD
Angular difference between
6 | LEEWAY COURSE_OVER_GROUND and degree
SHIP_HEADING
Angular difference between
7 | TIDEWAY degree
CURRENT_DIRECTION and
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SHIP_HEADING

Angular difference between
8 | WIND_WAVE_ANGLE WIND_WAVE_DIRECTION and degree
SHIP_HEADING

Angular difference between
9 | SWELL_WAVE_ANGLE SWELL_WAVE_DIRECTION and degree
SHIP_HEADING

Angular difference between

10| REL_WIND_ANGLE REL_WIND_DIR and degree
SHIP_HEADING

11| RUDDER_ANGLE angle of rudder degree
12| WIND_WAVE_HEIGHT Significant height of wind waves m
13| WIND_WAVE_PERIOD Mean period of wind waves S
14| CURRENT_SPEED Directional movement of seawater m/s
15| SWELL_WAVE_HEIGHT Significant height of swell waves m
16| SWELL_WAVE_PERIOD Mean period of swell waves S
17| REL_WIND_SPEED Speed of the apparent wind m/s

B AFoA= &8x= Aldke] MCRMaximum Continuous Rating)<2]
75~83% TZte] wWddxle] RPM3} SpeedE il#lstd ME1_RPM 50°]7,
SOG 10knot o]Xte] Aure] kA o & Flgal= ke HolEHE 8319

08 UF WFL fAs GaFs Thlgn B & Uk BAA =2
317] $iste] WS wiRE A9 ASSThE SHP HEADING 3} COURSE
OF GROUNDS| 2}e] Atol7h 27 by @ikl &s) F2holA WA 9129
Jgoletm 25 ¥ F 9lv] WEolth WSS BEE subplote F

Figure 3.73 Zo] Yetd ATt
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3.7 Feature distribution
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Figure 3.8 Feature correlation matrix
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Table 3.6 Feature correlation result

Target SPEED_VG | REL_WIND_ )
Trim Hell
Feature (SOG) SPEED
1 ME1_FOC 0.32 0.23 0.15 -0.17
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Zo A= FFS AAste 7'M Z PDP plote 3huhe] featureZ} ThE
feature$} & 28814 ek 7HA Skl sld featureo] #k WS WHIAIH
S w 2d o Fgko] olgA WEleteEA B 4 Arh olE FI 2P 4
o FES VWA= featureE: FH4E F Ao 7 featurezte] FEAES
nHsA| erol Hlwste= featureZt WobAH AJZhske] of#fz-o] Ut [15].

SHAP (SHapley Additive exPlanations)-& XAI (Explainable Al) J-ofof A
AtgEe 29 Ay 7]ygolt} Shapley valuets el Eul wHa)S AF
e AlY ol2olA frEiE MEeR, s FRES HME 5 Utk
SHAPS 7z} W=7t o & A3to] drph 7odst=AE ARtetd 59 &

0
& Agste] mUS BASY 2z ddusel gol W W o Zgkol

o= y IShF-Is-1)

s |H' [fsu;'(xsui)*fs(xs)] (32)

o, : ; dle]E ol tlg Shapley Value

F . AA A3

S A Aol A HolErt AL e B A
fsuilzsy;) + (A BlolElE E3F AA 7=

fslzg) + A HlolE Alod ym A FE 9] Vo=
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o] =24} Shapley value 32]ollA feature importance A4S $Js] W
B Ao =, SHAP value: 33 feature7} =@ o Zgkel 71shs 4
et = 3= Yrlgitt o] F2olA= 33 feature7t BE &S0
A 71d8t=A S feature subsetmlt}t AAMEta, o]E REF HaA 2

SHAP valueE 3ttt [16].
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Zolt}t. 7129 Gradient Boostingdll= =¥ &%, A3 91 52 AV}
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A F+ 22 (Root Mean Squared Error, RMSE): o =gk} 2
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Agke] zpol7b EF45 a7t AAE EAHE 7HAH, FAeFE 2P o

=go] F0ha & 4
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MAPE= Ei;‘ 7 \ (3.6)

2 AT = XGBoost 7HHo. 2 ARARH o= 2ds Y3ty or,
GridSearchCV(Grid Search Cross-Validation)E &-&3}o sto]ddeiny
Y& HYstAt. mde HF HrF A= #-Foverfitting) A H& &
at7] 98l S Rdo] d5S StsHolH e HEHOHE 7474 =Y

Brtstd o ZAxE Table 3.7, Table 3.8% o] A st

o

ftlo

Table 3.7 The performance evaluation of the model using the training dataset

RMSE

MAE

R-squared

MAPE

1 77.9982

49.30420

0.9244

0.0250

Table 3.8 The performance evaluation of the model using the test datase

RMSE

MAE

R-squared

MAPE

—

89.9320

54.9193

0.8989

0.0277

31478 FlolElst Wrhg HolElE AHgs) RUS WA A3 B 3

F AL YA

Figure 3.103% #Zo] Yehf AT
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Train Set Scatter Plot
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Figure 3.9 The performance metrics of the model evaluated on the
training dataset

Test Set Scatter Plot
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Figure 3.10 The performance metrics of the model evaluated on the
test dataset
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3.7 SHapley Additive exPlanation(SHAP)S £3+ =4 3fj4]
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Table 3.9 Summarizing the relationship between the prediction model and
features through the SHAP value plot.

Relationship Feature name

SPEED_VG, REL_WIND_SPEED,
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2 Negative(blue) | Trim, Heel
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Table 3.10 Comparison of shap value

features South_africa All
0 SPEED_VG 190.759094 14.258555
3 Trim 24.453243 8.568977
8 WIND_WAVE_PERIOD 96.483419 1.981623
13 SWELL_WAVE_PERIOD 70.867287 1.318987
9 CURRENT_SPEED 27.607906 0.989486
5 RUDDER_ANGLE 17.998415 0.696779
11 SWELL_WAVE_HEIGHT -9.667458 0.607939
6 WIND_WAVE_HEIGHT 121.321915 0.232600
10 TIDEWAY 0.234860 -0.023434
2 LEEWAY 11.823912 -0.035883
15 REL_WIND_ANGLE -0.091090 -0.134646
7 WIND_WAVE_ANGLE 7.019795 -0.264497
12 SWELL_WAVE_ANGLE 1.337704 -0.662614
4 Heel 11.916217 -2.658451
14 REL_WIND_SPEED 236.029953 -10.235121
1 AvgDraft -39.065880 -1

dolzelsl Q2 BEASe HAl wHelHAY M) FOC 3ol gloiA
SPEED_VG, Trim, WIND_WAVE_PERIOD, SWELL,_WAVE PERIOD, CURRENT_SPEED,
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WIND_WAVE_ANGLE, SWELL,_WAVE_ANGLE, Heel, REL, WIND SPEED”} ©] & 43
< 7FHe= ¢ T Qo o|E Hgure 3319 South africa(@}&¥) 12z s 53l &
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