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Pistachio, as one of the world's most valuable nuts, has always been a
target of economic fraud. Pistachio powder, due to its widespread
application in the food industry, is highly susceptible to adulteration
with cheaper powders. The aim of this study was to develop a rapid,
non-destructive, and accurate method based on a combination of
hyperspectral imaging and an artificial neural network to detect
adulteration of pistachio powder with faba bean powder. Pure
pistachio powder and mixtures with 25 and 50% faba bean powder
(w/w) were prepared. Hyperspectral images of the samples were
acquired over 400—-1000 nm using a hyperspectral imaging system,
and the average reflectance spectrum for each sample was extracted.
A multilayer perceptron neural network with one hidden layer was
designed and trained. The model's performance was evaluated on a
test set consisting of 30% of the data. The results showed that the
combined method of hyperspectral imaging and an artificial neural
network could detect non-destructively and rapidly the adulteration of
pistachio powder with broad bean powder, with an accuracy of
94.59%. This method holds great potential for application in
production lines, quality control laboratories, and regulatory
organizations to preserve the authenticity of pistachio products and
protect consumer rights.
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EXTENDED ABSTRACT

Introduction

Pistachio (Pistacia vera L.) is one of the
world's most valuable nuts, rich in

unsaturated fatty acids, high-quality proteins,
phenolics, vitamins, and minerals. In 2022,
Iran was the second-largest producer after the
USA, and Turkey was in third place after Iran.
Due to its high economic value and growing
demand, pistachio powder is highly
susceptible to adulteration, including mixing
with cheaper powders and adding artificial
colorants. Such fraud harms consumer rights
and can pose health risks, particularly for
individuals with allergies or favism.

Among various adulterants, faba bean (Vicia
faba) powder is commonly used due to its low
cost, similar color and texture, lack of strong
taste or odor, and easy mixability. Traditional
methods, such as sensory evaluation and
simple chemical tests, cannot reliably detect
this adulteration. Destructive techniques like
chromatography and mass spectrometry are
accurate but time-consuming, expensive, and
unsuitable for rapid screening.

Recently, non-destructive methods have
gained attention. Research on pistachio
adulteration has focused on near-infrared,
mid-infrared, and Raman spectroscopy, as
well as image processing and deep learning.
Hyperspectral imaging, which combines
spectral and spatial information, has been
successfully used to assess pistachio kernel
quality, moisture content, aflatoxin, and
fungal  contamination. = However, its
application  for  detecting faba bean
adulteration in pistachio powder has not been
systematically  reported. Given  the
complexity of hyperspectral data, artificial

neural networks are ideal for pattern
recognition and accurate  adulteration
detection.

This study aims to develop a rapid, non-
destructive, and accurate method based on
hyperspectral imaging combined with an
artificial neural network to detect the levels of
adulteration in pistachio powder with faba
bean powder.

Material and Methods

Pistachio kernels (cv. Ahmad Aghaei) and
faba beans were purchased from a local
market. One day before the experiments, raw
samples were separately milled, sieved
through a 30-mesh (600 pm) sieve to achieve
uniform particle size, and stored in nylon bags
at room temperature. Adulterated samples
were prepared by mixing faba bean powder
with pure pistachio powder at 0% (pure),
25%, and 50% weight ratios. For each
adulteration level, 40 samples (total of 120)
were prepared. Approximately 6.5 g of each
sample was placed in a wooden cup, and the
surface was flattened to reduce shadow
effects.

A VA1000 hyperspectral imaging system
(NIT Optics) with a spectral range of 400—
1000 nm was used. Reflectance calibration
was performed using white and dark
references. Min-Max normalization was
applied for standardization. Principal
Component  Analysis was used for
dimensionality reduction. A multilayer
perceptron neural network with one hidden
layer was trained using 70% of the data and
tested on 30%, using IBM Modeler v.18.

Results and Discussion

After observing the spectra, the initial and
final wavelengths were removed due to high
noise, and the spectral region from 450 to
1000 nm was analyzed. To examine
differences among sample spectra, their mean
spectra were plotted.

In principal component analysis, new
variables are created, each being a linear
combination of the original variables. These
principal components retain the maximum
information from the original variable matrix.
The first principal component contains the
largest variance, the second captures
information not explained by the first, and so
on. PCA performed in IBM Modeler ranked
all principal components by importance. In
this study, only PC1, PC2, PC4, and PC5 were
identified as important. The distribution of
samples in the coordinate system of the first
three principal components showed good
separation between classes, which is
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promising for achieving a high-accuracy
classification model.

The software selected a three-layer
perceptron neural network with one hidden
layer containing three neurons. The input
layer had four neurons (corresponding to the
four principal components), and the output
layer had three neurons for classification into
classes A, B, and C. The confusion matrix
showed accuracies of 98.80% for training and
94.59% for testing. Errors occurred only for
class C, while classes A and B achieved 100%
accuracy. Thus, the combination of
hyperspectral imaging and an artificial neural
network successfully distinguished the three
classes, with perfect detection of pure
pistachio powder.

Unlike previous studies that used adulterants
such as green peas or spinach, this study
uniquely employed faba bean powder—an
inexpensive and common product in Iran.

Hyperspectral imaging enables detailed
characterization of pistachio biochemical
components, including proteins,

carbohydrates, minerals, fatty acids, and
phenolic compounds. However, overlapping
spectral features of pistachio and faba bean
make interpretation challenging.

Conclusions

In this study, a novel, rapid, and non-
destructive method based on hyperspectral
imaging (400-1000 nm) combined with a
multilayer  perceptron artificial neural
network was developed to detect adulteration
of pistachio powder with faba bean powder.
The results showed that the proposed method
can distinguish pure samples from adulterated
ones (25% and 50% faba bean powder) with
excellent accuracy. Due to its non-destructive
nature and high speed, this approach has
significant practical potential for integration
into food production lines, quality control

laboratories, and inspection systems. Overall,
the combination of hyperspectral imaging and
neural networks can serve as an effective and
reliable tool to preserve pistachio
authenticity, prevent economic fraud, and
protect consumer rights.

Future research should focus on evaluating
the method's performance for detecting other
adulterants, expanding the model with larger
datasets that include lower adulteration levels
(e.g., 5%, 10%, and 15%) and, as a next step,
validating the approach on real production
lines.

Author Contributions

The authors' participation in this research is as
follows:

First author: Spectral data acquisition, data
mining, text review, and editing.

Second author: Samples preparation, spectral
data acquisition, data preparation, writing the
initial draft.

Data Availability Statement
All relevant data and results are reported

within the manuscript in the form of tables
and figures.

Ethical Considerations
The authors confirm that ethical principles
have been observed in conducting and
publishing this research.

Conflict 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 authors received no specific funding for
this research.



VP8 5L YA 2l 1) o)l N ol (5559l sl miile Sl sl yidg iy & o

d/'/;(:‘/ff‘y.‘: Lvé‘ff‘k)%:/:/

sw.b"‘ 9y Jlo

209 i el glp (Egan (mas Al g bl 8 (6510 3 geal S P (e Sl

M

) 5 PSid dazma g IS goooo Lo

ol STl ST RIS s gy Sl skigen 05,5 )

ouS

Alilo azsu )b

@olamdl el (5 me )3 0)lse0 (loz LSS Faiedy 51 (S (lsredr atay
LM 6 yme 0 Sabay (olde mlio ;000 xS 0 )5 o asaiy jog 0)l0 3
G839 2 P pal (g gy e Arg (R (nl Bue Sl See3; )l sl y0g L
A apmi jslaiedy (gtan sras aSD g (bl (6510 n0al (S S (e
bl slass o b bolse g alls w39 slodiges 39 L jo9 b ey yo
0dgaste o ladiges bl olal Wah 4 ((S)g do,o B0 o YO o) DBl o
oeSiloo 5 0 Cod bl gl p98 ailoles Ky ags jzagli Ve e e B¥ee il
WY S b Vi gy (omas 4S0d SO b gliiul diges o SBL b
Fe 3l St 45 gaslaegane (53 2 e 8,5ke it odls iisal 5 b oley
5 bl s)loppgal oS5 by, ol Hlas s aue,S anglie 34 eols ws o
L jog b iy o9 dad o ;0 AF/09 Como L el ol cgian cuac aSUl
bl 1005 lp (@YU Jonsily (B (] 85 (ansni @ g 0 F0 e D904
N gama ol Lo sl 5 slalesls 5 kS 5 sloolSilasl enly

Syl 0aiS 8 pas Gaix 5l Coles g aiug

VO YNV el
VO Y ITY 15,555k
VO FIY i hady

Vo Feq Licsl

(gols sloejly

AL yog ¢ 2lde slge i
eyt b))

shebld 65105 5

0o, ¢ ‘;.n’).&ﬂ w*
J,L.wu
m-
lashgari@araku.ac.ir

ORCID: !
VTR V2 APIL P

E 3
il
=73

:dlio oyl 4 slcwl ogx

IR awlids RAREARE YA s 9las sloyils Sl

https://dx.doi.org/l 0.22034/jrmam.2026.15023.770



mailto:m-lashgari@araku.ac.ir
mailto:m-lashgari@araku.ac.ir
https://dx.doi.org/00.00000/jrmam.2025.00000.000
https://orcid.org/0000-0000-0000-0000
http://jrmam.sku.ac.ir

Y Vo8 lan ITA b /) 0 lois 118wl /650l clapmisle Silse gla sy 4 pid

byl wsle g slagty) b i goi cul ansis

el gl b (Y 5 by (liz) oo
<dalby }/w GO 90 O Sayd calll JJo 4 wsle
e (ST el sl s 0 s iy lSal S
sy, 5 oz il (SSeiles, S Gezman
Wl dnag i Slge 43 i lulis ol JsSse
Glwoslel aresls wanzay cpole) el ba b, col Ll

5 & LS Gln g S digel 0BT 5 oy
il ol cawlin Glowe @i b adgi bglas 15 00 5lS
oot Slaghy; 4 azg g2l oLl (b calple
0391 oz MalS b_g‘l;\é dlge &Iy’l 30l i gl
e 0 oS Cwsl 15 Sl glie 5590 e
2l Olided iy B i o e s slagts,
Genis ) (leo 9 Su33 &9 3 (riwciel 2 S yolke iy
obly rewads (et al., 2021; Temizkan et al., 2020
oosls g (Taylan et al., 2021; Eksi-Kocak et al., 2016)
Cinarer et al., 2024; Dogan et ) Geos 5 Sk g pouas
sl 0341 (al., 2023
gl 5o Al ansis gl oyt slaghs, 5l (S
R eline a2 93)50 (liges a5 (o38Ol sla)og

He et al., 2023; ) cwl abld g)lonpgai (s, o)l
Park et al., 2023; Nargesi et al., 2024; Faqeerzada et

sbld sl year (al, 2020; Ageel et al., 2025
(el 5508 00 e b g AT iy (658 S lgpreay
OBl (@8ly 905 o oS 5 ailele S 3 ) 5l0 0 g 5
polp Olejed yob 4 ) Sl s Ak Sl oS s
2 AL S 5 ol (sl 2Vl a5 055 s
s a5 Jyore slagmygs M o)ls (e Glaysg
RSP RS VIRVEL SR LN | P[P VO o5 O WERCC FO
Ygore) joloe g A b Wb oo el 0B bl )3
b Sy 00gamme gl yiegil Veoo b For odgame o
dled ol pgal 5l JuSey o ln | (Seop s
slal b (Hypercube) ools caSto ol S asbolos () (29,5
zse Job b g S Glauy 5x ] jo a5 cul(x, v, )
3 bR Sl pngai (hy, 5l eslitul ax ST asb o
ol bl ais 28L wlie j90 ) diny p3gy B apseis
CoheS dloxr | iy sla Sy nle paid sl by,
Cusb, slgioxe (Martinez-Pefia ef al., 2026) awy 330
Olyee «Mohammadi-Moghaddam et al., 2018) iy ;20

doddlo
ool 5l S Pistacia vera L. oo pU b acy
Gy Prd SlS S eSS b lagntyy bl e
5 @l w3y 5o Slokg ol (Saxe Slge g ol
)l Bt U‘)"‘ ‘LSQ)L-" Y-VY JL...: ) .J)‘o 6)3|)3 el...»o
45 5 5005 Gl 50 Ay S5 00T a5 (rregs S ol
Khadivi, ) ceol aiils j13 paw oSl 0 olul 51 e 30
la,lib o ad,ag, clolds ¢ YU golaidl joj,l (2025
Sl |y dias 09 ohgh diw sloes,gl 3 B
03,5 Jasd i 58y Sl 5l SVgame (]
(S oo j2 008 0 )8 Lo 4y aey jog
ua).:m )b O)lgo.(b s‘:‘}:l) 6‘.(00&)5125 9 ‘5».4.“.: ‘6)L.us_)>l-i~u
LMasl S b coasS o slading loolainl o Slilas
ol el 8 esran (S, (59938 9 S0l sle g L
WS o Al |y 0SB pae golaill ggi> Lsas Sleladl
codl gly guz slaasly Wi oo LT 5l (S0 aSL
S5l ol 50 aulgs b slaceulus 5, alaz 5| sogas
Aol ALl o oo a1y Slge plo @
& Vicia faba ole pU L YEL L JBL ale cwadl; )l
39 (598 S O9>g P g <8k ‘&.’:) 90 (o ol J.:Jo
0P Sl Jleoeey0 9 il 5 S L e
Mg ol anza Jdo 4 ML o0 95d o0 g 3l
P ) Gegmme i sloml gy il oo (ol (g s 5
595 i 35 0l 03 sy o3, 5| o el el
ALy (S oo 9l 0uS B pas 4y i goladl O LS
s @ OWle ohgar Wl (S ln Wlge
ol (6 lows S panngls 0l ()81 las (Favism)
cel Wgoe ol alie Sl g Wb Gras 5 ol
wapp  ople 358 e () xie S 3 isES
RPN JRUERE SRV SR
Sg2g pae (il Call (S5 Colld (sl g e aly
u.o.l.:l.‘!s Lbomop.v.]ajgii) u» w.Lng ‘QJL{‘- 69’.3[""'4
939 i )39l (L25u (n Sl gl pall ;o ugane
g_,lm.c ulfwf.»ly Lgbg 69§ 6&Lal§‘ o}:.i&‘ w)_su.;lcb



Wy j0g3 il Ul (6l (Loman mac a5 g (Sublyd (6510 1 0 pal caS (w4 Sl \vf

slacans o ooliiwl 0,5 ¢ /+) ol ikl o8,
D)gods SRR Ainie 9 Sl S o) bl p B

ua.”> 4......., o9 A 03,

Yo u.».m) 4.!)@[) )oﬁ 9 ua.n} 4\........4 ).)51 .b)l..}‘ B 03,
9 we VO 4

O M d.v)@la)oy 9 ua.n} 4\........4 ).)51 .b)l..}‘ :C [23)
T SEYA R

w)oc\fﬁ%MW\c* ‘gljja_la,.;)_m(ﬂﬁ
Slp baiges gilwoslel jglaieds el Cows a4 diges VY
Oygods byl ;09 52 5l a5 FID Sga> s)l0p pgad
Yo Boc g o oo Ve )kéb@gasl%wlg&)ow\y&
Jsod g Blo 06 mhaw was S lawgs Al aBu ;) yie Lo
e b U3l » g (SS9 wle SIE oS
(O ) sk

297 dlgiml J315 35 Silo;T (sladiges —) S

bl 5l 2 p g ailol
Joe bl goloppgar able S gl cnl e
Sl oy y90 s NIT optics &S, Lo VA1000
Joe bl d 90 S oliws ol jo ol solaiu] las
Sya3 L el Ve e 5+ il asgame b VIRA-1000
aid 5154 eg S Ve e S5 g gl VIO sty SIS
lJCA‘5 VO - w.miu )9.: Voruadb o )‘ aloluw w‘ L) sl 00
g oad adF 5 4 digel gl 4 Cd 4z )3 FO a;
sy, ool gl Ol Ve sopl gl Ho5 auio 90 5l uimen
Sl 1 e el ool ooliwl wle LialS g co S
U299 gwie U bdiges o alold ¢ jgd 53 ;0 ladiges

Williams ef al., ) S 5] s 0 dly jr0 Sl
Kheiralipour ef al., ) iy jro >,B Sodl 4 2025
ol 00l a8 5 IS 4, 2016
CAES 59y y Sldllae I ey aiy j5ye b
wosplol g CL;.&.,...J Grdgit yered (6009 b iy &S
plxil )18 pypgal b mwaads sla g, lgl 5l oolaznl b
Genis et al., 2021; Menevseoglu et al., 2021; ) Cewl sois
Cinarer et al., 2024; Sezer et al., 2019; Taylan et al.,

3l oolaiwl UYL jo b a0 iy auseis Ll 2026
OFSU (o sras a0l 5 bl 3 650 pgal oS 5
GYL a4 Colie bl oais 5158 mel> & jgoas
S srSope &l s Souzm 5 SheblE bl
SlaaSts el (55,5 SalS sglSosls wiadgn (sl szs,
slagSl xSk o Vb Uy Jdo 4 (egmas (orac
&lp ol (51asy 55 sz sloosls gaail g oz 2
B weys 358 padid g bl sla i (Bilo
Aigd (o0 g

@ Ghg) S dawgs (Ghagh il Bae (nlpl
5 bR Glonngal oS5 al p @80 g oyrend
Pl e pasis jelited potan oras 4SS
Wilgl Baas ol b Canl sl Lol MBL yog b aiy
bis g diny DYgamme Sllol el Sy 50 S5 S8
310 axel> ol ¢ solaidl cwdlu

o9y 9 dlgo
Baiges (g 3Lwoolel
olrl @) s @l eyl 5 (o a5 llaas! o8 aty ie
Pl Oogotr e oS 4 L 5l vg)e et 4
Sy Jilas 4 b olS 5 ol ST wal ol
K5 B 055 00 48 pl3 g Sl Ay 5399 Canl S & p3Y
s N3k ) 5 ML laals Lol L ] (rads e
oy Slozre Dlialol ol 5 G 59, S g i
Bl 0g wlw! bwg alflas e 4 ML sladls 4
Fro aiyy SopaS LY G b SIS ol gla s
Oeead Ol ojlail S 1S b asads ools jeue ey, S
SladnsS ;5 (alls L o5 9 (Al wny j35 diges 035
Sl 5SS 5 5l e85 Larmme sled ;5 (S9hl

39 Samd LML o (i (ileand Gl

$9il5 3l yshate ol slp o 0098l atuy jog 4 asin



1Yo Vo8 lan ITA b /) 0 lois 118wl /650l clapmisle Silse gla sy 4 pid

Upgh o (Trentanni Hansen ef al., 2019) cewl o

g osls polie po> (AiblS (Gl ppgal Lol
el Ll ol slaail o YU (Ko 929

o it Loy, 55l Jae sl IS U5 sepinn pmae
Il SO lsieas g wiyla 1) sl sleosls hu oduzen
oolaziwls jge wlive Gladss [0 udle (6,80l o aied a8
(Cevoli et al., 2026; Nargesi et al., 2024) slaz3,5 1,8
O (Fohas (omac &Sh So ol Gdod o
oY &3l JSese (Multilayer Perceptron) aYoss
2t (2l g p Y Sy Ol 4Y S (6099
g Tanh _las ;& o5ldled milys 5l eonds 4z )5 lai o astl
Al eolatwl 29,5 9 Glet 4Y sl oi 4 Softmax
Uas Lacl ey o, o5 5l oolaul b aSils bjgel ol 8
Oogel 6lp osls auoyo Vel ubios ol 5o 8,5 alol
Sdle s o soliiwl ee3l (sl s Wosls aoys Yo g
5 sbol sbadse Jdos 0 VA axus (IBM Modeler)
B8 18 colaiuls e Loan gmas aSS (gile o
Sl lons loy Yy by, Slaed 5ois b ldle 5
Sidng ol )3 50,5 Jlesl ) (grae a5 alise
)l ams Glgiedy 1) 0ad oo Aol p g 4 ke &S

.\.\.DQ‘SA

T sl 5 ot slagsa Jsb Aol sunlis 5
a4zl g ool Bdo Judo anl 3 5l ol el o Lls e
28,5 18 o g a5 3 90 ylegili Ve BFOY AL
SleMbl o5 hend e 4 laggesb jl ois Si>
Pl 58 5 Gekioms byl aand ol 50 i g ik
3923 o, 2 Sl (Innamorato et al., 2019) el ouls
RSP TS U< PR WO RO R N T

(Y JS)

&y 55 VAT000 15800 5o o e il B0 Sgas 50
28,5 )18 oolawls jge b slaosls ool

@ U3k Oel I8 syl pgal oo sl LS
1 el 5 b,

31 6410, g8 (White Reference) spbw a2 oy 9as
L pBabel ojlalinl il o)l Slddgw sbw jou
O JK8) soyo Ve s a0 ooy obsb

L )0, pmgas (Dark Reference) olw a0 jigai
reas 6l Gho e Gad) odd odnde elS  was
s S ol

Geb zoe Job o 50 Sy 2 Gl entJley SBSL
1230,5 dwle (V) alal,

R, = Lraw = laark % 100 M)

Lynhite — laark
Jsb 10 a0y e i 2bL Ry 1 o as

&= s o Taark ¢4 god .nl.& b Gad Traw A T
Mishra et al., ) cewl dbas g2 5o cado G Tuhite toliws
2017

Waigad (535Lws yluitivw

2 acte Pl e S S ssles st
(Feature (559 g wlbie 3l £ 5 col yudilo (s 050k
wbide a1y o S5g atels a5 Wl o ,lels 4 Scaling)
aS ol opl ol Bas oy Sete S oo oo o lailil
Sy clin 5 CleSh pulide 4y oo 95,5 sl S
@il llisl (g, 5l Bk cal po isd hiad (596
oo 3l glosl o eols jlade a5 Min-Max daicios-dieS
(Y alayl ) Gl oo ooliiwl W8 0 )13 S L

Xi — Xmin )

Xnorm - X _ X
max min

(59,9 0old X (639,900l Jloy Jlade Xnom oyl ,o a5
Al oo osls PBlas ¢ xSTas jlade o 5 4 Xiin g Ximax

bl sloailze Jols
sl S o sl b sleosls oo 5l al> e s
Col ol slradlie Jdow Clel iy glaoosls 5 Sl
u,_Lp‘ sleadye = SO (Cortés et al., 2019)
G993 iz Lawgi laosls olal (2alS s, Ko lsisas
5 Srly S0 4y o aailye | b S 5
4315 wlod gn oy | Lnools il ly S5 i 2 5


https://blog.faradars.org/scatter-plots/

Wy j0g3 il Ul (6l (Loman mac a5 g (Sublyd (6510 1 0 pal caS (w4 Sl \Y#

PC-1

PC -4 [ \
PC -2 ‘

PC -5

00 02 04 06 08 10
Lol slad g Cowdl Gl - JSCo

Lokl o lgiee (el lacirl o SN 0524l
Oeizmad il (6 blatul 0uiS S Jaw o Slae
Candy 58Syl bbaiged GndSESE e S0 sl
ooy PG g P9 ‘J3| LSL‘bd-d;“ Slaisis 5o lecbyo.a ;n...]a
wms ) PCA u’"’j) )| oolaiul (fJ.i..u) KW
plo yo ol sbhadie Olaise o bdges SoSly,
Horn et al., 2018; Teye ) cuwl oo 5,155 50 Olaaxs
On owlin SESET a5 weo oo L ¥ IS (et al., 2019
O95° osls uilly g bmos, bl a5l Ladiges
a4 ol slp Wlg o gg090 (pul 45 5l 3925 oo,

Al 0aisS laanel YU cdol sonails Joe

D
LI

Ac

PC1 Lol ailgo duw 3l ooliswl b bros y gy Skl —F S5
PC2 4 PC4

UL GUVINE VR R BN P ov PO | N

o b gleiz Y Syl JSiie Y s g ey (9Ran
ool 29 ,18lp 5 L Lagyg 95 slaes a8 sgas &) 9588
Sz olass (60g,9 Y (gl .l sl Ll gy o, Sles
ao g zor aY lr g ol adlie Jloz olasi 4 588
s 0 C B A ooy an jo lediged (gamadl glp 9,98

RVPVER

120

100

80

60

Reflectance (%)

40

20

400 600 800 1000

Wavelength (nm)

|
120
100
80

60

Reflectance (%)

40

20

400 600 800 1000
Wavelength (nm)

el () 9 00 dus 41 Slacdebs () Y S
bbb

obml s boysie (Lol sbbadlse w0
ol sl piie 5| b5 S5 Ky S S 85 e
oamel ol sloadlie a5 wus le e o) aiis
Slayiie Gl ;0 9290 Sl G iy Wigh oo
b olsly oyt Shol adlge gl s ls 053 01, Lol
p9d shol adlie a5 Jb> j0 o)l npo |, bosls wledbl
ouuzd &l )| Jgl slol adlie fawgs a5 o )ls 095 jo 1) Sledlb
979 53 s GBadlie 13 oI et 4 g, (nl g Sl
leadlse Jdousl s (Callao & Ruisanchez, 2018) o lo
» kol sladse slei IBM Modeler l38ls 5 o Lol
B o pol> Gubiod )0 Wsd oo 41, LT Coel lime bl
&y Cudl 61l PCS gPC4 PC2 PC1 Lol sloadlse
Qb oo ¥ S illas 5 Ll sl co 5 a8 diloas



wy Vo8 lan ITA b /) 0 lois 118wl /650l clapmisle Silse gla sy 4 pid

R Yore AYIPY Yioe -
<
(@) 3 o390l (W) o3loas gazmo (pLicié] s yile —F S
Joe (903

ool o il ) |, yols suiss a5 assl L
Sloppgas Able I ooy whlei e nloie dlgie
ML ol s oole ylgreay MBL jogs 5l eolaul g bl )8
ooliiulgu 3)90 925 )3 @l 5 )l Jyare Olprea
@ ol Gyt STy oS ad 518 Gl ol
039 pol> oy ol @ ile gy Jdo a5 cl asls
el
oz gosb 5| (rrmg e Cud b (hebl )3 (g )10 5 90
3 iy 53 39290 abrerdian Sl 385 Grosi I
sloanl 5 (Sane Slge ol anmg S dacnyy alex
(Martinez-Pefia et al., 2026) oS o o2l,8 |, <>
350 00l (plond il 5 LSl 4t SB5L ol
2 Wl (Bl 51y Gl slawisn o929 5 0092 (o) 2
S8 i 3 oz b illy 5l LBk sl
Jols SalS,l i olge e oad 33 (glackils
(S5 5 o5 saedos )0 g wiea X-H (ele glaog S
bos,S 4 bk T ab a5 iz 2y 9,5 it

Synaptic Weight Estimate
) Negative Positive
Bias ¢ Bias
4
/ & ID=A
PC-1 ¢ Neuron 1 /

PC-4 & <

& /
+ & ID=B
Neuron 2
i &

Neuron 3 ,/
& £

PC-2 &

PC-5 &

(o8 yme o A5l sl -0 S

S5 50 0se3l 5 oi9e] slaools asgazme (Al yile
03,91 ke g0 cpl j0 a5 4gS e ol ods 00,9l F
@ G905l g (oi9e] dcgesme (Accuracy) Como (ol oo
gmne 2V s 45 el AFIDR 5 QA il o
039 B oo aseis 4y bgy e wols &, sl e 098 0
ply oo oo (Precision) cds e 55 03, 95 40
oS 5 aS cl S s plpls cwlasys Ve
S8 4 ;008 (e ghan orae 4Sed g (bl )1 p g
Cdo i allB 09 aiS )0 0594y g 0098 00, dus
el )55 LS

s b oLl dedie idu o 45 aisfoles
o i Salnl iy 35 50 B ogat 0 Ot
Ll ot )Y Jgaz o | i 5l s
0 ortey SlaysaS 1 as a5 9a5 )0 598 e Slinies
Og7ed (60lge 5l g Wlonds plonil 358 oo Cgmine dny g
Sl ooy ool iy Jogy ;o s (gl Zliawl § g
2955 01 53 iy y3y i 53 @l Slge lsreas alls a8
oyl sl sanlia HE ) Sy 31 il ] e Lot 4
S5k Sglite sl by, 5 alie glaaslobs 625 B4
5 el o ol 5 s gl wligig o cyeile
4,5 Sl odgy Dlides ple 93 b pol> GBS
5 S gy e 2l Glp b bl Coo
Gafe g S (Sl Ogzmen 65N eyl
il oLl S Wil oo 5 o) (09248 poy

higel




Wy j0g3 il Ul (6l (Loman mac a5 g (Sublyd (6510 1 0 pal caS (w4 Sl 1TA

AL, 09z g0 LS 5 odee (Khadivi ef al., 2025)
s g9 (58,5 a0 b el (i g ] 09,5
yods (o Sligaan g WL LS 5 LS j0 a0 09290

ol 009,0.3 )‘9.“:0 )L».w.a |) @L)L» 9 LS"'\> LgL{bg_oa.]a

& aimy (Jamshidi, 2012) Cewss lools LIS o Lsle
Sedgid 9 Slgl sloacnl wile gLl e oy slaanul
ol oendS” Jio (5 p0le 5 50 (D0e05:,S (0 Fs
Gl Sgid SLS 5 g lagnelng 5 e 2l hud

Ay 3099 j0 il e o Glidxy plw gl -) Juo

&0 X i olge ol (6 yuSOb o9y
Genis et al., 2021 A e glinl 5 jrwd93d PCA 303 & ywg P (Fwiab
Taylan et al., 2021 JAY s pd g3 GA obly (b
Cinarer et al., 2024 JARRRCE ™ CNN Pgad 310y
Sezer et al., 2019 AR e i p glbel 5 wd93 PCA G G canslig b (il
Eksi-Kocak et al., 2016 AR s JINPES PLSR obely bl (5510 5 2 guai
Temizkan et al., 2020 HAR I RS 0955 PLSR S0P E g (miinb
Dogan et al., 2023 JAYIFS coxe g5 ANN Reds 318
ol o JAFIOA cono NEN ANN bl d (619 g

2 PCA: Principal Component Analysis; GA: Genetic Algorithm; CNN: Convolutional Neural Network; PLSR: Partial Least
Squares Regression; ANN: Artificial Neural Networks

OB s i 8 )lde

Seoi (nl el jo pBatins S lie Gl 5 09

il 5 &0

5 b gglSenls (ol (giloenls i gl odisg -
Lo il ng

(st (510 ooy dadiges &;Lwoole] P9 odiungl -
Aol g i 5,55 daools (g 5lwesls]

Loold 4 (o yiwd
ol 0als 5)155 i (e yo ol g Sledbl asn

S Jgo!
Coley lli o Ll 5 plosl 31, BT Jpo! S 2y

oW LQJ] dod ..\.uLQ)}A &9.»49.@ g)“ 9 ..\3‘099.0_;

Ol Wy g3 2L ol
0105 sl asldS 5l Wlie ol jo eai b1

& 5 Al

PG et 9 @ (g 9y S Mo crl )3
Verr B ¥ osgazme jo (bl b ppgal oSS
Wiz Goieen £5 5l (Saras gras aSGD 5 yiegil
A 00ld dausgs ML 040 b iy j09y &5 Slulils 6l
S G0l cnl JoBB 906 g, aS ol lis leasdl
slase,s yl> sladises 51, Al sladiges (29>
0,559, ol A S (doyn B0 5 YO) ML alise
hoe Josly b Cepn 5 op ©pwps gl
gle oy bshs 0 gl LS ¢lp oxfeis
S slaailels 5 kS S slaolialesl o lid
smas 4eh 5 bl 8 ) ppgal oS (IS ek o)l
Las gl olael BB 5 w5 Il G laicas wilgs o
9> 5l Cole 5 (golatdl (i I (g5 gl ey Lo
(S sl iagh 50 0.8 18 solituls g 005 pas
oo dogd (5 Slge plo LariS sl by, l 2L
g Ve D M) Jomb sbas,s Jold 5 Jamwg bosls b
(g g b (g9, (i liel rizmen g (20,5 10
D9l e Mpiday om o5 (lgie



va VPO 5L YA 2le 1Y o)l N0 ol [ (65,9LS b pile Sl b gy 4y pis

109378.
https://doi.org/10.1016/j.foodcont.2022.109378

Horn, B., Esslinger, S., Pfister, M., Fauhl-Hassek, C.
and Riedl, J. 2018. Non-targeted detection of paprika
adulteration using mid-infrared spectroscopy and
one-class classification—Is it data preprocessing that
makes the performance? Food chemistry, 257, 112-
119.
https://doi.org/10.1016/j.foodchem.2018.03.007

Innamorato, V., Longobardi, F., Lippolis, V., Cortese,
M., Logrieco, A.F., Catucci, L., Agostiano, A. and
De Girolamo, A. (2019). Tracing the Geographical
Origin of Lentils (Lens culinaris Medik.) by Infrared
Spectroscopy and Chemometrics. Food Analytical
Methods, 12(3), 773-779.
https://doi.org/10.1007/s12161-018-1406-8

Jamshidi, B., (2012). Non-destructive Taste
Characterization and Classification of Oranges Using
Vis/NIR  Spectroscopy, Doctoral Dissertation,
Tarbiat Modares University. (In Persian).

Khadivi, A., Nikoogoftar-Sedghi, M., & Tung, Y.
(2025). Agronomic characteristics, mineral nutrient
content,  antioxidant  capacity,  biochemical
composition, and fatty acid profile of Iranian
pistachio (Pistacia vera L.) cultivars. BMC Plant
Biology, 25(1), 1-21.
https://doi.org/10.1186/s12870-025-06094-9

Kheiralipour, K., Ahmadi, H., Rajabipour, A., Rafiee,
S., Javan-Nikkhah, M., Jayas, D. S., & Siliveru, K.
(2016). Detection of fungal infection in pistachio
kernel by long-wave near-infrared hyperspectral
imaging technique. Quality Assurance and Safety of
Crops & Foods, 8(1), 129-135.

Martinez-Pefia, R., Castillo, S., Vélez, S., & Alvarez,
S. (2026). HSI and ML for non-destructive pistachio
quality assessment: Influence of location and
irrigation on nutrient and fat composition. Food
Control, 112011.
https://doi.org/10.1016/j.foodcont.2026.112011

Menevseoglu, A., Aykas, D. P., & Adal, E. (2021).
Non-targeted approach to detect green pea and
peanut adulteration in pistachio by using portable FT-
IR, and UV-Vis spectroscopy. Journal of Food
Measurement and Characterization, 15(2), 1075-
1082. https://doi.org/10.1007/s11694-020-00710-y

Mishra, P., Mohd Asaari, M.S., Herrero-Langreo, A.,
Lohumi, S., Diezma, B., & Scheunders, P. (2017).
Close range hyperspectral imaging of plants: A
review. Biosystems Engineering, 164, 49-67.
https://doi.org/10.1016/j.biosystemseng.2017.09.00
9

Mohammadi-Moghaddam, T., Razavi, S. M,
Taghizadeh, M., Pradhan, B., Sazgarnia, A., &
Shaker-Ardekani, A. (2018). Hyperspectral imaging
as an effective tool for prediction the moisture
content and textural characteristics of roasted
pistachio kernels. Journal of Food Measurement and
Characterization, 12(3), 1493-1502.
https://doi.org/10.1007/s11694-018-9764-x

b cale>
oipgy (nl plxl sl oo Jbo coles e (Bois

ilos ST el o

&L

Ageel, M., Sohaib, A., Igbal, M., & Ullah, S. S. (2025).
Milk adulteration identification using hyperspectral
imaging and machine learning. Journal of Dairy
Science, 108(2), 1301-1314.
https://doi.org/10.3168/jds.2024-25635

Callao, M. P., & Ruisanchez, 1. (2018). An overview
of multivariate qualitative methods for food fraud
detection. Food Control, 86, 283-293.
https://doi.org/10.1016/j.foodcont.2017.11.034

Cevoli, C., Mingrone, M., & Fabbri, A. (2026).
Hyperspectral imaging and linear and nonlinear
machine learning for tracing the geographical origin
of pistachios. Food Control, 184, 112048.
https://doi.org/10.1016/j.foodcont.2026.112048

Cinarer, G., Dogan, N., Kilig, K., & Dogan, C. (2024).
Rapid detection of adulteration in pistachio based on
deep learning methodologies and affordable
system. Multimedia Tools and Applications, 83(5),
14797-14820. https://doi.org/10.1007/s11042-023-
16172-5

Cortés, V., Blasco, J., Aleixos, N., Cubero, S., &
Talens, P. (2019). Monitoring strategies for quality
control of agricultural products using visible and
near-infrared spectroscopy: A review. Trends in
Food Science &  Technology, 85, 138-148.
https://doi.org/10.1016/j.tifs.2019.01.015

Dogan, C., Sehirli, E., Dogan, N., & Buran, I. (2023).
Non-targeted approach to detect pistachio
authenticity based on digital image processing and
hybrid machine learning model. Journal of Food
Measurement and Characterization, 17(2), 1693-
1702. https://doi.org/10.1007/s11694-022-01671-0

Eksi-Kocak, H., Mentes-Yilmaz, O., & Boyaci, 1. H.
(2016). Detection of green pea adulteration in
pistachio nut granules by using Raman hyperspectral
imaging. European Food Research and
Technology, 242(2), 271-2717.
https://doi.org/10.1007/s00217-015-2538-3

Fageerzada, M. A., Lohumi, S., Kim, G., Joshi, R., Lee,
H., Kim, M. S., & Cho, B. K. (2020). Hyperspectral
shortwave infrared image analysis for detection of
adulterants in almond powder with one-class
classification method. Sensors, 20(20), 5855.

Genis, H. E., Durna, S., & Boyaci, I. H. (2021).
Determination of green pea and spinach adulteration
in pistachio nuts using NIR spectroscopy. Lwt, 136,
110008. https://doi.org/10.1016/j.1wt.2020.110008

He, H. J,, Chen, Y., Li, G., Wang, Y., Ou, X., & Guo,
J. (2023). Hyperspectral imaging combined with
chemometrics for rapid detection of talcum powder
adulterated in wheat flour. Food Control, 144,



https://doi.org/10.3168/jds.2024-25635
https://doi.org/10.1016/j.foodcont.2017.11.034
https://doi.org/10.1016/j.foodcont.2026.112048
https://doi.org/10.1016/j.tifs.2019.01.015
https://doi.org/10.1016/j.lwt.2020.110008
https://doi.org/10.1016/j.foodcont.2022.109378
https://doi.org/10.1016/j.foodchem.2018.03.007
https://doi.org/10.1016/j.foodcont.2026.112011
https://doi.org/10.1016/j.biosystemseng.2017.09.009
https://doi.org/10.1016/j.biosystemseng.2017.09.009

Ay 5093 il (sl (gl (oEghan (omas a5 g (Sublyd (6410 1 0 gual S ) x4 Sl Y.

Additives & Contaminants: Part A, 1-19.
https://doi.org/10.1080/19440049.2025.2597288
Temizkan, R., Dogan, M. A., Atakan, O., Nazlim, B.
A., & Ayvaz, H. (2020). Rapid detection of green pea
adulteration in ground pistachio nuts using near and
mid-infrared spectroscopy. International Journal of
Agriculture Forestry and Life Sciences, 4(1), 71-78.
Teye, E., Amuah, C.L., McGrath, T. and Elliott, C.
2019. Innovative and rapid analysis for rice
authenticity using hand-held NIR spectrometry and
chemometrics. Spectrochimica Acta Part A:
Molecular and  Biomolecular  Spectroscopy.
https://doi.org/10.1016/j.saa.2019.03.085
Trentanni Hansen, G. J., Almonacid, J., Albertengo, L.,
Rodriguez, M. S., Di Anibal, C., & Delrieux, C.
(2019). NIR-based Sudan I to IV and Para-Red food
adulterants  screening. Food  Additives &
Contaminants: Part A, 36(8), 1163-1172.
https://doi.org/10.1080/19440049.2019.1619940
Williams, L., Shukla, P., Sheikh-Akbari, A.,
Mabhroughi, S., & Mporas, 1. (2025). Measuring the
level of aflatoxin infection in pistachio nuts by
applying  machine learning techniques to
hyperspectral images. Sensors, 25(5), 154

Nargesi, M. H., Amiriparian, J., Bagherpour, H., &
Kheiralipour, K. (2024). Detection of different
adulteration in cinnamon powder using hyperspectral
imaging and artificial neural network
method. Results in Chemistry, 9, 101644.
https://doi.org/10.1016/j.rechem.2024.101644

Park, J. J., Cho, J. S., Lee, G., Yun, D. Y., Park, S. K.,
Park, K. J., & Lim, J. H. (2023). Detection of red
pepper powder adulteration with allura red and red
pepper seeds using hyperspectral
imaging. Foods, 12(18), 3471.

Sezer, B., Apaydin, H., Bilge, G., & Boyaci, I. H.
(2019). Detection of Pistacia vera adulteration by
using laser induced breakdown spectroscopy. Journal
of the Science of Food and Agriculture, 99(5), 2236~
2242.

Taylan, O., Cebi, N., Yilmaz, M. T., Sagdic, O.,
Ozdemir, D., & Balubaid, M. (2021). Rapid detection
of green-pea adulteration in pistachio nuts using
Raman spectroscopy and chemometrics. Journal of
the Science of Food and Agriculture, 101(4), 1699-
1708.

Taylan, O., Bulut, M., Cebi, N., Sagdic, O., & Celebi,
Y. (2026). Explainable Al-assisted hybrid self-
organising maps and deep learning algorithms for
detecting pistachio adulteration with peas. Food



https://doi.org/10.1016/j.rechem.2024.101644
https://doi.org/10.1080/19440049.2025.2597288
https://doi.org/10.1016/j.saa.2019.03.085
https://doi.org/10.1080/19440049.2019.1619940


    R  𝜆 =     I  r a w −   I  d a r k    I  w h i t e −   I  d a r k × 100


    X  n o r m =     X  i −   X  m i n    X  m a x −   X  m i n

