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ABSTRACT: Pork quality is an economically critical trait in swine production, necessitating rapid and accurate

evaluation methods to optimize processing efficiency and ensure trade compliance. Recent advancements in artificial
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intelligence algorithms and sensor technologies have driven the development of non-destructive detection methods
based on artificial intelligence, which are now widely applied in the meat industry. Integrating digital image
processing with artificial intelligence learning algorithms and multi-sensor data fusion to achieve automated,
real-time monitoring of pork quality throughout processing chains represents a pivotal research direction for ensuring
meat safety and quality. This article summarized the current key technologies for non-destructive testing of pork
quality, including near-infrared spectroscopy, hyperspectral imaging, Raman spectroscopy, fluorescence
spectroscopy, terahertz spectroscopy, electronic nose/tongue technology and computer vision systems, elaborated the
principles, characteristics and application status of different technologies, and discussed and forecasted the

shortcomings and future development directions of different technologies, aiming to provide reference for the

application of non-destructive testing technology in pork quality evaluation.
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T E R R A SR E, 2024 438 E A G AR
42743 J33k, FEATER 5706 07 t, AR B AU TR E AR
B SEAE AL . Bl AT B e 4 T B SR AR RS T I H 25
HaE, SRRSO R R . B A R T
ME S i i S [/ 3 TIOR: LAWRIE 1T 1966 4E7E
(Meat Science) &FHH U H, LIS 20 R REH
A, KT RS TE PR 258, FFEE2%#% ANDERSON
PSSR 5 25, AR AR . BRI . ER M
JRCIN TR . DA . AR, R Rtk K2 D
AP R A A S AR AR A R R . H, REC
2TV 50 ) P T (B o 4 ) AR ) A0, HEREPEAR
WEATIARME . Ho o hrRdE . EUARFRUE . Al bR i) F AR
PR 55 Rt OB A R o L, TR PR o SRR 9 13 I3,
FRERARIE 21 0, T ZHE 13 WP EPRENE R TS
PELTE PR MR HE T R TP B AR R T, TR

ARy N e o s A E R R I KN E A SRl R
T3k o BE AT R A N B SR g B R ) B R
TP RLE, e F SR . — 3ok . MERL R A S5
o LRI 43 BT E A0 L — R NG A X R A
HEATHIE o E AR RNy vk 3 A R SO A e ik
(high performance liquid chromatography, HPLC). %K
AH €513 - FR I 1% (ultra performance liquid chromatography-
tandem mass spectrometry, UPLC-MS/MS). <A 41 (gas
chromatography, GC) . = M & 3% - & & ¥ (gas
chromatography-mass spectrometry, GC-MS) ., B¢ 507 1§
[ft2%: (enzyme-linked immunosorbent assay, ELISA). {4
4 1t B J2 M1 ¥ (gold immunochromatographic  assay,
GICA). W1k 412 (biosensor) 5 , 5% JH e gk A #6037
RN H PRAS R 089 i SS9 B AT ARG I, AR T IR RN 1
INEWL . ERE, (EP 252 BB BURIR, AAAE R A

e, DRI SR 7, MELLWE R BARRZE A il B ik L
IR K RV E — RENPE . AR . JCH R I
AR P AT — B TR, DR T R A
B i o K e

N L% fE (artificial intelligence, AI)$% A i i FH & 2Efif
BRGTALEE AR, LE RS S BTSRRI Y Ry
ARG R E T, RS S AT R AL T R
HARIHF AL ARG A as | A HRR G AL AL
Mg, FIFREM I J12% . J6aE . 75 2RSS
B, XTHAERRRE L Al . AR S BE T IT A,
AT S B0 BB A G0 | MERRIEANC T, A R B
Rl (multisensor information fusion, MSIF)4% R & — A
[R5 Y 2211 T W 50l 45 5 RS R T sk I I s
WA, BEREEER AN ZAREGE, UAEHT
PR e S5 R . T4, MSIF iR E T Z T
AR RV i T P AR 5 R 0

ASCEER T MR A b BT TS BRI Y 32 BEOC B R,
ALFEIT LT A1 (near infrared spectroscopy, NIRS A | 5
i R % (hyperspectral imaging technique, HSHF A | $i8
Y% (Raman spectroscopy, RSFEA | 2 MGG H AR . bk
%% J61% (Terahertz spectroscopy, THz)F A . HLF & /HL T
(electronic nose/electronic tongue, EN/ET)H A FITTHEHLAL
W Z 4t (computer vision technology, CVs), i T AF$HA
R DR AR S R R BOIR, DL TG A Bk R A ARk 1 ke
Jri, LU AL BRI F B0 R 5l 5T i e A A I AR Ak
ERHES AR S

1 ETRAEFHTHEUEAR

1.1 NIRS FEAR

NIRS (780~2526 nm), A~ F W] WG AIP LG22 ],
2 X G B I T I S(C-H . O-H.,
N-H) 553k B 3R sh B 00, RE A58 7~ 9 5T i) 45 48 A 20 Al A
Bo TERE BT EEEE Ry 16, X H IO AL NIRS



5514 ) FoOE TN RRR GG I BORALESE A b SR o 4 8 PRI S a2 81

{5 B A ¥ Kk m v A (total volatile basic nitrogen,
TVB-N). pH FIEKRMKR, L THR TVB-N, pH
T K TE AP B 3 B SN AL S8 7k (competitive  adapative
reweighted sampling, CARS)%E & f B /> — 7€ [0l I (partial
least squares regression, PLSR)FEF!, & BT £1 4P BE X 35,
5 TVB-N. pH., &7KRAATE A, il g
R REU(R) 7 0.9471, 0.9988., 0.9971, ¥yJ5 iR ZE
(root mean square error of prediction, RMSEP) 4y %l &
1.2088.,0.087.0.0015; MIIRLEFHIC R E(Re) 5514 0.9275 .
0.9630., 0.9459, RMSEP 43Jl 47 1.6836., 0.0517. 0.0056,
QU ZMIR I MSIF $K, L TVB-N Fl pH g fef B P4y
6 b5 X 5 BT S B AT IR A, TVB-N AH G R EU(R)
RMSEP 43514 0.8618 F1 3.910, pH #H¢ # %k (R)A RMSEP
4 0.9379 F1 0.1046. PIIHFFT L5 R W, NIRS 454 MSIF
T5 A GRS IS TR B R DR C AN, S PR IS i o
Gt LIRS (Y A S e L W T S A A
RS54 B (principal component analysis, PCA)X}# A i
B ab B, G R PN OGTE RS, J8 TR TR A R S
SZREm EA(salp swarm algorithm-support vector machine,
SSA-SVM)#5 Y #E47 S 8t Ak, 76 I R 48 Al il 4 |,
SSA-SVM HERL A4 A i BT IE A A s o UIER4E B, 11
LA (pale, soft and exudative, PSE). IF% P (reddish-pink,
firm and non-exudative, RFN)F122+ A (dark, firm and dry,
DFDYR A IEH R 96.15%. 97.06%. 96.15%; il
% I+, PSE . RFN #1 DFD U5l i 1EA# 2243514 100.00%
94.11%., 92.31%, SZBL T AS[A] dh RS A ims RCHE 1 o et
LIk T REO A0 35 5 (particle swam optimization, PSO)
IA SVM #7258k, 7 2a I PSE. REN
1 DED {4 [ A3 53 5 88.46% . 94.11%F1 92.31%;
M4 PSE. REN Al DFD HUiliE#5%50 310 84.62% .
94.11%H1 84.62%. ZrJeanfi i, FMERR A, Az fif
RERE S ELR P BRI AR S

NIRS HE AT AF A 7E P 2 ity J5T PR 328 TTC 451 A6 0 4651 42k 114
B 1. NIRS HOART @R A7 i i 2 AR S HEAC
JEIE 5 R AR AR 22 8] Y OG0 o A HA PR JE B S O,
A7 A AT T B, A 0 A o B A A 32 PR TR L 1Y
Fiit . AR T LR AR R . DFARR
— BEBULEAN 6] G B A% =2 [ 14 1oy FFT 2 Ak LA B S A A8 Yy 3
ML WHR TR0 NIRS L3 %&, Nk NIRS $4AR 5
HAtb R AR, 22583 NIRS HOR MR FHRCR .
1.2 HSI#HA

HSI 2GS H AR S5 4 UG HOR AR5, I H br
Y —4E 65 B gk s [ E R, AR ARy
TR PG B R EAT A A, B NS SR, EE
FEMIrOKr . L BEND . BRI TI(EOEE WO iR
AR A R (A . BRIy T, ey )z ),

R 1 ET NIRS BAREM ALK RFAARER

Table 1 Research progress on meat quality detection based on

NIRS technology
~ b2t N 5%
TR e PERE .
Y SCHER
P2 0.9471; Wik
TVB-N PLSR [10]
££:0.9275
TVB-N MSIF S ZR % 0.8618 [11]
PLSR; YIZREE: 0.9988; ik
pH ’ [10]
CARS-PLSR 4E: 0.9630
pH MSIF XK FH: 0.9379 [11]
. YZR4E: 0.9971; Wik
Ak PLSR; [10]
CARS-PLSR 4E: 0.9459
1254 PSE 96.15% .
REN 97.06%. DFD
TR 96.15%
PCSSA-SVM . : 12
w JE MR HE: PSE 100.00% [12]
REN 94.11%. DFD
92.31%
11244 PSE 88.46% .
REN 94.11%. DFD
WA 92.31%
PSOZIA SVM | e 13
hl BT i Wi 4E: PSE 84.62% . [13]
REN 94.11%. DFD
84.62%

MA USSR T —Flog B0 BB HST AR ks, 45
A I ) 15 175 22 W 4% (back propagation neural network,
BP-NN)A1 PLSR FUBLIRY, Xt Z2 i T8 PR A0 2 o 75
AT T ITAG 455 WOGEE T BP-NN R4l £ o L%
PR T i, Hse U IE AR I s R AR M 0.8318,
RMSEP 2y 8.38 mg/g. HF5ERM, FIHBUCALL HSI HR
LA 00N A LA PR AR % B KAMRUZZAMAN %171
WHFE T 400~1000 nm i FEl N B9 mOG g SE i R R 5E,
FAT R ML A (A P RIS P ok o & R e 4R, 20t
28 ¥ [l (multiple linear regression, MLR)FEAI & #A, 5 F
O, FE WM & oK B OF W E BRI, Rp097,
RMSEP=2.19%, RPD=4.04, HSI 5 Z t/itl4if, R
ATl S 5 7K 43 5 A R ) . CHENG %51
TFRE T 5615 61 /% (fluorescence hyperspectral imaging
technique, F-HSI)5 EN AH&5 & (0% PR T 5 JoiAs i 5 A
e, N AR A Bl A M 45 BB (hybrid fusion attention
network, HFA-Net) 3k 15 T % ££ /9 1 I 45 2R (R=0.9373,
RMSE=0.4897 mg/100 g), #37. T 3T HFA-Net [#) F-his I
EN B His @l -G 10 — b JIC A6 W00 2 DR BT B R 1 BT kL
BONAH % U3z H 0] U, - i 41 4} (visible-near infrared,
Vis-NIR) HSI F1 PLSR, X 58 15 5 1 LA 40 R 2SR
PR EARCKIAT I 0157 FI& B O A BR ) 115 Je i il
HEAT PR I, T 8L B R Y A A A R AR O A
(variable combination population analysis with genetic
algorithm, VCPA-GA)IR & FR I 1 A AT TR T A5 A8, 3
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%16 &

AT 5E RB(R%)=0.9977 . RMSEP=0.1532., 1 #EM 2 [t
(ratio of performance residual prediction deviation,
RPD)=13.5910; 4 #{ {2 1 43 BR 14 B ALY : R*p=0.9960
RMSEP=0.1225, RPD=16.8032, SZHUSE PIFEA [ & IR
JEAR A A T4, R AN B S Y PEA SR T —FlOB T i
BARBIN 2251 5% T —F#f49 NIR-HIS (900~1700 nm)#s;
¥4 S 7 TR T At A7 B [0 (%) T 9% 6. % (total  viable-bacteria
count, TVC)FIFES %X (psychrotrophic plate count, PPC),
TVC Hl PPC ) r> 5352 0.86 F1 0.89, $#45 T Fek I,
ZHAO Z5PVEEST T PR S e o i3 P15 i 307 1 ) 28 25093 A A5
HY(gaussian process regression, GPR)X}PIZEEE S BB K
IFJRVEAL, SEBLA RSB AR AT RS, e vk 1
%% (average relative error, ARE), #H5¢ZRE(r)fl RMSEP
Sk 2.8% . 0.9831 1 0.0319. AL-SARAYREH %%/
I HSI RGE454G NIRFI VIS, #57 T =4EE M4 M4 (3D
convolutional neural networks, 3D-CNN)RH | B H 7 1
FGIE HIS-NIR Al HIS-VIS 432HE R ) 43 A5 B 43 il ik
96.9%7F1 97.1%.

HSI B A ATE R 2 il J5T P 8 TG 451 4G 1) 51 4l 119 7
WL 20 HSI BOARIE—IUF % H A JREH 4 5 F 00 it
AR, LIZZNE NIR 5 CVs tHZ5 4, R 3E T GiEmE %
fille o HSI FORPOA R ST ARk R et . ez 1
PR S A2 A TSI R 22—, (Ho2 HST dla i e b
o BE RS T A A A5, 40 PLSR. SVML RITRFE % ~)
AL CNN)AE . /NEUME . AR S i e F LAY
BRI LIS, dRAHES R AR N % E
i) S B 1oy FH ) e — 25

Fz2 ETF HSIBALNALRFHARHER
Table 2 Research progress on meat quality detection based on
HSI technology

- bR » 5%
$6h7 i Pede \
Y ik
i R,=0.8318,
#HHR  BP-NN. PLSR RMSECV-8 38 mg/e [16]
L. VCPA-GA+ R%=0.9977, RMSEP=0.1532,
S PLSR RPD=13.5910 [17]
BWOMA  VCPA-GA+  R=0.9960, RMSEP=0.1225, (7]
BRI PLSR RPD=16.8032
TVC 5 PPC  NIR_HSI TVC: R=0.86, PPC: R=0.89 [18]
) R*=0.9373
_E i >
WML HFA-Net RMSE=0.4897 mg/100 g L20]
; ARE=2.8%, r=0.9831
A K A 2] 7. > s
MWEBMBKTF  GPR RMSEP-0.0319 [21]
VA S . = 0
W% 3D-CNN IPFHIELNIR=96.9%, )
VIS=97.1%
1.3 RS HAR

RS J&— Pl T-H & U0 AEE A BoR, alLide
LA S B IR S RIS Sh 15 8., A TITHE 77 £ 5 432,

BATH . WETOKHST . - TRk . 245 R8T
SR W AERE S, TERGLE pH. WUE . Bt PokPE. B
FEBLGY . EERE . BURTE . BRI T A A R R
MR P, H AT RS T & B N %K I R hr 2Ok i
(surface-enhanced Raman spectroscopy, SERS) ., %3 [AlfgF% i
& ik (spatially offset Raman spectroscopy, SORS)FIF/ &
1k 2# 1% (Raman chemical imaging, RCI){% A& . SERS J&ifl
ok G AROK IR 55 HE T 19 5 B IR AR AN, (IR B 431
PS8 10°~10" 45, M 2 25 MR B Ao 4G 1
FR(limit of detection, LOD); SORS J&ifi 143 B O IR 5 X
FME S R X B2 B0 B, 3828 [ B Sk SR BURE i 382
RRJZHE BB, & T 245/ E 5087, RCL
TR R S S AR (X, V) 5 AIELEE (V)
(= e BRI IRk R A oA B T AL R AE RO

HREPRT SERS HARME TS A L T e
Pt b 2 T A R B 0 PR T i, A L 3 T
0.01~5 mg/kg F1 0.02~5 mg/kg, LOD 433124 0.01 mg/kg Fil
0.02 mg/kg, HA&HSIMERE RE(RIMIN 0.912 F
0.921, YUAN %P8 % 1 Z RERRAKA AL EE AN KA AL
4 M £} (multi-walled carbon nanotubes@zinc oxide/silver
nanocomposite, MWCNTs@ZnO/Ag)®E & SERS 3T, i
ZnO [RL2E G AT MWCNTS F B T[] 4 P 00 L s
TP EL LOD [ % 0.43 nmol/L. WANG 45LR ] RCI A
LT RIS R SR SRR e — P W E 7Y [ B
SE, TRIARIAR G R BRI 0.978. 0.986 il 0.984.
EEQE UL, BRI B0 S I 255k B 2 [A) 4 A e
fiE, hZ 415 Jeti E REARAER e . KANG %0758 1 SERS
AL AT R K T g, & BB R g i 2
JEE BAELRIEASC, FETF POLS [BIHAH Al o w vFA BRI
JEEERE . HAh RS dE ik PLSR BEAIHUN A2 TVC., FLRR A |
WARFRIGE . IERMPT . AR R . W) T A T B
A, DU SR RS MR EER Y RS FAR AT RUH T
TEMESE B R 00 I 2 A3 B P I a8 A8 1R Y L A3
S R B IR DR . GG A4 1 PR A S, 24
H SERS 5 RCI B ARTEA: Wy e 2= S0k 2 # i, (HAE P
O H AT T A e S RS M | B VRS A S S I L B
Bl AR

(EHECTHE RS FARTE P Toalb A 77 R S5 1)
. SCHEIER 45045 FIE 0 T4 RS 454 4% PLSR
BERI(R*=0.78 Fl RMSECV=0.2) Hi il 3% P9 7.30] pH Z£ 4k, RS
FEPRZEIN T R B AR AT pHL 7 PR % ST A998 T o
NACHE ZF| i RS S5URFIEACAIES &, B8 pHys pin F1
PHay o FIVE 8 RS0 I (0 SV FE A, Ry PRI o Pkt
TCARG I F A R A R H R F-BE . SCHEIER 250U ifi
NP2 R4, @it PLSRKH S RS #Ef7CEE R R
Bl RS 5LLT b5 2B H SR OCHE: pHus min (Re=0.65,
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RMSECV=0.17). pHas n (RPcv=0.68, RMSECV=0.09). L
(RPev=0.64, RMSECV=1.9). b (R’,=0.73, RMSECV=0.6).
KK (RPy=0.73, RMSECV=1.0%) A & 527 72 h iy 5]
F1(R,=0.7, RMSECV=4 N). #XF5% BT RS AR
PRI B2 T i T AR v i 7 P AN A R 8 (R4 T T 5 4
Bro RHAIXIA] PLSR ki ik e A I B, FEILHAR I
ST BE TSR 25 S SR B A Fm M RO S, LT
TAEAH KRB Ry 155 0.9463, RMSEP 5% 2.5391x1072,
Ft 08— 46 RS BARMF IR ki, ST
Vo VR TR i o AEU AR B Y PRSI . SR LS RS R
i R A ETERE, KA CARS-PLSR #E vk, @y TR
M At AR Y BTN, AP R B R, A
0.88. RMSECV 43k 0.31; it LN Ry N 0.84,
RMSECV A 2.33, e KRS b, AR 4 0 i
TRFRfasE, WRRZ AN 2.59 M 1,90, ##EHE%0)
T 1 [A15 R B0 (regression coefficient, RC)FfHE4FALP K,
AL T PLSR BEAYMY I Bk % . WF58 & AT 20% ) 4#1E
BT R AT FRAR A B AR, TVB-N BRI R (R A
0.933, pH HEIYASERE(RN 0.880, IZIERIE S (H 1%
RS TEM I P fef B padi kG I o HLA B B, R
RAE TVB-N & 5B 7 i R B s KA A TS, M A
JE ek 13 ) B O TCASR I B L TR H R T

RS HARVTAE A RIS o PR e e D) 45k i) 1oz P
WL# 3. RS AIXF AP MESE . WM. HEGYY .
TORE . RZY . BRSNS R TP R R S5, HR

ARESLATADFR AR E . EIMELE RS0 HRG RS HiARTE
A st Ay I €5 A5 2] 0 A R P, R PRI sk R e A ST
A K L 2IPMHLTIRIRZ RS 76 RASEL =0T
GER Lol A= 7 g FH v B R0 1]
14 RAEERR
BTSRRI T Y 2O AT E M E =
ST . BTN 0 4 F A5 R FRER A TR
[F, H9 R FHCIEFEETERHE . Wi S B S AT A7
EZES, BRI EOEEE, AT LASRIBUE e
HEE . BRI, SEARTE S S F 2R PR LA 5 i
2GR R )G % (fluorescence  excitation-emission
matrix, EEM)#I[H] 25 %¢ 6 i (synchronized fluorescence
spectrum, SFS), H.H, EEM J&—Ffh =45 0EigH AR, &
T8 X R S R OIS R ER G A, IREBUI Y
FiBAE R, MR BT P B4, SFS J2—Fh4rik
BB, FIRHE S A R S, RPOEES
55X IO AR TR A (A SR R OGS
PEIICIEH AR F FL R U R . PRE R IC A 145,
LT A )™ i ) o S A 4 s A5 3032 Ay R R LT 22
BIHTER ] SFS HAR B A A BT f BEFE AR TVB-N it
£ LY 2R (thiobarbituric acid, TBA)FI TVC [ TCH# M,
i PLS SRy 1 2R R R, TVB-N Hl TBA {H
(bR AR 6 R (R FITHUINAR C R (R KT 0.900,
TVC i R A R2 43414 0.912 F1 0.871, LEE 2545555

®3 ET RS BARNAXRBROARER

Table 3 Research progress on meat quality detection based on RS technology

Ei oy (aecsywinecy 8 T hg E =B
R WLA 0.01~5 mg/kg. JFIE 0.02~5 mg/kg;
98 RN LOD: LA 0.01 mg/kg., JFE 0.02 mg/kg; [27]
R LA 0912, FFME 0.921
Rash 2 LOD: 0.43 nmol/L; 5.87 nmol/L [28]
AP AR
ARDE jﬁf W R: 0.978. 0.986 Fi 0.984 [29]
pH PLSR R’=0.78; RMSECV=0.2 [34]

PHasmin+ pHoanes L. b,

pH 45: Ricv=0.65, RMSECV=0.17 pH
pH 24: Rcv=0.68, RMSECV=0.09 pH

L: Rcv=0.64, RMSECV=1.9

KB . SIS 72 h BIE)JT) PLSR N b: BZCV:O.73, RMSECV=0.6 pH [36]

7K 2 Reev=0.73, RMSECV=1.0%

S5 72 h B )1 Reev=0.7, RMSECV=4 N
PLfE PLSR HM4E R,=0.9463, RMSEP=2.5391x10 [37]
B Rev=0.88(EM54E) . 0.76(JIE4E); RMSECV=0.31(E54E)
. 0.17(3IESE), FOMHIRZE L 2.59;

Rt AL L CARS-PLSR S EAE: RPev=0.84(4E) . 0.75(BR1F4), RMSECV=2.33 (&K [38]

). 1L8T(IRUESR), JEHEBE2E 1 1.90

TVB-N &7 R=0.933;

TVB-N, pH RC-PLSR [39]

pH %! R=0.880

TE: -FOoR o, £ 4., 5[,
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o 3 2 b BUIR B R 5 B /D O3 3 ) 3 AL (least
squares-support vector machine, LS-SVM)Z54, @54 H
TVB-N THINEERS, LS-SVM A58 %Y J51 I A 416 4 (4 D o 2R 450
(Rp?) MM FRE IR 2 (square error of prediction, SEP)435ll
9 0.967 F1 1.902% . LIU T IOLIRE 25 A R FHL

SN — A AT 0 PR R B B B B SO 1

i 8 1) T 255 04 5 A R T i R g 2 B L o 1Y
PR IPERE, ALH o 0T U B 2 I BT (0 e A8 (AL 68 748 Dy i

1) M SO B[] R (24 30 s) | 32 A R % v (S % LOD:

2.69 pg/kg, PR LOD: 6.11 pg/kg), AJHTSCh . (E4EH
AR M W % P 6 . DENG MG TR THER
B CIRAEL, T ARG A 0B B0 8 8 B 0 532 nm & S I K
T, WEE WA POGIR S 7 R RO, ME R
WP BTN, PRAET R SR 3 5 (0 9 9O & S AR,
LN 0~1.00 mmol/L, R*=0.9957, XI4# LOD H
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Table 7 Research progress on detecting meat quality based on
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