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In this study ,the Adaptive Neuro-Fuzzy Inference System (ANFIS) was used
to predict traction force, wheel slip, and tractor fuel consumption under field
conditions during plowing operations with a plow and a harrow .Experiments
were conducted in the fields of Iran Tractor Sazi Company using a two-tractor
method. The independent variables included four tillage-depth levels (10, 20,
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30, and 40 cm), three soil-moisture levels (approximately 12, 15, and 19
percent), and four forward-speed levels with heavy gears (1, 2.55, 4.40 , and
6.58 km/h.) A factorial experiment based on a randomized complete block
design (RCBD) with three replications was used .Simultaneous prediction of
key tractor performance indicators is one of the fundamental challenges in
managing tillage operations and optimizing energy consumption because

these indicators are affected by the complex and nonlinear interaction

between soil properties and operating parameters ,and conventional methods
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do not have sufficient accuracy to describe these relationships .Therefore ,an
intelligent framework based on (ANFIS) along with principal component
analysis) PCA (was developed to simultaneously predict traction force ,wheel
slip and fuel consumption .The results showed that increasing soil depth and
forward speed increased traction force ,slip and fuel consumption ,while
increasing soil moisture improved this index due to the decrease in soil
mechanical strength .The proposed model with high coefficients of
determination for traction force (0.99996), slip (0.9997) and fuel consumption
(0.99964) and very low RMSE values was able to simulate the real behavior
of the soil tractor system with good accuracy .The results showed that the
developed model is not only an accurate tool for predicting tractor
performance but also can be used as a decision support system in selecting
optimal operating conditions to reduce fuel consumption and tillage costs ,
control slip and improve energy efficiency in precision agriculture.
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EXTENDED ABSTRACT

Introduction

Tractor energy efficiency in tillage operations
remains a critical concern in sustainable
agricultural engineering, given that primary
tillage accounts for 25% to 40% of fuel
consumption in crop production systems.
Growing global food demand and the urgency
to reduce greenhouse gas emissions have
intensified efforts to optimize field
operations, particularly plowing, which
demands high draft forces and is highly
sensitive to soil conditions. Key operational
parameters tillage depth, forward speed, and
soil moisture significantly influence draft
force, slippage, and fuel consumption, yet
their interactive effects are complex and often
nonlinear. Traditional predictive models, such
as regression or ASABE standard equations,
frequently fail to capture these nonlinear
dynamics under real-field variability. In this
context, data-driven modeling approaches
capable of handling uncertainty and fuzziness
in field data offer a promising alternative.
This study aims to investigate the effects of
tillage depth (10 - 40 cm), soil moisture (12%,
15%, and 19%), and forward speed (1.00,
2.55,4.40, and 6.58 km/h) on draft force, fuel
consumption, and slippage during moldboard
plowing, and to develop a high-accuracy
predictive model using the Adaptive Neuro-
Fuzzy Inference System (ANFIS). The
research hypothesis posits that ANFIS, by
integrating fuzzy logic and neural network
learning, can outperform conventional
regression models in predicting tractor
performance under uncertain and nonlinear
field conditions. This approach addresses a
practical need for real-time decision support
systems to enhance energy efficiency and
reduce operational costs in precision
agriculture.

Material and Methods

Field experiments were conducted at the
research farm of Iran Tractor Manufacturing
Company (Tabriz) on a loamy soil (48.6%
sand, 29.4% silt, 22% clay). A three-bottom
moldboard plow (104 cm working width) was

used with two ITM399-4W tractors in a
controlled two-tractor test configuration to
measure draft force via a calibrated load cell
(SS300, SEWHA, 100 kN capacity, £0.01 kg
accuracy). Fuel consumption was recorded
using dual Overall flow sensors (supply and
return lines), while slippage (%) was
calculated from travel time over a 50-m test
plot with and without implement load,
following the RNAM standard method. The
experimental design followed a Randomized
Complete Block Design (RCBD) with three
replications, resulting in 144 treatment
combinations. Independent variables included
tillage depth (four levels), soil moisture (three
levels), and forward speed (four levels);
dependent variables were draft force (N), fuel
consumption (L/h), and slippage (%). Data
were normalized using the hyperbolic tangent
function to fit the [-1, 1] range. We developed
ANFIS models in MATLAB, using 70% of
the data for training, 20% for validation, and
10% for testing. Various membership
functions were evaluated. Model performance
was assessed using RMSE, R?, Efficiency
(EF), and Mean Bias Error (MBE).

Results and Discussion

Statistical analysis (ANOVA) revealed that
tillage depth and soil moisture significantly
affected all three output variables (p < 0.01),
whereas  forward speed  significantly
influenced fuel consumption and slippage but
not draft force. Draft force increased with
depth but decreased as soil moisture rose,
likely due to reduced soil mechanical
resistance in wetter conditions. Slippage
exhibited a consistent upward trend with
increasing depth, speed, and moisture; the
highest slippage (35%) occurred at 40 cm
depth, 4.40 km/h speed, and 19% moisture.
Fuel consumption per hour rose with all three
factors, yet consumption per unit area
decreased with higher speeds under constant
depth and moisture highlighting a trade-off
between time efficiency and instantaneous
fuel use. The ANFIS models demonstrated
excellent predictive performance. For draft
force, the Dsigmf membership function
achieved R%2 = 0.99992 and RMSE = 0.0023;
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for fuel consumption, Traamf yielded
R? = 0.99964 and RMSE = 0.0174; for
slippage, Dsigmf produced R? = 0.99993 and
RMSE = 0.0023. These results significantly
surpass those of existing ANN-based models
reported in the literature (e.g., R* < 0.99 and
RMSE > 0.004). ANFIS's high accuracy is
attributed to its ability to model nonlinear,
uncertain relationships without requiring
explicit physical equations. Notably, the
model captures complex interactions such as
the non-monotonic effect of speed on slippage
at high depths, demonstrating its robustness
for real-world agricultural decision-making.

Conclusions

This study confirms that ANFIS is a superior
tool for modeling and predicting key tractor
performance indicators under variable field
conditions, offering significantly higher
accuracy than conventional regression or
neural network approaches. The findings
provide practical insights: optimizing tillage
depth and operating within moderate moisture
ranges can substantially reduce fuel use and
slippage, thereby enhancing overall energy
efficiency. From a theoretical perspective, the
success of ANFIS underscores the value of
hybrid  soft-computing  methods in
agricultural systems where data uncertainty
and nonlinearity are inherent. These models
can be integrated into intelligent tractor
management systems to control depth and
speed in real time based on soil conditions,
paving the way for autonomous, energy-
efficient tillage. Future research should
extend this framework to other implements
and soil types, and explore online learning
capabilities for dynamic adaptation during
field operations. Ultimately, such
advancements contribute to the broader goals
of  precision agriculture: reducing
environmental impact, lowering operational
costs, and improving the sustainability of
food production systems.

Acknowledgements

The authors sincerely thank the staff and
management of the Testing Center of Iran
Tractor Manufacturing Company for their

assistance in carrying out the experiments and
for providing the required equipment.

Author Contributions

Authorl: Writing,
Investigation, Methodology.
Author2: Validation, Supervision, Project
administration, Methodology.
Author3: Validation,
Conceptualization.
Author4: review &
Formal analysis.

Visualization,

Methodology,

editing, Validation,

Data Availability Statement

The data thatsupport the findings of this study
are available from the corresponding author
upon reasonable reques.

Ethical Considerations

Adherence to ethical standards is confirmed,
including avoidance of data fabrication,
falsification, plagiarism, and misconduct.

Confflict of Interest

The authors declare that they have no known
competing financial interests or personal
relationships that could have appeared to
influence the work reported in this paper.

Funding Statement

The author(s) received no specific funding for
this research



1Fe0 3ol [Fe ala /Y o)kl N0 ol 65,9LisS s miibe Sl sl g i 4y s

d]/;&({fw:: Lu.déu’f‘k)}’:/:/

31 00liial b glae 3o Lyl 33 5935155 gm0 Byt 3 57 B3 e oS (5958 (s

(ANFIS) GO.».JN ‘5}@—63‘4: le alolw

Ydés.o.‘:u ol 3‘)59’ wle a0 ﬁ‘@‘ oo 3 340 “cob’lglg Sy

u‘ﬂ‘ “_JL,.: “SA)L.;I .)‘)—‘ oli..u‘é guL,.: J..>‘5 ‘W}u s_iulin ‘5..:..&....@‘,4 05;—\

O‘J‘" g).)J.u g).)J.u oKl ‘Lg))5LM..S ISR ‘W% s_iuli.o s 05;—"

RN

Alio azsu )6

Sox seoie Slp (ANFIS) (il 656 oae glictul ailels 5l e gy cnl 5o
b ot Sl b sl e bt 5 S5 S e s £ B gt
99 o, b olpl b, gSTy a8 58 gyl 50 b iales] ol colanul aisssan algls
T 1) S o gl ez ol B sl e 8,5l 55515
ey g oz 5 (20,918 510 Y Ly ) S Cush) o ds (el T
inle] sy (el szaskS SIOA 5 F/F+ /DO V) uSim gloosio b 53y
ber b sl 5 e U (RCBD) ol oS S5b b s 5 S
e e 5 ol oty 31 95T 5 Shos walf st 4 lajen
odezy S Sl Lo o el (al 1) el (6551 B e (5 3lodinge 5 5595
s 5l Jglaie slasagy 5 05yl 518 Gldes slaale 5 S sla Sy ploo (ot
2 e Mebed gzlr S W ek oyt bilsy onl Geog lp S
(S (59 Hlajed (i sl (PCA) (ol slo adlge [l L of o2 (ANFIS)
Sy S s Sl 5 313 5 gl Sl et g e 5 i 5
ORIRl &S oo oad S Bras g 5 (8T 9w I cse 59 pty
e i o ogee |, el ol S SlSie aoglio tals s 4 S5 gl
Sras g (/AAY) 35a) ((123997) (285 69505 sl YL e o b ooleiing
S 5555 wilabes _oadly 55, Ceilgh RMSE (ol e ppolio 5 (+[AAAFF) b gas
G380 o)lpl Lo aidldawgs Jow a5 ol lid s oS gileand e SBo L,
Sl 5o b pmenal wilols S lgieds wilgs co aSL (sl {93815 0 Slas  cn ien sl
G s i by (55, anpey Lo g Brae ol (Dlhles angy Lo
255 )18 eolaiulo yae 385 (55,0LaS 5o (655 (559042

LIRS JATFIE PR
VP O+ 8/1): 5,553
VBB DIV by s
VB[V Ll

igeals’ slaojly

GRS (59

e o

CS g B puae

slae 50 bl

3 s gl aibolus

« S_Q_, ..“‘.Ja"“

o g (SS9 i) oy ¥
ngm.o
behzad.alasti@jiau.ac.ir

ORCID:
R & (AR TN

:alio ol 4 slcwl og

30 5981 ES g Bran e 9 (o5 (i8S (595w S (VT D) Wl sogemme wp oy Jiulie wop (gl oS wollL
AVA-NYF e g olis sloppiile Sl (slaingsy 4y pii . (658 ailolu rac Flul aSlll SaS 4y (glac 50 byl
https:/dx.doi.org/10.22034/jrmam.2026.15096.777



mailto:behzad.alasti@iau.ac.ir
https://dx.doi.org/10.22034/jrmam.2026.14951.758
https://orcid.org/0000-0000-0000-0000
http://jrmam.sku.ac.ir

Ny VFe0 3L /Fe ol /Y o5l 10 ol [ (6559l s pible Sl g gy 4y

ool do 0 00 e 4 B s CS g e yuitie Bos
(Soylu & Carman, 2021) &b oo
Slr 36 Bt e 5055 a5 iably Sl
polae jsb oS Coul ablharwy (55)5laS slaysiSl
03,5 5 pSoslil (63,5515 Clides Job )0 1) (3580 ol
(Han oS’ oo oudais |y Olgol JIS° 3as S0g5 40 & jg0ds 4
i omion Sldlas ol wlol 4 et al, 2023)
Olygzs [0 wiedgn JuuS gbable Jlel 5 b
ool 5o, Slee o Jule 38 So i (859>

o b Ol B S ol it slaghs,
(Falahat Nejad o,5 o ile 6 50L lo Jow
Mahani, & Karami, 2023; Fallah & Ghanbari Parmehr,
GO0 Feew S, SYolee 2023; Ghiasi et al., 2020)
Slylnl s s90 (LB (595 oo gy (St Sl
ailoas &l glac e slaosls 5l solatwl L (55,95
3 bl Jawgs oo &3l )| 5L, Jow (Dizaji et al., 2022)
SYoles (3 568,05 5 0y yiate 51 SGASABE D497.7
Slnl his,ge (LBES GeyS Smiiem  $2b,
-(ASABE, 2011) col (55,555

o Sl Gl )le (63,509, o Slawle (55l
Ermas gmac aSl yile 5,50k aile el
G sty wyinl Sl oS o 3B b
S 65)9leS Glao )5 s slaaie) jo eoian
Slodal p g dioiign sl Jow .ol 48,5 1,8 oolatls g0
plwl e U aisS oSS laie 4 gileand
Slpsl 2o )ls slag i vslas )30 nobej 5 Ay slapyses]
5 Phb 0 Geizmes lajae (pl WS St
Sebe s d925e 9 Wi (550laS Slgsl (gileaige
. (Foldager et al., 2022) sewn

SiSon 2 L o o Jole o ot nle oo
2 e slagty, pliize (S (SB35l
e 4l b Glalxe (hea 5 (eile 6 S0L
a1, (FIS) 65 zlicw! wbls 9 (ANN) esias
.(Jalilnezhad et al., 2023; Mohammadi, 2012) aslazs 5
R & g0 0ad plnil Slalllas (p Fanaz 51 SG 0
Gy (S g Bras Gl die) 4o odd plxl sl
O % $hsliS Sl S s pSeslail y aaS

doddo
Sllee )3 Olg adg Gedle (n idel lyea aygiSTs
Rlple g o0 Jleds a4 allo p b (55,05 5 (55,5l
Oy e Olyear 5,0laS o ,eSTy Sl eslanl
e S0l 5 o 4, &5 Gl el IS 1
sobiieds |y alewg (ol 5l fiey a4z pe oslitul 4 bles dis
e 5o olo,53ST 5 el ools il (g )I5 035k 0,V
S Gysbar S oo b 1) 6551 5 s BB e
3ok Wi oo slas ;50 sloysiST 5 5 Shas (3 Saig
Ssyge 5 wms 1S ) (65,0laS 5o 55 slacdl
(s T+ B Y0) (il e 55,95 Shikee sl
9 39dee Jolo 1) Jpazme g jo (Bras 551 S
9 839S plosiee sl pee (Al 4 (551 ol elS
(Shafaei ef al., 2021) coul oals Jous ol5,qlis

SIS celis Condg 09 S lutes b 55,95 1>
b oeizred 5 5 0D 5 (Sl sl (BB sl 5 cush,
aly, Jolel 0l caw S dea 4 Cwglie rals
b oS cwl pania 5 noley Glles 55051 035 o
stz S RB Gl @ Olgiee (o)) Slbes 385 3 paslip
S35 25 peraire ol g il WSgm Bras o
gg wile ilide Jolge an o559 Slikee )3 (B ran
($i9SE Gee (SB il 5 cugh)) ol Luls 5 S
Byl (K (55515 4y Slgol Jlasl o9 g Dldes Co p
Ol 9 85,9515 Gos «Dlgol £95 4 ESgu B pae (e
CSgw Spae Olie (nyeS 3l (K S cosb,
.(Tayel et al., 2015) el 0393 o )0 AlF Cugloy 4y bogs 1o
S3095 1 & o 3L bl sl (Blax (55,951
3 g 09,5 il S g Camyshaize 5l g Sl pg e
@97 a o LS g Brae 5 Slpesd (elle W S e
oldes g4 40 51 . (Lithourgidis et al., 2006)aS
CS g Bpan ;0 do )3 A U lgh co 09l S8 (65,95 1>
Sgei ggxadye Slhles plnl Glojy o aoys Foog
(Sarauskis et al., 2017)

S35 5l S Rl Y EN/O (Sbli> (65,051
Slgol . (Kim et al., 2022) wlai oo B pan S g pous o
SEdl gl Sews (618 gl 65,
CodsS g S Bpas g (65)3S B Goe g gl Sy
(Damanauskas & Janulevicius, o,ls ,3U (55,35

2 89S L 58 (65,55 o pan Jleel b 2022)



...... “’9‘“‘-%“‘;}')*”50")"‘«;"‘“:‘5&55}”«;“’&“

1A

Cush ) Sl 4s 50 () 50 L85 Dyso (3051 )1,
oo g e Jloz )3 415 S9 i S el 4w o
ol gl ez 2 68

Sypods N Joaz jo bl mls e Socdl
ool Glihond as )50 S pleard 5 (Sojd Sloogas
Cosl; Jin (s il gn (5 (52 5§ S L oS
Slp S on Dypo ol Kid (j5 bl 2 Ygers S
Goe B Oy 5o 5l wged aw (SB Cugb; (e (e
Vo L8 Bes lp ab pSaise 655 Sliles
Ve sls Ve Be 5l ceond g0 4y j55 0 Bas ol e il
S dgai ¥ plaS 12 51 s 0l ool yio Lo Y U
Sz S 59 o alilo g Jos,s paaxe B o
YF Soe a1V +°C les jo b o S oo 1,3 51
Caghy omes el s @ Giolel e sl sl 5o el
4 Dygod gwyp e G able » S
5 pll (65,9515 sl jless ) les )o (s

s3] el Cuz Sl slacash, bl s
G Ol 3 SB b, 3 Slee @l e
oS S Caglio Casb, il b ol 53515 clas >
Oy o3 5l dw (@18 b IS Gee Ll sl D9 o
S (555 2 oo S (2B L 5 e Albwgas oyg05] e
oIy Ges ey Job jl abali (naiz )3 03,5505l
Sladges Sl s oS o i |y O (Sl 5 4285
& Gehos Slaal 4 o, Sex g 2by)l gl
5 CEg Srae slogiie slp s Cud g spSojlul
s 5555 1525155 o5 ST o515 225 5
SLl b g9 piay S eSS S W S s
oley Cud b X lronis cll> o g calizes glvowsio
iolesl S e 50 el Css e ey Jsb 50
2 g CE g Bran (55,3 Dlgsl (L84S (69
W oy sib S ceb, gle oly B
A (6 S eslul

Sy sisleS gl o slasyie slapses]
I e K O YOS Do [
9 38°3'16.018" Lélas> o,e 46° 11' 33.231"
Gole e he a0y ,8 bl (1353 m L o e 3l glas )|
Sloslaiul b S gamails g 05 2LS e £45 ,0
USDA soil taxonomy ;I (s,5e,0 5 gondils o,
(Regassa et al., 2023) sl caws 4 (V) Jgo llas

.(Mamkagh, 2019) cesl ool a5ls 5 (65,95 > Slles
Slxl (ANFIS) il 55l ome glizul alels
@) gy 99 2 bl &5 Sl FIS g ANN I (oS5
Slallas oy . (Vesovi€ & Jovanovic, 2022) o,1s of pen
Jsbateds ANFIS (W Loy oblss sazaoslis s all
Sl pslaS bbb e it slaele conin
{(Askari & Abbaspour-Gilandeh, 2020)

50 Slowe slagialeyT plowl L ozl ¢ pols 3o ,o
S92 Saria Sy g S Cusb) 55,55 Bee
WL gy HFS1E CEgm Grae g Er (R (o8AS
S (gl mas Flsl wbls 1 eslainl b e
Bl anwgs by fole pl i Gl (Joe (ANFIS)
Wlos S5 ol g9d90 41 (o5 5 b9y (nl b ey Slalllas
@l bl el oad Gl IS jg0a 00 STL
S Slaalles Jlosl 5 (b Sl ey st Sallns
slodele 385 St 55,95 Sl jo waedse
el it (sl it (bl (63 Slee

ool & s 355 om0l gy ol o 85 Sleed )
Sl S & 85,55 Slbos 1o 3T IS 4l
OO e Sz ofugdy w0l (el Slial @y o)
e laz iz B s pSeill Ol (iS55
ORI 5l ookl plin 52515 Coge Brae 5 45515
g Al lacash, wilide slages )0 ool iyye
&lp ANFIS Joo dawg 5 ,9515 calize sloce pu
Al Gy glas e bl e b e ol (i
2318 ey Slalllan b pol> gy o5 (ol o il

AW ga.:).x.) LSLD).AM GMJW 6‘f4\5w|)‘wl d..:L: Q"‘
28,5 plosl Glislesl JalS @l b

o9y 9 dlgo
2 S5 delse iledoe 5 rSoslail sl b ol po
SIS ge Bras g B Gle (oBAS S
ploul s aw 2lgl8 5l solatwl b glac e slo sl
0030,5 pll (6)55515 55 (9031 4 D jgots Lo talosl s
Load ) gimwg s abewgs ;95515 99 G soidle 5925 9
(oot Gl denle b piomen 0l (6,5 05lasl (cell
Foo (oS Sy 95515 (ale Cueglie g (aidle (g9
Otalesl 5l g3l 0,90 48 )50 S 500005 drslors ;52515
4w by RCDB) olas LS Ssh gyl aly 2 o5



Nna VPO 3l 1Fe 2la 1Y o)l 10 ulo [ (55,5Lis sla il Sl (g sidvg iy 4yl

sl )50 s oyge)
0523) 5L sl2 55515 ol yem 4y 5Lis 50 ol 5 I sales
L Glae)re slaggesl oS Jitte glidod ae)5e 4
Yo Ve 00 )5 Gae mhw oz 5o aies dw oalyls
Y4 510 5 V) S oglae Cugb ), aw (e ol Feg
V) K sronio b (55 e Sy mdan Jlgz g (o)
W (s pSojlail (Celes  ,2agliS FIOA 5 ¥+ Y/0O
O ko yge oad Cud (sl Come I el g
oI5l i st g LS Sj90)0 45 S9d oo Jos )90
HLS (Uas glylo) oo ol ojlail da s S oslusl 51 plaS ya 5o
50,5 o S5 o T (gl g3 Toaze g o arslas

Sl e 5T 1Y gl b s 3 Jlie sl
£8,5 )5 e ) e cdlas) Ggeil b £5,8 )5 oih cac
ot gy Abwssy reniilo Vo 5uSils ojlilay (2158
shos S o3lail b Bos 5 Kkw) 00,5 o ol il jolsS
Ly 48,5 1,8 sl 50 oaigingesl j3iSTy (0d (g liSamo
D8 b S po )b ST 4 ead caal Juwog) g s
(2l P50 y90 L g 00,5 DLl 1) (ygajl eais g 9,5
odd (b ploy Sl (nl 0 0SS (o0 S8 > £9,8 9515
15 00,5 go e oad Wz asls L 45 Loy i 0- (sl
Jrodgl b (o8lS (9 e gur B pan polie o B0 Zdlawe
e £z 590 Ve Griare 9335 (o0 S g 06 S0l
B0,8 oo S g dmwbre 3 e g 0aldig S oslull
poe a5k Jeday 5 1zl Sy gl 1S5 a0 baygas]
wald a3l oo il ores g Dlawlxe jo Coalad
b ad)S s ol ke plyieas Ll (Sl

Esora o a5 5 St slo it 55,5 0
Wl slasSoh )b aly 2 Sl ¥V B o jlees WYY
Y 55 o5, FA Sely o Jleel (RCBD) ' _éslus

s wslasyho slapygesl yo ks Jsb e B0 g (2ye e
(Syriay Sy b Cou aiS lagys Jold il
Sl Al (g S ol puline Ojgod CS g Bras
Cawd & Sz 55 98815 b e 65 B0 s (b ol
A (6 pSojlal (o3a) e dlone 5 (iS (9 5w (09,9

AW ‘5).;0)"..\3 ‘Sl&J.oLc
90 ollinl gy I aiS 9w aSeslul sy

S gl 3gn aslial (1) U3 3 (655515

iz as )0 S5 (oliowd 9 (K58 Sluoguas - ) Jyuz

Hlado alg S Ccaogas
fAIF (%) o
Ya/f (%) el
YY (%) o
.Y (%) Sl oobe
e () s s bl ey 2udile

110+ (kg/m3)
A-Va/s (%)
YY/0 (%)

Sz g0l lelf’
S 439 oebel p agloy e

Sl Cusb,

39090 Ol g
O) IS5 Gellae (5,551,599 (bg, 51 meiS obmyl jslaieay
Grogilo Vo ¥ 5 (250) atios ds (oI5 b o5ed (o
ITM399-) ,b ,5:51 5 Glasin ¥ Jgaz 50 .050,5 colaiul
03lizuls 00 (ITM399-4W) 5051 52515 o (AW+CAB

Lol oaboslonlis (6,55515 90 gy 4o

oéLﬁ.’»’.wb),c )Lg 9 u,.o)i &5“)9‘”1)5 ‘5»3 Olasiwn - Y Jg»\.‘?

ITM399-  ITM399- ., Sladuie
4W+CAB 4W

AY AY kW $90 Ol
Yvq-. YYa. RPM SF e 590 yiSTas
£E0 £50 N.m LoliS Sl
(VY- RPM)
YaA- VAA- kg o) Sbeul 039
sl 9o
YY$- veq. kg sy, Sl 039
)
1. 1. bar i g,z ol jlus
Y$.. Y& - MM jgxe g3 Gy alold

955 S xS o)luil (gl y ool yao (55551 )5 90 Sog, — ) S
acgoxo (69) y ool wwas Juwdgl g 5L guSTT SLlS

! Randomized Complete Block Design



...... “’9‘“’"9)‘4“05*”30:‘)*"6&“:‘5&55)“«5“"0:“‘

soidle [iiS (59,5 slp odelamsds polis 5l eolawl b
5 (9) R L9815 lagyz (o2alé Canglie (5) P

BT 6‘;-3&5‘:‘*;5 033b (Ws) S e Lgl.mé).?:- g.,)_,J Aoy
209 oo Al (V) dolas l eolatnl b iole;]

P
™
T.E. 1-w,)

&5y 2 ool &8 b b blse sardle g5
Sl e Calie smalis i cami ST
S50 Gz (nl yo 8 alabele et 5l (S el
Slgol 55515 Pacgamme JS (6550 003k 23,5 13 )
D9 g0 a5 (F) doles 35,k a5 cul (65,95 1>

Va x P )

OEE(%) = m X 3.6
: c

dcyie y0 ,SlE CS e By Cepn U ol yo oS
izl sl (lithh) 45515 Egus B yns Fe g (km/h)
A e )0 OS> Bly ey aS 8L )0 g8 o (V) dolas
g Bpac g 55y Dlgol JL53)50 (8AS Cuagli
@ Oypod (i) asile (6,503 Jelge 5 peias 4 &0
2 Sy )35 o 8B S (6550 033L (59, madianerud
b aid 8 5l 50 Loe Cugh; setome Ol Ve om Gee
100,85 oolazl (F) alal, 5l o)1 awls 51y

Mws - Mds

Cp = x 100 ®

ds

039 5 SiS S Gjs wad S d Mgy Mag ol > oS
o SdS SIS (59 4GS (nl o s b e S
el YT Gae 11+ 9C glod 0 g o S5 ool 3 5l
bl o SB Cogb, el el Caws a4 oyl o
Gl Oled )3 (i js 4 Dygods (o) 2 8550 S5 S
ol (55,956 slo o

(ANFIS) sn.u.‘w é)ls—s»a.c CL&-M‘ P Py
S il Comhad pae lilo b g e (595,59 slrools S
k! Judows sl p ol o yige ANFIS asile (g5 ailols
6485 Jaw (Mohd Salleh & Hussain, 2016) o4 saly>
ol 355 5l sy 2L Sles (ANNS) (egimn orae
Al ails vgzg (S sleosls 5 ledbl 45T was o

4 Traction efficieny
* Overall energy efficieny

Voo o b b SEWHA s S el $S300-10T Jow
bwgi gy pS5kS /o) pSoslul Bl 5 (saishS
IR o3l 555515 5 5k 555815 HeS15 90 Lo ey S
3 S S99 WD Dl waxgl 288
Olsreas Ll (eSilos 5 <o ools olomy 5l i )57 50 b
61555 aliss Sl ara gl b jpliie L8 (55
oS 4l o s 1) (g 1o pools slass lg8 co  SYLLS
2505k

i Kz g3 il skl L jeiST 5 E g B pan
(Y JS5) 0 (S0l ol Ovrall &5 1 el ool >
2 6% 3 G5l Gy 1 JB) €85 e j0 K G
W LIS S e ar SO e i e
g ol a3, Stoled 1o K 30 ol oo LS
092° S9ran Sy Lansl (B pan ES g e Kol i
Losgs o b s § miwpsleg oy 5 eoliul b 450
We G353 ol 00091 cmsdy sl o s pSoslail g5 5
A eolazwl (V) doles 3l RNAM o lasbiwl g, 5
( Kepner et al., 1978)

X
Wy(%) = (1—--)x 100 ={1—-2 | x 100
Vt —
t; M

Lt
= (1 — —) X 100
ta

e b Sl Y (9) by S S wtagte ol o oS

Tl s ey s SV oV b big b e 55 O+

e X9 450 2 e ez L L HeSTS (Bl oy

bl e 00 aalej e SialeT ol ) sl bS]

oo ol B s oy apliee (gl 1) (sl 00

abaly 5l g e pSoslail b e g L L 6y B0 e b
25,5 dwlre lgnSs (V)

Ovrall ,Kws 90 o <& guw =Y JSCi

2 Plow tool
? Rolling Resistance



m VFe0 3L /Fe ol /Y o5l 10 ol [ (6559l s pible Sl g gy 4y

Saal g o> o505l oy, 4 o (539,5 Cugae alss slas
Slole (Sazmn 9 Joe S35 o ol 4 ol
O [tslo gl iolosl cpaiz plosil 51 e 08,5 Cpns
po 9 p9> «Jsl Slosos,s Sln w4 Cugas &b Yy
g0 J)|9.A ‘5‘>).1 o9 W \))S-LQ.C 6Lﬁua>l.w )L)‘SLJ.A
05 il G Jleil g (Sezmn SRl

Hybrid i ,55! 51 soliwl b ANFIS 3401 ol
plxl (Lo Lacil oy § Olaye J8las> oS )5) Learning
olidl g o Jole  Bolai adsl 20 lade Sl malS ol y 0
olbee g ol Ll LYo Jaw e i@l el el
L Sy ooSls ady,  Jols o,Shes sl sl
sl 5 BF) Jao oLS (R yosd oo (RMSE)
2 e Joe «aled e .5 acwle (MBE) .5k o]
% obsl EF

3 Draft Force slo e slp oV Jgo mls Gillas
L1y o Slee (g DsigMF Cosac Ui Slippage
&)1y zls o y4e PIMF & OEE (sl g TrapMF o315
27 2 sl 2l Cepae @b gy alnle oS

Layer | Layer 2 Layer 4 Layer 5

=955 99 9 6999 yuxio )lez LANFIS jLslw -Y S

ooty (Normalization) ¢y 356 3udlo ,

ey Oye0 soools ((535,9 polie Dglaie ol o 4
O ) adaly sl eolaiwl U ANFIS [Lale o solaiwl gl

8 Gamma Test

e Jang g as aodas o568 - eac plucul ailels
ekl 5 FIS Jao (656 onld adgs <ol oS5 5l ol
S ponl 5 2gb se Slml ANNS Joo jo oSy bjgal
(Jang, oS ade bjas cnl 51 G 2 calae » Wlgi oo
o de 4 G (5 a5 gloigdg9me L ANFIS 1993)
soosls slass a5 alsee sleaie; ,o FIS 4 ANNs
oL Cuabad sae l)ls aools § o0gs iaS saelicwsds
Sl 0 ogas mlesaws &l (65 s wlgs ce il
aaoly 4 Lol Gkl g 0uS o yuts ANFIS aSiis (o390]
oo (LolS o g walss pacs (LS Jlop Sy
Joe 5l sl oslsg b S ANFIS Joo o Shoe 251 sl
5% Aly jiie 99 9 (699,9 S yiie Jloz L ANFIS
Sl ool ¥ S jo 29,5

oy 55 slaosls IS ok 4 (pras slaasid o
il 503l 5 (i lel (gl asserme A a
Slr Tl whsl bawsi gl asgeme sk e
Acgerme g Ogd oo osliwl AL lagie eSS
o bigel A0 (i E80 (2l sl (rie Ll
Wools jlaw 0 Ve alllas cpl 0 .05 .5 oo )],8 oolaiwls 50
7 il gz gl 5l ooy Ve g0l sloosls lgiea,
ssbiieay wd &85 I 5o o (g3l gl weps Ve
(S S Azl (59, 2 (639,5 SWerie IS S (o)
(PCA) " Lol addge Jolos )T slaggasl 51 lsiss
5Y 0905 eoliiwl (GT) MlS yg031 5 (FC) Vg iy o]
pr el 4 ol 5T slapges] a5 el S5 4,
Erae S bty (6355 i) Slawle
shol ailge Jelows el (yge3T 51 polo oo o 0 5 o0
g i adgl lapsie Julod (Sazn a5 ol
el oo oolazw! Gledbl gy el (yudizmon

s @i « ANFIS Jow aige )l lo (i jglaieds
(sw3®) GaussMF () TriMF : Jolss Cogae als
TrapMF 4 (&15 90 a5g05w) DsigMF (S ) PIMF
2 Ely ol QB amd S 18 ey n 3550 (Sla93)
Uy 5 iy Oldlas o Ll ool o5 ol
@lp b bl (s d Lly) 5 g3l o o LT Sglice
&b s o elad jo Gy awlie Lll obxl

A% a8 5 b s Linear &god; 9,5 Cogac

® Principle Component Analysis
7 Forward Selection



...... “’9‘“‘-%“‘;}')*”50")"‘«;"‘“:‘5&55}”«;“’&“

\YY

Wl Ol5 b a5 a8 oty )& & 51 cpioma g 09 o
JS& (Mobtaker et al., 2010) o colaiwl cusl jgpuice
Sl oaosloylis (Vo) alaly jo HSTs QIS &b sogese

Y =f(x)exp(uw) ()

Caglle e g sodg slaosles f(X) o jo a5
Aolae g 428,85 i K (V+) doleo o8 b 51 ST .l
.q,..]‘so)a OY) dobee gllas Jas adolee G 4y &jg04y

n
(QRD)
InY; =qy +Zajln(X”)+ei,

j=1

i=12,....,n

o ele Juie Xij iz, ke Yi ol o a8
axdllas pl o el Uns gy g ol yolioa o i
Cusb ) (9 Ly 155951 Bos (Jius sl puiie
033l 5 S Bran Glis aily yoite 5 (8l g5
P 5l S Ol Seen S, Joe
bl oo (65,9L8S (owige psle yo wdgi Jlod sla o
ol 25 eole BYo @ o1 QL Jds
Pl e e e el Gl -
& o 35 S Lot ma)S5 l pe Y5
2 o yhs (65 51 ol e 1) ams e s | Laoolys
Ol 05 s (Foluay |y atinly pite p Jis e
35 392 (Jgene S slaJus )3 (S
Oygods jeSde @b (S p b 4 (ot pe Jae oo
b Joe S o )8 bas b blewl s e S
Bl og, b1y ol gladele olgice 5 0gd0 o
Sl wzrge g9050 ul 950 05l (Jyere Slaye
S3dse Jow $,lS Celils ialidl 5 Sloslors
Ao 10 (o Olalllas oy Jliel g oo S 0 8-
bl 5 &los )5 solatl Jaw cpl 51 gl 555 «(5 5,5l
Joe ol heolarnl cplplo  wilodges (55,155 (golozel il
S oo @02l B ) ety Slategh b s anlie (G

12 Mean Bias Error
13 Coob-Douglas production function

Lias> ANFIS aSiiss ol B wals Jloy 16 -1 slael
e 398 byb o a5 Jolate hows @l glsil ) (S 0sd
S gy Sl5L AU g sign) wn g milss S o
Sdg e GOl b 5l Gaass pl e .cwl tanh(n)
-1, 1] o @b ol 29,5 &S Slxilyl g ol oals oolazul
&y 28,8 sl [-1, 1] (s Wosls (g5lwosdle 5 1 cccnl

Al oolaiul (B) adaly 5 aools o Sojdle

X — Xpin
Xnormat = 2 X <m> -1 ©

L3 s sbxe
o po sbze ds bl 5 ANFIS Jow 5l odelcawsay yoldo
Vlas Sluye Eoome (il ,d> (EF) 1 Jow <Ls
Wil gl xSk 9 R My <o 0 (RMSE)
— (®) asls 5 Jol> closalin closls b (MBE)
polie g RMSE ¢ MBE ;S polie o awslae (1)
2Mbge Joo syn @alis EF gl Sooa 5oy

(Suresh et al., 2023)

N (P, — 0,)?

EF = ZlN—l( i _1)2 )
i=1(0; — 0)

L )

- = 02

RMSE = N;(Pl 0;)

o _ ISP = P)(O - O ™

§V=1(Pi - P)z ?:1(01' - 0)2

MBE—1 , P,—0 ®
—NZ(ﬁi)

Oi (Jow bawg ool dwmities polae Pigl jo a8
PJos 5l idu o 50 osls sl N ooy soslive polis
Sl Oy Joo bawgi ouds lughe polie (nSile
i &Y ol iy b sl o0t oanlie yolie
ANFIS aSets Joe ooy esilodled @lss g55 5 Logys
Sl oads aein bl sl Jele asaxgils

Sew Sy Joe
ol o (Gele gy o) (Seem S, by, 5l eslaul b
solatul o Shee g oolys o alaly (5,18 (gl G
? Efficiency

10 Root Mean Square Error
! Determination Coefficient



Y Vo8l e oals I¥ oled 110 ol [ g5 ysLisS glapmisle SuilSo gl i g} & i

Oyl 50 039> 50 od paiie sla GBI L @l il
e )l Kangly a5 (g b )l Slgtan (5,5las
(S Sy oI ble 1) (65,055 e Gl
S cugb, (b 5 wlanails (1530 5 s Bjae
S o Sles p Fee Jelse e 51 Ol
oo ;S (Byme j925 5
5 SisSE Ges a5 ol plas Ghagh ol wmls
Brae (o235 oy 2 e Jolse (n e S Cosb,
Vool 650 Gee Gl e (1539 CS g
S Cwglae ill fdo ay e ool B4 e le
WS By CS g Bpas (A8 L Gl e
Gob LAY Y sg0s 5l S Cogh, Ol s
Sls 8 5l o 1) (Sl oaiS o Slae 5l gins
Sga 4y Celos y yioglS Sy dga 5l 5 (g9 Sy
Sl Sl (G285 (69508 2 4z ST Sele p JegkSTY
Ol 0l (B33 g S Bran jdS cage Ll il
Pl Gloj 9,55 Gos 9 oy comslin oS 5 Sl
lme Jad 9o 0 a5 SI> Jugb) Lalyd Gelal 5 Slilee
(S5l Sras Gl 53 55 G Wl oo (285 plx]
S50 Sldes 555000 (1Bl g ac)ie 2L S

Al asls

S (5939

Silsne Hob 4 (65,95 Fee MBI L 225 (5950
il gals S cogby li8l b as Jb o sl il
Lyl s o S (Sl cwglin rals o 4 ials oyl
e (LS S5y 2 9y S Sl Sogb e
I CY W VRSY L,.,.w., o3gaze o 4y Wilgh go 4 045
Sl dasdlaes g0

SRt

IS5 50 Jsaz 53 & 54 2 iulel sla e 15l
g Sy cos GiulEl b il sadieslslis (B)
13 CYD) i) e o iy il Lialidl ST b,
Cugb) g el yeglS ¥/F e Co s e gl ¥ e
@ ol ) Cusk), b i) (Rl el saalie 197
21 s g 4 S Saies ialS

Oy S i
ey Jlie 5 Lol S SIANOVA) il ls 4520 ol
(SS9 p S Casb) 565,951 Bes Sty
s cwl oals &Y Joaz jo (i3 9 S g Bras
S giae S S Cagby g (65,5 Ges a5 oy ol
(SIS S9y (Sm Aaly e 4w 2 p (P =0/0))
Sy Cuired BIS (B33) (lee g SS g Bran
wadls Jlogime Sl (A5 g SSgw Bpas p s9rte
Mg 05 Jlo gime (AAS (595w p ol ST aS o
S 5 el (Sly oanmsplis Blie SIS oo,
Goe GRIF L cwl SB o Gla SRy 5 Sllee Lulpl
ol b 5lessge (LA8ST G IB) caee (65,051
s il ead b al S ao il 5l 30 s,
5 S Caaglia il a0 g SB L s ules
OB o Grizres Bee Gl .l Slgol 25 >
g od g8l oyad Janl alele 5 55390 2 03)ls b
133l S0 g gl a2 e ]33l |, s b s de
ol yos a2 3530 al381 b Ygomo 5L 90 (2S5
Cenglin y asle o L5315 0I5 ) 6 e et e o
Dg o0 S

s 55 S Cush, Lilidl a5 ols ol b
3 S e Sbml oy Syee Slapsie [0 (S)logne
5 hp Seglie pois aslllaes)ge (Sugb) esgace
5 3o A5 oy e o S (Suis
Sl oe Caghy Gl sl onls )93515 (S 1> 0 Sles
Sr0gsmss) Lol cams ialS 1) S _SlSe Canglie g Sy
G2l g (S Gl cage Cusb) YL pshaw )
G5 T 4 o 35 S 5 57 550 JUil LIS
sl S g B pae i g 053]

5 e Bpan 2 (5l grne 3l 5 (59 ke ity
oRlRl glabxd lgs ls e Al L cils A58
el D9doe yhly CSgw Bpae a0 g aidly
5 S Lz S wled loy (Rals el Ce o (1
OO o (e pae (Jlcnll g oo (2530 Jlesal ol
S oo Al 53 85 383 (oo (LIS (L2859 Z ]
O 5o Al el S (Lol Caaglio (o) 2 090 lo
sl 009y (225 (69



...... CS g B uan )l j0 9 033 (S (69 3 (S e

\YY

CnaS (58 g Ay (S purito p S Cusb) 9 (65)9 T Fos (59 piy a8y I 5T (ANOVA) (pily ylg 4 325 =Y Jgu

o ()l 9 LS g I pan

sinS (59 55 (N) S gu S pao (L/h) o (%) Factor
AS! F-value AS! F-value AS! F-value
FE-FAYAN ik YAUAY VYO0 YAYY  YSR* Soriay Lo
YYOTOTa- )Y Yaves Y10/%0 SENO* AV VAT S5 Ges
V- FATIY s YEI- A 10+ /2A ba/aY* SA-IV Y- 0% SE b,
\FORYYES/F VY YISO $INa* \Ov/- \TZA0 S X Gas
YAVY <A - [O8" VEITD YEIAD** Y5 VEO/Y S puX Sl gl
YYORAAAY Y/r5ns ov/-5 RN YV FOIV* S Sesh, X Gos
ASAYFEO7IY BTV Y- VAR o Y5/¥ VY5 S Cash) X FeeX Lt s

Glizeo 69y LSy g s (535 Gos il (LS 9505 —F Jou

Colad pus S (KN) (sS’ (59 55 s GM wjb)
Sl PES.) S
(R1,R2,R3)
UA SD il R2 R1 (km/h)  (cm) (%)
V) VA BIAD $1-Y b/44 O/FA )
VI Al 5 £I¥Y s150 il I
<IA V) Va0 Al as Al f/f "
VA Y- Y- A SIVE YIE- A SI10A
) VA VV/EA VY- VV/AY VXY )
<IA \IY VY/YY VYIYA VV/AY VYA I
-IY <IA Y8 VEIY \Y/AY VYISV /¥ "
<IA \IY VYWAA VY- f VYIVE VYV SI10A
\IY vIY VAITS VAIOA VA~ ¥ VA ) "
<IA \ Va/f VAYY  YeNY VAIVS I
-IY <IA Y-/a4 Yoo A YVAS YV/-Y /¥ "
-1 VY VY VAIVE Va/vs Va/f S10A
\ Vi YYIVE YYNS YYIAQ YISV )
s 10 vans YAAY  Ya/sv YVIAD I
s .15 Y00 YYEY YYD “AIYY /¥ "
10 10 vONF YOYA YAISD YV/F4 SI10A
V) \r Nins BIYD K i )
V. Vo
VY YIA gy I BIVA gIY- I



Yo

VP8 3ol 1Fe ol /Y o)l N0 ol [ (65,9LS b pilo Sl b gy ay pis

\IY YIV I VIV viss YIYa i
YIY AIY FI0A #If4 #I04 s $I0A
) VA VIYY WIB. VAT VWYY )
“IA ) \Y/-Y WALV VFA \YIVE Y/00
\ VA \YIFY WIES ATVY s i
\IY Yy VYo WYY AYAY VYA $I0A
“IA \ VALY WISD VRS VASO )
“IA ) V4/- A VAL AIFE 14/-1 Y/00
IV “IA YeIPY YoMy Yeva Vs i
10 10 14 VAUEA VY- VYIEY £I0A
-If If YYIAA YUAL O YYVY Y¥/Y )
IV -3 YAIFQ YAIRA O YaUYY YVIAY Y/00
IV -/ Y1108 YVAD  YY/F YIva ¥/¥
IV IA YaNA YA YA Yajvs £I0A
\IY Y/¥ b)Y ON¥ 8N4 Py )
\IY YI Y BIFY b/A¥ BIVD Y/00
) \I$ vIY VIoY VIvY FIVO ¥/¥
i VeIY - FIYY FINa FINE £I0A
“IA \IY Ve/ay WL N eF VeIYA \
IV <IA VVAY WYY Voo VYIS Y/00
“IA \IY VWA WEY vy VY8 ¥/¥
-3 \E VYYD VAS VYT s £I0A
\ YIY WY \WIYA VAT \VIYA \ "
IV -3 VAIYS VDY VALY VAIY - Y/00
“IA \ Yo YOAY O Yelne Va/VY ¥/¥
-3 WY VAV VY VANY VAINY £I0A
A WY Y00 YV YiAs YY/-Y )
“IA \IY YAIFA YANY YVIA YAIDY Y/00
IV -/ 1% YOFE O YVYY YAy ¥/¥
VY ¥/ YANO  YAAQ YAIDY £I0A

YAIVE




S g S a0 9 0 34 (S (59 g (S

\Ys

35.00

30.00

25.00

20.00

15.00

(kN) a5 55,

10.00

5.00

O19% @15% m12%

1 255 | 44 [6s58| 1 |255] 44 | 658 1 |255| 44 [ess| 1 |255| 44 | 658
(km/h) | (knv/h) | (knv/h) | (kmvm) | (kmvh) | (kmvhy | (kv | (kv | (kv | (kna/h | kb | (k) | (kmvm) | (kmvmy | (kv | (kv

10 (cm) 20 (cm) 30 (cm) 40 (cm)
290 Sla Gos )0 (g9 e b s

S (5955 (59 2 (59 7t S s 9 o (S Cugby il -F S

ilizeo (69 iy LSy g g (535 Gos il (O3 polie —0 Jeua

::3 i’: | (D38 ity :z ti’
(R1,RZ,R3)
UA SD i R3 R2 R1 (km/h)  (cm) (%)
-/ \/¥ Y £/ #IA A \
\ /A N /0 q/+¥ A4 Y0
<IN\ \1A ) \RYARE ARVAY /va It "
-/ VO A \lidd \INg MNEA ZIOA
A% A \VF AR AR VF/fY \YIYY \
4 4 \# VO/fY \o/f7 A\NZAR! Y0
\ \Vid Y- V4700 Y-IYA Y\Y It "
Iid <Y YA YAISA YAID VY[ Y ZIOA
lid lid AR¥IN V4/PY YN YV/IYA \ N
A% <IN YY/O YY/IVE YY/#\ YV/PO Yoo
lig lig Y#10 YV/FY YO/AA YO/IAD It "
% /A Y¥/0 YY/#Y Yo/ 0 YE/IAY ZIOA
lid lid A8’ \idiai Y&/ YAIYY \
A% <Y AQ| YY/OY ARTAYA YA/ Yoo
lid A% Y Yf/A AR /RS YY) \7A% "
lid A% Y& Yo/ % Yo/aY Y#/ay ZIOA




wy

VP8 3ol 1Fe ol /Y o)l N0 ol [ (65,9LS b pilo Sl b gy ay pis

VA YIY Yo \liad YIVA \lied \

\ VA \e. ARA alid IRAR Y00
<Y \ VVIYY VV/EY ARTAR) \-IFY t/f
VY YA /0 vy Ve ava IS
A} YIY VD VFIYA VF/F4 VFIVY \
<IA VA &1 \FIVY AINAYS YWY Y00
/14 VY ARSI ARVATA ARYANS Y-/£Y t/f
4 -1y YAID IRVAY4 YAIYA \VIf7 IS

Vo

34 g4 AR Y-/f Y-/f YYNa \
A Iy vy YV/AQ YV/IAS YOIYO Y00
4 4 Yy Y#/-Y YAINF Y#IAN t/f
<Y <A Yo Yo/rs ANAIN AR7AR ZIOA
<Y -4 AfZA YVIFs Y#IFA YFIVE \
10 <10 Yy AAAS Y-/eY YV/AA Y00
</q \/f Y¥ YE/0) Yy/ea YY/A t/f
<Y 1A Yvia YVIAA YV/-Y YAIAN ZI0A
/¥ Yy A& YIEA A=Y \aYd \
1Y -/ RN ARYA V- /AO Vo Y00
1Y 1Y \Y Yooy VY/FY \V-F t/f
V4 <A \e /8 a/ay VeNY ZIOA
<A VA AR7A VO/IOY VEXY \FIA? \
1Y 1A \Y \Viaf VVIYY \EINY Y00
<A VA ARTAI Y-If7 ARTAR! YV/VY t/f
Y. -4 ARYAS ARV \RVidd YAIYA I
Yo Y-IA YA/D YV/FA YV/oY YV/FA \ "
34 34 Y0 AAVAR YY/O) Y¥Ir AVINA
4 [ YVia Y&IFA YAI#N VIV t/f
34 34 YO/b Y#IfY YO/IVY Y¥NY ZI0A
</q Vb YVI¥ Y#/aY YYIYY YYIAS \
<10 <10 Yo YE/v ARAR Yv/-Q Y00
<10 -/t Yo \rdiNg YOIYA YYN g t/f
34 <1 YAIA ARTAR YAITY Yviva ZIOA




----- S g S a0 9 0 34 (S (59 g (S

\YA

40 A

35 1

25 4

20 A

b33 (%)

15 A

Bl0cm ®@20cm O30cm 0O40cm

12%

1 km/h |2.55 km/h| 4.4 km/h |6.58 km/h{ 1 km/h |2.55 km/h| 4.4 km/h |6.58 km/h‘ 1 km/h |2.55 km/h| 4.4 km/h |6.58 km/h

15% 19%

S 0y50 Gl Cugby yo (59 iy b ooy
G5 1 (69 piu g g B (S1S Caghy T -0 JSi

Sy 30 Gl ey SAAST 9y 59, Ges 5L &S
(F) Jga> mls b e ggo50 ol a5 canl (55,0
cols pleil 53 malS jglaieay

Ce o g VoCm Gos g3l ams oo lid s Jlise lgiea
30 oy VD a TVY 5l cogb, malidl b #IOA km/h

JATARCU SN USRNSSRV Bt T A P KPR ES
o Veem 4 Veom 5l Gee ioli8l FIOAkm/h ce s g

Eai9e ol inndls b ogd o (B33 1PV Sgam b iy

20 A
B10cm m20 cm 030 cm 040 cm
54 M - 1 M
)
3\ 10 A
3
S|
—
N’
5 .
O 4
1 km/h |2A55 km/h| 4.4 km/h |6.58 kmvh| 1 kmvh |2.55 km/h| 4.4 km/h |6.58 kmvh| 1 kmvh |2.55 km/h| 4.4 km/h |6.58 km/h
12% 15% 19%

i 0590 s g )0 (59 ey SLas

S gur o 1 (59 3y S8y 9 G0 (S Cughy ST -5 SO



va VP8 3ol 1Fe ol /Y o)l N0 ol [ (65,9LS b pilo Sl b gy ay pis

GliSe (59 i SLBCE jw g Cughy (55 Fos il cS g B o polio —F Jgu

pas Syl o Cagb,
(L/h) s g U yuao O
G ylas pRb S
(R1,R2,R3)
UA SD oeSileo R3 R2 R1 km/h cm %
VY Y/t YIA AN \ta \lias \
VY YIY AIY YANY AN ANY YIbod
1Y \ a/f VAR /-y ARVARS \AS "
VA 4 /4 AUAY Vefo¥ aUNF ZI0A
-4 Vo v a/fy RVIN ARFAPA \
\ \lid ARYAS ARIIAR ARTARS AR¥ARY YIbd
V¥ Yo ARVAI ARVER WY ARVAR \AS "
\ \IY VYD ARTAN VYD \Y/-4 ZI0A
-4 VY ARVAS VV/FY VIRV ARIARN \ N
VY YIY ARVAS VV/FE ARVANS VV/VYE YIbd
-4 Vo Y0 YAy \Y/-Y VY0 \A# "
\ \IY VY VRN YoV YENY ZI0A
\ V/4 \¥/7 VEIY VE/YY VF/AQ \
<A VY \OIY VOIYA VON VE/VY AP
<A Al VY \PIYY \\lidd \YZANE \A# "
<Y \ \VID ARZERN YAIYY ANZAN ZI0A
Vo YIv A A4 YIVD YIAS \
\1Al Y/Y A VAR INid YAIYY AP
-4 \lig /A /4 \Vi4d VeIYE \A# h
\ \Vid \R¥AS ARIIAYA ARYAY4 a/vs ZIO0A
\IAs A\ /Y Ury YA q \
/4 VY ARIA \RIAYS AR RYINIA AP
<A \VIY VP ARV YWY ARVER \A# " VO
\lid fIf ARZA \YIVE \Y/- % \Y/AA ZI0A
\IAs A\ V¥ VP ARTARY ARTANS \
\TA VA V'Y VYIYY V\/P¥ \Y/- ¥ YIOd
\ \lid \Y/A \Y/f7 AN \Y/#Aa \A# "
4 A VEIY VE/ZA V¥/a4 \YIYY ZI0A

< IA \ VE/IA \FIAf VO/fY VEN \ g



----- S g S pan oo 9 GO (RS (S90S -

<Y \ VO/f VEAY YO/ VEY Y00
.15 .15 WA VAN \5I¥ VAIF] ¥/f
.18 <y VWY VY5 VYT VAV $I0A
VA \ A AIYY AINVY U2 \

Vo % AIY AIVE ABY AIAY Y00
\ \I§ V) VoY 50 V-I0¥ ¥/f
<13 \Y Ve pA VVPY V) VoIvE $I0A
\ VA V) VIFA AUAD 4/aA \

<13 \/f V-0 V- IAD Vel i Y00
‘1 \¥ VY VV/FF VAAY VY0¥ ¥/¥
<A \IY VY VY/FY \WIYe VYA $I0A

14

\IY Y/¥ /5 /5 VA VY \

<A VA VY VYTV VP4 V0¥ Y100
‘1 \¥ VF ilai VAT VFIOF ¥/¥
\ \IY VEIY VFIOR VO VE/F $I0A
“IA \ Vo VEIFY VEIAD VOIFA \

<A \IY \0/5 VN0 VOIFY Vol Y Y100
“IA \ Wi ax VEIA VAN ¥/¥
VA \ WA VAL \VIoF VAINY $I0A

0 by Cogw Brae Gl Glsiee Wl celio e i g S o

ol jrals glakasde 8

looliiwl b 438 g CS g B puo ¢ fulS (59 5 (S

ANFIS Juw
Joe 5l G 0, 8es 5 5o sladele (g5l ow jslaieay
4o oolatwls g0 ANFIS oSl .ol oolaiwl ANFIS oSl
Gos ghe )z bold) JEw e ¥ sl Gdos ()
Sepe ghe Yoz g S oOgline Cosb) aw ()8
Oljee (s9eiS (§5,5) iy st ¥ g (639)5 ) (G915
et b ol (29,5 )0 (ST S g B e g 453
eslie CBL 1) (29,5 5 (69955 O alaly o diies 018
&l 53V Joaz 00885 Jow &) jslaieas iy e
2 Sugas &l olasl g 2y 5 (9999 O Lugas
ol il elel el snbeslolis o)l sl Lale

Coyo i gl &Sy Jae op e Gl e 9o

sl 00 G (B) IS 5 7 Uz 45 g B yue ol
Jole a2 b8l L (L/h) ol axly jo S g B yae
Srae (Jonll 28l Bl (Cogh, 5 Copm (Boe)
ol 45 28l 2alS s 33l b b aly 45 Cgas
s b oS col Slles plowl oloy LalS s 4 ol

(Talali et al., 2015) 5,Is Slyian liins plo saio
VA Cush) g el Tr o )0 Eo g Bpae 0 iy
oo Glgee |y ol cde a5 (B ) wl casliv wo o
Sade dayl il jo aS cisls S e o > a3l i
Sty 5o sl IV L ol CS g B a0
Gras yeS a5 Jys g el yieslS SIOA
ey yd Selo I VIAL 2l cBos (ron ;0 S 9w
el Cawd 4 duoye VY Cogb, g cele p egS )
weype bul il din a5 085 Az Gl mlolinl
g 50 a5 318 392y Jituns by Jole (sl arnge polie



AR VP8 3ol 1Fe ol /Y o)l N0 ol [ (65,9LS b pilo Sl b gy ay pis

el JAYE e bl O 9 Jgy e S 0 rS s
Bl sy S0 5o Ao b6 s S50 Sy 45
el

awlis jo yol> 5o ANFIS alobu zols oo
|y 105 g (sl (s Slen o o] Sam 5 LT alllns
(Akbamnia et al., 2014) ol Collas wis S 45l

25 sl MBE g EF RMSE laio (' eS8 g (R?) (s

-9 g0
Al sl o boanglae jo I, oYL cdo mls ol
OB 5 Jg) Lawgs (82T (5550 sl oabal) (oae
J3e (R?) (s po a0 0 sLis (Roul et al., 2009)

RARRY Ll Baios pl )3 (ES (59,0 (sl o]

ANFIS cilises sloJow - Jgo

ST # Cogac é“?‘ &y Coguac é“‘?’ °)L““i’ RMSE R2 EF MBE
©599 A Gy I
\ Trimf Linear A Yoo [+ OYY - IAFAY Y [oAVY ERRTA
Y  Gaussmf Linear ox¥ Yoo AT - [AYYFO <[ e YA ofeeeY
S (69 Y Pimf Linear o.x.f AR </ AQY “IAQYY SOVEY )00
¥  Dsigmf Linear ox.f Yoo ofe XY -/2344Y SfeeXY Ty
o Traamf Linear AL Yoo <[+ ¥AS IAY -0 ofe¥e ofe VY
\ Trimf Linear AL Yoo NN - JAAYY¥ <[+1Y4 [+ YA
Y  Gaussmf Linear A Yoo [+ YA NAYZARIN DAY ole YA
CSgan S8 e Y  Pimf Linear A Yoo <[+YFA -3V OAA ofe e AY ofeoYE
¥  Dsigmf Linear ox.f Yoo o[- OYY - INFSOF S[oYAS - [-YEA
o Traamf Linear A Yoo <[-\Y¥ RLLE 2 SR PR P oo -8Y
Y\ Trimf Linear oX. ¥ Yoo [+ £0Y - IAPOYD < [+¥YY <[+
Y  Gaussmf Linear AR Yoo -[-Y¥] -IAAY Y SAYE WY
3] Y Pimf Linear ox.f Y. YYO JAFOYA  feeYE )il
¥  Dsigmf Linear ox.f Yoo e XY -/294ay feee¥ e
&  Traamf Linear A Y- [ YE0 <IAPYYO [ YEY “[+YOA
\ Trimf Linear A Yoo < [-£OY < IVEYY DAZN o[+qY-
Y  Gaussmf Linear A Yoo <[+ ¥OY - IAAOYY ofeX-Y RN
Js ipleob ¥ Pimf Linear OXF ARE <[VAY RAYS I A R IRV ERY
¥  Dsigmf Linear o f Yoo -[-a¥0 “IASYA R AV SR PR 4 1
&  Traamf Linear A Yoo [YVE < 1A8YAD <[+ YAA <[+ \YA

L e Gassel S5 olass 5 Y5 T 0 bl 9355 Cape
Gl5sT 4 28,5 & )50 EF,RZRMSEMBE (sl asLs
R2, EF iy s RMSE , MBE (y; a8 (6l ls Jow a5
Cogas @b oelol cnlp wd Bl S Jae lyea
Traamf mU ¢ 553 5 (iS (69,8 s sy Dsimf

sl plasly o Slee

s @ « ANFIS Jas aingy )lSlo (roni jolateds

(sw3®) GaussMF ( slis) TriMF : Jols cogae b
TrapMF 4 (4540 059eXw) DsigMF  «(JS IT) PIMF
Ol Sl 318 bl g ey 990 (la5ed)
5 Ot Oldllas ;o Ll 00,53 0I5 wlal 5 &iles
s plol (s d Ll 5 (53l 50 T Sgline Ul
&6 gs o (olod o LSy anylie Ll ol sl
o bad a3 b s Linear 4 Ojgod 29,5 Cogac
el olass Linear g5 5| g5 oo ol i S



S g B i (3] juno 9 (03 ¢ (LliS (59 i (St S

\rY

1.0
y=0.000703 + 1.007 x
R2=0.99992; P <0.001
0.5
0.0
-0.5
-1.0
-1.0 -0.5 0.0 0.5 1.0
Predicted Draft Force
1.0 1.0
y=0.00792 + 0.984 x y=0.00208 + 0.970 x
R2=10.99993; P <0.001 R2=10.99964; P <0.001
0.5 0.5
O
O.
0.0 e 0.0
-0.5 > -0.5
-1.0 -1.0
1.0 05 0.0 0.5 1.0 10 05 0.0 05 10
Predicted Slippage Predicted Fuel Consumption
1.OF
y=0.000703 + 1.007 x
" | R2=10.99992; P < 0.001
0.5
=
i 0.0
Y -0.5
-10 1 1
-1.0 -0.5 0.0 0.5 1.0
N
1.0 1.0F
y=0.00792 + 0.984 x y=0.00208 + 0.970 x
R2=0.99993; P <0.001 R2=0.99964; P <0.001
0.5} i o0s
9
3 i
2 3
3, 00f g 00
9
051 ° =05
-LOR i I 1 i -1.0 L
-1.0 -0.5 0.0 05 10 A0 04 0.0 s -
oW (St iy 3 (g S g B pan

0 3adlo 5 ouls (g S0 31081 g 0uls Sy (501> yleo ANFIS oo golis Sotuawod -V JSCi



"y VP8 3ol 1Fe ol /Y o)l N0 ol [ (65,9LS b pilo Sl b gy ay pis

009290 mac Al lo b (Co g B pan (gl ) polo Gudixd ool Cawaay G)LDT 6o 5dos s Lo duslio —A Jgu
S gln Jls ans

OB & 095 RMSE R?
(Jalilnezhad et al., 2023) CNN olee¥9 SAVAR
(Almaliki et al., 2016) ANNs S[AYF -/aAq-
( Nagar & Machavaram, 2022) ANNs [+ ¥ FATER
(Abbaspour-Gilandeh et al., 2009) ANNs AN < [AAYY
(Rahimi-Ajdadi & Abbaspour-Gilandeh, 2011) ANN - <JAYA.
(Borges et al., 2017) MANN FIAAAY <[AAA
(Ziodtkowski et al., 2021) ANN SAINEN AN
Proposed method ANFIS AN SERYAE LV ¢

LS asb, b ol alS 5 e b (255 (55508 Sl
gk b s il ol Gt LS Slallas
F S SKlhaol el 4 oS cul oadanslis gloasyy
9dse g ye

e sce 5T 6l /399 YL R? L ANFIS o
By Lulps po 9815 o Slee i ln (ol
daligr glaailole drwgi ;o Wlgi co g W00 g0 &l )] ac) 0
oolitulsyge (53)5laS 53 0ot Slidas 5 555515 o pae
Sl polie iogh cpl ;0 ANFIS Jow ax 1.5 ,.5 1,3
RMSE (ly sl p3lie 5 R?) s 7o sl (2L
5o el blas! pilins mls cpl i Lol il s
sl arls 4 olows oo g bosls acgess
YL Ul sl 4 Logyd JTows) > 4y o5 (65 ,Shos
6o U ailgi oo g S Q0> soools 4 peni jo oo
oolaiwls y g0 00ls acgozms > sla T s S0k 5l AL
Sle s 1, (Overfitting) (o3l i Jlesl o) 51asl
3 fhes wizyn 35 5, ilp slaoasls Gull 5 Byo
F el 2bl bl g oollas 55 Ggesl slaosls yo Jow
el slaag, Sl ool wiajls Jae sl
Cross-) hlie  zuw)lel g k-fold .l al . Sccen
St slaools acgama (59, » Jaw o33! b (validation
Lol g0l dsals 5l z 1

8 Slos i duglio a5 Clls Az g Wb (pioren
sl ola el Gley (it Slalllas b oleidn Joo
Sglds sl SBLd g, (slolgsgaze slyls RSME 4 R?
Gl i Ol s aols (6,10 pdigas 0420 (laalive sl
($99)9 S pite g5 Slaad e 0 g S Ll d ¢ Jitns

e 45 29 s oaalive (V) Jguor @l aaz gl
Capde @i b B34 it slp ANFIS Jao s Sl
Bras sl (RMSE=-/++YY R*=:/2444Y) Dsigmf
&l (RMSE=-/-\Vf R*=+/424¢¥f) Traamf L gu
R?=./4944Y)  Dsigmf L aaS  (gopm
acsozme (OEE) S &5, 035L (gly g (RMSE=-/- - Y¥
R?=+/AAYD) Pimf L (5),55 lgol o ,g815
A& Jol> (RMSE=-/- \AY
5 My b yesie 3l laldged aaz il (uizren
(SIS Sgy wly Sladele slp 5T eud ni
ol oadoslolis VS jo (hiad g ol O pae S gu
odaline Wosls o o 1) canlin (Kwar g cillas g5 oo
5 Sobel o, 8lae slajlne conlie polie dsazgil 3500
sleosls 5 2dly sloools o canlin cillae (yiren
5o oads &Sl ANFIS aSils a5 S ()lg8 oo 00 Jm o
wly slopsite Codlys (VL CB3b 5 (o9 GBS
Codle Wb ol cm i opl Jdo a8 i 1) Boe
) bt glaakul, o Wlgi oo &5 cosl a2 )
RMSE 5 R? (g)lol (go8kee (slojlne auyli
i b Co g Bras sl ouls &l Juw 00wl Cawddy
SLIEA) Jgaz ;0,500 OYlas (0 95290 (omas sloasils
o9y YL Sl o Slae oasmolis duslie ol .ol 0uls
ol &l grae aSeh Jolwie Sl by 4y Cumnd 3825
Ul s & ANFIS a5 5,5 aul g ol gl
laosls Cualad pae Sy pae g (S e Ll (55l s 5

Y| PR TVOWIK Sl Ny KV VRLIUOWE Sy CptIt K K VoY



----- S g S a0 9 0 34 (S (59 g (S

\vY

ol 8 09dioe iz 0 Ol 1Al g (285 polie
oA ls 5 SB (Sl Cueglie alidl 4 i o 1) £9090
Sl Cd oy e

(et odgaze S 1 S sk (ol izen
33,90 Sy SRl azS ;0 5 S Cueglie 1ol o
Flie Sl gy 09300 o plralr 5 (S5enS Gl
(55,355 Gar ks 4 ol Lt 3o dalllaes e lelse
3Slee p g)l3 g 3l S Cugh; 5 59,8 S
Ll g Wl el CEen Brae g e alS
Slilae LS Sgmgp cge wlgi e b lole ol onlic
Joe a5 ol lad b Jue o ,Slee dauolio L05d (55,55 >

o See sl Jole s 4 0B YL CEsLANFIS

olie L2355y Joe ln A s sl 5Ty
(RMSE) Uaz Slayyo (52Kl a9 (R?) sl 0
Oizman ol Css g o[+ VY 5 +[A99AY b ol s o iy
o) A S ANFIS Jow aS ol las glawslae gl
Sldllas jo 00l iy)liS laJos I (il 5 5o yS )
el 3 Joe 6 i bl 5588 3 Khas s
s pnile 5 S slaeite s oy 5 o

- ovas gluol dlels a5 ols lis ragh opl mls
5 Siledae 5 (295 2Uls I (ANFIS) (ol (5
Srac g 5815 SRS G plejee St
Om Ll Sl 195 ae)pe (Bly Ll ph cod CS g
WS Fios i 5ST5 S 3 Sl 1 g (slo i
sladele 5 ot Zoym I Goe (Slles Lulyd
boolyen 5 (bt e woduzmy Suole ()0l SV ile
zl sl Gl ANFIS 5l oslaswl g,0pl3laijls conlad pae
Sl (55le] slasbg, 4 G (95 2Bl 1) Ll o
o ailanny oo a5 ol o] Sl mls csls gald
slaz b 1) STy oo, les lagasls olpss cul
Cone 53 Fe Slnl Glrea 5 0dged (i S8 HB
S8 )18 eolatwls ge (55,9LiS 050 Cldes

el S aney )0 Gk ol el sl
5 Slae 55 a3lh o Slajed ey sl diadon
3 S ge Bran g £z (B 8AS S9 5 ol 9515
Ol oty Sllllas 165l )3 el as 50 (a8l Ll
5 a8 Jb o wilead g3l Jow ailflas & jgod b s
gl alebs S B o Ll line bLs )l aegs ol

4 ANFIS laJoao 285 13wy p 0)90 (556 (sras

550 Wl e (s lzel glas aly g Waosls e 3,
Woel o bl alily b el cpl polie 4298 LB
ol sledos 4 Cews ANFIS 5 Sles 5 0lb (555 5
ol S e Sk Wl iy ldlae b o onds
b ool saline Dl 5l (pid Cunl (e 5 Ll 9
4 ANFIS (5,15 ,late 5l .abb eols jtzle jo ogles
Kol b (rae slaaSl 650l el oS5 Lo
byt by glodoe jo pmin U5 (556 Zlicl
o fles p Jse loyiio ool b ASeep
b b osasylis yiion pols il (o cplb ol 92515
Ol glaosls ;5 9250 Slagsl vy 55 oo cnl YL
byl salests o oo il (alad SLSTG ol Lty
Jow (External Validity) Jg,e locl (oplplo Sldes
ey ze blp 5o bl Bosb 5l ean T slo el 5o wuly
i ol 5 SI> sla Shg 5l 6 S aaws aels gsie
235 8 ewsn 0550 Slilbes Sl g Cusb,

ol taley] Lyl g aesls gzl ,o ANFIS o
Je ol sl Glas 1y @Vb jle (i <89 (agly
sladoe )3 Ghiln i 595 Jleil g laosls e daz g3l
5o Slbee laulih 5 @bl cal peesd o jge0sls
Jis slaosls acgome b (oS5 Slalllas ploxil o3kt
el §gelr miliel Glahsy 5 yudes diged p>
0gill ok )b 5l ganled (lyieds Wb Hol> @S g )cnl)]
A welh A ,eSTy o Sles Jmi 0 ANFIS Jos
Lulys oles 53 ol peasd ol ol ol lpeas
sl 5o

Ll 8l jolateds 3u8s cbg, sl asdllae opl Sun
2P EEge Bras ol 5 (SRS Gy 0 Ol G
S cogb, Jelis Jaee gl ole glate polie 3
O Sl S GiliSe slages g 555515 (59,0 Sy
55 Shgy & sMe 3o slaggesl 5l Lis,ge slaesls ¢ jslate
Cagh ) gl dus (55,95 Gos haw )z ;0 9 55515
99 e 9 05 (5 gl (S9 ey sl oz 5 S

S g3 ras gliiul wble 5 e )T, Y9,
axdllaes jga sl puiio (Lot 9 (55Le e ! (ANFIS)
5 S Cagb, ol as ol lis gl wial a8 3 15 4

Sors ¥l cage ol (w5 (SaS il e o



Wwo VP8 3ol 1Fe ol /Y o)l N0 ol [ (65,9LS b pilo Sl b gy ay pis

Oeole (RF) Jolay Kz ol ile (6 8ol aid iy
s (XGBoost)  costs Lol,S (SVM) lociy oy
5 bl ) Sheslr paeal Wlgiee Gres (sras slaaSd
X NP PRI E LNRPRE

» ‘5......4 s.i;).))l.g LSLQJ;.\.A d.:...uy U"‘ » 05)15
Lol co il sboools ¢ ,555T5 (gg, 00 cuas o K>
diaign slaaibeln jloslatwl aie; wilgs oo (10T) (55,4l
Sasote GRIBl g CEgm Brae 8l 5l o pse
il el 315 65,0liS Slles

ANFIS o5 soo o0 lid Liogh oyl LS Egoze s
35515 6o S o ar i ot ¢l MT)[S &l
Cu e )l% Rt slaslele u>_'>|).L= )9 ..\;‘yu_n 9 009
sl 5 5Pl Grae sileane (5SSl
S Wl g5 B 65pleS sle edle 5590 0
slaghy, sally Klo fagh nl ol gges
sl arls oot ;o ANFIS 5 s diadse
a5 SnSpns | sty 5 93515 50 Sas
A Wilgi o b o (ol 5l eolaiul .ol (65,65 Sllas
wal8 1, )5S by 5 Cu ke wietsn slaaileles dnmsgs
5 S5 03k Sgrte (g Sran JalS )b 5l g 0o
Slaal 8 Caz 40 (Sblas Lyls ag ol
g dly F5e laly 5 385 (55,5l88

Sl Sewlpw
3wy g551 5 S 15 (a3l 35 0 o e 5 LS sales
loyge)l el o g Wlesgas (5, G (pl j0 a5 )
Wlos S Ll s (ygeyl Sl g 150 oyols 18 Lasl o g

20,5 (o0 ST g pa (oae 970 4

OB sy 98 5 ) Lieo

Bebzs Gl el o (Baing S lie (lye g 0y
il 25 Ojpo

(olid gy B gl pgal ()G )
b by w03 o)lol ey la o i lel Y o5
(Sloppstie (owlibhy, i oew)liel Y
el Jelows ¢ i lzel g 5 6,555 oF st s

03 g

08 g

Loold 4y w ywd
288 sl 18 LS o wnles 10 D yge 4o osls

Cd0  Slae glaosly codad pae oy Sblgs o
casly plas s Peew S, sl Jow 4 s o 5YL
w2l 3 (5995 slo e jlolods oS 5 o sl ) a2 >

(PCA) Jol sl addie Jlow 5l colatul puzen
B dosls olul palS coge (Joe dnwgd 5l Gl
0,5 Joe (Ml S5t 5 (59959 Sl (e (o> o2
I, slac, e loools 51 350 (g 10 0 40 Sl 5,555, oyl
SBl 5o b peeal Sl Sy plsieay Wl e 5 00,5 w0l )8
335 )18 ooliials 5o 553815 )1 Ay Ll

shls yol> ragh wainSlpansl @mls el
S8 Az gin,0e bl i o Wb S cul placusgasns
(eldl e dalaie G jloolainls e sdosls (s &5 .S
Sl pow 00l zlpzainl Lalgy 5l case ol ply wiloas
Ol pdS (pgd Bl anils J1E e sla Sy b cou
Cordg e jo paw 2LS Ll (S cél (S cosb,
o lgs oo a5 it lolge alox 5l oausly &lge o ol
Sl spn Ll 5 T LS bl b s pSogladl IS
)i.pb 6[&00‘& AL golto L;‘)" Sl k)g.o.a 04 s.:L?L».:‘ wya.c
Sk (gledings g Saome pelal wiejls

yolael o yiiion addllas ol 2ol (puess co LB L)
Slgal STy g9 bl 51 a5 Wyl Jals slp
wlie Sllee Lyls 3 S slo Sy wolaiuls,ge
&l g5l de wgz )l (Jl il sl 596l slasols
S 9leS gl 5o sladilobis pls 40 Jlam] culils ouds
&lp ‘u>'L7°° sools b sae uu)}oT 3 o "\"‘9"6" g4l
Sglite Ll g @bl o 5515 o Sles (S
3 e e pesd Sl cpl ol 0 18 18 oolawls jge
O Jel>

29 09 se Sleiiay @by jlel s CobB 2l ol
Sleoliiwl b Joe ) v jlael son] Slallas
S &‘y‘ walize 3ble ;) od»ﬁgg)jiéo.? Jae sloolo
Slgol g 95515 e oS g Dglae (usb, Lalys
lapis o L ANFIS o Slos anslin (puzren 350 ploxil



----- S gus B pan (|50 9 GO (S (5950 S s
Specific draft modeling for combined and simple SN Jguo!

tillage implements. Agricultural
International: CIGR Journal, 24(4).

Falahat Nejad Mahani, S., & Karami, A. (2023). Maize
Tassel Detection and Counting Using Deep Learning
Techniques. Journal of Agricultural Machinery,
13(2).
https://doi.org/10.22067/jam.2022.72477.1062

Fallah, M., & Ghanbari Parmehr, E. (2023). Detection
of Chilo Suppressalis using Smartphone Images and
Deep Learning. Journal of Agricultural Machinery,
13(2).
https://doi.org/10.22067/jam.2022.72647.1064

Foldager, F., Munkholm, L. J., Balling, O., Serban, R.,
Negrut, D., Heck, R. J., & Green, O. (2022).
Modeling soil aggregate fracture using the discrete
element method. Soil and Tillage Research, 218,
105295. https://doi.org/10.1016/j.stil1.2021.105295

Ghiasi, P., Masoumi, A., Hemmat, A., & Najafi, G.
(2020). ANN-based Modeling of Sunflower
Threshing Process and Defining the Optimal
Operation Point for Separation Efficiency. Journal of
Agricultural Machinery, 10(1), 73-82.
https://doi.org/10.22067/jam.v10i1.76264

Han, J., Yan, X., & Tang, H. (2023). Method of
controlling tillage depth for agricultural tractors
considering engine load characteristics. Biosystems
Engineering, 227, 95-106.
https://doi.org/10.1016/j.biosystemseng.2023.01.011

Jalali, A., Mahmoudi, A., Valizadeh, M., & Skandari,
I. (2015). The effect of conservation tillage forward
speed and depth on farm fuel consumption. Journal
of  Agricultural Machinery, 5(2), 325-335.
https://doi.org/10.22067/jam.v5i2.28517

Jalilnezhad, H., Abbaspour-Gilandeh, Y., Rasooli-
Sharabiani, V., Mardani, A., Hernandez-Herndndez,
J. L., Montero-Valverde, J. A., & Hernandez-
Hernandez, M. (2023). Use of a convolutional neural
network for predicting fuel consumption of an
agricultural  tractor.  Resources, 12(4), 46.
https://doi.org/10.3390/resources 12040046

Jang, J.-S. (1993). ANFIS: adaptive-network-based
fuzzy inference system. IEEE Transactions on
Systems, Man, and Cybernetics, 23(3), 665—685.
https://doi.org/10.1109/21.256541

Kepner, R.A., Bainer, R., & Bager, E.L. (1978).
Principles of Farm Machinery (3rd ed).
Westport.CT:AVI Publishing Company.

Kim, Y.-S., Lee, S.-D., Baek, S.-M., Baek, S.-Y ., Jeon,
H.-H., Lee, J.-H., Kim, W.-S., Shim, J.-Y., & Kim,
Y.-J. (2022). Analysis of the effect of tillage depth on
the working performance of tractor-moldboard plow
system under various field environments. Sensors,
22(7), 2750. https://doi.org/10.3390/s22072750

Lithourgidis, A. S., Dhima, K. V, Damalas, C. A.,
Vasilakoglou, I. B., & Eleftherohorinos, I. G. (2006).
Tillage effects on wheat emergence and yield at
varying seeding rates, and on labor and fuel
consumption. Crop Science, 46(3), 1187-1192.
https://doi.org/10.2135/cropsci2005.09-0321

Mamkagh, A. M. (2019). Review of fuel consumption,
draft force and ground speed measurements of the

Engineering

oo Sl ol Jlasly el o 1) (SIS Jool By
RO A PHIPUNS ..\....T.. 3,90 3090 () g Wlodges Cule,

OB w95 28Lie oL

L 0B, b @8l igSn a5 aiS o pdlel Basn g
)lS P w‘ )go.a as LS‘OMA..DLM 7_,42 o J‘;)‘s)
5,5 sl ansliE b alie ol jo eai b3S

b cale>
S onl plsl gl (polB Jle Colox e (B)osis 5

ilos S5 2l o

F

Abbaspour-Gilandeh, Y., Rahimi-Ajdadi, F., Asli-
Ardeh, E. A., Sharabiani, V. R., & Ardabili, M.
(2009). Application of artificial neural network for
predicting fuel consumption of tractor. International
Agricultural Engineering Conference, Bangkok,
Thailand.

Akbarnia, A., Mohammadi, A., Alimardani, R., &
Farhani, F. (2014). Simulation of draft force of
winged share tillage tool using artificial neural
network  model. Agricultural Engineering
International: CIGR Journal, 16(4), 57-65.

Almaliki, S., Alimardani, R., & Omid, M. (2016).
Artificial neural network based modeling of tractor
performance at different field conditions.
Agricultural Engineering International: ~CIGR
Journal, 18(4), 262-274.

ASABE. (2011). Agricultural machinery management
data. American Society of Agricultural and
Biological Engineers.

Askari, M., & Abbaspour-Gilandeh, Y. (2020).
Predicting the Imposed Forces on the Tines and
Tractor Fuel Consumption during Subsoiling
Operation Using Adaptive Neuro-Fuzzy Inference
System (ANFIS). Agricultural Mechanization and
Systems Research, 21(74), 47-66.
https://doi.org/10.22092/erams.2018.122163.1262

Borges, P. H. M., Mendoza, Z. M. S. H., Maia, J.,
Bianchini, A., & Fernandes, H. C. (2017). Estimation
of fuel consumption in agricultural mechanized
operations using artificial neural networks.
Engenharia Agricola, 37, 136-147.
https://doi.org/10.1590/1809-4430-
eng.agric.v37nlpl136-147/2017

Damanauskas, V., & Janulevicius, A. (2022). Effect of
tillage implement (spring tine -cultivator, disc
harrow), soil texture, forward speed, and tillage depth
on fuel consumption and tillage quality. Journal of
Agricultural Engineering, 53(3).
https://doi.org/10.4081/jae.2022.1371

Dizaji, H. Z., Khorasani, M. E., Nategh, N. A.,
Sheikhdavoodi, M., & Andekaiezadeh, K. (2022).



https://doi.org/10.22092/erams.2018.122163.1262
https://doi.org/10.1590/1809-4430-eng.agric.v37n1p136-147/2017
https://doi.org/10.1590/1809-4430-eng.agric.v37n1p136-147/2017
https://doi.org/10.4081/jae.2022.1371
https://doi.org/10.22067/jam.2022.72477.1062
https://doi.org/10.22067/jam.2022.72647.1064
https://doi.org/10.1016/j.still.2021.105295
https://doi.org/10.22067/jam.v10i1.76264
https://doi.org/10.1016/j.biosystemseng.2023.01.011
https://doi.org/10.22067/jam.v5i2.28517
https://doi.org/10.3390/resources12040046
https://doi.org/10.1109/21.256541
https://doi.org/10.3390/s22072750
https://doi.org/10.2135/cropsci2005.09-0321

"Wy VP8 3ol 1Fe ol /Y o)l N0 ol [ (65,9LS b pilo Sl b gy ay pis

Vesovi¢, M. V., & Jovanovié, R. Z. (2022). Adaptive
neuro fuzzy Inference systems in identification,
modeling and control: The state-of-the-art. Tehnika,
77(4), 439-44e.
https://doi.org/10.5937/tehnika2204439V

Ziodtkowski, J., Oszczypata, M., Matachowski, J., &
Szkutnik-Rogoz, J. (2021). Use of artificial neural
networks to predict fuel consumption on the basis of
technical parameters of vehicles. Energies, 14(9),
2639. https://doi.org/10.3390/en14092639

agricultural tractor during tillage operations. Asian
Journal of Advanced Research and Reports, 3(4), 1—-
9. https://doi.org/10.9734/ajarr/2019/v3i430093

Mobtaker, H. G., Akram, A., & Keyhani, A. (2010).
Economic modeling and sensitivity analysis of the
costs of inputs for alfalfa production In Iran: A case
study from Hamedan province. Ozean Journal of
Applied Sciences, 3(3), 313-319.

Mohammadi, A. (2012). Modeling of draft force
variation in a winged share tillage tool using fuzzy
table look-up scheme. Agricultural Engineering
International: CIGR Journal, 14(4), 262-268.

Mohd Salleh, M. N., & Hussain, K. (2016). A review
of training methods of ANFIS for applications in
business and economics. International Journal of U-
and e-Service, Science and Technology, 9(7), 165—
172. http://dx.doi.org/10.14257/ijunesst.2016.9.7.17

Nagar, H., & Machavaram, R. (2022). Application of
artificial intelligence for fuel consumption prediction
of a tractor in different operating conditions. 2022
IEEE 7th International Conference for Convergence
in Technology (12CT), 1-7.

Rahimi-Ajdadi, F., & Abbaspour-Gilandeh, Y. (2011).
Artificial neural network and stepwise multiple range
regression methods for prediction of tractor fuel
consumption. Measurement, 44(10), 2104-2111.
https://doi.org/10.1016/j.measurement.2011.08.006

Regassa, A., Ali, A., & Taye, G. (2023). Soil
classification. In The Soils of Ethiopia (pp. 71-75).
Springer.

Roul, A. K., Raheman, H., Pansare, M. S., &
Machavaram, R. (2009). Predicting the draught
requirement of tillage implements in sandy clay loam
soil using an artificial neural network. Biosystems
Engineering, 104(4), 476-485.
https://doi.org/10.1016/j.biosystemseng.2009.09.004

Sarauskis, E., Vaitauskiené, K., Romaneckas, K.,
Jasinskas, A., Butkus, V., & Kriauciliniené, Z.
(2017). Fuel consumption and CO2 emission analysis
in different strip tillage scenarios. Energy, 118, 957—
968. https://doi.org/10.1016/j.energy.2016.10.121

Shafaei, S. M., Loghavi, M., & Kamgar, S. (2021).
Profound insight into tractor energy dissipation
through inevitable interaction inside wheel-soil
interface for the period of plowing works. Soil and
Tillage Research, 211, 104998.
https://doi.org/10.1016/j.still.2021.104998

Soylu, S., & Carman, K. (2021). Fuzzy logic based
automatic slip control system for agricultural
tractors. Journal of Terramechanics, 95, 25-32.
https://doi.org/10.1016/].jterra.2021.03.001

Suresh, N. V. U., Sadeghi, A., & Yazdani-Asrami, M.
(2023). Critical current parameterization of high
temperature  superconducting tapes: A novel
approach based on fuzzy logic. Superconductivity, 5,
100036.
https://doi.org/10.1016/j.supcon.2023.100036

Tayel, M. Y., Shaaban, S. M., & Mansour, H. A.
(2015). Effect of plowing conditions on the tractor
wheel slippage and fuel consumption in sandy soil.
International Journal of ChemTech Research, 8(12),
151-159.



https://doi.org/10.9734/ajarr/2019/v3i430093
http://dx.doi.org/10.14257/ijunesst.2016.9.7.17
https://doi.org/10.1016/j.measurement.2011.08.006
https://doi.org/10.1016/j.biosystemseng.2009.09.004
https://doi.org/10.1016/j.energy.2016.10.121
https://doi.org/10.1016/j.still.2021.104998
https://doi.org/10.1016/j.jterra.2021.03.001
https://doi.org/10.1016/j.supcon.2023.100036
https://doi.org/10.5937/tehnika2204439V
https://doi.org/10.3390/en14092639





    W  s


    W  s ( % ) =  ( 1 −     V  a    V  t ) × 100 =  ( 1 −     x    t  a    x    t  t ) × 100 =  ( 1 −     t  t    t  a ) × 100


    t  t


    t  a


    V  t


    V  a


  x


  T . E . =   P  P + R  ( 1 −   W  s )


  O E E ( % ) =     V  a × P  10 . 2 ×   F  c × 3 . 6


    V  a


    C  m =     M  w s −   M  d s    M  d s × 100


    M  d s


    M  w s


    X  n o r m a l = 2 ×  (   x −   x  m i n    x  m a x −   x  m i n ) − 1


  EF =     ∑  i = 1  N     (   P  i −   O  i ) 2    ∑  i = 1  N     (   O  i −   O ̄ ) 2


  RMSE =   1  N   ∑  i = 1  N     (   P  i −   O  i ) 2


    R 2 =      [   ∑  i = 1  N   (   P  i −   P ̄ )  (   O  i −   O ̄ ) ] 2    ∑  i = 1  N     (   P  i −   P ̄ ) 2   ∑  i = 1  N     (   O  i −   O ̄ ) 2


  MBE =  1  N   ∑  i = 1  N   (   P  i −   O  i )


    P ̄


    O ̄


  Y = f ( x )   e x p ⁡ ( u )


  f ( x )


    l n ⁡    Y  i =   a 0 +   ∑  j = 1  n    a  j   l n ⁡   (   X  i j ) +   e  i   ,

