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Review of Integrated Technology and Equipment System for
Crop Phenomics Big Data Factory
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Abstract: The rapid development of crop phenomics demands high-efficiency, intelligent, and cost-
effective technologies and systems for large-scale data acquisition and analysis, as well as for germplasm
phenotyping. To address these challenges, multidisciplinary innovations was integrated to overcome key
technical bottlenecks in high-throughput data acquisition and intelligent traits extraction for crop
phenomics. A suite of proprietary technologies was developed, including lightweight and agile multi-
sensor arrays, universal imaging box, and both fixed and mobile high-throughput phenotyping platforms
adaptable to diverse environments, together with corresponding algorithms and software systems. These
developments culminate in the Crop Phenomics Big Data Factory (CPBDF). CPBDF is a comprehensive
technology and equipment framework that conceptualizes farmlands, greenhouses, and growth chambers
s “factories”, where phenotyping platforms function as “production lines”, and the output is high-

quality phenomics big data. The system integrated field-based and facility-based autonomous phenotyping
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platforms, organ- and microscopy-level phenotyping systems, automated cultivation control devices, crop

modeling systems, a digital-twin intelligent management platform, and a big data computing center. It

enabled automated, multi-source, and multi-scale data acquisition with high throughput, precision, and

integration, supporting three-dimensional reconstruction and quantitative phenotypic analysis across crop

populations, individuals, organs, and microstructures. The proposed framework established a paradigm

for the production, processing, and application of crop phenomics big data. Tt provided foundational

infrastructure for digital breeding and smart cultivation, and served as a key enabler for Al for Science-

driven research platforms and factory-style germplasm phenotyping.

Key words: crop phenomics; big data factory; high-throughput phenotyping platform; pipelined traits

extraction software; digital twin management platform
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Fig. 1  Schematic of development process of plant phenomics technologies and equipment
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Comparison of crop phenotyping technologies and equipment between China and other countries

X L T Ak

[ b BHAR

EEIERIN

X L 22 B

EX K AN
& b Al

Bt

e et 6
U F

PSS
ik

brofE R R
gt

KA b

P
He

S PRI R B A T IS AT B (AR R R S A 4 3%
T APPF i 22 A8 ) 42 25 W .l NPEC)

T8 MU A 1 22 T2 R AL IR I T A R A R 2
T RGB 2253 T AL Ah (O R kA B
M AR (4N 4% [E Scanalyzer3D | faf 2% FieldScan , )
{%,%1] PhenoWatch %1% 8.5C)

IR M0 B (W0 PlantEye B & f# BT 804 £l 1
LemnaTec /A ® BF & 0 3t T EIE L 4 B IEF W
LemnaGrid % /4)

[ Bt 49 % B4 1 (4 IPPN (EPPN) 45 HL# #fk 3h # R
7 5 CHE 5 (U0 MIAPPE 47 7 ) (9 2 57, I AR FC 15
BR 04 I 954 X SR R 500 5 58 0 R AR T R
A5 T R A

I

VW 3 B3 e ik A 2 4 T ) s B S 1) 0 0, 5 2
i Al S Al W 3 R BT AR BE AR

PR 2 B AL 27 BT 52 T K Bk 45 2 il 152 i 2019
A ST 5 AR I A B 2025 F 4 A

e i ' L R A R Ol 24 Bk S AL
TLA A HOBUE O, S BORA & AU TE AR
M8 G SRS I A8 TR A 35 25 5 00 A2 IR A5 T 1 90
el e Z SRR PR SR, 2 b T 92 36 2 4 o B B

IR ER Y A IS i i U UESE N
B KRB B R ST I 3R AR AR AT AR LR

VessePasser 4

F T AU B AR AR — s k2
Gt — MU B 0 R B A it A8 PR o

O e B AT S0k o ) B — RS
it S I 2 YRR AL A TS B T IR TR
T g A 2

B2 gR 4 M R B
i, G A TR
5 [ b K A7 7R 22 10

Bl R Z W T A,
2z

Zeid 3 10 4 B P
K, EHNAME R T
I 23

B = bR R R B
IRSL, I R A

[ A JE B J 22

A i 2 T B s R A

(3) RBHBA K F IR R R G Z W
Fr 20 20 40 IPPN ( International Plant Phenotyping
Network ) \EPPN U 4 2 £ A A5 5 Bl L, IF
TP AL XA BB A = M2 T, B R A
5 A TR R BRI BE BT 5 Al E R 2R B Ak B
T R FAESMRSHE R, 25— R
W S B T ,  BOECE 5 e IS X DAk =

(4) RAVH KRB MATRE h A . FINRE%
FHBETE R 5 B 4R AT Ak T 73 HOIR A i AR TE A
Gt — JFRL A7 6, 52 0 B b B RS, Ak,
e 2 05 2 NS R AR f DR AR 2R B S 4
P55 52 ek H 45 58t 0] S 3 22 JR EE 0 A S
B R EEAZ S R U B, I Ak Sy THT 1) I B &R G
Il 45, B8 A 24 7 el P 4 ) T o 1 SRR PR AR

g5 1 B N A A 3R AL 2H B R e A £ 0 L 4%
B —RAVE- 5 IF R, AL B AR s %, Ak — 4>
F G0, PO A Ak LA A 2 v o A R R 2 R B
TERCF & R A SR B S F ok A2 51 R, 1 D)
JAAR AE B 4 B X 55 1 4 SR SRR A BT RS
R T e RG AL Ir %, i, AR SCH R
VEW) R I ) B R A T R B, 2
BRI iR o i A A ) R AL 2 R B RIS

2 RIEMRBBARHEFEI LERARESE
REgigitR

2.1 KREEMRBAXRBETL
VR ESEIDN ST b= ¥ IR SN

45 B R B AR T P 7, 25 SN W) e il i R AT
BRI R R R ) R ALK
el o RN RBH KRB T FeRE SRR R
HE P e H AR R B & VB PR B VE Y
WA EEL R 5 ENSEMBREREEG
K At 30 B8 A 2 A bR A 5 A R RO R
g8 BT AR AR B ST B R ORBUIE TR IR 55 ol
SEIL[RI A, AT SE B 2 AR 8 L A S Ak L e R AR
R BE R AR R 1 22 IR AR W) 2R B — 3 B8 B0 TR
BRI RAEYREE AR A E MR M EER
JE | BEA% 5 A AR ARAE W 10 = 48 T8 245 145 U A bt 2 A
Fabr , o2 KRBT B P A SR R — U Bk
St ot (18 3) o

ey S o A ) e B A RBA T, R I R A 2
B = 4 K (Velocity ) i B (Volume) | £ Y 57
¥ ( Variety ) | 15 i & ( High-throughout ) | /& 4i )&
(High-dimensional ) 5 & i % ( High-temporal ) 28 5531
AR SR B, U 2 4 Bl A 3R B A o AR G O 5 A
3] “ AT for Science” yig 3X % U Y SC B I A% o THI X Tiif
JIT ARAT 0 B 5 2 P, 2 TG B I R 5 1 R R
R 2 ME L S PR 2 kR, R T N BT o A
PRI A — AT — 0 DT A A T A AL
HAMAEAR R . X FREORR S O GHR
PLAE Z 2 RHR L 22 S PR BOK , B & R Gedk VB BE
TR RS B AR 45, LA R G0 A 4 i g o o %
TR ity o 26 Y M T A O AR 5 R BB AL KR B Y
RO, S R RS J5 95 5 A0 R SR A2 4 L A A
i PP T A R RV S 138 D) oK .



%1 BT E RAFYRB A REE T s AR F R4k 5
i3 m— A AEERINE &
iR .
AR HTE ) : : | o#uEt OTAHL OBMTL
B | ehik&  eLAENX  eRMTA
B | EW%EEJE 07F)L%§)\JQ 07 AL "
ol R A S — 2
s
1 1 N
@ D, - ey N s )
; 5@%& 5%75'5 EHRRE  HOGEE R FRE  REIE %
Bl TELALMNT . AT W LR SR
2= i) <KEURMTHEE>  <RE-EREE> <HEiEfab> <HETFH> n
7 o BT AR U2 KRR AR RIS
MR35 <BHIF AL X 5> <FETHTFREREEES> +
K3 AR R AN KB L) RGHER
Fig.3 Framework of crop phenomics big data factory system
2.2 REPRBAXRBEFEI &I FARMERN 7 SPAD i i L & 4 % 18 5 4 )i LiDAR ( Light
RAEN detection and ranging) X E¥) = 4 & #H 7 & = 1k

DL 55 T3¢ Y 20 B 1) A I At BT R 45 4
A= i JE S0 R B S A B R A%, AR AR R R A R B
T E RO R & B BT IF R R W
P iE AL bR dEAL B BEAL S PRI AL - B AR AR
A by 78 22 AR WO BT — IR AL B 6 A Jst I T
(E4),
2.2.1 @Mk

BT A f T ARAE Y R A H KB T B
RREAS , SE B — R BT 28 o A% g Iy T, 38 5 3T 5 7
B IR | TR R A R B A% B A Y T = A
YRS, Il R AR O &R e i kAT
BRI o SR FH AR fih =X 1) O i AR B AR X R VB
HEAT TCA0E W 0 5 — A (K5 26 A% B 8 A AL CMOS |
InGaAs MCT S5 £ &% BC & G Mt 2 4 0kt v X o
B B Sk ST B OGO A BR HEAT 52 A0 AT DG LI AT
Hb P LA AP LA A G B 1 A A PSS
A AE ) 0 €0 SO R A AR b A BOHE 1Y R 4 3l
F X H W T BE ToF ( Time of flight ) 25 #% 2§ 5% /&5

4 FIFRAE 5 O i 6 A% 8% 285 ) 38 5 L USB 35 LK
NAER A R, Bt UVC(USB video class) GigeVision
SE bR e IR P AT 16 4 00 R M B . 22
T (10 A2 JER 25 4 RECAS [) 14 17 FH 75 SR R A PR 858 4 37 20
B, LASE B e e A A AR AR ) 5 2 22 5 2 a0 2R
HET o
2.2.2 FrifEfL

H1 T A A W 2 B 20 B I 2 5 3 i LR
RIS 5 B R AR IO 58 B Ak 31 7 12 B0 80 1
FHRS G — BRI A 0 00 3 72, R AR W) 3R 70 2 KK
i T RER AR & A H KT T — s,
T AT A T AR I AR HE AL BT T, DR IR 2 B 2H R B
0 58 B MR RV X 5 o BLIR A 9 A5 S AR R BT
FIFR - 5 25 A A W 2 0 2% IBUCRE 3 & 69 F & A
T, K BN A2 N i) 45 PR BT T Y B SR SR AR U
FRY B AL iy AFAEFNE TR ARE | DL S SR B
Kb BT 5 0 PR R R SR L B AR R AR AR ) R
B RB A T B FOR B A B T A7 R T 3R A

TARRIV AR LT RESRA A B T A M B A S

IR 55 TR R ) RIC F AT R T i JA )

itk FRifELL
i IR A i B R B AAn e BRI A
TG R AR iR HAE RO FIUFRHTR BEML
R ST | BRI ZT-& PR

A

e A 5 ST
i 5 % e
BT AL P ENER | (R SRERE
BOREEEAL | TR R SR

e T Bt L2 AT

B4 A AR R R B T i PO BT T S AR st R R 2

Fig.4 Design, development, and integration

principles of crop phenomics big data factory system



6 £k

IR

2026 4

AR A A5 10 S TP, DR TR A A W 35 B 20 R s
JoT g, A R e A HA W] S AT N T RE T
2.2.3 FEugfbmpE b

BETE Y A Ay 2% 78 41 B4 A0 B 28 o LA 49 fig
AN IR N S S R P NS o S E R (Rl
B RE AL N R A AT R Ak o A TR A — R
KE—HAL BT, NI BTk i A R
g broE I R 2R AL L B ORI AE TR EE R A
B REAL P SE A, B A s AT i BRI N T, 45 A G
B TOHRE RS, S R R ) B B Ak R R
b DARE 28 R LI 2 A 25 I e 00 80 A b LR 1Y
RARVEFR bR T2 KB ) A T5 & R 5 fg
A1 8 T SR (0 36 AR 98 A i A ok R A B Ak e il
B — 2B A Mk L S 2 B R B ORG B R e B TN
I 2 e AL 3R BUA AR W % 8 2] K8 Hi i o 35 EE L
B PREIE L, ¥ KB 27 & 1Y AR FL A B 3R
sk R A DA A 30 J S A I I B R R
2.2.4 V&4

LAy 3R BRI 28 17 5 A6 T X T 1%
Grig WA W R A RA AR TR A
GRS A I BB B AL 3 R G, 3P A 45
il B R AR B Ak B L S EAT O B AL
B PR SRS AR T AR
1E WA R LU 646 8 Bl R R F &
RENS S B 45 38 17 005 B, PR IE 28 B0 o
) A B A BT A ALl R B RS
V-5 IR LG o A B W B AT R e S T
LRI T P DA I R R AT R AR Bk TR
WGk, e AR P 2300 B 4k B AF X e AR
o2 VAL 8 SN AT A SURAS 3 A T
BAE THREE, JF RS a M HE1T . RAEY R
RICEE A T B AT AT A R S A M TE L fbis
AT A RO D 25 T A TE 1Y 3R B 2 B R AR S R
B B85 ™ S A IR A
2.2.5 KA HYEE

A XMEYRA V& E AT AN A E
FHLER NEB ARV G, WG RS EHM
T2 B A B ), AT 3 )2 R AL 5 A AL 4 O JF
EERRETT. FH % — KM USB - C/LL KK/
o o P 45 5E 2 0 5 B A B A% B A S b o R
R, I3 1k 48— 19 0 S5 o BHAE 4 1 S 0 52 BT FE R
P 5 RAVFE AR P I, 2B 5 4 50 8% I 25 5 4% AR o
Bl bR AEALIC 5, AR ML 8 A7 5 T 26 W 4% ] 4% A
J S 2= P[] A 3R S R R — T 4 — R 5 Il &g —
WA, FERRE R LRI — A E L R
2 FHUE 5 s AL, 1R A] AT e B AR S

EAAE, SR B OCRE 2 B E L E D
X, [m) Hof 990 8 4 /5 6 o e Y 45 R B B 7, AR
WIR B ARG AT B T 4 ] &2 0 38 47 2 AU St
Al WA R A AR [ A 7 05 A [ 3 56 o
AR S MR AL B A
2.2.6 REURAT—RIL

K R A R A R R A A H B . B
RN R BR 2D W H B4l Ak B o R ™ EE S A AE
Bt 5% F7 B A B AR B A K A RO AN BB
1) Je i b 38 E I T 1k AT R A T, 32
PR 36 08 45 Dol = AR B AT i — IR fk 3. b T
KA () 2 A AR IS T RE 8 Bl A Sl AL AR R R 1R
R AN IO £ 15 1 A B A IO T R B
B 2R 1 — AR A 15 3 D U], = 8 A B 7 3 a2 TR i
£ 1 B Ak R A B 78 BOHE fe b 281 o R TR RE A
e, RSN ALBE R R B
2.3 RIEYRBARHBEBIBEMNAAR
2.3.1 WA E

b Xob 1 il AR 5 oA A A 4 2 A | S b R AR
P 2R 045 28 M R RS & E A7 & HLA S5 L A 3
Fh, WL (3R B T R AN 5 T, B L R OP
A7 BAERMFET LI ARE ALK
WKLk A5 % B 62072 Heep ) 7 it A T
B, A Gl AR HE SR A LB R A &,
IR A , E S AR IR BOR AR B 6 J2 v i £
AR B ; VR ANLIE - & [ R A B R
LT EARZ RN, BEILXNERME5 @t
[ Bk 07 SORE AN Ak R SR AR MY a2 2 A R
BB S 2R SR B LA AR B
AR R AT 0 25 A ) 40 £ R SR VR W 42 SRy 2 R B
T LA N R RS & 0] 78 B0pk A5 1 R AT 1) 47 3, 5K
T HEE TSR G HARRE  h T 3R BURAE
Yook ZRE 3D A 45 M SRS Ak 2 RS, DL X
T B [ A G IR IR B R R 4 3 RO, 7 it P
BUK L AR E R 5, X B A5 AL 26 R
el A g AR 7 3, R BRSO
B T 2R B A A SR P R SR SR A1, 38 £ 45 ) 45
BB AW PR @S RS o R
T AR A A ASE 3R R 3
2.3.2 KHAFEWEHE

TE 1) K FH B 5% 0 A VR 4 2 T 2 K B0dl T, °F
BHRE R g AR R bR ET B — R L R
W, R A PR 2 11 5 40— 3 FR A0 B A A A% R A 3
it F 45/ FF 3% b TS 2h 5 RN 2 R 3 28 HL8h T
& B 5 AT e/ AR AT 5E ST
B3 58 B AT 5 06 3% A s S ik 1) 1) 25 5 76 30 2%



BT A R R RIS T ME R AR # T rid 7

R B
2P

o

N T, AHOEHE
KHEY)

FEFHY =

Fs AR RAH R L i E K

Fig.5 Deployment diagram of crop phenomics big data factory

MLk ARM ( Advanced RISC machine ) & 5% T 1% #l iz
A de b e i e P 5 B 4%, e i H B SR AR AR 5 7
BB EM L 4G/5G/ Wi — Fi [l 4% & A Hb 2% 17,
55 B A 5 o B g i e AR L S —
T 1 AR KR T, I A AR + R A
T 5¢ L R UK 515 TE 2= I A LA AT S HE 0 45 8 ik 55 371
TERFAE G 5 18 AR i, SCHE N Btk — /N IX— 3 R 1) 2
FURE B 78 N T L GIS/ 8k 7 25 A S 1] 52 3 Ml B
JEIE SRR R R K S a2 R R A S
23 () 7 PR 3 BT 5 DA 0] R 45 A 592 PR 3 3 2 5 A0
BAL A AT B B e M e m BT
NG H AR, 30 2 B3 (] O v A ik AR B SE 5 82
i, A S MR 5 A 0T AT S T Y ) 3% Y L Ak
B 5 2 LR 55
2.3.3 FNEFMBHESR R G EE TR
WE S fros, 78 525 % i % 25 M-F 6 A UK
BERAVEG o Hoh  RAEY 25 Fh X T & A A3 AL o
FAVPAG P B 1 ORAE R TR B BT R A ik A Y
Z A5G 2R BA B\ AR, B 5 8RN T E M,
i DR AR B N TG W A2 3 W 52 i 158 2 K [ A
LR L SEAR LG MR AL 3 HL L — R Ak N 2 A% J%
a5 B R A SEHOR P e b AR OB B0 P
ROECR AR R R . MR T Micro — CT fAHY)
i B 2 ZURE il A B4 4 0SS R RS I A A
B, 850 WAER AL S i AT SR AT R A R
KL YR8 R AR SRR B A AR IS R Re AL g BT, S
TR E VSRR R R AV R 0 R R A,
ANy ol it T 9050 5 o ) 2 TR TS 2B ARG v 4 T 3
BATE PN €&

3 RIEMRBEARHFELI XBRAESE
&

3.1 BgERARSEEINMBERNLEEGEAT
e 221 I S IR AT AN ) 4 A B 22 B A5 M
Fi Fsf 2 [ A R B T R 4 T 3 R R 30 AR O OR &2
2 S AR A 2 AL A B/ N B R A SR 1 31 e
AR 00 2 2 /N R A% TR AR B ) 32 R
22 (R U S A S gt A 25 () L T B ) 23 A AR

FIUEE 5 AR BT 24 S IR A | % [R) Bl 1
O IR | By R A A B A A L R R B —
i, 2R — A B A A L 3R B B , T LA AR
52 e R R i SR e AR .
311 B/ RUL B B A

DLt RS O BEE R R AL
BEHAL 5 857 68 it i i 1 R/ B B 4% %
ArlEA o H R RO R = 4EOL R 1K RGB A
Bl 2/ 6 1% AH AL FA 20 AP A BL L 4 Bk E 7 &R 48
(GPS) FMELPE T &R 58 (IMU) 55 2 i 2 )8 48 5 g —
Kz sEE N T2mMmBaTFa (AL TEANE
) ATTEGE — AR R TSI RGB B =4 i =
L/ EOGTE R G AL S G i 2 [ B R 4 4R
1 S BRI R U W) 3R R S B G 18 4, g
i PR 0 A v B A R GRS R BT
URTIEAE R G TN S SR E iR 7k 7 =N L7/ N
B, SCHEY S8 A SR IO = e s i, R
Rl EH ] R 4 48 B4 bR A 115 B T B
3.1.2 @A RUR T

SRR ANE RS K AN 91N B e
LQ — PhenoPGU Gends/Lite 234 AR T (K 6)
T HE AR JCTT DO ARBIL 20638 A AL A B 2T Ah Rk
BARBL T 1 LIDAR (K £ LiDAR 7R B AR AL 55 % J%
fr, SRR IR E ARV R TEM T i R B
# PTP( Precision time protocol ) i} [i] [7] 25 K R ~f 7
T AT T AR AR i T A o 25 18] IC o R T 7 AR
B2E RMSE 0T 1 AR ZR A7 1 3 Ml 3R A% AR P
A5 R 5T B A B9 A Ak S TR 2B A5 o Tm] i
PN R PR RE AN OGO XU SRR
A A% I B 5 0 Sk A0 A AR A &R SRR X
SMBERR s SRR S F B A 4G/5G/ JRy UM B 5 T AT
F S AR 2 8 22 PR s R AR AR o AR BT LR
SCHREY R DG AR HIL L 5 6 AR BIL S B 455 4% I 2 45
Lite JSCTE AR 1 RAE Al - 8 IC O 57 3k, LA BE AR AL
yE T S A AR U R R bR VESA
(Video electronics standards association ) $: 223 3% | 3
KL Mpm 773, LQ — PhenoPGU Gends/Lite % %1
MG BITEE L EPE AR A & HLEs AR EF



. 0o .

i 6 ﬁﬁﬁftﬁﬂ%ﬁm;&%l&l&f%%ﬁi?‘*%ﬁiﬁﬁﬁf
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Fig. 10  Field-based in-situ phenotyping platforms
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Diagram of digital twin system for crop phenomics big data factory
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analyze complex traits such as resource-use efficiency
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