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I ARV AT NI F MBI RS, IEERERTHE (PSS, 2022) o fHitte
Wik (URERR “RERS” D Aol S e A R HOR RN, FEICR - i
BRI THE. AR RFAHEHEE GRS, 2013) o« A5, et basss s,
FREPRHRIRSS L G, LINBEIIIRS S S B2 B S ZE g HiFm (FUR, 20200 . HELR
ANKERRIE AR 5 AN UIR S R AR 5 4 5 20 BRI R B R I B AR |, X i RN LIRSS 40
U “TEREXE” , AITSUR TR KR IEE AR IR P B “mngse” , @tk
B IR N XURSLiE— 5 5 AR 2 6 TR UIR 55 RIS A8 AT R SRR RANRE (2555,
2020; U4, 20200 o MRS G RBCRISTT, T 2 EELAULA S HLGE (B
K, 2020) o X ER—RHURS GLATEEVEITE RIS S R0, i R UIR S S A
AR (DUREIRR “RHIEIRS R O 7, SRR, AT S EAFR S EU
CEERE” 5 W W (BUE, 2012) o BEEHRERISE TARRELE, follits
TeARSS EIZE A L. EmiL R (GRS AR ER, 2023) o SCERFRHERY], K
MRS SARNURSS I AR AR T R —HRNUIRSS RS, 2022) ¢ PEAHELT &, RERS T
REJRRFRIARREN (BRAFFSSE, 2023) o PRlL, FERMURSSHEAN E2IMRERSS LIRSS &K, WIS
IR R, PEmA  REATE AT IR

g5 b, BETAREFRIL H 2R AT DO PRI MR B RO A P R i SRR RE IR TR, Al
AR SS B AR AT e B P AREFFIE AT NI R ATER AR RS B S e e =4 B 7
H R RFHR T B B IR BN A AL 2RSS, (AAEDSTIR S SR T B — At 22 IR 558k
KPR, WAAT 2RSS B L S TR AN A B T b . — 5T, Bl
SRS FNAFEFTIE AT AR L 2 e T B —RNUIRSS, 8GR0 SRR SS T AN e IR 555
BVER: 53— 7T, MO CASIIE /AT v, 22 A P S S5 AT AR Aol At A0 iR S
PR EREE AT NN, 208 T AR 2RSS H L 58 7 Z AL TR B ) A& BV RS A AL
RPN B HAS I (i BEVER L3

ST, ASCIUMFEFHE FHEARFFEVIN, FET AR 2 RS 4HEL S A P LTS AT B A,
RIANAL 2RSS BB AR P AEFFIE AT RIS LB, T SCibRse . AR Rem skik
DIELL =5 —RAlGE 7 TEWw S “GL0aH” 85, MEET “FRR—IRG—HEm” 1 fEF
AT AR HTHESS, B EHINT EFERNURS SRR S E R AL 2 IR S5 R AR G AR
XA P REFFE AT RN R REERNURS ) ZAHER R P RARCH NS S “ 54090
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73R, MRS HOR MRS, B PRI ESR S5 S il B it
DA AEAR P AEATE FAT NI E RIS, = REE SRR AL, M2 g e, KX S51EY)
FADS A A AR S5 S LR SO AR P AT BT N A T 70 Rhe S e, i+
BNV AL LAGIRSS SR RS FTIE VR i RIREBUR S

—. ot

BT REATR R AT 5 AR T DA SRR e, FEFFIE R EDR R S RORRE ST RA R
BOR. 757 BRI RE SO A S AN LIRS R R 5, AR P I A i A LR 2% St
HIEHFT R RAANUIRS MBS E A, fEmd = aERE S8, ETResod ke
HER PSR AEF=ATy CAIEESE, 2022) o 2RI, PR PRSI BREE S, HE RS
HLLZ [AAFAEAS BAKRR, S5k “TEMERX" [, AP SR AR BILARSS SRS AR H AU I
ABRRE, SET b, AT RS H BRHIE, TETREFFIE B AR P R R SRR RE SRR Rk
Bt b, FIT AR A 2RSS S AR R AR RS FHE AT MBIV EFNLEE; FREERR A AR BLIRSS St A
FHEHFILSEREE, BT RN RS AR ol P IS S E (el H REAHE AT
NI “ELNREL” @, MR TR IR — R AT SRS BB RS A H RN L
SIHTHESE.

(—) RHBRSH R PFEFHEBIT AR ERIE

FEATIE AT REFT AR R IR 3 S AR S STV AR B s R R R LR . AT 5580 01
KEFFAFF AT NI RIRREAS, MO R R FFIE XA PR B BERR R . 578 e ek
N T RARZETH AR, 34007 A HZIAT MR AR R . ZHUIN A B WAL B 4224
W, LLR B FH Y B BRANASE AT AN iy S U R AR I R, BRI DARR EARAUE Bk Rtk
PREIERIM RS2 RN RIR S4B 2 &G R, 1E5AR57 8071 B AIN IR AL oA
REIIREET, RPPE T IRNURSGSEZITE R 6T THIS, PERNLIAR AR Pt
MRS AT 1, AMUH B TR ST 34 SR FREFFIE B2, JERERR SR B R I C & AR
CEHARAITRIETR], 2018) « FEARARMEAUMRI s s A, (RRSFHE A —J71H, 4958 TR
W EEHA G RN EFNEECR IS, AT AT SRR S TARE K, R TR R
FHARHUIRSS HER S AU (7525, 2023) o i, 2022 R4 ERIEMIL AR Cmik 73% "
F—J7H, BUMIEEIESRARNUIRS, &6 7R T RIRS IRFE SR . Tk, AT
i H1o

HI: MRS A B TR - s e AT .

CYORBRIR: (2023 tEEAEEER AR E ) 5 https:/mp.weixin.qq.com/s? _biz=MzZUSMDQwMzY 1Mg=&mid=2
247505164&idx=18sn=5234d78008c98a009¢6¢ 1 ede57 1454528 chksm=fe3c5427c94bdd3 16e4696¢5d33a43401 febb4193caa7d
e3b46dc3adb1d60c2c980110700d9&scene=27 .
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(Z) REFBRSZRPFEFHEHEITARIERIE

MRS T R I REFFIE I B E T AR o (R A LR 557 v 2R o pRadd et
AR PFEFFIE AT A H ARSI EHE R . i Tk Z ST AR AR BE ), R P RSFTEH 5
TP ER IR A RS (RESCESE, 2020) o I EEAIHIAR RS T RASFFIE AT A .

AT HH (5 T o T BT F R A IR LAV T B IR, DI RSFT M PRIE R
HHFERRAK, R, FEFRE H BRI P HERRE IR AR RR. 28I i Mo BAR A=
RUNR P, ARG TR . HARRE B v e SRR FHA 5 R0 BB R, AMOE 5
MRS PR SRS F R I FRAR A, 3 mT e 47 T RIS 2 TR S s P2 A N vE, - E
— 3G R 12 T A 2 WX 2 R A AR P RS FHE AT . (CEAEEATKENGE, 20105 22JK524%, 2019).
BT TENE, RERSSEEREEE ARSI IR P BRI E 2, R P 73RS
TS BRIBARGIS, FHEBARSI G IR, SHREARLAN: EeE A RS EAE, &
XIANFIAANEIIREAT = 5y B MAE I EARME,  SROPRSHERIE B SRHE AP A 250%,  ANTTImE
FEAFE M RS, (RRSFREHRE GBERRKIER], 2018; BE=AREHIE, 2019) o FTUk, A
PEHBITERE H2.

H2: RS A B AR S FHE AT N .

() RINFARFZERFT K FREFHERI T A S RERNIERTIE

ANV AE PR AR (T A e MRS, IXAE—E R A T AR UIRSS
WRE GRERZMBER, 2022) o ERVURSEA E B3R BRI R IRN B S SR, BEH B
FoRpUAEFHE b A, BT “ AL H B MRER LIRS e BRI . M
BHEENE R, RGBT RS R A AT 5 AR (R OGH T, XA P R FH AR M IR 55 4R ik
SRS FTIE A RIRMIER . R AN UIRSS BT R XA P R R, (HHARBE 1)
SEREFFIE B 7S RAFE P BN AR RIS AR 2o AR BB, 38 i AR A 25 47 T )
AlREF e, AT E IR S RS FE AT . R, 7E DR UIRSSHES R P REFFIE AT A 3
fili b, ADEGINAEIRS IS RS, S =, P el P RFHE R

ML TR, SNBSS ERUCREEET “ALREL” BHNELULEAS], i f
RIS A FTHIRE A G RR, M e bR P RS FHE AT NI B e A 2 . BAAm)
5y RPRARNURSS SEERSFTE B 8 T2 T, AEMAN) “ZHt— R g, BT ER
AKIFRERFIAE 5 P R, AR SANUIRSS L AR ERIME BN, RIS LT
Ml XATH, S8 GEENAR7 o X Fp R RIS R, 0T RS A, R A
i, HHE—PFER PRER AN RS FEFFE FIOR = A A a U L&, 2018) , RN
“GAERE” B, IR AT AN RS FIRSAE AT . — 7T, SR B —RALRSS (RS FTIL
ROR ) Z G ST BORRE S TR, M DARAE SO AN B . REATIE H AT & Rk i B A1 5 At
IR HAE HE b R AE A R A UIRSS R M LA T i, RN UIRSS A ZUnT REH T H SR aa 25 B AL
RETH GBEWREE, 2013) , UMIFRSFHEHRCR, SR A HARNURSHL “EmXR” ik
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e S—T, A7 BT A EIR. S ARIHRE /8T, At R etk lixfh “iEapsx,
57 JERIARR, TR e RE” W, SRIHAREFFEHAT . X @ ERENME . SRR
— DRI T AN UGS RS FTIE R SRR (35555, 20205 fudy 4%, 20200 o BkbAh, BTt
ST FELER BRI P RS PE AT A (EBRBRAEIER, 2023) , HRNUIRSSAIZ “iEs
JRUS:” SIS PR B G (1T A MAR U 5 | A FEI AR P RS ATFIE R ATy 1 TR BUIRSS 1)
FEATC IR AT RIE 2 SO RATR B - R N UR S 187, S22 SN RS AN ELs Sisin G
XISCH, 2019) , JERCEMEIE.

“HLRRE A RAMRNL 3 AT AR “TEEX” i EieEE (PR, 20200 .
BT CHBLNAE” B, M IURTE RS LM S AL S AR, s UL AL, R RAE
EELBNTHITEL), RS, HMEERRE G2, R PR A A =17 ik
K (PRR, 2012) .

— T, AR PTERREFER G IR EA ML R UIR S R b, D A T o
EAFIRS L, FEMERENIEIRS RS, AF Tl B BN SR E R AL, HUEER
FAHZA “CTEEBXES” | AR CHEIERE” . ITIF AR S R, BRI S, AR
FRSSE R R — RS HLWR L, XIS — R BRSNSt B B AR P, PRI
Btk IS S AR . T 5e ML TR — RS LN, 24P~ AE IR SS B i, RS54 S 0KE e LA
FH A — MRS SR AN RS TR, e R HIHI AR RS LR S AR RS L2 3= X fi ),
BEAREANIER AR P R TR o B RN RS AN FIIR S A, R RN IR
SRR IIIRSS T R AR TE JR SR T FR IR SS AR B SS HZR,  S R UIRSS B R Ak
WK RAGIRSSHIEE I RPN B TR, e R AME BAKFR, #mR RS HE
XPARFIER) “TEMARS” o RPUIRSHIUAEN 2 3 AT TR SRR SS I, 2Tl
RERFB LS HIRFS LA RN o P DRV B iEid A s ki, 18 ResE Ky
FEITR) A7 1) PR RNe RHUIRSS LRI “ RPN AR ) P2 R0, 22 A L 2 AT
[, AT BhAR e AR USSR S 3 “TERERRE” Biee MRMURFSHLNAEEN 23 XAT
MR R E RS R, RAEIRBHLASGH U7« IAMUERITH RERHURSEE . 2
HERHURSS LGN, BRI AR F RS HAEN PN LIRSS B it b, RS AL ER
AREIRSS . HH T IX MR SRR AR S AT AR S A 1 AR BRSSO T PR LIRSS o &
FART, G SRAEFFIE HRCRAME, s R BB T RERSS TR . B4, TEb ARSI &
JRATE R RBRSS B A, HRARNIAIR S B SN B A, AT R A 2 AR 55 A ZR R
SENATHN, Mk “TEERE

F—I7TH, ANBRS GRS RGN, EReE— P IR AU BA AT NI« BFRELHE”
MU GREEFZ AR, 20200 , MR P RFHE AT ARG, 35T BT, TR RS 4E
BT A RS LWL, #RBERURSS AL SRR SS AL RIR e, Fdt—DR
FG I P2 RS AN TR IR S S AR SS Fetit. TERSFRE IR, LRSS SR B S
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a5, MU RERBEM RIS IRA, RERmIRIET . P, I SeBl e iaicr,
RE— BRI PSR HE BT A R AR RS M & TS R . BTk, AR B H3”,
H3: RHLESRSSRARAEE B “TEES DR - RS R AT 9.
Wt E3C s Aol 2RSS SR RO A P REATIE AT A E RN LER AR 1 PR

1 RS UARS R SRR PREFTR A T RO AR
=\ HiERRSEENRE

(—) BHEKiIR

ASCRIEE A R R - 2021 4 iR AP K% (South China Agricultural University, &7
SCAU) FIPHRGIME KSR RN “H Ry =4 FF” HaEdE, CLRPIRIE RN “f
[ K R A %3 ” (China household finance survey, &% CHFS) #4122 (CHFS-SCAU2021).
iH R =B 202N L BIRE % $EE (Probability Proportionate to Size Sampling, %% PPS) [
TRt . FBBL RHTE PPS #IFEE T ARENUIREAR B, B, R APTAREAREIZIBA
% GDP HifF [T 02, SE0 EEEREE WHEABSERE (RN T~ - RE, EEN
SKH PPS fliFE AR 1~3 MEARR, DLORIESEEH FIFEARBAE LT KA BRI AR AT
REXS), JFRABUFIIERARNE. HpE, AR N ERREN LA 4 MEX . BBy B%
FEAEL AL DRI A XA AL X P SSHIAEAE, AR & FEA B AR R e H ARiiE A
XA AL X I S8, SR A A AT X RS e, SRR S 45
PEHIER TR TS AL X e SR =R B, FEALIX AR g, ARAT AL DXCHIER 20 7, SEAL X HTER 30~

CHFAEARBUIRSS S LB AR RS ARSI SR T 55 Wy ASCAVE M TH LR .
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50 Fo FREEFEARIHHIC A2 1RSI XATEOA SR N A, HERRS P JE A RS S
By SRJGTEIS SRR LA s SRRy ORI R R AS . TRA DAZR FIIVENE, B T4FRIE
By 29 SUIFEAIRIT 28 F IS T R 5E . SRR SEK 22027 P I BEREA R, HrheE 13324 7,
RAT 8703 11, FEABE R HE 29 M (X, 1) 269 ME (7. [X) . 1028 MEX, A RIFH4
EREM . AR EL, AR FRANAEF IR P, GRS A 6449 4,

(D) TERE

| AR E . AR E NFREEHAT A, PAREF R R R RARHEH” 1)
FIZRRAE. R EE “R7 , BERERN 1, FURER 0.

QAR & ASUEFRIRHURS . KBRS KBRS IR R R A2 A R4S H 1
Blo ANAL 2RSS FE AW —RABNURS, ERP LIRS, WIRED 1, BRIRE D 0;
TRARERS, FARPRAAREIRS, WRE 1, SURER 0. Ah, FRFTENFIRSE SRS
R S FEATE AT A, ARSI S S AN RS ISR FAEAR R AR B IR 55 B 1 o

34T R, AOBRAE SERIEESE SRR, ASCI T ERHE . FERHIE . AP = A
PR BN R H A R . ARYE AT E B ARERIEE, 2018) , ASCERUS F 5. AFEs.
ZHE L HERRIL (EERERUET R REIR A ) ¥ RIS E P AR B 1 ESS
RIFEN IR RBMNEERL REERMBNE N FIERAEAL & FRTEI 2B, L
SHFEEFREE . AEREY, REEA SIMERE . RN THALE SR ANE (Li and Shen,
20215 JRMITEE, 2021) RSB FAEFREE. thAh, AT ARHIX 2 S T RS B Y AR
ASLAEGIN Pk Fhil A il bt — Db P X B e 08, DTSR R g flit45

AR B SCPA AR ST 45 R 02 1 R,

#1 FETEE WA MGTHER
R EAHR A E N IRE ERIE dRiEE
YR E | RATEHTN RERARBCH: =1, &=0 0.457 0.498
TS RERALNRS: =1, &H=0 0203 0.402
iR e | REDRS SRS =1, =0 0.106 0308
PN RS TR MRS X AHRSS 0.133 0.340
el FEHR: F=1, %=0 0.817 0.386
sy JUEARRS () 56.575 10.855
[oRe— ZHE T FEZHAENFER 7.568 3.288
{RRRRIE LT FUEARRRRGL: IFEERE =1, HARES=0 0.224 0.417
(BRI FUEERRR L AFEERREAG=1, HAbER=0 0386 0487
ety il P ERBRESRIMENER AL TAE: £=1, =0  0.097 0.295

CYRE T T HBERGU PR E T AR 4 R AUPRIEER AT S Fiva, MERHERA IR, A
{ERPRILBLE P MR BRI R (R D
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#z1 &
SARITE ) P FEETAN T E 9B (D 0.727 0.934
FREFHIPRE | RIS FIERTEIMNT E1E L =1, &= 0.080 0271
FEAA AR FIERTHELNVAEFHI: =2&=1, 5H=0 0.320 0.467
b A SEPRAE LRI (AD 11496 31288
AR R SERRZTE i (H 5.340 6.304
1RV FEAENEEM. REE=1, &5E=0 0742 0.437
AR A EhRER H %ﬁlé*jioim T A R 0.103 0.304
P N i SEpRAE LHR IR L, =1, B=0 0.075 0.263
RGN AANY | REHREBIIGE AU RILAR NG £=1,  0.010 0.100

=0

FERBUIRSS LLI AR FHERS R AN UIRSS AR 1) 5 e 0203 0227
RIS LA AR FHERS R ARBIRSS A 1) 5 b 0.106 0.126
i FANBIRSGERELG] | AP FER RN IR SRR 1) 5 Ee 0.133 0.178
BARBURSS LG AP EEL AR B UIRSSAR - 1) 7 B 0203 0.189
BRERSS L] P EEL R AR BRI 7 EE 0.106 0.094
BARNEBIRSERLG] | A5 FrE SR AN U IR SRR F ) 5 Ee 0.133 0.154

¥ O TAAERFEERZER ALV SE R LS, TS BRI R ZZ R0k, MR 2EiE
ISR R, EH BT, @ T AR PAETEAR] . @A AL B FRL.
WCEIL. RN, BHAL. SR RGNS TR A N US4«
(2) HEEE
A EBEAL, ST PR AL AL S RS A R RS AT I, A SO R HERA
1‘%& BOEMTR:

Y=a,+BR,+5,X,+ 1 (D

(D A MR IR Y NASC iR A, AR | INRSFHERIAT N R, A
SOERAR R, (j=1,2,3) DRIFREI O R, R, FRAS D RARNURS SR, R
FORRF T RARERSEN, Ry, FomR P | RAAHIRSS IS X, NP FHRE. K
FHIES APRHERIEGIE S oy B L, IRHMTTSE:  w AR TR HE AT
BUEN 0 80 1 I =0 85, AlTHINASCR A ZG Logistic AL T RHEHH .

2 A AN RIARAE I, FEAGTHR AT SRS AR P RSFFE AT NS, 5222 IR PR A A i)
BT PG THS R . WA SN RoRE, WAL R R 3 ANJ7TH: — Ik dF iz .
KPR AN AL SRS HIEREA B Z BB A B B 24 DU BRI SR . — st
o REALOMN ERAE. FEERHERVE PR G TR E, (BRI RFHE AT e 23|
—LERE R ZR 0 . =R iR B TIERSFTIE IR rp T B AR, X TR R
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Ut TGSEARMA RIS M BEASN, R, A& n] eI A TR AR Ak 2o IR 5% St
FHEH o IZAME T EUR PR A AL IR S5 SRFFTIE AT 9 [A]PT BEAFE TR SR )

RN R R B N AR, ST AR A A IR S Z RS T (BFEAE
M55 ARHUIRSS LSRR FIRSS R ARSCRABEA HARE 0L (inverse-probability
weighted regression adjustment, fiiFK IPWRA) J7iFAHE AR TACHE, FF I AT,
13 RACEE S LA LIRSS RS IE R . BART S, (B R AA RO AT 20 RS
AT AREAFR “ab3” J550 WFRA: (£=0,1,2,3) FRAESAARS A, AT TR A
WAL SRS HIR SRS T AR R A

L if T=t
D,(T)= (2
0, if T,#t
) e T3 i wTRER AL KBS D, (T,) FoRAR5 i R ¢ 2L 24k
MRS —Tdahs.
A R ARSAO A IR S5 HITEAERENLEE IR, mUE SR R Jrfe:

N Ry r(my Z)) ,
n“lkm_,zl[; D, (T, )mja (3)
(30 Akt m Rk 3090 ME—HUE, RoRAlAb RS IIARFSAL: g, FORIBRRAT m
FANAL SRS HIAR R ke FANAL SRS B AERANLEE R N FoniEAR R, Z, Rt
AR r(m, Z) Mr(k, Z) R0 SUIATSIHME, 53R AER S RH m F1 k BB AL
SAUIRS AR o R AT 22 P 5 T
LA PP RERT MRS gy g, HORETESE, SR m SAIAL RS A R R K
FANVAL ARG IR P 1~ TS5 b BN ] R

AT]:nk‘m = lum‘m _luk‘m (4)

St G S A B RIS iR U N AR PR IR, AR TV-Probit SRS T A0, T HARE:
EWUOTH, AXSH A ALY (Wang and Wang, 2022; 4565, 2024) , 43l B
PANEGAN A ARG R AR N TR R . AR S, NI R R AdE “A
PATRSTELBE]” “FIANURSS ] “AERBUBIRSSERRELE]” . BRI R IR (045

CHARFNRS L) EARNUIRSS LU BRIV RS ARG o —J7TH, BN gt
MRS R R I A e LK XBBOR . RS ik BRREEFR R GEEE R . ER
FAO A2 A R 55 BBt PR FE N B AR, ZBOREI T AR P AR 2o R IR, LRI
FEUIRS AT RATARSEE A, R RO A RS it s s, PRt BRI gl At
SRS R R 5 ARBUIRSS . ARBIRSS RANT A EA EEA RN 5 —T7H, AN AR
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HA NG TR BR S BAN ST, ALK R SRS £ B, B, WA R
ISR RO Z TR, BRI A AE AR SRR AR & AT N 2 A& A E
Y. 23 b, SRAIMGB G 2RSS RV TRAS R, FF ARt EAIA MV ER .

3P AR . ASCRHIH A BSAGITTIE, X B MR o et AR LB IR S S B e R T
EHERIPLEIRE TR . S5IIHE (2022) XFPRURHERTZIGHT TE P A P RS AT i, ATk
B O R A R BRI T AR . AEIEAT b, Dl S AR B R AR S PR R RS PR 18
ERTREATE IR, ASCSHF A (2023) KRS, Bt PAih /A8 BRI AR REAZ B o
BRI TR T

M, =a,+y R, +7,X, +¢ (s)

Y=o, +AM,+ 1, X, +0, )

(5) KA (6) bt M, WUBIER, 5% UK © oy &y ) Vo A A
58 & . O NHNIREIS: HABRE A (1D R,

M. EVFERS S

(=) RIATSUARSS R EE R R AR E T RIS

%% 2 5 T ARAL S IR SS BRSO AR RS FRE AT AR RS R A5 5 . B P ARSCR A
(OGTHRSAL AR ERSAY, rh g RIICHABRRBON” .t 2 T, RBURSS AR P REFHE AT Ay
FOMILPRRANL G E O IE, RIERIANUIRSS RS e R AR . R H T, AR IR AN RS
GRAN TAHE SRR ATIE SRR P U R B S, BEAR TR A, A ATt RsF it . A&
SRS HIAR I REATIE AT R (R bR RN R NI, I HHSEMARE RE W A UIR S5 (KM
M TS RAASNRS 5, LTSRS P EARSRIG—E, A% T ERZEIRIT,
Gefip T HORAH, Tt T RSFTHEHIBORATERAGYE, 158 1A fUARSATIE AT Uit Ak, Adt
S5 I ARSI, AR 1 ASAFIE I ], SE5ETT 7 ARSHTIE Ak, DRI B R B
Ko ANBRFHRN A FEFTIE AT AL PRRNAE 1% 580K ER2ENIE. XA R
A R R ARSI S S AN RS UIR ST e m,  TNai 15 A S5 2RI ORI R RAS LR, AR

AT TR BRSO RE, ASCEERIAL A BN 3 MG ORI R AL A, TR TR 2 (D ~ (5) IR, &
ARREERHTIR 2 (5) FHE.

CRREUEREIASE, ARIEREHE B R R R, AR T PIROT SO TR RS, —RRAIR PR FTR A
FIRERE, R P RIUIRSATER A 7 s SRl B al ) h (R A g AT B, —RR AR BN SS S (v
TNV S A LR R BR SS AL BT IRH . S55RRH, SEMERTMKIR RS R AT k. DIRIRPTIR, ARSCEAER
TRoR, PR EMME (REARMNZE BN ER A
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(IRFSMEAZ Sy AR, HUREDE] “TERE RS T AR “IAide e fml i,

H1. H2 1 H3 153 T WP HAE,

MRS AFIEH . 25 E,

2 Rt VAR S REE AT R PRFHE R T AR EAEEILER
FEFFRHAT N
A

€D) ) 3) @)) €))
RHURSS 0.037" 0.089" 0.130™
0.014) (0.014) (0.014)
RERSS 0.211" 0.240" 0.269™
0.018) 0.017) 0.017)
THHRE AL 0.302"* 0.302™* 0.342"
(0.018) (0.018) (0.018)
P -0.023 -0.028" -0.021 —0.026" —0.027"
0.015) 0.015) 0.015) 0.015) (0.014)

asiy 0.001" 0.001™ 0.001 0.001 0.001
0.00D 0.001) (0.001) (0.001) (0.001)
ZHEHI 0.013™ 0.012™ 0.011" 0.010™ 0.010"
(0.002) (0.002) (0.002) (0.002) (0.002)

TR REIR LT 0.009 0.014 0.003 0.008 0.008
0.015) 0.015) 0.015) 0.015) 0.014)

TR REIRILE 2 0.012 0.012 0.010 0.009 0.011
0.013) 0.013) (0.013) (0.012) 0.012)
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X [E] R R gt Cidsthl Cigsthl Cigsthl Cidsthl
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e @ SRR 1%, 5% 10%HEE KT . @S N R EFRHER .

(Z) AEMEREALE
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SR AR 55 4

— - RAVRMUBRS AL
B2 RPESFHEASURS W2 pRsH
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H0~1, HAFEESXIR, HFARBNESERK. Bk, mTeOE— S Aol 2k -
IREPEUN o

3 R TR PR ERE SRS B AEES . A N T4 R R g E S5, B IPWRA
fiitgE BAh, AN H T HTF R %E (regression adjustment, fEiFR RA) AT AL (inverse-probability
weighted, fiiFR IPW) HIPFIJAEFRAN Al TH25 2R

%3 RPRATEHE SRR S AR
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Mgt EREAIE. XRIAGRA AR AL 2RSS, B RS AT A BRI
HEER, H1 ATH2 #E—B18350IE. 1Ah, MRS TTAKRE, AT R R — R Bk SS
BRMUIRSS A s RAAMIFIRS SRR 7 PP RSB TE 1% G K R . X Ui
AT bR, RIS S SRS — PR P REFHE H . H3 P15 BI50HIE,

235 F IV-Probit 7 &89 ) A PEAL 32, AE PRI AR EANIDOL I e R B AR, AR ELR
AR RAN AL RS R AR A THAR R, M AL AT . BT IV-Probit 77240 A A4
PRI RREIAEE RN 4 FoR, EE—FrEEIET, B9 EgR TR SR ERSARHUIRSE
1%HIGE 7K FAAERZ R IERFE, HECE BB RIS F KT 10, S5 FrEalJ=r) Wald £
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HIRER, A% 2 SCRALEE 7750 (Conley et al., 2012) , SR RE#EBIAZZ: (local to zero approach,
AKX LTZ) , % IV-Probit 2550 MMudt— DR @RS, IS5 SRR, ERSME LA 2RSS
FARRFEIT- MR R, RAREIRSS . RWUIRSS AN IR S5 E ot A& - A AL AT AR K
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SRR, IRIE T IV-Probit 45 RIFSfEENE.

x4 ET IV-Probit F57AER A [ alRE A ElYIEER
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- KRR TEAR SRAFER T HAE)
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WRIEHTSCER TR, BB STERHESN AR P RS TE AT NS E DL AT REAE T, AU AR
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SR “TEREXES MR R HAT Y.

FEPAACRER b, T “CEERES” HAHR . MELLERRER, S5a AR RS LA L
BIMARBIRSTE AN B RSB, ASCEFAR T “REAARBTEARNURS KK (8 “IEE
s AR, BARIN S, AN SRR SR AN LIRSS, W] LU 5 R (PR sc A7
Ko BT IZARP ORI IR, RIRIEFEA—E RIS, B, AFETE AR
o QARAR A W AR B BN LRSS G, TR AR P ] 5B AR LR 55 S S AT R8CR A, ek
TERE R IBLITT . TORIZRANGIAT A 5 T L E R RRIHE ,  #R R AN UIRSS B RS B
R, BIRERS S r RALAN LIRSS HEBA T S “TERRUR” .
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gk, [T (D FIF (3D FIRAEIMERCH 6443,

(M) RS

LA F . ANRP AR E PAETA, S B 22 R REUX AR P RS IE
HAT RIS (L&, 2018) o B, AOEEE TR BT BT RIEEES R
ik 4%, ASCLA3.33 A (50 B 1AM P ARIIBRZE P Rk o FEREAT B A e AR R
%5 NIRRT BIITE 1% Gt 7K BRI P RS FTE AT N EAT IE RS2, AL
RS AR E PR TIE AT ARSI A AN 2 BRI IR AR Bt /N PRSI AT I Brfe
HRCRTE . X AT Re BT/ P I & R RN 2RSS SRR AR 578 )1 & HREETT
THI R B MR A SR S RCR BE W R, AT SE RERE IR AR FHVE V)5 TR S P 1 T UiAc a5 7K1
B, A ReEATIIAREFTIEH,  RIHR AN UIR S5 HARSHHE FAT i S 52

2R F . HTAEFTE P A RS S AT R . AEFTE ARG, E AR U SR A A5 DX el
R BARORMAR IS, R FEFHE AT A2 20X S BRI (375, 2021) o HIERIEAN

CRRSIERTIR, MR TR, AR EAIEL (hEARRED) B s E A S
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M FEH . HERIEH . SECH . W IEEH 5 AR ERESEHEGE RT3, 3BT bRk
SAE RO AN FLAR (X FEAT I AR E F AR S

HFARIX LSRR U 6 Fon, WANUIRFS HIRMSESE, BRAEEm AR X AR X
bb, HAAR X ARBUIRSS IIABR RN A R 29 IE . X AT e B T AR AU X 3A-FHE H 24 b 22 i A
B, DRSNS 2 E ;R R XS H AR A RE R R, XELAHEA T 204
HUIRSS o WARSSEHR S5 A R FIE AT NIRRT, N KA X bR B NIE, o, A
RS HHAALAR X ST A MR X AR AR P RS FFIE FHAT RIS B K e AR LR 55 SR A AT
AT NIRRT, PN KA AN LBIIRSS AR AIIA BN R o IX LA IR S5 BRSO B AR X
RIS AT B R, Horh, SRR X S PU R AR X I RSATIE F R R, 1
AT BRI PRI ALt R ER 55 Ee

%6 EFARXHZRMEDEYILER
. FEAHIEMAT AN
o GERK AERE EERK BERK KD FRRK PRRK
RHURSS 0.035 0.039 0.096™ 0.153* 0.202" 0.134™
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Agricultural Social Services and Their Integration:
Mechanism and Empirical Evidence to Solve the Farmers’ Dilemma of
Returning Straw to the Fields

DONG Ying WANG Huan HUANG Caini

Abstract: Promoting returning straw to the fields is an important measure to facilitate the green and low-carbon development of
agriculture and ensure national food security. However, despite a significant increase in the comprehensive utilization rate of straw, the
proportion of farmers adopting straw returning remains low, and straw burning incidents are still frequent. This paper is based on the
dual demands of returning straw to the fields for farmers’ operational intensity and technical capabilities, as well as the conditions for
agricultural social services. By integrating the theory of division of labor and the logic of “contract governance”, we construct a
“demand-service-integration” framework for agricultural social services and their integration’s impact on farmers’ returning straw to
the field behavior. Empirical analysis is conducted using 2021 survey data jointly developed by South China Agricultural University
and Southwest University of Finance and Economics. The results indicate that both agricultural machinery and technology social
services, as well as their integration, significantly promote farmers’ behavior of returning straw. Among them, the integration of
agricultural machinery and technology social services, and the agricultural technology social services, exhibit more pronounced
effects. The integration of agricultural machinery and technology social services accelerates the promotion of returning straw to the
fields by reducing “moral hazard”. In addition, the impact of agricultural social services and their integration on farmers’ behavior of
returning straw to the fields exhibits strong heterogeneity in terms of scale, crop types, and agricultural areas. Therefore, the
government should continue to increase the supply of agricultural social services, especially agricultural technology social services,
and attach importance to the innovation of service supply models for the integration of agricultural machinery and technology social
services. Based on the heterogeneity of scale, agricultural areas, and crop types, a differentiated extension system for promoting
farmers’ returning straw to the fields should be constructed, grounded in agricultural social services and their integration.

Keywords: Agricultural Social Services; Service Integration; Farmer;Straw Returning to the Fields; Moral Hazard.
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Abstract

Purpose — The purpose of this study is to investigate the impact of digital agricultural insurance on farmers’
fertilizer reduction technology adoption and explain its main mechanisms, as well as to reveal the heterogeneity
of the impact with regard to the production scale and crop type.

Design/methodology/approach — Using the dataset of CHFS-SCAU2021, this study empirically examines
the impact of digital agricultural insurance on farmers’ fertilizer reduction technology adoption by Probit
model and employ instrumental variables and treatment effect model to address the potential
endogeneity bias.

Findings — (1) Digital agricultural insurance can significantly improve farmers’ fertilizer reduction technology
adoption and (2) it has a greater promoting effect on the adoption of fertilizer reduction technology compared to
traditional agricultural insurance, which still holds after correction of endogeneity bias. (3) Digital agricultural
insurance can help promote farmers’ fertilizer reduction technology adoption through decreasing risk aversion,
information asymmetry and alleviating financial constraint, while (4) it can only promote the fertilizer reduction
technology adoption among large-scale and grain-crop farmers currently.

Originality/value — (1) This study is the first to empirically examine the causal impact of digital agricultural
insurance on farmers fertilizer reduction technology adoption. (2) This study construct a comprehensive
framework to explain the main mechanisms through which digital agricultural insurance influences farmers
fertilizer reduction technology adoption both theoretically and empirically. (3) It also compares the disparities
between traditional agricultural insurance and digital agricultural insurance in terms of influence on farmers’
fertilizer reduction technology adoption and proposes the relative recommendations on digital agricultural
insurance to help improve farmers’ willingness and behavior of fertilizer reduction technology adoption to
promote extension efficiency.

Keywords Mechanisms, Digital agricultural insurance, Fertilizer reduction technology adoption
Paper type Research paper

1. Introduction

Fertilizer reduction technology adoption is crucial for promoting high-quality and
sustainable agricultural development. In the face of global climate change and
increasingly frequent extreme weather events, fertilizer reduction technology also serves
as an important adaptation measure in mitigating the adverse effects of climate change on
crop producers in developing countries (Bello et al., 2024; Tang and Luo, 2021). However,
farmers’ reluctance to adopt fertilizer reduction technology stems from the significant risk
of crop yield loss (Shaffer and Thompson, 2013). Particularly in developing countries,
small-scale farmers lacking necessary skills for implementing fertilizer reduction
technologies may worry about potential crop yield reduction and exhibit low enthusiasm
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Guangzhou Science and Technology Project (SL2023A04J01301) for the financial sponsor in the entire
research process.
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toward adoption (Duflo et al., 2011). Information asymmetry, risk aversion and financial
constraints further impede the adoption process of these technologies (Rolfe and Gregg,
2015; Harou et al., 2022; Tyer et al., 2020).

As a pivotal risk management tool in agricultural production, agricultural insurance has
gained great attention from both researchers and policymakers. Research indicates that the
implementation of agricultural insurance along with premium subsidies can directly enhance
anticipated profits and reduce individual risk (Yu et al., 2018; King and Singh, 2020), thereby
facilitating the adoption of conservation technologies in agriculture (Brick and Visser, 2015;
Tang and Luo, 2021). However, traditional agricultural insurance may exacerbate existing
concerns or uncertainties surrounding conservation adoption. The inherent problems of
asymmetric information related to adverse selection and moral hazard behavior within
traditional agricultural insurance (Gunnsteinsson, 2020) can potentially diminish farmers’
incentives to engage in technology adoption efforts that are difficult to monitor
(Pietrobon, 2024).

In recent years, digital technologies have been applied to agricultural insurance products,
enabling more precise risk assessment and technical support for agricultural production. Index
insurance based on remote sensing helps reduce small-scale farmers’ risk aversion and
promotes the adoption of conservation technologies (Tang et al., 2019; Carter et al., 2016). The
utilization of digital technology can effectively mitigate information asymmetry by rapidly
disseminating information at a lower cost (Zheng et al., 2021). The provision of sufficient
information and personalized extension services has proven effective in promoting technology
adoption by increasing yields while reducing the quantity of fertilizer used (Dzanku et al.,
2022; Arouna et al., 2021) to encourage farmers’ fertilizer reduction technology adoption. It
can also reduce the risk aversion in technology adoption by alleviating information asymmetry
(Rao, 2023). Since insurance must be bundled with loans to function in low collateral
environments (Carter et al., 2016), the reduction of default risk through insurance claims can
effectively lower the interest rates and expand credit channels to promote technology adoption
(Farrin and Miranda, 2015). In developing countries, digital technologies have the potential to
reshape rural markets for savings, credit and insurance services by facilitating information
sharing within the system (Benami and Carter, 2021). Moreover, they can alleviate financial
constraints on the adoption of fertilizer reduction technology. However, little research has been
conducted on the impact of digital agricultural insurance on farmers’ adoption of fertilizer
reduction technology.

Based on the dataset of CHFS-SCAU2021, this study investigates the impact of digital
agricultural insurance on farmers’ adoption of fertilizer reduction technology and its
mechanism, as well as reveals the heterogeneity of the impact with regard to the production
scale and crop type. The main contributions of this study are as follows:

Firstly, this study is the first to empirically examine the impact of digital agricultural
insurance on farmers’ fertilizer reduction technology adoption. To accurately identify the
causal relationship, instrumental variables are employed and potential endogeneity bias is
addressed through the Treatment Effect Model. Furthermore, for ensuring the reliability of the
findings, a series of robustness checks are conducted.

Secondly, this study explains the main mechanisms through which digital agricultural
insurance influences farmers’ adoption of fertilizer reduction technology, encompassing both
theoretical and empirical dimensions. Theoretically, we construct a comprehensive framework
of the “risk-information-credit”. Empirically, this study confirms that digital agricultural
insurance facilitates the adoption of fertilizer reduction technology by mitigating farmers’ risk
aversion, enhancing information transmission and alleviating financial constraints through
credit availability. These findings offer valuable theoretical insights for future investigations
into the role played by digital agricultural insurance.

Thirdly, this study compares the disparities between traditional and digital agricultural
insurance in terms of influence on farmers’ fertilizer reduction technology adoption. We
specifically analyzed how, compared with traditional agricultural insurance, digital
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agricultural insurance reduces risk aversion, enhance information transmission and credit China Agricultural
availability, and empirically compares the impact of digital agricultural insurance and Economic Review
traditional agricultural insurance on the adoption of fertilizer reduction technology. It also

proposes the relative recommendations to help improve farmers’ willingness and adoption of

fertilizer reduction technology to promote extension efficiency.

2. Background and theoretical framework

2.1 Traditional agricultural insurance and fertilizer reduction technology adoption

The provision of agricultural insurance plays a pivotal role in mitigating the risks associated
with agricultural production. The presence of various uncertainties, including market volatility
and unfavorable weather conditions, can lead to a reduction in farmers’ crop yields and income
stability (Belissa et al., 2020; Dougherty et al., 2020). Agricultural insurance can reduce the
concerns regarding output loss among farmers by safeguarding against production or output
risks associated with their implementation to facilitate the widespread adoption of fertilizer
reduction technology (Yu et al., 2018). As a large agricultural country, China’s agricultural
insurance ranks second globally and first in Asia. At present, China’s agricultural insurance is
mainly policy insurance.

However, within the context of the fundamental agricultural production pattern of small-
scale agricultural economies, policy insurance requirements such as household underwriting,
standards survey and loss assessment result in high costs. It reduces farmers’ willingness and
actual insurance coverage due to concerns regarding their ability to provide timely and full
compensation in main agricultural production areas. The adoption of fertilizer reduction
technology by farmers is also significantly hindered by asymmetric information problem in
this traditional agricultural insurance (Gunnsteinsson, 2020; Pietrobon, 2024).

2.2 Background of digital agricultural insurance

In recent years, the rapid development and application of digital technology have facilitated
innovation in digital agricultural insurance, addressing information asymmetry inherent in
traditional agricultural insurance through the provision of technical services such as big data
analysis, remote sensing and artificial intelligence.

Farmers can conveniently purchase self-service electronic insurance policies and
receive insurance compensation through the digital agricultural insurance platform, which
is integrated with commercial banks such as Agricultural Bank of China. Since 2019,
Beijing has achieved full process digital use of agricultural insurance. In June 2020,
Guangdong introduced its first batch of agricultural electronic insurance policies covering
22 policy-based agricultural insurance products. Currently, online agricultural insurance
services have been launched in more than 20 regions including Beijing, Inner Mongolia,
Heilongjiang, Shaanxi and Henan. Data shows that by 2022, the national agricultural
insurance platform collaborated with industry entities to produce nearly 2 million
electronic agricultural insurance policies. In addition, Guangdong first proposed the
“Government-Bank-Insurance”, which refers to insurance companies providing guarantee
insurance for loan subjects; banks providing loans; and the government providing premium
subsidies, interest subsidies and risk compensation support. Through sharing insurance
information with banks and public financial systems, digital agricultural insurance can
enhance financing channels for farmers’ credit and subsidies, thereby mitigating the capital
constraint associated with farmers’ technology adoption.

2.3 Digital agricultural insurance and fertilizer reduction technology adoption

By mitigating information asymmetry, digital agricultural insurance can effectively reduce
farmers’ risk aversion and enhance their capacity for risk management, thereby facilitating the
adoption of new technologies. Moreover, based on the information sharing function among
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“Government-Bank-Insurance” system, digital agricultural insurance can further expand
financing channels for technology adoption. As displayed in Figure 1, the specific influence
mechanisms are as follows.

2.3.1 Certain expectation. The digital agricultural insurance can monitor various aspects of
agricultural production in real time, provide more accurate risk assessments during
agricultural production and perform automatic insurance payout. The entire insurance
procedure facilitated by digital agricultural insurance network platforms can help farmers to
form certain expectation regarding risks in agricultural production as well as adopting
fertilizer reduction technologies. The timely, automated and intelligent insurance and
compensation system provided by the digital agricultural insurance platform can effectively
reduce farmers’ risk aversion (Brick and Visser, 2015; Rao, 2023), to promote the fertilizer
reduction technology adoption by farmers (Carter et al., 2016; Tang et al., 2019). The decrease
in risk aversion among farmers will enhance their willingness to adopt fertilizer reduction
technology and encourage risk-taking behaviors such as expanding production scale, thereby
directly and indirectly promoting fertilizer reduction technology adoption.

2.3.2 Information transmission. The information regarding meteorological conditions and
professional risk management guidance involved in agricultural production, as well as the
adoption of fertilizer reduction technology, can be efficiently transferred and operated through
digital agricultural insurance service platforms at a reduced cost. Specifically, the risk
management information, including meteorological forecasting data and expert advice
stemming from government technology extension system, can be transmitted to farmers via
the Internet and social networks (Van Campenhout et al., 2021). Timely and effective
information support can enhance yields at a lower cost, to encourage farmers’ fertilizer
reduction technology adoption (Dzanku et al., 2022; Arouna et al., 2021). This targeted
professional advice support can encourage farmers’ adoption behavior of fertilizer reduction
technologies as an adaptive strategy to overcome weather challenges, improve post disaster
recovery and ensure the long-term sustainability of agricultural production (Stuart et al.,
2014). Moreover, the continuous data collection and analysis function of digital agricultural
insurance can provide foundation for more index insurance product innovations suitable for
different regions and crops, which will in return deepen the fertilizer reduction technology
adoption by farmers.

Digital Agricultural Insurance

! }

Certain Expectation Information Transmission Credit Availability

} Risk Aversion 1 Information Asymmetry J Financial Constraint
.

\4

Fertilizer Reduction

Technology Adoption

Source(s): Authors’ own creation

Figure 1. Mechanism of digital agricultural insurance on fertilizer reduction technology adoption
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2.3.3 Credit availability. As mentioned in the background information of digital China Agricultural
agricultural insurance, the “Government-Bank-Insurance” model expands the channels for Economic Review
farmers to receive credit subsidies through digital agricultural insurance. Because the entire
transaction process of digital agricultural insurance from insurance to claims is linked to online
banking and the corresponding government agricultural subsidy system, the credit rating
reflected in agricultural insurance transaction data and the digital insurance claims can also
effectively reduce default risk, thereby lowering loan rates (Farrin and Miranda, 2015) to
increase credit availability. Since insurance must be bundled with loans to function in low
collateral environments (Carter et al., 2016), the sharing of transaction information in the
digital agricultural insurance service including insurance, banking and public finance systems
can enhance the accessibility of insurance based on agricultural credit and subsidies, which can
help alleviate the financial constraint of fertilizer reduction technology adoption by farmers.

3. Data, variable and methodology

3.1 Data source

The data used in this study comes from the research data of “Inclusive Finance and Rural
Research” jointly developed by South China Agricultural University and Southwest
University of Finance and Economics, as well as the “China Household Finance Survey
Data” collected by Southwest University of Finance and Economics (CHFS-SCAU) in 2021.
The project adopts a three-stage, stratified PPS sampling method to conduct the survey. The
database covers 29 provinces (cities, autonomous regions) nationwide and provide
information about family characteristics, individual characteristics, agricultural technology
adoption and production situations, and financial behavior. Only the cross-section data of 2021
is used because it contains both the main independent variable of digital agricultural insurance
and the dependent variable of fertilizer reduction adoption. We eliminate the missing values
and outliers to improve the completeness and rationality of the data and obtained a total of
5,057 valid samples.

3.2 Variables and descriptions

The variable definition and descriptive statistics are demonstrated in Table 1. The dependent
variable in this study is the adoption of fertilizer reduction technology (Fer_tech),
encompassing soil testing and formulated fertilization (STFF) as well as straw
comprehensive utilization (CUS). If farmers adopt either one of these technologies, they are
considered to have embraced fertilizer reduction technology. STFF involves precise and
scientific fertilization based on soil nutrient content, thereby enhancing fertilizer efficiency
and reducing usage. CUS utilizes biological resources such as straw to enhance farmland soil
fertility, serving as a crucial approach for substituting chemical fertilizers with organic
alternatives to achieve fertilizer reduction and improve efficiency. The average value of
Fer_tech is 0.285, indicating that 28.5% of the sampled households have adopted fertilizer
reduction technology, suggesting a relatively low adoption rate.

The core explanatory variable is farmers’ participation of digital agricultural insurance
(Dig_ins). Additionally, to compare the impact of digital agricultural insurance and traditional
agricultural insurance on farmers’ adoption of fertilizer reduction technology, we also
analyzed farmers’ participation of traditional agricultural insurance (Tra_ins) as another core
explanatory variable, which means whether the household is insured through traditional policy
insurance channel without any digital means. The mean values of Dig_ins and Tra_ins are
0.039 and 0.246, respectively, indicating a significantly lower participation rate in digital
agricultural insurance compared to traditional agricultural insurance.

As for mechanism variables selected based on the aforementioned theoretical analysis, in
which three mechanism paths are emphasized, including risk deflection and sharing,
information transmission and credit availability. In terms of risk deflection and sharing,
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Table 1. Variable definition and descriptive statistics

Variable Definition Mean Sd. Min Max
Panel A: dependent variable
Fer_tech 1 if a household adopted fertilizer reduction 0.285 0.451 0 1
technology, and 0 otherwise
Panel B: core independent variable
Dig_ins 1 if a household participated in digital agricultural  0.039 0.193 0 1
insurance, and 0 otherwise
Tra_ins 1 if a household is insured through traditional 0.246 0.430 0 1
policy insurance channel without any digital
means, and 0 otherwise
Panel C: mechanism variable
Risk_att Risk attitude in the investment, with 1-5 4.526 0.929 1 5
representing high risk, relatively high risk, average
risk, relatively low risk and no risk at all
Scale Logarithm of agricultural production scale 1.664 1.178 —-3.912  7.090
Infor 1 if a household gets knowledge and services from  0.247 0.431 0 1
the Internet, organizations promoting new
technologies, or governmental units, and
0 otherwise
Credit The number of loans for agricultural production 0.083 0.365 0 8
Panel D: instrument variable
TCSP County-level service point density of telecom 1.00 0.669 0 8.851
network operators, unit: 1 per 10,000 people
IASP County-level service point density of insurance 2.904 1.793 0 39.535
agency, unit: 1 per 10,000 people
Panel E: control variable
Edu Education level of householder with 1 for no 1.745 0.807 1 5
schooling or primary education, 2 for middle
school or high school, 3 for secondary school or
college, 4 for a bachelor’s degree and 5 for a
master’s degree or higher
Age Age of householder 56.436 11.086 16 104
Age2 The quadratic form of Age 3307.945 1237.598 256 10,816
Gender 1 if the householder is male, and 0 female 0.822 0.382 0 1
Househ_ Population size of the household 4.391 1.941 1 15
size
Income Logarithm of the household income, unit: yuan 10.133 1.429 0 14.933
Rent 1 if a household had land rent experience, and 0.138 0.345 0 1
0 otherwise
Plot_num  The number of land plot 5.360 6.299 1 99
Subsidy 1 if a household got subsidies for means of 0.008 0.089 0 1
production from the government, and 0 otherwise
Disaster 1 if a household suffered from natural disasters, and  0.220 0.414 0 1
0 otherwise

Source(s): Table created by authors

digital agricultural insurance offers significant advantages in risk early warning, risk
monitoring, analysis of risk response strategies and compensation for risk losses. Therefore,
it can effectively facilitate the deflection and sharing of various risks in the agricultural
production process, thereby influencing farmers’ risk attitudes and behaviors. Consequently, we
employ farmers’ risk attitude in the investment to measure their risk aversion (Risk_att), which
has an average of 4.526, indicating that the majority of sampled farmers exhibit risk aversion.
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Risk behavior is measured by the agricultural production scale (Scale), as an expansion in the China Agricultural
operation scale indicates farmers’ increasing willingness to undertake greater production risk. Economic Review
With regard to information transmission, the digital platform established by digital agricultural
insurance enables farmers to engage with key entities such as the internet, technology extension
agents and governmental units, thereby offering diverse channels for obtaining production
knowledge and services. Hence, this study employs the utilization of these aforementioned
information channels (Infor) as a metric to gauge farmers’ information acquisition level, which
averages at 24.7%. As for credit availability, the “Government-Bank-Insurance” linkage
mechanism established by digital agricultural insurance can assist banks in assessing farmers’
credit risks, facilitating insurance policy collateral, streamlining loan processes and enhancing
the availability of credit. Therefore, this study employs the number of agricultural production
loans obtained by farmers (Credit) as a measure of their credit availability. Credit has an average
of 0.083, indicating a low level of credit availability among the sampled farmers.

Regarding control variables, referring to Tang and Luo (2021), Li and Shen (2021) and Cai
et al. (2022), we selected householder’s education level (Edu), age (Age), quadratic form of
age (Age?), gender (Gender), population size of the household (Househ_size), logarithm of the
household income (Income), land rent experience (Rent), number of land plot (Plot), subsidies
for means of production from the government (Subsidy) and natural disasters experience
(Disaster) as control variables.

3.3 Methodology

The methodology design in our study comprises three stages. In the first stage, we aim to assess
the impact of digital agricultural insurance on farmers’ adoption of fertilizer reduction
technologies. Since the independent variable is a binary variable, the following Probit model is
established:

P(Fer_tech = 1| Dig_ins,X) = ®(p, + p,Dig_ins + f,X + ¢€) (1)

where P( + ) represents the probability, while @( - ) denotes the cumulative distribution function
of the standard normal distribution. Fer_tech signifies farmers’ adoption of fertilizer reduction
technology, with a value of 1 indicating adoption and 0 indicating non-adoption. Dig_ins
represents the participation in digital agricultural insurance, where a value of 1 indicates
participation and otherwise it is 0. X encompasses control variables and regional dummy
variables. f refers to the parameters to be estimated and & represents the disturbance term.
Additionally, in order to compare the impact of digital agricultural insurance and traditional
agricultural insurance on farmers’ adoption of fertilizer reduction technology, we also consider
to take the variable of participation in traditional agricultural insurance (denoted as Tra_ins)
into Model (1).

In the subsequent stage, we are committed to discussing potential endogeneity bias in the
Model (1) and implementing necessary corrections. Given that participation in digital
agricultural insurance is an endogenous choice made by farmers, its randomness lacks
persuasiveness. Consequently, we cannot exclude the endogeneity of participation in digital
agricultural insurance, which leads to endogeneity bias in the parameters estimated by Model
(1). To address this issue, we relax the stringent assumption on the randomness of Dig_ins and
employs a Treatment Effect (TE) model for regression analysis, thereby overcoming any
endogeneity bias associated with dummy variables. The TE model is constructed as follows:

Fer_tech = ay + a;Dig_ins + a,X + 6 o
Dig_ins =y, +7,TCSP+y,X 4+ 60 2)

where the first equation represents the outcome equation, while the second one represents the

treatment equation. The treatment equation should include at least one exogenous variable
that influences the core independent variable but is not included in the outcome equation.
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Moreover, for a treatment effect model, it is essential to ensure that this exogenous variable
affects farmers’ participation in digital agricultural insurance without directly impacting
their adoption of fertilizer reduction technology. Therefore, this exogenous variable can be
considered as an instrumental variable (IV) for Dig_ins. This study extracts data on the
number of service points operated by telecom network operators in sample counties from a
national point of interest (POT) database and divides it by the county population size to obtain
the service point density of telecom network operators (TCSP). TCSP serves as an
instrumental variable for Dig_ins since digital agricultural insurance relies on telecom
networks for its operation. The county-level TCSP will influence Dig_ins but will not
directly affect Fer_tech, and the technology adoption decision at the household level is more
difficult to affect the macro decision of the telecommunications network layout at the county
level, satisfying both correlation and exogeneity assumptions as an instrumental variable.
Similarly, to address endogeneity bias in estimating the effect of Tra_ins on Fer_tech, this
study selects the county-level service point density of insurance agency (IASP) as an
instrumental variable for Tra_ins. @ and y denote the parameters to be estimated, while § and 8
are error terms.

The objective of the final stage is to analyze the internal mechanism through which digital
agricultural insurance influences the adoption of fertilizer reduction technology. The model for
mechanism analysis primarily involves replacing the dependent variables in Model (2) with
mechanism variables, namely Risk_att, Scale, Infor and Credit.

4. Empirical results

4.1 Baseline regression result

The impact of traditional agricultural insurance and digital agricultural insurance on farmers’
fertilizer reduction technology adoption was examined using a Probit model as the baseline
regression, and the results are presented in Table 2. Models 1-3 control for province fixed
effects, while Models 4-7 more rigorously control for county fixed effects. In Model 1,
Tra_ins has a significant positive impact on Fer_tech with an estimated coefficient of 0.077. In
Model 2, Dig_ins has a coefficient of 0.123 on Fer_tech, which is larger than that of Tra_ins in
Model 1. This suggests that digital agricultural insurance has a greater promoting effect on the
adoption of fertilizer reduction technology compared to traditional agricultural insurance. In
order to compare the relative effectiveness of two different agricultural insurances more
accurately, this study further constructs a three-category variable Ins_type, classifying
household into those who do not purchase agricultural insurance, those who only purchase
traditional agricultural insurance and those who purchase digital agricultural insurance. Model
3 estimates the impact of In_type on Fer_tech. Both Tra_type and Dig_type exhibit significant
effects; however, the coefficient of Dig_type is approximately twice as large as that of
Tra_type. As shown in Model 7, we also tried to take traditional agricultural insurance as a base
case and found that Dig_type has a significant and positive coefficient. This finding further
substantiates that digital agricultural insurance has a greater potential to drive fertilizer
reduction technology adoption compared to traditional agricultural insurance. The results from
the substitution of the province fixed effect with the county fixed effect (represented as Models
4-6) also lend support to the above conclusion.

In terms of control variables, Edu exhibits a significant positive impact on Fer_tech. This
can be attributed to the fact that farmers with higher levels of education possess greater
awareness regarding environmental protection and are more inclined to adopt fertilizer
reduction technology, which is in consistent with the conclusions of Tang and Luo (2021). The
significantly positive coefficient of Age and negative coefficient of Age? suggest an inverted
U-shaped relationship between Age and Fer_tech, with an inflection point occurring at
approximately 52 years old. Gender exerts a significantly positive influence on Fer_tech,
indicating that males exhibit higher rates of fertilizer reduction technology adoption compared
to females. This discrepancy is likely linked to males’ greater propensity for accepting novel
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Table 2. The effects of traditional and digital agricultural insurance on farmers’ fertilizer reduction technology adoption

Fer_tech
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Tra_ins 0.077%** 0.060%**
(0.014) (0.015)
Dig_ins 0.123%** 0.125%**
(0.030) (0.030)
Ins_type (Base case is “No_ins”) Ins_type (Base case is “Tra_
type”)
Tra_type 0.096%** 0.082%**
(0.016) (0.017)
Dig_type 0.173%** 0.177%** 0.095%**
(0.035) (0.036) (0.036)
No_ins —0.082%**
(0.017)
Edu 0.024*** 0.023%*** 0.021%** 0.016* 0.014* 0.013 0.013
(0.008) (0.008) (0.008) (0.009) (0.009) (0.009) (0.009)
Age 0.013%** 0.014%** 0.013%** 0.013*** 0.013*** 0.013%** 0.013%**
(0.005) (0.005) (0.005) (0.005) (0.005) (0.005) (0.005)
Age’ —0.000%** —0.000%** —0.000%** —0.000%** —0.000%** —0.000%** —0.000%**
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Gender 0.045%#* 0.048%+* 0.042%#* 0.053*** 0.053*** 0.048%#* 0.048%#*
(0.016) (0.016) (0.016) (0.017) (0.017) (0.017) (0.016)
Househ_size —0.005 —0.005 —0.005 —0.003 —0.003 —0.003 —0.003
(0.003) (0.003) (0.003) (0.003) (0.003) (0.003) (0.003)
Income 0.017%** 0.016%** 0.015%** 0.015%** 0.014%** 0.014%** 0.014%**
(0.005) (0.005) (0.005) (0.005) (0.005) (0.005) (0.005)
Rent 0.032* 0.032* 0.031* 0.039%* 0.038** 0.037°%* 0.037%*
(0.017) (0.017) (0.017) (0.018) (0.018) (0.018) (0.018)
Plot_num 0.002%* 0.002%#* 0.002* 0.003%#* 0.003*** 0.003*** 0.003***
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
(continued)
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Table 2. Continued

ddvO

Fer_tech
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Subsidy 0.104* 0.102 0.089 0.100 0.096 0.085 0.085
(0.062) (0.062) (0.062) (0.062) (0.063) (0.063) (0.063)
Disaster 0.040%** 0.044%** 0.038*** 0.040%** 0.041%** 0.039*** 0.039%**
(0.015) (0.015) (0.015) (0.015) (0.015) (0.015) (0.015)
Region fixed Province fixed Province fixed Province fixed County fixed County fixed County fixed County fixed effect
effect effect effect effect effect effect effect
Constant —2.555%%* —2.564%#* —2.486%** —3.147%%* —3.162%%* —3.224pk%% —2.949kkk
(0.505) (0.504) (0.507) (0.550) (0.552) (0.555) (0.556)
Observation 5,056 5,056 5,056 4,839 4,839 4,839 4,839
LR 4? 640.98*** 629.26%* 668.027%* 945,627 946.89%*+* 972.82%%* 972.82%%%
Log likelihood —2746.736 —2752.595 —2733.214 —2505.105 —2504.473 —2491.508 —2491.508

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01

Source(s): Table created by authors
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technological advancements. Income, Rent and Plot_num all demonstrate positive effects on China Agricultural
Fer_tech adoption rates. This can be explained by considering capital thresholds and scale Economic Review
thresholds associated with adopting technologies (Tang and Luo, 2021; Cai et al., 2022). The

coefficient of Disaster is significant and positive providing evidence that fertilizer reduction

technology is useful for resisting disaster.

4.2 Correction of endogeneity bias

As demonstrated in Table 3, we employ the TE model to address endogeneity bias in the
baseline regression. In Model 7, IASP is selected as an instrumental variable to mitigate
endogeneity bias arising from potential effect of traditional agricultural insurance on fertilizer
reduction technology adoption. The first stage result of Model 7 indicates a significant positive
effect of IASP on Tra_ins, thereby satisfying the correlation assumption of instrumental
variables. The second stage results of Model 7 demonstrate that after correcting for endogenous
bias, Tra_ins still has a significant positive impact on Fer_tech. Comparing Model 7 with
Model 1, it can be revealed that underestimation occurs when not addressing endogeneity bias.
Similarly, in Model 8, TCSP is selected as an instrumental variable to address the endogenous
bias of the impact of digital agricultural insurance on fertilizer reduction technology adoption.
The first-stage results of Model 8 demonstrate a significant positive correlation between TCSP
and Dig_ins, validating its suitability as an instrumental variable. Furthermore, the second-
stage results of Model 8 reveal that after correcting for endogenous bias, Dig_ins still exert a
significant positive effect on Fer_tech with a notably increased estimated coefficient in
comparison to Model 2 in Table 2. The estimated outcomes from the TE model consistently
indicate that digital agricultural insurance has a more substantial positive influence on farmers’
fertilizer reduction technology adoption compared to traditional agricultural insurance.

4.3 Robustness check

4.3.1 Replacing the dependent variable. In order to test the robustness of the positive impact of
digital agricultural insurance on the adoption of fertilizer reduction technology, a series of
rigorous robustness checks are conducted.

Table 3. Correcting endogeneity bias by treatment effect model

Model7 Model8
First stage Second stage First stage Second stage
Variables Tra_ins Fer_tech Dig_ins Fer_tech
Tra_ins 0.080%**
(0.030)
Dig_ins 0.329%%*
(0.099)
IASP 0.063%**
(0.014)
TCSpP 0.347%**
(0.055)
Control variables Yes Yes Yes Yes
Constant —2.971%%* —0.272* —6.800%** —0.268*
(0.555) (0.141) (1.179) (0.150)
Region fixed effect Province fixed effect Province fixed effect
Observation 5,058 5,058
Wald y? 2618.48%%* 687.94%*
Log pseudolikelihood —5283.764 —3482.332

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01
Source(s): Table created by authors
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Firstly, the robustness check is performed by replacing the dependent variable by the
adoption of soil testing and formula fertilization technology (STFF), comprehensive
utilization technology of straw (CUS), biological prevention and control technology
(BPC) and green pesticide technology (GPT). The first two are sub-technologies of
fertilizer reduction technology, and the latter two are pesticide reduction technologies,
which have similar adoption mechanism with fertilizer reduction technology. TE model is
applied to estimate the impact of Dig_ins on STFF, CUS, BPC and GPT respectively, and
the estimated coefficients are depicted in Figure 2. The impact of Dig_ins on the
four aforementioned technologies is significantly positive, with particularly emphasis
on STFF and CUS, which are closely aligned with fertilizer reduction technology.
This substantiates the robust positive influence of Dig_ins on the fertilizer reduction
technology adoption .

4.3.2 Matching method. Secondly, robustness check is carried out by matching method,
which can address the issue of self-selection and correct for endogenous bias resulting from
observable factors. We conduct eight matching methods, namely nearest neighbor matching,
caliper matching, kernel matching, local linear regression kernel matching, Mahalanobis
matching, regression adjustment (RA) matching, inverse-probability weighting (IPW)
matching, inverse probability weighted regression adjustment (IPWRA) matching. The
results of these matching methods are presented in Table 4. The Average Treatment Effect on
the Treated (ATT) obtained demonstrates statistical significance at the 1% level, providing
evidence for the positive impact of digital agricultural insurance on farmers’ fertilizer
reduction technology adoption. Consequently, it can be inferred that the finding possesses
robustness.

4.3.3 Changing estimation model. Subsequently, as an alternative approach for robustness
check, we change the TE model with the IV-probit model in regression analysis. The results are
presented in the columns 1-2 of Table 5. Notably, the estimation results from the IV-probit
model further corroborated the positive impact of digital agricultural insurance on fertilizer
reduction technology.

4.3.4 Replacing independent variable. Finally, replacing explanatory variables can also
serve as a robustness check. By replacing household-level digital agricultural insurance

0.800 1
0.700 A 0.707
0.600 A
0.500 A

{ 0.441
0.400 4

0.300

Coefficient

0.364

0.100 4

l 0.046

STFF Cus BPC GPT

0.000

Source(s): Figure created by authors

Figure 2. Robustness check by replacing the explained variable with the variables of sub-technologies and
similar technologies
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Panel A
Matching Nearest neighbor Caliper Kernel Local linear regression kernel
method matching matching matching matching
ATT 0.118%** 0.140%** 0.148%** 0.146%**
(0.042) (0.041) (0.038) (0.053)
Panel B
Matching method Mahalanobis matching RA IPW IPWRA
ATT 0.144%** 0.147%%%* 0.143%** 0.131%**
(0.039) (0.034) (0.036) (0.037)

Note(s): Standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01. All the matching

methods pass the balance test
Source(s): Table created by authors

Table 5. Robustness check by changing estimation model and changing core independent variable

Changing estimation

model: IV-probit model Changing core independent variable

First Second Second Second
stage stage First stage  stage First stage stage
Vill_Dig_ W_Vill_

Variables Dig_ins Fer_tech ins Fer_tech Dig_ins Fer_tech
TCSP 0.057%** 0.013%** 0.013%**

(0.005) (0.002) (0.002)
Dig_ins 1.117*

(0.663)
Vill_Dig_ins 4.819*
(2.556)
W_Vill_Dig_ins 4.819%*
(2.556)

Control variables Yes Yes Yes Yes Yes Yes
Constant —0.081 —2.474%%* 0.022 —2.571%%* 0.022 —2.571%%*

(0.065) (0.512) (0.025) (0.505) (0.025) (0.505)
Region fixed effect  Province fixed effect Province fixed effect Province fixed effect
Observation 5,056 5,056 5,056
Wald »? 588.04*** 661.43*** 661.43%**
Log —1424.692 3324.630 3324.630
pseudolikelihood

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01

Source(s): Table created by authors

participation with community-level digital agricultural insurance participation rates, we can
mitigate potential endogeneity bias to some extent. The community-level digital agricultural
insurance participation rate encompasses both the unweighted (denoted as Vill_Dig_ins) and
weighted (referred to as W_Vill_Dig_ins) calculations. The results in columns 3—6 of Table 5
demonstrate that both Vill_Dig_ins and W_Vill_Dig_ins exhibit significant and positive effects
on Fer_tech, reaffirming the robustness of the positive impact of digital agricultural insurance

on fertilizer reduction technology.
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4.4 Mechanism analysis

4.4.1 Risk attitude and risk behavior. The adoption of fertilizer reduction technology, as an
innovative approach, entails inherent uncertainties and risks for farmers. The empirical results
presented in Table 6 demonstrate the effectiveness of digital agricultural insurance in
facilitating this adoption through certain expectation on risk aversion. Specifically, columns
1-3 highlight the influence of digital agricultural insurance on farmers’ attitudes; columns 4-6
highlight the influence of digital agricultural insurance on farmers’ behavior. Both OLS model
and TE model estimations reveal a significantly negative correlation between Dig_ins and
Risk_att, indicating that participation in digital agricultural insurance reduces farmers’
aversion to risks and enhances their willingness to take risks (Brick and Visser, 2015). This is
related to the risk-sharing role of digital agricultural insurance. Compared with traditional
agricultural insurance, digital agricultural insurance is more timely in early risk warning,
monitoring, response strategy analysis and loss compensation which can better help farmers
share risks to improve the willingness to take risks and embrace new technologies as fertilizer
reduction.

In columns 4-6, the results from both the OLS model and TE model demonstrate a
statistically significant positive impact of Dig_ins on farmers’ production scale expansion.
This implies that engagement in digital agricultural insurance enhances farmers’ willingness
to expand their production scale. It can be primarily attributed to the ability of digital
agricultural insurance to mitigate agricultural production risks, thereby encourage farmers to
increase their production scale. Accordingly, the expansion of production scale facilitates the
adoption of fertilizer reduction technologies by farmers.

4.4.2 Information transmission. The information transmission in terms of providing
meteorological conditions and professional risk management guidance as well as fertilizer
reduction technology skills enables farmers to enhance their familiarity, understanding and
trust in the technology, thereby facilitating its adoption rate. The results from testing the
mechanism of digital agricultural insurance in promoting the adoption of fertilizer reduction
technology through information transmission are presented in Table 7. Both Probit model and
TE model demonstrate a significant positive impact of Dig_ins on Infor. The primary reason
for this is the provision of opportunities by digital agricultural insurance for farmers to access

Table 6. Mechanism I: certain expectation and risk aversion

Risk attitude: risk preference Risk behavior: production scale expansion
TE model TE model
OLS model  First stage Second stage OLS model  First stage Second stage
Variables Risk_att Dig_ins Risk_att Scale Dig_ins Scale
Dig_ins —0.731%** —0.631*** 0.182%** 0.573%**
(0.067) (0.105) (0.061) (0.147)
TCSP 0.340%** 0.352%**
(0.054) (0.054)
Control variables  Yes Yes Yes Yes Yes Yes
Regional Fixed County Province Province County Province Province
effect fixed effect fixed effect fixed effect fixed effect  fixed effect fixed effect
Observation 5,058 5,058 5,057 5,057
R 0.114 0.553
F-statistic 2.69%** 25.81%**
Wald )(2 312.47%** 3606.49***
Log —7180.864 —7192.085

pseudolikelihood

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01
Source(s): Table created by authors
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TE model
Probit model First stage Second stage
Variables Infor Dig_ins Infor
Dig_ins 0.097*** 0.136%*
(0.029) (0.067)
TCSP 0.339%**
(0.055)
Control variables Yes Yes Yes

Regional fixed effect

County fixed effect

Province fixed effect

Observation 4,788 5,058

R 0.147

LR 4° 813.40%+*

Wald 4? 570.94% %%
Log pseudolikelihood —2363.030 —3337.569

Province fixed effect

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01

Source(s): Table created by authors

knowledge and services from various sources, such as the Internet, organizations promoting
new technologies (Van Campenhout et al., 2021). As a result, it enhances farmers’ acceptance
of fertilizer reduction technologies.

4.4.3 Credit availability. Mitigating financial constraints is a crucial strategy for improving
fertilizer reduction technology adoption. The result of an investigation into this mechanism is
demonstrated in Table 8. The estimation results of both the OLS model and the TE model
reveal a significant impact of digital agricultural insurance on farmers’ credit availability. This
finding is in accordance with Benami and Carter (2021). It can be explained by the
“Government-Bank-Insurance” linkage mechanism, where banks are better equipped to
comprehend farmers’ circumstances, evaluate their credit demand and facilitate policy
mortgage loans, thereby augmenting farmers’ access to credit. The fulfillment of farmers’
credit demands plays a pivotal role in addressing the predicament where financial constraints
hinder technology adoption.

Table 8. Mechanism III: credit availability

Credit availability

TE model
OLS model First stage Second stage
Variables Credit Dig_ins Credit
Dig_ins 0.100%** 0.136***
(0.025) (0.039)
TCSP 0.334%**
(0.055)
Control variables Yes Yes Yes
Regional fixed effect County fixed effect Province fixed effect Province fixed effect
Observation 5,052 5,052
R 0.121
F-statistic 2.85%**
Wald 4? 408.81 %+
Log pseudolikelihood —2215.097

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01
Source(s): Table created by authors
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4.5 Heterogeneity analysis

4.5.1 Production scale heterogeneity. In order to examine the impact of digital agricultural
insurance on the adoption of fertilizer reduction technology, this study categorizes the sampled
households into above the median and those below it to examine the heterogeneity impact
between large-scale and small-scale households. The results are presented in Table 9.

It is evident that digital agricultural insurance does not exert a significant influence on the
adoption of fertilizer reduction technology among small-scale farmers, whereas it exhibits a
statistically significant positive impact among large-scale farmers at a 10% significance level.
The heterogeneity analysis results suggest that digital agricultural insurance plays a role in
fertilizer reduction technology adoption with a discernible production scale threshold. Large-
scale farmers can effectively leverage digital agricultural insurance for risk sharing,
information acquisition and loan applications, thereby facilitating the adoption of fertilizer
reduction technology.

4.5.2 Crop-type heterogeneity. We conduct further analysis on the heterogeneity of the
impact of digital agricultural insurance on the adoption of fertilizer reduction technology,
specifically focusing on different crop types. The sample farmers are categorized into two
groups: those cultivating food crops and those growing cash crops. Consequently, we
estimated the influence of Dig_ins on Fer_tech separately for these two farmer categories, as
illustrated in Table 10.

It can be observed that digital agricultural insurance significantly facilitates the adoption of
fertilizer reduction technology among food crop farmers, while it does not exert a significant
impact on cash crop farmers’ uptake of such technology. The potential reasons for this
disparity can be analyzed from two perspectives: Firstly, the agricultural insurance system for
food crops is more comprehensive, as it provides higher levels of coverage and premium
subsidies for the three major food crops compared to cash crops. Consequently, digital
agricultural insurance plays a more effective role in promoting fertilizer reduction technology
adoption among food crops. Secondly, given that cash crops generally have lower fertilizer
demands and face greater technical challenges in implementing straw return practices
compared to food crops, digital agricultural insurance struggles to effectively promote the
adoption of fertilizer reduction technology.

5. Conclusion and discussion
In the context of rapid development and widespread application of digital technology,
exploring the relationship between digital agricultural insurance and farmers’ fertilizer

Table 9. Heterogeneity between small-scale farmers and large-scale farmers

Small-scale farmers Large-scale farmers

First stage Second stage First stage Second stage
Variables Tra_ins Fer_tech Dig_ins Fer_tech
Dig_ins 0.139 0.231*

(0.139) (0.135)

TCSP 0.516%** 0.308%***

(0.112) (0.065)
Control variables Yes Yes Yes Yes
Region fixed effect Province fixed effect Province fixed effect
Observation 3,979 1,079
Wald ;(2 343.04*** 337.86%**
Log pseudolikelihood —1323.870 —2100.862
Chow test 1.79%%*

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01
Source(s): Table created by authors
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Table 10. Heterogeneity between food crops and cash crops

Food crops Cash crops

First stage Second stage First stage Second stage
Variables Tra_ins Fer_tech Dig_ins Fer_tech
Dig_ins 0.377%** —0.057

(0.111) (0.143)

TCSP 0.342%%% 1.070

(0.057) (1.079)
Control variables Yes Yes Yes Yes
Region fixed effect Province fixed effect Province fixed effect
Observation 4,327 731
Wald 2 626.91%%* 334.24%%%
Log pseudolikelihood —3055.881 —241.665
Chow test 2.41%%*

Note(s): Robust standard errors are shown in parentheses. *p < 0.10, **p < 0.05, and ***p < 0.01
Source(s): Table created by authors

reduction technology adoption is of great significance for food security. This paper constructs
the mechanism framework for the impact of digital agricultural insurance on farmers’ fertilizer
reduction technology adoption based on information asymmetry and risk preference theory
and empirically tests the effect and the promotion mechanism of digital agricultural insurance
on fertilizer reduction technology adoption using the dataset of CHFS-SCAU2021. The main
conclusions are as follows.

Firstly, digital agricultural insurance can significantly improve farmers’ fertilizer reduction
technology adoption. Secondly, digital agricultural insurance has a greater promoting effect on
the adoption of fertilizer reduction technology compared to traditional agricultural insurance,
which still holds after the correction of endogeneity bias. Thirdly, digital agricultural insurance
can help promote fertilizer reduction technology adoption by decreasing the risk aversion and
information asymmetry and alleviating financial constraint. Fourthly, digital agricultural
insurance can only promote the fertilizer reduction technology adoption among large-scale
and grain crop farmers currently. The relative recommendations are proposed as follows.
Firstly, government departments should increase the policy support and publicity for digital
agricultural insurance to improve farmers’ willingness and behavior of participation in digital
agricultural insurance. Secondly, the coverage breadth and depth of digital agricultural
insurance should be further strengthened, especially in the advantages of digital agricultural
insurance systems in certain expectation, information support and credit availability to
increase farmers’ fertilizer reduction technology adoption. Thirdly, digital agricultural
insurance should be promoted early to large-scale grain crop farmers and then spread to small-
scale farmers to achieve more technology extension efficiency.

Finally, it is imperative to acknowledge the limitations of our study in terms of data. The
datarelated to digital agricultural insurance is unique to CHFS-SCAU?2021 and is not available
in previous years, so we can only use instrumental variable estimation rather than perform
panel data analysis to address the problem of omitting unobservable variables. It is hoped that
future CHFS data collection will further track issues related to digital agricultural insurance
and provide support for fixed-effect analysis.
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N TR 25 M A AR O E,  HLRm ot R gt DISEEDNE], fERMEPREhk
= ISR, 56 Ll R STk 5B RN HUTER S IS B AR £ e
AT ST K2 oA EEE H bR SEEERAEGH T RMRE S 2 50E38 1L, 1E 1948—2021
iy 12 MVAFERI. 1948—2021 4F, SEEARMLA TFP FAHHCR MR T E RN SR F L
BRI RN 1.5%F1-0.03%, 72 H DTk EIRH RS MTE R ARRHIE, REARACIE, RGN
DIRRZIE BN . 1948—1953 A1 1973 —1979 I E RN TTRRZIA R I L sifE, 40008 67.3%F1
63.3%, XM AR EFRRRE pE RS, s R KB . 1981—1990 4EAT 2019—2021 4EH]
FHEHE DTIR A BT 250%, 230 BRI P2 i AR AN RS (A 2015 SR80 b AN SR/
Tk 5.2%81 2.1%",

HE A [FIREAEAERH D DTRR A RN B AN DT AL M R (PR A 77 L 72 . Wang et
al. (2013) BFFERINL, 2005—2007 FEAMb ™ HIGKJ PR2 DAIE 5 AR 2458 E B BN RRIR IS I .
il (2015) KHL, FHERAAHBES TR L 1998 4. 2002 G581 2007 P34, EI “W” FEH
BFFIE. Gong (2018) KI, 1978—2015 FHE A IR P TIRRR LI “Ug” 2“4 B

CEORRIE: SEEAO G O . b, SRR A ER A PSR BRI https://ers.usda.gov/sites/default/
files/_laserfiche/DataFiles/47679/table01.xIsx?v=98058; 3 [E A/ TN & EHHRIF N https://ers.usda.gov/sites/default/files/
laserfiche/DataFiles/47679/table01a.x1sx?v=72633.
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PAFRBURE N S HOTBURINAZ SIS RRS R . FEIRTT0 TO510, H SRBUR 5 R A
TEARVERTATRFEENE, U EREIF KR B L a2 e iR BE H AR, A LBUR RLAHES JA 12 R )l
WIS R BT DS, CO I P R B R AR s il A et A O R R R e A5 5
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HZ 5 Reit A LS BB A SR 2 R R A Ak, B AR A
SeA PRI . TESRHIPEEIN T, KK DO Sk €k R (17 N6 AR = it ek TR R i AR A= R il 7
R AT SXGE AT I BRSO UR T 1 BORIMRMERI AP GRISFIMERS, 2022) » RERS
PARTHESE T ONFANAE =), A RS RIAESAMESAT. @i FI NG, 58 B HARHBOR
PENSEREZS T Enk = e N = o T VAL NS N S W p Y & 0 SR TR EAT | SPIGREEZN -l nd
FREOO RIS ELA TP, 00 E K s A Aoy HL e NS A [ 2 Ja N () b, 2014—
2024 4F, SLEF A H HIEC HAERFAERFEL) 20 123600, 5 T MECCHE EIEK. 4
BRI S8 LBk, O T PuEIE iR e, SEEAROER SR R B bR R RIS TR RS B A VR

VRERREUAE EARI TEAR R TR, TERAE R A RERE A ETTRI, AT LUE R REX — 2% 1
CRIERTRR, VR (RERAEGE) E s R AS SO 4.
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SRR BIRILA, A ORAR 7 R fif e R RS AR S TR FS B A 2 o
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BRPEME TR, FEAATHIS R R s R 5, AR AR ™ Refd a6 e A Mk Bk
RIRREH™ HAR, ROGREESR ST, DR GBI, T USSR RS LN

¥ RIkIR: “USDA to Allow Producers to Request Voluntary Termination of Conservation Reserve Program Contract”, https://

www.nres.usda.gov/news/usda-to-allow-producers-to-request-voluntary-termination-of-conservation-reserve-programs
P TF I KR S AR R D3R 3 B B AR IO A AR R AR, S AR TP 5
BRI EMR AT, BARHKRASTN —BRRAAI R TT 1A -
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VB, (STt E A SRR R S KA UEIREEST) , https:/www.gov.cn/zhengee/zhengeeku/
2021-11/17/content 5651357 htm.

CHORPRIR:  (ESBATRTEIRESRERN STRMEK) , https:/www.gov.cn/zhengee/content/2018-12/03/content
5345459 htm.

ORPRIR: (PR R SERIE SR FHAERAE) 5 httpsy/www.gov.cn/yaowen/liebiao/202406/content_6960130.htm.
VRN SCFHAECRE . IREPERE A S IR RECR R R SREAN R, HAE TR
BMEEE, (HRTE I E TR iR =B I F R B ROE R, 52 I TR (A= Be I EsH Thie .
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Connotative Characteristics, Implementation Logic and Policy Design of
Cross-Cyclical Macro Regulation of Grain

YANG Xin! DONG Ying>3

(1. Rural Development Institute, Chinese Academy of Social Sciences;
2. College of Economics and Management, South China Agricultural University;
3. Agricultural and Rural Policy and Reform Innovation Key Laboratory of Philosophy and Social Sciences of Guangdong Province)

Summary: The macro regulation system of grain is a stabilizer for preventing and defusing grain security risks. With the
advancement of building up China’s strength in agriculture, the governance objectives of food security are becoming increasingly
complex and multifaceted. However, the existing macro regulation system for grain struggles to accommodate these goals.
Concretizing the strategy of Increasing Grain Capacity through Soil Conservation and Technology into a cross-cyclical macro
control system of grain is conducive to achieving diversified governance objectives in food security. The thought of cross-cyclical
macro regulation of grain, which takes both short-term and long-term goals into account, has been formed in existing literature.
However, cross-cyclical macro regulation of grain has not yet been formally defined, and its implementation logic and policy design
still require further research.

This paper defines cross-cyclical macro regulation of grain as involving forward-looking risk prevention in terms of supply and
demand, the long-term improvement in production efficiency, and the dynamic adjustment of production capacity based on the
distinction between the normal and emergency phases of food security. The core logic involves shifting agricultural technology and
output across cycles to balance potential and actual production. During normal periods, grain production capacity grows through
accumulated potential, driven by technological progress that is oriented towards resources and the environment to drive total factor
productivity growth, while preventing food overproduction and enhancing income. During emergency periods, comprehensive
grain production capacity growth comes from actual production growth. Specifically, under mild grain supply risks, technology
shifts towards high yield and efficiency. While under severe grain supply risks, the rapid growth of output is ensured by heavy input
of variable factors. To ensure the feasibility and effectiveness of cross-cyclical macro regulation of grain, a grain production
capacity reserve system led by large-scale grain producers should be established, along with food security signaling mechanisms
and capacity structure adjustment incentives.And the implementation costs can be reduced through institutional structural
optimization and fiscal expenditure control.

The contributions of this study are as follows. Firstly, it concretizes the strategy of Increasing Grain Capacity through Soil
Conservation and Technology into a practical cross-cyclical macro regulation system of grain. Secondly, it clarifies the transition
from potential production to actual production as grain production capacity grows, and theorizes differentiated cross-cyclical macro
regulation of grain linked to the degree of grain supply risk. Thirdly, it designs a policy framework around large-scale grain
producers with controlling implementation costs by optimizing the institutional structure of macro regulation of grain and
leveraging digital technologies.

Keywords: Food Security Governance; Macro Regulation of Grain; Comprehensive Grain Production Capacity; Cross-Cyclical
Regulation

JEL Classification: Q18
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Abstract

The income gap between urban and rural households
is a prevalent social issue in many countries, including
China. This study examines the effect of information
and communication technology (ICT) diffusion on the
urban-rural income gap in China. We theoretically
analyse how ICT infrastructure construction, financed
by fiscal transfers, in rural areas narrows the rural-
urban income gap. Further, our empirical results show
that both ICT penetration at county level and ICT
usage at household level narrow the rural-urban
income gap. Moreover, compared to computer access,
the newer generation of ICT devices (smartphones) has
stronger effects in narrowing the rural-urban income
gap. We find that smartphones play a key role in the
reduction of this income gap by increasing the agricul-
tural product operational income of rural households.

1 | INTRODUCTION

The Chinese economic miracle has achieved a remarkable economic growth rate for decades.
However, this growth brings numerous problems, such as the widening income gap between
rural and urban households, which threatens the sustainable development of China.

The diffusion of information and communication technology (ICT) provides a new opportu-
nity for an increase in income, especially for rural households (Gao et al., 2018; Moghaddam &
Khatoon-Abadi, 2013; Paunov & Rollo, 2016). The diffusion of ICT increases the agricultural
income of rural households through financial market accessibility, qualified material purchase,
new skills and knowledge, and e-commerce (Dalla Pellegrina et al., 2017; Donati & Sarno, 2013;
Fu & Akter, 2016; Ma et al., 2020; Niebel, 2018). It also diversifies income channels and risks
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for rural households (Atuoye et al., 2019; Hartje & Hiibler, 2017; Kilicaslan & Tongiir, 2019;
Leng et al., 2020; Ma et al., 2018; Reardon et al., 1992). Moreover, since the marginal effect of
ICT penetration lessens as the diffusion increases in urban areas (Vu, 2011), the diffusion of
ICT can help China narrow the urban-rural income gap.

Although there is no single, universal definition of ICT, a common understanding of ICT is of a
‘diverse set of technological tools and resources used to transmit, store, create, share or exchange
information. These technological tools and resources include computers, the Internet, live broad-
casting technologies, recorded broadcasting technologies and telephony.”! Over the past few
decades, the Chinese Government has initiated the program for electrification and telecommunica-
tion infrastructure and the project for a comprehensive e-commerce demonstration in rural areas
such as the “Rural Electrification and Telecommunication Development Program” (RETD) and the
“Comprehensive Pilot Project of Rural E-commerce”. However, owing to insufficient evidence
regarding the impact of large-scale public investments in infrastructure, the benefit of infrastructure
investment remains a subject of debate, especially in developing countries (Ding et al., 2018; Lee
et al., 2016). Therefore, understanding the effect of ICT diffusion on the urban-rural income gap
would provide important insights for policymakers.

We contribute to theoretical studies by developing an endogenous growth model in a
leader—follower context introduced by Barro and Sala-i Martin (2004). The model predicts that
the government's subsidy of ICT infrastructure in rural areas will trigger a catch-up effect
between urban and rural incomes. We then utilize data from the China Labor-force Dynamics
Survey (CLDS) to test the proposed hypotheses.

We use data from the China Labor-force Dynamics Survey (CLDS) to test the hypotheses pro-
posed. Consistent with our theory, with ICT diffusion, the growth of income level in rural house-
holds is larger than that in urban households. We verify this effect at the county level by using the
measure of ICT penetration and at the individual level by using the measure of ICT usage. More-
over, in terms of the means of access to the Internet, we find that smartphone access is more popu-
lar and effective than access through a computer. Smartphones play a key role in the income gap
reduction by increasing the agricultural production operational income of rural households. These
results still hold up when access to the Internet is instrumented with measures of the indicator of
network port and a robustness check is conducted with more recent data.

The study contributes to the literature in three ways. First, it builds a theoretical framework
to study the effect of ICT penetration and usage on the urban-rural income gap in the represen-
tative household framework.

Second, it examines the effect of ICT diffusion on narrowing the rural-urban income gap
both at the county and household levels. Previous studies either analysed the ICT penetration
impact on the rural-urban income gap only from the macroeconomic level (Vu, 2011) or
focused only on the income effects of ICT diffusion on rural households (i.e., see Aker &
Mbiti, 2010; Hiibler & Hartje, 2016; Leng et al., 2020; Ma et al., 2018).

Third, the study investigates the heterogeneous effects of ICT diffusion on urban and rural income
through different terminal devices (i.e., computers and smartphones) and various types of incomes
(i.e., operational income and wage income) to help better understand these effects in detail.

2 | THEORETICAL BACKGROUND

This section presents a theoretical model to capture the process of technological diffusion from
urban to rural areas. The model is based on the classical leader-follower growth model
131
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introduced by Barro and Sala-i Martin (2004). The economy features endogenous growth, and
the long-term economic growth is fuelled by the innovation of the R&D sector. We downgrade
the original country-level model to an urban-rural model.

One major difference in our model setup from that of Barro and Sala-I Martin is that we
specifically consider the central transfer payment from urban to rural areas to fit our urban-
rural discussion of ‘new infrastructure construction’. Large-scale fiscal transfer payments are
an important institutional feature in China's current fiscal system. Among them, expenditure
items are mainly used to support and promote social and economic development in rural areas.
The Ministry of Industry and Information Technology began to focus on implementing the
Rural Electrification and Telecommunication Development Program (RETD) in 2011. There-
fore, new infrastructure construction, such as broadband Internet access in rural areas, has
become the main financial transfer payment project.

2.1 | Model setup of households and final goods producers

Following the model structure of Barro and Sala-i Martin (2004), urban and rural areas corre-
spond with a leader and a follower economy, respectively. We denote the areas by subscript
n="U (Urban) or R (Rural). In the urban area, R&D firms invent new intermediate goods sub-
ject to some cost. Owing to patent regulation, R&D firms own monopoly pricing power once
they invent an intermediate product. In the rural area, there are local intermediate firms imitat-
ing technology invented in the urban area at some cost. Once the imitation is complete, local
firms are also granted patent power. Households in both areas solve the optimal utility problem,
subject to the budget constraint. Additionally, there is a central government that collects taxes
from two areas. For simplicity, we assume the central government exogenously makes transfer
payments to the rural area; that is, there is no optimal problem for the government. Unless oth-
erwise stated, the notation follows the model in Barro and Sala-i Martin (2004).

The problems for the households sector are symmetric, standard and highly simplified. In
both areas, households balance the intertemporal utility subject to their budget constraint as in
the standard economics literature with a balanced growth path of C,,/C,, = (r, — p)/6. C as con-
sumption. r represents the asset return. § and p denote the risk-aversion parameter and the
rates of time preference of households, respectively.”

The final goods producers in the two areas are also symmetric. The representative final
goods producer maximizes its profit as:

N, Ny
Profit,; = (1—1) (AHL}J“ > X‘;U> ~WnLni— Y PniXug,
j=1 j=1

where 7 is the taxation rate of the central government. w is wages. Py is the price of intermedi-
ate j in the urban area. X, ;; denotes the intermediate goods needed to produce the final good of
firm i. L is the labour devoted to the production function. N,, represents the variety of interme-
diate goods. Obviously, ceteris paribus, the output AnL}q;“ }V:”lX n; is expanding with the
increasing of N. Typically, we view N as a measure of the technological complexity of the firm's
production process in the final goods sector. With our previous context concerning ICT, N can
also be viewed as the sufficiency of the ICT infrastructure. This infrastructure serves as a cor-
nerstone in the production process of firms in both urban and rural areas. To identify two areas,
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we assume Ny > Ng; that is, the urban area always outperforms the rural area in terms of
innovation.

2.2 | Equilibrium conditions of two areas

Our model setup is similar to that of Barro and Sala-i Martin (2004), except that we have a taxa-
tion of 1 —z. The model solution of the leader economy in their model is a special case of ours
with = 0. Hence, analogously, with 7;; being the constant unit cost of inventing a new variety,
we obtain the balanced growth path (BGP) for the urban area: Cy, Yy, and Ny grow at the
same rate, yy, as,”

Cy_1f1 /1 B N
2.2.1 | Market entry condition and equilibrium of imitators in a rural area

To obtain the equilibrium condition for imitators, we first consider the imitation cost. Specifi-
cally, we impose the following assumption.

Assumption 1. The unit cost of imitating a new variety in the rural area is a func-

tion of the variety ratio of intermediate goods of two areas and the tax ratio. The
functional form is defined as

NR _ 0 T Ty
—,T | =N ————1 = , 2
"R<NU T) T a(l—a>{N+ﬂR} =

where 7 is a constant. We use the notation N =Ny /Ny. Additionally, we assume
that 77z <77y

The imitation cost 7 is assumed to increase with the intermediate variety ratio Ng /Ny and
decrease with the taxr because of the transfer payment. To elaborate, the first term of
nrsTr(Nr/Ny)?, is increasing with the variety ratio due to the consideration that imitators will
first copy the easiest kind of intermediate goods from the innovator with the lowest cost. When
Ngr/Ny approaches 1, there are limited numbers of options left for the imitator. The imitation
becomes increasingly harder with higher costs. Without the transfer payment, the upper limit
of the imitation cost would be 7. The second term, (Y + Yr)/Ng, represents the transfer pay-
ment from taxation per kind of intermediate goods imitated. The central government collects
tax from both areas and subsidizes the imitation in the rural area to lower the imitation cost.
This subsidy negatively relates to the variety ratio N since the transfer payment is diluted with
the expansion of Ng.

Additionally, we want to emphasize that the increase of N can capture the diffusion of the
newer generation of technology, such as the spread of smartphones, given that computers are
already widely used. Admittedly, the new generation of technology should not be taken as a
marginal increase in N. However, the diffusion of the newer generation of technology will
enhance the level of specialization in the production process. Therefore, the diffusion of new
technology will be accompanied by an increase in N. This reflects the rollout of various rural
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policies in recent years, including the ‘Poverty-Eliminating Policy’ and the ‘New Infrastructure
Construction Policy’.

With Assumption 1 and using similar deductions in Barro and Sala-i Martin (2004), we
obtain the following trajectory for the economy in the rural area:

_Cr_1[1 Ll -0)Ax e e (Nr)
7/R_CR_Q{<0( 1) WR(N,T) +17R(N’T) p}. (3)

The main difference between urban and rural areas is that the cost 7 is no longer constant.
It varies over time according to the changes in the variety ratio N. Therefore, the two areas
behave differently in the equilibrium. As shown in Equation (1), there is no transitional dynam-
ics in the urban area. The only equilibrium is the BGP. Quantities grow at the same rate yy;.
The case in the rural area is more complicated. The transitional dynamics of y; is originated
from N when two areas grow at different rates.

We have specified the BGP equilibrium in an urban area in Equation (1). Here we focus on
the dynamics of the economy in rural areas. Proposition 1 offers a system that governs the
dynamics of behaviour in the local area of equilibrium in the rural economy.

Proposition 1. In the ‘steady-growth’ state in the system, we have:

. 1—

JdN/dtr <0, when 1>r>—a

) 1—a : (4)

JdN/dz>0, when 2—>r>0
—a

Proof. See proof in Appendix F. L]

Lemma 1. Other than the equilibrium of ‘steady-growth’, in the local area of equi-
librium, there is an upward-sloping saddle path stable locus that converges to the
steady point.

Proof. See proof in the Appendix G. ]

Proposition 1 and Lemma 1 show that there is a locus that is saddle-path stable. It is upward
sloping and converges to the equilibrium of steady growth. Therefore, if the system is initialized
at the left-hand side of the steady growth point, N and y, are increasing in the transition. This
also indicates that N; will grow faster than Ny under this circumstance. Moreover, during the
transition, the growth of consumption will outperform the growth in the imitation sector. In
terms of tax and transfer payment, if the tax rate 7 is lower than some threshold, an increase in
the transfer payment will enlarge the equilibrium level of the variety ratio Ng/Ny. When the
government imposes a new rural-supportive policy and increases the transfer payment, N will
grow; that is, the growth rate in rural area N r/Ngr will outperform the growth rate in
urbanNy /Ny. As a result, with a sufficiently high tax rate level, the government can accelerate
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the growth rate in the rural area. More importantly, this acceleration will shorten the gap in the
growth rate between urban and rural areas.

In contrast, if 7 is at a high level, an expansion of transfer payment lowers the equilibrium
level of N. In this situation, although the two areas will reach the same growth eventually, the
pace at which rural areas catch up will slow. Our theoretical results indicate that, to some
extent, the transfer payment and rural-supportive policy can accelerate the catch-up process
between rural areas and urban areas to stimulate the economy in the rural area. As mentioned
above, the fiscal transfer and rural-supportive policy are exposed to the rural areas through ICT
infrastructure projects invested by the government.

In terms of mechanisms, our model is also consistent with the model of Vu (2011). Our
model shows that, through an imitation mechanism, ICT can facilitate technology diffusion
and innovation and reduce production costs. Additionally, the partial equilibrium on each side
shows the imitation process also improving the quality of decision-making by firms and
households.

With all these ingredients, we propose two hypotheses for later empirical tests. First, the
government-led penetration of ICT infrastructure will shorten the growth rate gap between
urban and rural areas. Second, adopting a newer generation of technology will also accelerate
the catch-up progress between rural and urban areas.

3 | DATA

This empirical analysis focuses on cross-sectional data from 2016. We used the China Labor-
force Dynamics Survey (CLDS), covering 29 provinces and municipalities located in eastern,
central and western China.” The CLDS employs a multistage cluster, stratified, probability pro-
portional to size sampling procedure for data collection. Each subsample in this survey is drawn
through three stages from county to village and then to households and their members. The
key dependent variable in this paper is the natural logarithm of urban (rural) household income
aggregate at different levels. First, to examine the ICT penetration effect on narrowing the
rural-urban income gap, the log of income aggregate at county level is used as the dependent
variable. Considering the universal phenomenon of non-agricultural employment and various
sources of income for rural households, to further study how ICT usage can narrow the rural-
urban income gap,’ this paper also uses the main sources of income (i.e., operational income
and wage income)’ as alternative measurements of household income in the econometric anal-
ysis below.

The key independent variables of this paper are ICT diffusion indicators of different
levels. To test the first hypothesis that the government-leading penetration of the ICT infra-
structures can shorten the gap in the growth rate between urban and rural areas, we use
the ICT penetration rate at the county level in the empirical model. In addition, to further
study the impact at individual household level, we use the ICT usage dummy in the suc-
cessive empirical analysis. Moreover, there are various ways of connecting to the Internet
due to technology advances. Thus, this study replaces the frequently used aggregate ICT
diffusion dummy with two alternative measures: whether the access to the Internet is via a
computer or a mobile phone.

By applying the standard criteria of data cleaning, the sample of urban and rural households
used in the empirical analysis consists of 11,235 observations. Specifically, the urban house-
holds subsample contains 4,403 observations with 3,731 ICT adopters and 672 non-adopters. In
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contrast, the rural subsample accounts for 6,832 observations, with 3,329 ICT adopters and
3,503 non-adopters.

The analysis also augments control variables following traditional empirical literature (see
Ma et al., 2018; Qi et al., 2019). In particular, we control for household-level socioeconomic
characteristics, such as age, gender, education level, health status, occupation status, working
place, skills and ability.® Table 1 provides definitions and descriptive statistics for the variables
used in the regression analysis. It shows statistically significant differences between urban and
rural households, particularly in alternative household income and ICT diffusion behaviour
measures.

4 | EMPIRICAL RESULTS

This section tests how the income gap between urban and rural areas systematically varies with
ICT diffusion both through ICT penetration at the aggregate county level and ICT usage at the
household level.

41 | County-level information and communication technology
penetration and income gap

Using ordinary least squares estimation, we examine whether and how the income level across
different counties changes with Internet penetration with the following model:

In(Income,) = ap + f, Rural, + f, Rural. x ICT; + FE iy + Ue, (5)

where ¢ represents each county, and u. is the error term. The left-hand-side variable,
In(Income),, is the log measure of the income of county c. The variable Rural c is a dummy
that equals one for a rural county and zero otherwise. The coefficient, ;, hence indicates the
income difference between rural and urban county. The variable ICT, is a dummy that equals
one if the county (household) uses ICT and zero otherwise. The coefficient of the crossing vari-
ables of ICT and Rural, f3,, hence indicates the impact of ICT usage on the rural-urban county
income gap and household income difference. Positive and significant g, suggest that ICT usage
exerts a positive effect on narrowing the rural-urban county income gap, while negative and
significant f#, imply that ICT penetration widens the income gap. In Equation (5), we include
the city-specific dummy variables to control for unobserved city characteristics that shape
income across households.

In columns 1 and 2 of Table 2, the dependent variable is (log) urban and rural household
total income aggregate at the county level. Compared to column 1, column 2 controls the fixed
effects at the city level. Column 3 instead uses computer usage and mobile phone usage as the
two generations of ICT access. In these specifications, the sign of the coefficient estimate relat-
ing to the interaction term of ICT penetration rate and rural dummy is positive in all cases and
statistically significant at the 1% level. These results indicate a significantly narrowing effect of
ICT penetration on the rural-urban income gap. This is consistent with our first hypothesis that
the government-leading penetration of the ICT infrastructures can shorten the gap in the
income growth rate between urban and rural areas. In the presence of city fixed effects, the esti-
mated statistical significance of the interaction term of the ICT penetration rate and the rural
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TABLE 2 ICT Penetration and income gap estimation results

ey 2 3
ICT penetration x Rural, 1.671%** 0.929%*+*
(0.027) (0.029)
Computer penetration x Rural, 0.511%**
(0.038)
Mobile phone penetration x Rural, 0.542%+*
(0.039)
Rural. —1.395%** —0.949%** —1.103%**
(0.012) (0.015) (0.021)
Constant 10.970%+* 11.478%** 11.484%*
(0.007) (0.024) (0.024)
City fixed effects No Yes Yes
Observations 401 401 401
R’ 0.556 0.847 0.851

Note: The dependent variable of all the columns above is total income aggregate at county level. Robust standard errors are in
parentheses. *, ** and ***, respectively, denote significance levels at 10%, 5% and 1%.

dummy is unaffected and even remains at the 1% level. In column 2 of Table 2, rural income is
shown to rise more than that in the urban area with ICT penetration. In column 3, rural
income is shown to rise more than that in the urban area with ICT penetration both via com-
puter and mobile phone, and the income catch-up effect by mobile phone is more than that by
computer. These results are consistent with our second hypothesis that a newer generation of
technology can accelerate the catch-up progress.

4.2 | Individual-level information and communication technology
usage and household income gap

To understand how ICT usage impacts the rural-urban income gap, we carry out the following
empirical estimations focusing on both various sources and different generations of ICT access
at the household level:

In(Income;) = a; + 5 Rural; + , Rural; X ICT; + X"+ u;, (6)

where i represents each household, and u; are the error terms. The left-hand-side variable,
In (Income);, is the log measure of the income of household i. Rural [; is a dummy that equals
one for a rural household and zero otherwise. f; indicates the income difference between rural
and urban households. Correspondingly, ICT; is a dummy that equals one if the household uses
ICT and zero otherwise. The coefficient of the crossing variables of ICT and Rural, f,, hence
indicates the impact of ICT usage on the rural-urban county income gap and the household
income difference. In Equation (6), other control variables are included in the vector X;.
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4.2.1 | Various income sources and different information and
communication technology generations

In terms of the various sources of household income gaps, Table 3 splits the household income gaps
into wage income gap and operational income gap. It also extends Table 2 by adding the household-
level socioeconomic characteristics (i.e., age, gender, education level, health status, employment
status, working place, and skills) to control the non-ICT impact on income at the household level.
Column 1 uses the log of household total income as the dependent variable. Columns 2 and 3 use
the log of household wage income and operational income as dependent variables.

The results also support those already found. In column 1, ICT usage increases the rural house-
hold income levels 1.372 times more than that of urban households, implying that the rural house-
hold benefits more from the ICT usage. From the perspective of different sources of household
income, columns 2 and 3 show that the rural household wage income and operational income rise
approximately 1.213 times and 1.391 times more than that of urban households, respectively.

In terms of the different generations of ICT usage, columns 4-6 of Table 3 further split the
effects by the main ICT usage via computer and mobile phone. The results using different gen-
erations of ICT usage at the household level also support those already found. ICT usage via
computer and mobile phone increases the rural household total income levels 1.265 times and
1.229 times more than that of urban households separately, increases the rural household wage
income levels 1.190 times and 1.099 times more than that of urban households separately and
raises the rural household operational income levels 1.181 times and 1.309 times more than that
of urban households separately. These results not only prove the first hypothesis but also imply
that, comparatively, ICT usage via computer contributes more to reducing the wage income gap
between rural and urban households. In addition, ICT usage via mobile phone contributes more
to reducing the operational income gap between rural and urban households.

The results relating to the control variables in Table 3 are of some interest. From the results
from all columns, the coefficients relating to education level, health status, skills, ability and types
of occupation are positively related to our dependent variables. There is an inverted U-shaped rela-
tionship with age, which is in line with Janvry and Sadoulet (2001) and Ma et al. (2018). Interest-
ingly, there is a negative relationship between male participants in household total and wage
income and agricultural income. This result implies that households with more female working
members obtain higher levels of total and wage income. There is a positive relationship with male
participants only in the operational income of the urban households. On the one hand, since the
average working member number is only 1.28, more female participation means greater working
supply, which will help households gain more income. On the other hand, this also presents a novel
perspective to see the income and agricultural productivity contribution of females. First, females in
rural households can spend time flexibly in sales communication and handwork. Second, as
China’s agricultural production is now transforming from traditional labour-intensive crops to more
profitable fruit and vegetable planting, especially for most small-scaled rural households, the metic-
ulous and detail-oriented work of female members, such as the careful harvesting, sorting, and
hand weacing, has become more productive (see Alkire et al., 2013; Quisumbing, 1996).

4.2.2 | One step further: Rural operational income and its key subset
Since the estimation results of Table 3 show that the operational income gaps effect of ICT

usage varies through different generations, it is important to further study the ICT usage impact
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on the urban-rural household operational income gap. One should notice a huge difference
between the decomposition of operational incomes of rural and urban households. Notably,
rural households receive their operational income mainly from agricultural production. There-
fore, we divide the estimation samples into urban and rural household groups. With subsam-
ples, columns 1, 2, 4 and 5 of Table 4 show the estimation results of the ICT effects on
operational income gaps through overall ICT usage and different ICT generations. Further-
more, to test the ICT usage effect on the agricultural production operational income of rural
households, the impact of ICT usage on the rural household agricultural income is also esti-
mated and shown in columns 3 and 6. In addition, the control variables of land scale and mech-
anization degree, which matter greatly to rural household operations, are also introduced into
the model for rural household income estimation.

The findings still hold. In sum, rural household's operational income from agricultural pro-
duction increased more than non-agricultural income. In columns 1-3 of Table 4, again, we
find a stronger effect of ICT usage on rural operational income than on urban operational
income. This could be because ICT can enhance the off-farm work participation of rural

TABLE 4 ICT usage effects on urban-rural operational income estimation results

@ ()] 3 @ 6 6
Agri-Prod
Agri-Prod Op-
Op-Income Op-Income Op-Income Op-Income Op-Income Income
DEP VAR =logof (Urban) (Rural) (Rural) (Urban) (Rural) (Rural)
ICT usage 0.357%** 0.410%** 0.337%#%*
(0.097) (0.040) (0.036)
Computer usage 0.162 0.215%** 0.129%**
(0.102) (0.052) (0.048)
Mobile phone usage 0.294%* 0.332%** 0.278%**
(0.105) (0.044) (0.040)
Non-farm income ratio —1.242%** —1.678%** —1.249%** —1.680***
(0.054) (0.049) (0.054) (0.049)
Ln(Farm size) 0.017 0.056*** 0.017 0.056%**
(0.012) (0.013) (0.012) (0.013)
Machine number 0.193%** 0.230%** 0.193%** 0.230%***
(0.033) (0.031) (0.033) (0.031)
Constant 10.555%** 11.060*** 9.796*** 10.539%** 10.948%*** 9.761%**
(0.566) (1.172) (0.487) (0.566) (1.170) (0.490)
Other Household Controlled  Controlled Controlled Controlled Controlled  Controlled
Characteristics
Observations 966 3,916 3,530 966 3,916 3,530
R? 0.335 0.443 0.518 0.338 0.446 0.518

Note: Robust standard errors are in parentheses. *, ** and ***, respectively, denote significance levels at 10%, 5% and 1%. Op-
Income and Agri-Prod Op-Income stand for operational income and agricultural product operation income, respectively. In
particular, in rural areas, agricultural product operation income is the major subset of the operation income.
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households. For example, it facilitates farmers’ access to information about job vacancies and
online wage payments (see Dammert et al., 2013; Hartje &Hiibler, 2017). Moreover, Internet
access may also generate income by providing updated marketing information and facilitating
online transactions (Aker & Mbiti, 2010; Hiibler & Hartje, 2016). Specifically, we find in column
3 that ICT usage does increase rural households’ income from agricultural production sales.

Similarly, there are two findings of note from columns 4-6 of Table 4 with different genera-
tions of ICT. First, both computers and mobile phones increase operational income more in
rural households than in urban households, which again indicates that ICT helps shorten the
operational income gap. Second, mobile phones are a more important ICT device for rural
households in terms of operational income than computers. They increase operational income
for rural households by more. In the subset of agricultural sales, the use of mobile phones
appears to be even more effective (32% increase in income) compared to the use of computers
(14% increase in income).’

4.3 | Instrumental variables estimation

The empirical analysis presented above establishes a robust positive statistical association
between household income level and Internet popularity in the presence of a substantial set of
controls. However, these results do not establish causality insofar that the decision of Internet
access may be endogenous to the income level of households or, alternatively, both variables
co-move in response to an unseen third variable. What is required for identification is a source
of exogenous variation in ICT usage dummy. In an attempt to identify such movements, we
employ the instrument variable of the network port coverage rate aggregate at county level. If a
household lives in a county with a higher coverage rate, then conceivably, this equipment will
underpin the probability of accessing the internet. As observed in Table 5, the hypothesis that
the instrument is weak can be rejected given that the F-statistic of the first stage regression
exceeds 10. Importantly, the coefficient for the interaction term of ICT usage and the rural
dummy is still positive for household total income, wage income and operational income. In
particular, ICT usage plays a more important role in narrowing the household operational
income gap between rural and urban households.

TABLE 5 Instrumental variable estimation results

1 2 3

DEP VAR = log of ’(I‘(ztal income ;V)age income E)[))erational income
ICT usage x Rural; 0.723%** 0.691%*** 0.899%#*

(0.156) (0.175) (0.270)
Observations 9,731 6,207 4,882
Estimation method v v v
Network port coverage x Rural; 0.667*** 0.677*** 0.699%**

(0.037) (0.043) (0.056)
Weak instruments 91.97 112.92 447.67
R’ 0.359 0.319 0.328

Note: Robust standard errors in parentheses. *, ** and ***, respectively, denote significance levels at 10%, 5% and 1%.
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TABLE 6 Robustness check estimation results

o)) 2 3) C)) 5)
Total Wage Operational
Total Total income at income at income at
income at income at household household household
DEP VAR = log of county level countylevel level level level
ICT penetration x 1.496%+*
Rural, (0.060)
Computer penetration X 0.579%+*
Ruralc (0068)
Mobile phone 1.214%**
penetration x Rural, (0.056)
ICT usage x Rural; 0.489%+* 0.305%** 0.348%+*
(0.068) (0.081) (0.087)
Rural./Rural; —1.243%*** —0.924%** —0.482%** —0.331%** —0.412%**
(0.044) (0.041) (0.072) (0.086) (0.096)
Constant 11.340%** 11.340%** 10.278*** 10.182%** 10.337%**
(0.029) (0.029) (0.284) (0.338) (0.642)
Other control variables Controlled Controlled Controlled Controlled Controlled
Obs 404 401 7,878 4,665 3,939
R? 0.894 0.898 0.341 0.238 0.335

Note: Robust standard errors are in parentheses. *, ** and ***, respectively, denote significance levels at 10%, 5% and 1%.

4.4 | Robustness check

Because the variables capturing household characteristics that contributed to household income
remained unchanged in the short term, we used the data for the next investigation wave of the
CLDS2018 to conduct the robustness check (see Table 6). Using the results from columns 1 to
5, it is reassuring that the ICT diffusion, regardless of whether via computer or mobile phone, is
significantly associated with the rural-urban income gap both at county and household levels.
In addition, the newer generation ICT usage via mobile phone contributes more to the catch-up
effect between rural and urban household income.

5 | CONCLUSION

This paper analyses how ICT adoption has affected the income level of urban and rural house-
holds in China in recent 2 decades. The diffusion of ICT is playing an increasingly significant
role in developing countries, including improving local economic development and alleviating
the income gap between urban and rural areas. For example, the central government of China
implemented the policy of electrification and telecommunication infrastructure building pro-
gram and the comprehensive e-commerce demonstration project in rural areas to provide rural
households with more sources of income.
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We build an endogenous growth model to capture the urban-rural dual structure system in
China. With an exogenous fiscal transfer, the model enables a higher growth speed in rural
areas in the BGP compared to urban areas. We posed the two hypotheses to examine how the
government-led penetration of ICT infrastructure will shorten the gap in the growth rate
between urban and rural areas; moreover, the use of new-generation technology can accelerate
the narrowing of the income gap between rural and urban areas.

The empirical estimation results prove the two hypotheses posed in the theoretical
framework, indicating that rural households, as the follower of ICT, benefit more from
ICT penetration than urban households, especially from the newer generation of mobile
phone diffusion. Both ICT penetration at county level and ICT usage at household level
narrow the rural-urban income gap. Specifically, after controlling the household-level
socioeconomic characteristics, ICT usage increases the rural household income levels
1.372 times more than that of urban households, and the rural household wage income
and operational income are found to rise approximately 1.213 and 1.391 times more than
that of urban households, respectively. In addition, the positive effect of ICT usage via a
newer generation of mobile phone on total income, operational income and wage income
is greater than that from computers, especially for rural households, therefore accelerating
the catch-up effect between rural and urban household income. Comparatively, ICT usage
via computer contributes more to reducing the wage income gap, while ICT usage via
mobile phone contributes more to reducing the operational income gap between rural and
urban households. Moreover, the newer generation of ICT usage via mobile phone can
improve the operational income gap between rural and urban households more, especially
with agricultural income increase. These results hold up when access to the Internet is
instrumented with measures of the indicator of the network port and for a robustness
check with more recent data, from CLDS2018.

Given the positive effect of ICT usage on narrowing the income gap between rural and
urban households, which implies the fiscal transfer level has not reached the turning point, pol-
icies should be directed towards continuing to increase the fiscal transfer level to rural areas to
help further improve the application and usage of ICT in rural households. In particular,
encouraging more mobile phone usage by rural households can help them attain higher income
gains, especially through accessing modern agricultural technologies. In addition, focusing on
the catch-up effect of heterogeneous households, considering our findings, the government
should give full consideration to the changes in female productivity under the new trend of
working from home and with agricultural modernization and put forward relevant policies to
support entrepreneurial agricultural operators to narrow the gender labour wage gap and
urban-rural income gap.

ORCID
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ENDNOTES

! UNESCO provides this definition on their website: https://uis.unesco.org/en/glossary-term/information-and-
communication-technologies-ict.

2 We follow the notation in the literature that X = dX/dt.

* One can find a discussion of this synchronization in many studies about endogenous growth models, such as
Dixit and Stiglitz (1977), Ramsey (1928) and Romer (1987, 1990).
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“ Please find the model solution in the Appendix.

> More information regarding the CLDS data can be extracted from http://css.sysu.edu.cn.

® The theoretical framework hypotheses based on rural and urban area can still work at household level,
because 81.23% of the members of the rural households still work in their county in the rural areas based on
the statistical calculation of the individual working place in the dataset of CLDS2016.

7 According to the statistical calculation based on the dataset of CLDS2016, wage income and operational
income account for 89.16% and 75.13% of the total income of rural and urban households, respectively.

8 The size of the farm is solely included in the rural household regression.
% €012 =1.137,6%278 =1.320.

19 One can find a discussion of this synchronization in many literature about endogenous growth models such
as Dixit and Stiglitz (1977), Ramsey (1928) and Romer (1987, 1990).
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APPENDIX A: FINAL GOODS SECTOR

We have the demand curve for firm i in the final goods sector as:

B (1-7)Apa =
Xn,ij —Ln,i (T) . (7)
Wy :(1—7)(1—(1)?"'. (8)

n,i

Firms in the final goods sector are identical. Hence, we use the following aggregate
notation.

n— Lnl’XnJ - anj _L )Ana 1 ' Y”l: Y”l (9)
p

n,j

As usual, the demand for intermediate goods in the final sector in both areas is separately
influenced by its technology, labour supply and the price of the intermediate goods. Wages are
determined by output and labour supply.
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APPENDIX B: INTERMEDIATE GOODS SECTOR

Thus far, the model structure in the two areas is identical. This subsection introduces the main dif-
ferences. We refere to the intermediate goods producers in urban and rural areas as innovators and
imitators, respectively. Recall that the varieties of intermediate goods in urban and rural areas are
denoted by Ny and Ng. For the innovators, they cost a constant, 7;;, units of final goods to cre-
ate a new intermediate good. Once the good is innovated, they are protected by patent law and
possess monopoly power. The new good offers a perpetual positive cash flow to the innovator.
Therefore, the innovators choose the optimal price Py; according to the final producers’
demand curve in Equation (9). For the imitators, they copy the intermediate good invented by
innovators in urban areas at a cost 7.7z is no longer a constant. The determination of 7, will
be considered in detail later. Once the imitation is completed, the imitator faces the same situation
as the innovator. They are also protected by patent and gain pricing power. As a result, we capture
the technological diffusion from urban to rural areas using this innovation-imitation framework.
We believe this setup is suitable for capturing the development of information technology in China.
The urban area implements advanced technology first. When the technology becomes sophisticated
and the cost becomes more affordable, the rural area implements the technology at a low cost.

The decisions of the innovators (imitators) are (1) should they opt for innovation (imitation)
and (2) once the innovation(imitation) is completed, how much should they price the new
intermediate product. We solve the problems backwards.

First, we consider that once a new good j is made at time ¢, it brings its owner a net present
value,

Vu(t) —/OozrnJ(v)eF"(t’v)(”t)dv, (10)
nj(V) = (Pnj(v) —1)Xn (), (11)
7n(L,V) = 1)rn(a))da), (12)

where 7,(v) is the profit flow at time v. The cost of producing one unit of intermediate good is
normalized to 1. Knowing the demand curve of the final goods sector in Equation (7), the inno-
vator (imitators) maximize the profit z,;(v) as

Ir)nwg(lg nj(V) = (Ppj(v) = 1) X 5(v) (13)
- [A=7)Ana =
Xn,j (v)=L, [W} ) (14)

The first-order condition of this problem is P,j=1/a for n=U or R. We save the derivation
in Appendix C. Due to the symmetry, the production of each intermediate good is the same. 7z,
for each producer is also identical. Given the optimal price, we can derive the optimal quantity
of aggregate level of X,,,Y, and z,:

X, =N,X,;=Nudg[(1-1)A,|"ars. (15)



DONG, LUO and ZHANG Pacific Economic Review IA%WY4| LEYJ_21

Yn :Xnaz' (16)

1\ X»
—(=—1)2n 17
= (31) % (17)

Equation (17) shows that the monopoly profit is invariate over time. Hence, the relation
between net present value V,, the discount factor r,, and profit z, is:

V(t) = 7 / T Tl g, (18)
Fa(t,) :% /[ " (@)doo (19)
) = o) (20

The third equality is obtained by taking derivatives of V; with respect to t. The return r for
the project of one intermediate good is its profit rate (z/V') at the moment plus the rate of capi-
tal gain from the change of the value (V/ V) of the research firm. Next, we separately discuss
the market entry option for the innovator and imitator.

B.1. | Market entry condition and equilibrium of innovators

This subsection discusses the free-entry condition for innovators. For a given project of interme-
diate good j, the innovation cost is 7. The net present value of this project is Vy(t). If
iy > Vu(t), there is no innovation; therefore, there is no intermediate good j. If 7, < Vy (t), all
resources would be invested into innovation at time ¢. The condition cannot hold in equilib-
rium. Hence, we only study the equilibrium condition 77;; = Vy(t). Consequently, the present
value Vy is invariate over time t,Vy =0. Additionally, in equilibrium, the innovation return
rate is ry = zy /1y.-

With all this preparation, we obtain the balanced growth path (BGP) for the urban area;
namely, Cy, Yy and Ny grow at the same rate y; as:™°

Cuy 1(1 /1 L
=t (21 ) Ly[(1—1)Ay]Teata—p b
=g, G{ﬁu (a ) u[(1—7)Ay]~a ﬂ}

APPENDIX C: MONOPOLISTIC PRICE

This section derives the monopolistic pricing condition P=1/a. We start from the derivative
with respect to P in Equation (13):
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7t j(V)

Py (v)

Directly we have:

R p,,J.@)] T [Pag) ~ 1) La(An)T (a_ 1) [Pg)] 7"
0 = [Pnj(v)]m_F [P"J(V) 1} (ﬁ) [P"J(V)} -

1 ﬁ 1 _11_11 1 %1,1 1
el o B R [ [ v
0 =1+ [Py;(v)—1] <%) [an(v)]ﬁ =T
0 =1+ [Py;(v)—1] <ﬁ> [Py (v)] 7
0 =1+ [Pnj(v)—1] (ﬁ) [Paj()] "

Further, we end up with
P,i(v)—1/ 1
linJ(V a— 1) =-1
P,j(v)—1=P,;(v)(1—a)
Ppj(v) =1=Pp;(v) — aPn;(v)
mﬂ@:é>1

APPENDIX D: RESOURCE CONSTRAINT

This section takes urban areas as an example to derive the resource constraint. We substitute the aggre-
gate market value Ny Vy = Ny7jy, the labour demand curve Equation (8), the optimal level of
aggregate quantity of intermediate goods X (Equation 15) and the equilibrium level of asset return
r (Equation 20) into the budget constraint of households to obtain the resource constraint:

d( asset)
dt

. 1 Yu_
TuNv=1-7)1—-a)Yy+—(1 —a)a—UnUNU —Cyp.
NMu Ny

=w,L, +r,(asset)—C,

= (1—’[)(1—6!)YU—|—(1—0!)0!YU—CU
(1—T+CCT)YU_Xu—CU

In the last equality, we use the fact that Xy = a?Yy.
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APPENDIX E: DIFFERENTIAL EQUATION SYSTEM FOR THE EQUILIBRIUM

Proposition 2. For the economy in rural areas, in local areas of equilibrium, the quantities are
governed by the following differential equation system:

) l1+a—rz
N_ﬂR T —XR
T

1x(K.7)
sx+ (P +o—0) (nR (M) —;{R)

XR a 1
—= - —olle+¥)yy +p].
R eﬂR(N,T) 9[( ) U ]

p T 0'+1+
= JT = ol
nga(l—a) 'Y N .

N_NR NU. Cr . _CR NR

—Yu

N Ng NU,)(R:N—R’)(R:CR Nr

In this system, 7y and 7z are exogenous. The endogenous variables are N and y5. Here, we
develop two lemmas to elaborate the steady growth and saddle path in the system.

We show the differential system in Proposition 2. We start with the resource constraint for
the rural area:

ﬂRNR:(l—T+aT)YR—XR—CR

1 1 2 1
Np=— ((1 —r 4 ar)[(1—7)Ar] a5 LeNg — NxLg[(1 — 7) A 7 — cR)
MR

(1 — T—i—O!T)[(l - T)AR]ﬁal%a_zazNRLR —NRﬂR <1 a ) - CR>
—a

(
((1 —74ar)[(1— T)AR]ﬁaﬁ(szRLR — Nr7g (1 f a) - CR)
((1 —7+4ar) <%) nrNra % — Nrzg (1 ix a) — CR)

(15 ) arNe (1= e+ @) —1] — i)

(i

_ ((é) 2N [a > —ta? +1a ' —1] - CR)

= (%) mNe[a = 1-2(a 2 ~a"!)] - Cx)

_ LﬂRRl_zaz Tl—za ¢

; Eglaaiﬂz (1+a)(1_03_ 1—Ca C)
( 1—a) R 2 o? ®
(
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Ng 1 l+a—17] Cg

R T (R —

NR R R a NR

A A .NR .NU 1 1+a—T

NN=-"R_U__— — e ) -
Nr Ny WR(ER[ a } XR) v

Next, we develop the second differential equation for y/yx:

g 1

Ck 0

G(VR—P)
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Zr _Cr_Ne
Xr  Cr Ng
1 TR R :| ) NR
= (Z4+¥)|——yy| —p )| ——=
G(WR ( >[R ro] ) -RE
1 /7 1 Ni
— (i 6+ V)2 (6+P)y, —p ) -0
S eI (o Wy ) - O
X .
—(—R+(0+‘P—0)—R—(6+‘P)yU—p)
0 R R
1 /7 Nz\ 1
—— (= y_g)L)_= 7
52 lo+ e -0 ) - fllo+ Wry
1 l1+a—7 1
=@£PR+®+T—®<@{ " }—%O]—§b+TWU+M

APPENDIX F: PROPOSITION 1

This section shows the derivation of the condition of the balanced growth path. We set N =0
and y =0. From the differential equation system in Proposition 2, the zero-growth conditions

offers:
(1—1—05—1)
R\ ——— | —XRr
a

@l
l+a—z
mﬁ(T+62£z£d(l)MQ;KU+TWU+M'

Substituting the first equation into the second, we have:

Z—R—F(‘I‘—FG—Q);/U: (c+¥)yy+p
R

iR
——Ory=p
U

TR _IZ'U

Mg NMu

In the third equality, we use y; = (1/0)(zy /5y — p). Therefore, we obtain:
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TR _
Nr=—""Mvu

Ty
S T Ty TR _

No-— = e

R a(l—a){N +ﬂR} ﬂ_U”U.
o T Ty TR Ny
Ng—i_{T‘Fﬂ }:__—

a(l—a)ig | N . U MR

The convenience of this formula is that the right-hand side of the equation is invariate with
the tax rate 7 and N. Knowing this, one can easily conclude that there is only one root of N of
this equation since the left-hand side of the equation is monotonically increasing with N.

Implicit function theorem suggests that:

8N_ JF /ot
Jz JF /N
S T Ty 7R Ny
F:Na—i_{T—f—ﬂ' }——_—
a(l—a)ig [N ¥ U MR-
For the simplicity of calculation, we rearrange F into:
S T Ty 7R Ny
F :Na—i_{f—i-ﬂ' }——_—
a(l—a)iig [ N * rui
F :NG_LIJ_{§+E}_H_R7_U
a(l—a)ig \N 7v) #ulg
1 1
.
Sy AN {l+@}_”_w_u
a(l—a)ig N #y) 7yl ’
L 1) Lpariet
R ‘oi-«a 1 1
oo 1 a vt 1 LR[AR]I"’ LRMR]I"’
=N’ —z(1—7)7= ——+ o —
al—aliie N Ly[Ay]= [ a1

where Q; and Q, are nothing but change of variables. Note that €; and Q, are positive and
invariate with both N and . Finally, we have:

IN  9F/dr {1+ +0,) d [f(l —T)ﬂ}
dz IF/IN N +7(1— r)ﬁQ.lN_z dz '

Therefore, the sign of JN/dz depends on d [1(1 - r)f} /dr
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d[T(l _T)lfa] a(z—1)—27+1](1 —T)ﬁ‘

dr l—a

Using basic calculus, we conclude that, in the meaningful field of parameters (1>7>0
and 1>a>0):

L l-a
d[r(l—r) }/dr<0, when 1>T>m

L l-a
d[r(l—r) }/d1>0, when ﬂ>1>0

APPENDIX G: LEMMA 2

In this section, we discuss the phrase diagram and the saddle path. First, we start from the
zero-growth conditions:

l+a—r7
TR T —XR

@)
l4a—7
TR+ (Wa_ge)n(l;; ()a> _“) =2l +¥)ry+0]

For the first equation from N =0, an increase in N will raise ng, which lowers yp, as shown
in Figure 1. Additionally, all the points located to the left of this curve with smaller N will end
up with:

TR (—HZ_T) —XR

= >vy-
MR (Nleft,T) v

As a result, in this condition, N >0. With a similar logic, we have Nright makes N <0, as
shown in Figure 1.

Second, the curve representing y, =0 is slightly more difficult. The first remark is that it is
ambiguous for the monotonicity within our parameterization restrictions. However, the results
in Proposition 2 guarantee the uniqueness of the intersection of the zero-growth conditions.
Namely, Proposition 2 rules out the multiplicity in the system. Moreover, when we rearrange
Equation (2) of yx =0 into the following expression, the phrase diagram is still readable regard-
less of the slope of y, =0:

l1+a—7 l1+a—r7
OZER+(0+q0(”RL—7;—_}_Zk_”myu)_”hp_9<”R{——g——}_Z%>

In this equation, one can see that all the points located to the left of this curve with smaller
N will end up with a higher ¥, a higher (—yzy;) and a higher (—#gp), which means that a
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XR

FIGURE 1 Phrase diagram of dynamics N and y [Color figure can be viewed at wileyonlinelibrary.com]

smaller N increases the right-hand side of the equation and makes j, > 0. As a result, we save
the discussion of monotonicity and present two figures in Figure 1 with the same conclusions.
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Figure 1 Smallholder farmers’ production optimization and total factor productivity improvement path
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Figure 2 Land transfer, machinery service, and smallholder farmers’ total factor productivity
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Figure 3 Land transfer, biochemical service, and smallholder farmers’ total factor productivity
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Table 1 Definition and descriptive statistics of variables
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Table 2 Empirical results of the impact of land transfer-in and service outsourcing on total factor productivity with full sample
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Table 3 Empirical results of within-group factor output elasticity and technical efficiency
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Table 4 Empirical results of inter-group production frontier

differences
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Table 5 Comparison of total factor productivity improvement paths
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Impact of land transfer and service outsourcing on smallholder

farmers’ total factor productivity:
Evidence from the main grain producing areas of China

DONG Ying
(College of Economics and Management, South China Agricultural University, Guangzhou 510642, China)

Abstract: The mutual penetration and development of land transfer and service outsourcing have
become a crucial way for China’s smallholder farmers to connect with the development of modern
agriculture. This study integrated the induced agricultural technological progress theory and
division of labor theory into the framework of total factor productivity. Based on the analysis of the
mechanism of impact, propensity score matching (PSM) and meta stochastic frontier analysis
(Meta-SFA) model were used to conduct the empirical test and comparative analysis on the impact
of service outsourcing in mechanical technology and biochemical technology on total factor
productivity (TFP) using survey data of the four main grain producing areas of China Jiangxi,
Anhui, Jiangsu, and Henan provinces in 2016, and we put forward the corresponding improvement
paths. The research conclusions include: (1) Land transfer and biochemical technology service
outsourcing can improve the TFP of smallholder farmers by expanding the production frontier and
improving technical efficiency respectively; (2) The mechanical technology outsourcing of small-
scale farmers will lead to technical efficiency loss, especially in the case of land transfer- in
farmers; (3) Combined with the meta frontier analysis and compared with the small holder farmers
who transfer in land, the comprehensive TFP of self- management smallholder farmers through
service outsourcing is higher. Therefore, smallholder farmers should be encouraged to actively
participate in service outsourcing, fully release the total factor productivity potential of production
by improving technical efficiency, and promote the high-quality development of agriculture.

Key words: land transfer; service outsourcing; smallholder farmers; Total Factor Productivity
(TFP); main grain production areas; Meta-SFA model
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Intergenerational Spillover Effect of New Rural Pension on
Multidimensional Welfare for the Elderly

DONG Ying YANG Xin HUANG Yihua

Abstract: Given the dual challenges of diminishing demographic dividends and rapidly aging populations in rural China, it
is of great importance to explore the effect of the new rural pension scheme (NRPS) on the welfare improvement of the rural
elderly. This study investigates the impact of NRPS on multidimensional welfare including material, living, health, and
subjective aspects for rural elderly populations, from the perspective of income effect and protection spillover effect. This paper
employs a panel logit model and a chained intermediation model using data from the China Family Panel Studies (CFPS) for the
years 2012, 2016, and 2018, and the main conclusions are as follows. The NRPS can significantly enhance the
multidimensional welfare of the rural elderly, and its effect increases with the prolongation of the duration of participation and
the increase of the insurance amount. In addition, it can further improve the multidimensional welfare through the synergistic
effect of intergenerational care and intergenerational economic support. Specifically, the NRPS can improve the subjective
welfare, living welfare and material welfare of the rural elderly respectively through intergenerational care and intergenerational
economic support based on the perspective of income effect and guarantee spillover effect. Furthermore, the welfare-enhancing
effects are more pronounced for low-income, low-age, and spousal rural elderly. This study provides an important reference for
the optimization of policies to cope with the dilemma of social resource distribution arising from the demographic dividend and
the acceleration of aging.

Keywords: NRPS; Multi dimensional Welfare; Rural Elderly; Intergenerational Spillover Effect
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MSegnet, a Practical Network for Building
Detection from High Spatial Resolution Images

Bo Yu, Fang Chen, Ying Dong, Lei Wang, Ning Wang, and Agiang Yang

Abstract

Building detection in big earth data by remote sensing is
crucial for urban development. However, improving its ac-
curacy remains challenging due to complicated background
objects and different viewing angles from various remotely
sensed images. The hereto proposed methods predominantly
focus on multi-scale feature learning, which omits features
in multiple aspect ratios. Moreover, postprocessing is re-
quired to refine the segmentation performance. We propose
modified semantic segmentation (MSegnet), a single-shot
semantic segmentation model based on a matrix of convolu-
tion layers to extract features in multiple scales and aspect
ratios. MSegnet consists of two modules: backbone feature
learning and matrix convolution to conduct vertical and
horizontal learning. The matrix convolution comprises a

set of convolution operations with different aspect ratios.
MSegnet is applied to a public building data set that is widely
used for evaluation and shown to achieve satisfactory ac-
curacy, compared with the published single-shot methods.

Introduction
Urban expansion is occurring at a high speed and urgently
demands efficient building detection from large-scale, re-
motely sensed images (Chen et al. 2020; Ning and Lin 2017).
An accurate building inventory is required for both military
and civilian applications, including urban planning, disaster
emergency, and navigation (Liu et al. 2019; Qin et al. 2020).
However, due to technological limits, a significant challenge
remains in automatically detecting buildings from high spatial
resolution images with a reliable accuracy (Ning et al. 2020).
Semantic segmentation is a practical approach to deal with
complicated background objects in building detection (Wang et
al. 2020). It represents an important research topic in computer
vision as it can segment the image by assigning each pixel
in the input image with a semantic label. Owing to the rapid
development of deep neural networks, semantic segmentation
has significantly improved (Yurtkulu et al. 2019). Numerous
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network structures have been proposed and achieved remark-
able performance. The fully convolutional network (FCN)
(Shelhamer et al. 2017) is considered a milestone in semantic
segmentation. It replaces a fully connected layer using convo-
lution operation and overcomes the requirement of a specific
input image size. However, it is not sensitive to the details of
the image and lacks spatial consistency among neighboring
pixels. U-Net (Ronneberger et al. 2015), semantic segmenta-
tion (SegNet) (Badrinarayanan et al. 2017), pyramid scene
parsing network (PSPNet) (Zhao et al. 2017), deconvolution
network (DeconvNet) (Noh et al. 2015), and DeepLab series
(Chen et al. 2018) models have been proposed for pixel-based
segmentation and achieved remarkable accuracies. U-Net takes
into context information by concatenation through skip con-
nection so that the decoder can learn the lost feature in each
encoder (Ronneberger et al. 2015). SegNet can maintain the
integrity of high-frequency details in the image by upsampling
the feature map using unpooling operation in the decoder
(Badrinarayanan et al. 2017). PSPNet and DeepLab series models
improve the segmentation using a spatial pooling module with
different strategies to capture multi-scale features. However,
most of these models require postprocessing to refine the seg-
mentation performances, especially when applied to building
detection (Alshehhi et al. 2017). The commonly used postpro-
cessing strategies comprise conditional random field (Lafferty
et al. 2002) and simple linear iterative clustering (Kim et al.
2013). Moreover, the pyramid pooling module in PSPNet and
DeepLab series models, which is aimed at learning multi-scale
features, lacks feature learning with multiple aspect ratios.

Inspired by MatrixNet (Rashwan et al. 2019), modified
semantic segmentation (MSegnet), an end-to-end semantic
segmentation framework, is proposed in this paper. MatrixNet
proposes a bounding box for each object in the image by
regressing the coordinates of the center pixel or anchor pixels.
Its framework enlarges the pyramid network structure by add-
ing convolution operations with kernels of different height-
width ratios, such that features with multiple scales and as-
pect ratios can be learned. It outperforms all single-shot object
detectors on the Microsoft Common Objects in Context bench-
mark (Lin et al. 2014). In contrast to MatrixNet, MSegnet is
designed to segment buildings at pixel-level from high spatial
resolution images and it is evaluated on the Wuhan University
(wHU) building data set (Ji et al. 2019), a widely used public
data set to evaluate the performance in building detection. It
outperforms the published one-shot methods. The main con-
tributions of this study are listed as follows:

1. A novel semantic segmentation framework is proposed by
learning features using a matrix of convolution operations.

2. Satisfactory performances were achieved by comparison
with published one-shot frameworks in one widely used
public building detection data set.
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Figure 1. Flowchart of proposed MSegnet.

Related Studies

We present a literature review on building detection from
optical remotely sensed images. Generally, studies conducting
building detection witnessed three processes, namely, manual
thresholding, machine learning, and deep learning-based
modeling. The first two processes are recognized as tradition-
al methods, focusing on spectral and textural feature engi-
neering. The scale-invariant feature transform (Lowe 2004),
Histogram of Oriented Gradients (Dalal and Triggs 2005), local
binary patterns (Ojala et al. 2002), grey level co-occurrence
(Gomez et al. 2012), and Haar wavelet transform (Guf and
Jiang 1996) are the commonly used features in building detec-
tion (Konstantinidis et al. 2017). Moreover, geometry proper-
ties, material properties (Lee et al. 2003; Mayer 1999), and
graph-based theory (Walde et al. 2013) have been explored as
well. The random forest (Breiman 2001), support vector ma-
chine (Burges 1998), Bayesian maximum likelihood method
(Khoshelhama et al. 2008), and Adaboost (Fleyeh and Davami
2013) are the commonly used machine learning models and
have achieved outstanding performances in building detec-
tion (Cetin et al. 2010; Hansch and Hellwich 2010; Li et al.
2011). However, the methods mentioned above require mas-
sive feature engineering, which relies heavily on the expertise
and experience in related applications.

The advent of deep learning has given rise to significant
improvements in building detection and avoided the feature
engineering requirement. U-net has been widely used in build-
ing detection (Hamaguchi and Hikosaka 2018; Li et al. 2018);
it represents a simple encoder-decoder network and efficient
implementation. Apart from U-Net, there is significant research
in applying other semantical segmentation model structures
in building detection, such as Mask-Regional Convolutional
Neural Network (Zhao et al. 2018), LinkNet (Golovanov et al.
2018), and DeepLab (Boonpook et al. 2018). The published
studies predominantly adopt postprocessing steps to refine
the segmentation results, which are time consuming (Yu et al.
2018). Moreover, the segmentation described above lacks multi-
scale feature learning in different directions. To address this
issue, we propose MSegnet, inspired by MatrixNet. MSegnet
is a pixel-wise end-to-end semantic segmentation framework
wherein postprocessing is not required. Because most build-
ings in high spatial resolution images assume different spectral
characteristics with different shapes and orientations, the struc-
ture of MSegnet provides a potential approach to learn compli-
cated features of buildings from various background objects.

Proposed Framework

The general pipeline of the proposed MSegnet is illustrated
in Figure 1. It mainly consists of two components, backbone
network and matrix convolution layer. The backbone network
uses ResNet-50 (He et al. 2016), a 50-layer residual network.
ResNet is a widely used backbone structure for encoding
input images into feature maps (Peng et al. 2020; Qin et al.
2020). The reason that we use a 50-layer residual network

is due to the fact that the buildings in our study have large
variability in shapes and sizes. Small buildings will be easily
filtered out by deep residual network, and big buildings will
be likely learned insufficiently by a shallow residual network.
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Table 1. Network structure of ResNet-50.
Block Name

Convolution Operation Number of Blocks

Conv1 7X7x64 . 1
3x3 max pooling
1x1x64
3x3x64 3
1x1x256
1x1x128
3x3x128 4
1x1x512
1x1x256
3x3x256 6
1x1x1024
1x1x512
3x3%x512 3
1x1x2048

—ﬁ/ Input feature map /

1x1 kernel with 64 channel
convolution

l

3x3 kernel with 64 channel
convolution

l

1x1 kernel with 256 channel
convolution

|
— >

/ Output feature map /

Conv2

Conv3

Conv4

Convb

Figure 2. Network structure of a typical residual network
block Conv2 as shown in Table 1.

Therefore, we used ResNet-50 to generally learn features for
multi-scale buildings in our study. The network structure

of ResNet-50 is demonstrated in Table 1, wherein a detailed
residual network structure of typical convolution block
Conv2 is demonstrated as an example in Figure 2. The input
image is firstly convoluted by a 64-channel 7 x 7 kernel and
encoded by a 3 x 3 maximum pooling operation. Following
Conv1 convolution operation in Table 1, four convolution
blocks organized in a residual manner are conducted gradu-
ally to generate the feature map used for further extraction in
the module of Matrix Layer, as demonstrated in Figure 1. The
number of each convolution block listed in Table 1 indicates
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the number of times each corresponding convolution block
repeats on the feature map. In terms of each residual convolu-
tion block, as demonstrated in Figure 2, the input feature map
is convoluted by a1 x 1, 3 x 3, and 1 x 1 kernel with different
channels continuously and added directly with the feature
map after continuous convolution to generate the output fea-
ture map. Such addition enables the network to alleviate the
problem of gradient disappearance that increasing depth in
the deep neural network brings about (He and Sun 2015).

== Convolution operation

== Upsample operation
— C perati

Figure 3. Detailed network structure of matrix layer module
shown in Figure 1.

The feature maps encoded by ResNet-50 are used to learn
multi-scale features with different aspect ratios by the matrix
convolution layer. Its detailed network structure is shown
in Figure 3, wherein multiple convolution operations with
strides of 1 x 2, 2 x 1, and 2 x 2 are conducted to down-
sample the input feature maps horizontally, vertically, and
diagonally, respectively. The corresponding calculated feature
maps are displayed in green, pink, and blue. Each output fea-
ture map in each direction is upsampled by a bilinear opera-
tion to the same size and finally concatenated as the output
feature map of the Matrix convolution layer. The concatenat-
ed feature map is further upsampled and used for generating a
pixel-wise label prediction image, as shown in Figure 1.

The activation function of the proposed network is the
Rectified Linear Unit (Nair and Hinton 2010), which is com-
monly used in neural networks (Ronneberger et al. 2015;
Shelhamer et al. 2017). Moreover, focal loss function (Lin et
al. 2020) is adopted for training our network. It was proposed
to deal with the unbalanced sample distribution issue in the
one-shot segmentation framework. Compared with the tradi-
tional cross entropy loss function in Equation 1, the focal loss
enables the network to focus more on difficult samples that
are easily to be misclassified by adding gamma. For example,
a positive sample S has a prediction probability of 0.98; thus,
its gamma power of 1-0.98 will be very small, and the focal
loss will be small as well. On the condition that the positive
sample has a prediction probability of 0.21, its gamma power
will be very large, and the corresponding focal loss will be
large as well. The same principle applies to negative samples.
Therefore, this mechanism reduces the impact of samples that
are easily classified and enhances the difficult ones. This is
more effective in training models. Furthermore, o is added
into the L, expression in Equation 2 as a balancing element
to balance the uneven proportion between positive and nega-
tive samples. This proves to be significant in our research, as
building samples are comparatively fewer than background
objects in high spatial resolution images. Following the stud-
ies in Lin et al. (2020), gamma is set to 2, and « is set to 0.25
in our framework.
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L. = —gt(x, y) log pred(x, y) - (1 - gt(x, y))log (1 - pred(x, y)) (1)

L, = —ogt(x,) (1~ pred (x,y))""" log pred (x,) - (1-0)(1 gt (x.)) pred (x,y)""™ Log 1~ pred x.)) (2)

Experiments

To evaluate the robustness and reliability of our proposed
MSegnet, we apply it on the wWHU building data set (Ji et al.
2019), a public data set widely used for evaluation purposes
(Lin et al. 2019; Liu et al. 2019). The corresponding evalua-
tion statistics are calculated and compared with other pub-
lished performances.

Data Set

The WHU building data set spans 450 km?, comprising
Christchurch and New Zealand. The images adopted in our
study include approximately 187 000 buildings with a spatial
resolution of 0.3 m, and all images were cropped to a 512

x 512 pixel size for each tile. The training data set includes
4736 tiles, containing approximately 130 500 buildings.
Approximately 14 500 buildings from 1036 tiles are assigned
to the evaluation data set, and the test data set contains 2416
tiles with ~42 000 building examples. Its ground truth images
are labeled as building and nonbuilding.

Implementation Details and Evaluation Metrics

Our proposed model is implemented on the Pytorch platform.
The experiments are conducted with two global positioning
units (GPUs) with a memory of 12 GB each. Adaptive moment es-
timation optimization strategy (Kingma and Ba 2014) is adopt-
ed to optimize the proposed network. The initial learning rate
is set to 0.0001 and divided by 10 after 100 epochs. Regarding
the GPU memory and the complexity of our model, the batch
size is set to four, with a chunk size of two for each GpU.

In accordance with most recent studies on building detec-
tion (Alshehhi et al. 2017; Boonpook et al. 2018; Lin et al.
2019; Liu et al. 2019), the precision, recall, F1-score, and
intersection-over-union (I0U) are calculated as evaluation
statistics. Precision represents the percentage of segmented
building pixels that are correctly classified. Recall indicates
the percentage of ground truth building pixels that are correct-
ly segmented as buildings. The F1-score is a comprehensive
index demonstrating the general performance. 10U is calculat-
ed by division between the corrected classified building pixel
number over the pixel number after subtracting corrected
classified background pixels from the total image pixels.

Results and Discussion

The proposed framework is applied on the WHU building data
set, and the corresponding evaluation statistics are listed in
Table 2. Moreover, to provide a more direct comparison, the
published state-of-the-art performances obtained by one-shot
networks are listed in Table 2 as well. In terms of the wHU

Table 2. Evaluation statistics (%) on WHU building data set.?

Method Precision Recall F1-Score IOU
U-NET (Ji et al. 2019) 90.3 94.5 92.35 85.8
SegNet (Liu et al. 2019) 92.11 89.93 91.01 85.56
FCN-8s (Ji et al. 2018) 89.2 95.3 92.15 85.4
SRI-NET (Liu et al. 2019) 95.21 93.28 94.23 89.09
SR-FCN (Ji et al. 2018) 94.4 93.9 93.25 88.9
MSegnet 96.45 92.44 94.40 89.40

FCN = fully convolutional network; IOU = intersection-over-union;
MSegnet = modified semantic segmentation; SegNet = semantic seg-
mentation; SR-FCN = xxxx; SRI-NET = xxxx; U-NET = xxxx; WHU =
Wuhan University.

“Data in bold indicates best result.
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building data set, the proposed MSegnet outperforms the
three typical network structures, including U-Net, SegNet,
and FCN-8s. According to the works in Ji et al. (2019), Liu et
al. (2019), U-Net, and SegNet were used with the same net-
work structure as proposed in the original research, respec-
tively (Ronneberger et al. 2015; Badrinarayanan et al. 2017).
MSegnet differs from typical network structures by adding
multiple height-width ratio convolutions in the network
design, which can be recognized as a kind of novel basic net-
work module in image segmentation. From the comparisons
of different network modules, we find that MSegnet outper-
forms the widely used U-Net, SegNet, and FCN-8s building
detection modules by almost 4% in terms of 10U, 3.39% in F1-
score, and 7.25% in precision. Moreover, it is apparent that
the precision and recall of each widely used typical network
module exhibit larger gaps compared to that of MSegnet,
indicating that the latter performs in a more balanced manner
by distinguishing between buildings and background objects,
despite different pixel distributions.

SRI-NET (Liu et al. 2019) and SR-FCN (Ji et al. 2018) are
modified from the typical network modules SegNet and FCN,
respectively, and their performances have achieved remark-
able improvements. SRI-NET has achieved the state-of-the-art
performance in terms of the F1-score and 10U evaluations
among the published results. Nevertheless, our proposed
MSegnet obtains 1.24% higher precision than SRI-NET, and
0.74% lower recall. The synthesized evaluation statistics
F1-score and 10U of MSegnet are both slightly higher than
SRI-NET by 0.17% and 0.31%, respectively. Apart from the
recall, MSegnet achieves the best performance among all
models listed in Table 2. This further validates the strong abil-
ity of the matrix convolution module in capturing features for
multi-scale and multi-shape building detection.

To analyze detection errors, we selected four test images
with typical detection errors and presented the correspond-
ing original, ground truth, and detection result images in
Figure 4. From the visual comparisons in the wHU building
data set, we recognize that the proposed MSegnet accurately
detects most buildings. The morphological characteristics are
maintained; however, several small buildings are omitted, as
shown in the green circles in column (b) of Figure 4. Apart
from the omitted buildings, there are some open squares in
the background with similar spectral and textural character-
istics as buildings. These are misidentified as buildings in the
detection results and marked in yellow circles in column (c)
of Figure 4. This occurrence is attributed to the lower number
of small buildings in the training data set than large ones,
making the trained model more likely to focus on the detec-
tion of large buildings. Therefore, we may use the strategy
of oversampling in future studies, as performed in the small
objects detection (Kisantal et al. 2019). Generally, this experi-
ment demonstrates the strong applicability potential of the
matrix convolution module for building detection by learning
features in multiple scales and aspect ratios.

Conclusions

An end-to-end semantic segmentation framework, MSegnet
is proposed. It is composed of two main modules: backbone
feature encoding and matrix layer convolution. The matrix
layer convolution module captures features at multiple scales
and aspect ratios by conducting a matrix of convolution op-
erations on the encoded feature maps from the backbone with
stripes of size 1 x 2 and 2 x 1. The generated feature maps at
different scales and aspect ratios are upsampled and concat-
enated through matrix feature learning for further pixel-wise
label prediction. MSegnet is applied to a widely used public
building detection data set for evaluation and demonstrates a
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Figure 4. Building detection visualization of typical test
samples in WHU building data set: (a) original test samples;
(b) ground truth images; (c) detection results of our

proposed MSegnet.

1.7% higher F1-score and 0.31% higher 10U compared to the
state-of-the-art performance of published one-shot semanti-
cal segmentation models, as far as the authors are aware. The
experiment confirms the strong potential applicability and
robustness of our proposed framework in detecting objects of
interest in practical cases. However, there is significant room
for improvement of the proposed network in our future work,
particularly regarding the detection of small buildings by
adopting strategies such as oversampling.
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