E R} (5 SR ¥ 53% HA: — N qm R
RERE FEREE 20234 534 T H1 1262-1280 ¢ CHIERFEY ekt
SCIENTIA SINICA Informationis " SCIENCE CHINA PRESS

.I:ejz @ SrossMark

— MR S RN R G RMR BN EIN A

LAERY, RE' EHE, ETE, LE 8

- ACEUIE H R LA B, dbaT 100876

. B R T E S SRR LIRS, B 200240
LR E LR, TN 510275

- EREERAR KR SHEAR S, AE 230026
CRERH ORI AR A F, AR 230088

HE1E#E . E-mail: mhd@bupt.edu.cn

¥ O B W N

ke B 2022-04-22; &R H B 2022-06-28; #:52 HH]: 2022-11-01; M4 H R H #1: 2023-06-30

BB 2030— ¥ — AN LERE” TATH (AES: 2018AAA0101200) FE K ARFFHEEAIHB ABETNE (HtHES:
61921003) %8

HE WHEFNBIRERIEXRTELRAARE L BN RNERRMREN, XK. 5. &
B HAT R, B R RSB BT L AT, X R B RS B AR, (R SR AL AR A R
WG eRR BRNBERIARIAFTENMCREREE. HEEF LI T, AELEHAE=
FEEFRE. ASCERITR T AR RIRAE EH R & e AN BE . 22w E . BHE
BRSO R RS, R — M ERES S RIRTI 54 6T BB E R A R EMAER Evo-CPS,
AT ZHEBB I T % REELE BRI RAG R, ¥ B % 7 i AT MR RIE; &5,
B8 e SR REH — KB BBt 58 GUR I & J& 77 191,

KRR BARERE, BERM, AR, HE AT

1 55

SREMCENBE” JRME T — Pt SR AR A R A o 1) R AR R, B D — AN T BE A
RIETTMZ — Mo FEARE RS BRI EE &, TR T ARG <At X, Bldsd B A T
A7, LS R e B Re R (82 T AN BN S8R TAE /B gh K & 1) AR 2 il A
BERTER, ) 2 TR g B BE AR B BdEiEse W, Btk P 1S, HikFE R,
NERA R R SR ENBENFARMEE G IB R T — Mg BB e, B “FE & &K1 (mobile
crowdsensing) [6”9], ﬁ%ﬁ%{[%ﬁ:ﬂﬁ%@%iﬂ\ﬁiﬁﬁﬁE‘E@Zéﬁuﬁéﬁ, XL 202 B PR IAES
BEAT IR, e e A B BRI HE R BE A, XA 5] AR, A R S LR AR

IR DER, &R, Tk, & — Ao 3R BN RGBS YT, S EER: FERE, 2023, 53: 1262-1280, doi:
10.1360/SSI-2022-0157
Ma H D, Zhao D, Wang X B, et al. A novel crowdsensing system architecture model and its implementation methods
(in Chinese). Sci Sin Inform, 2023, 53: 1262-1280, doi: 10.1360/SSI-2022-0157

© 2023 (PERZE) it www.scichina.com infocn.scichina.com



HEB FEERE B 53E BT

REJFAHBNER GRS, AL TR, BEE B RETHL. BV BIR . ) 2 W 4 T e im0 K, AR K
SRR R R, O N T AR I 101 R s U S R 02 A kg 4 18] SRR 2 UL
FERR TR, 2 5850 S WU pLE] D151 N Zeom BRI Ak D01, I e Lo Ay 071
A SRR 18 % H AT U, RIS T 2 ST AU OR. AR, H AT RORE R IR R SR
FEAELLT 3 /N5 1 R R

(1) MERIRERE. MR LA RFE T AT, D ERRPUT IS R B
1155, R E HREBREE I B AR RS54 MR RER REsth o e (TS o T, Jssd faf iy
RSB, HME LA ST 1 458 1 3 IS i R e 24 i (] PO W1 [ 0N, AMAARAT 0K i,
B, ANFE DT PR PEACIE TR L AT B LR, BRI 25 AN T8 25 08 B 70 v e s AN TR AR R IR i
#RM ., BAERETT I S B EEERMEE R RS EAT, #t—0 SBUE AR 5 X
LAOREE.

(2) BABRFLSIS. MET X E R 2R HERFHILCF, R ME SR Z e SR ik
A5 2ORBUAT ZhIE 2 R B e IE, DI E LA AR BE F I B L A AR, AT S B 2 RO FR) 4 J) de
BL; HBTHER 2 R PR T [ SR A sl 2 T W R], 0 7828 A 7 i AR SR W 58 1 T A
AT, NS BRI BB 42 SR AR K 5 538 B AR BRI i A T AT S X ) A LA R

(3) BMEIPEFEIE. Hlrik K200 AR A LR ER B iR e, B0 3 O N3
Pa St — R PERI LA, S BT X2 SRR NI RR S 51 3 L X BRI (1 Rp 5 PH A S B2
B R R I R A, DA SEBILH I T A g S S 4

SULEIES, BEEDECN . KB 5N TR REBOR M Rd R e 5 ik Rl &, BRI R G 2B N
PR E . =i A RS AA 3 ML R SR,

(1) ARG, IR “BAAJyhCy ARER BRI 32 B P A 2 1) w3 P 48540 1) % 30
VA BNRE ES 5 HH, 8 o V0 BT SRS 2 IR, {5 S22 8] o i A 22 Yo A 55 B U
(“BL7), AR BR8] p |32 53 AT B PR I £ 0, 10 G i & AL TC AL T NZE L Blas NS ARG
NRGMLE (Y1) Ko EEAN S, Bk, “ANMIR G H547 B T SeBUAS [ SRR e AR A iBer g
JIRU R R RE AR BEAA N RN BE T ) 2 T FE T

(2) =ifvamtiE]l. DA HE R RN R e P Y B b a5 LA B f] AR B I AR IR s,
11 B 2z P IR SRR BUIR 55 10 2= 7 A, AR AERCRAR S AT R 22 . & A R RIS ey 45 ) L.
BEE N TR RERIL I SRR IIRL & A R, RIS BEARIA] R Al B Re AR (e 25y n] B LS sl S WV,
W IR TR R ACR . AT R A 2 Ak

(3) REBEIZAER. DA HE R B AR GUah D X BERAT N I RREE 51 3 A0 A B gz, kDA S B8 1
MR35 R B IFF SR T, B RAMBR S N TE KRG KR, RS 5 EMERE RE” (cyber
physical systems, CPS) HEAR, K < — 5 — £57 3 DIAVATIEIFEAT GG, T FFELFETH B I 55
.

L5 ERTIR, BER BN SURIE AL 28 IR Z1 AR 2, TR AR H M AN I, IR A1 BRI S b 2Ty
A E#RA T RFERA, AT M EH ISR . SEREIEA 51 SER A RGN ik, FATHT L 25
ISR L HLE NSRS AR R DR AR, PR ZE R BRI B R A D R Lo A AR B I FE LR,
JHE V5 AT A D R QR 6 RN 22 e, S S S R Jre e 9 T TR A R R G AR A AR Y L R
THERL TR M B L S5 B8 5 07 i

S BRI, A SORE T R 35T R (AR P (R SR i SO MR R . BEARR BE L IR R 3 A4
JRTH, T Se MR I E AL 5N R I 3 A J2 T A BT FE BIDDRANT I s F) B EE Rl AR B2t — B eV

1263



TR IREE: —FoR R RN R e A R AN S BT 725

BEE RG] 85 A BT R R R G Evo-CPS, JH/ A SRz B B SL BT VA AT FEIR R
ZJe, T [ B AT N T3 5%, K BTt TT A B BOR AT J0IE; i, S48 0 R B — AR B
T7F FE AT AR JE 5 17

2 MRIIRSHEE

WRIGAT R F M As(a] s BEa L BT AN ], PR AR RERECRI 7 N AE YRR R BE . 2 B ek
SRR RE S BT TR AR RE AR I BHE (A S BE 4 AR (BRI 2.3 /). ASSTRT RIE R
BB T 4 SRR, ST 3 MR BER 1 DORAE T Bl M T NS K L P 48 i A R
B RAEREE IR A R TR B R fE. MILLZ R, AR AT R i % 2 FR A RO TN 2,
TRER M EAL LA S0t B MR A5 70 ) MR DM E AL ZABRM AN S A B . BRI e i
A 2 DU AN T T8 2 R AN S A ST T IIBR AR T s ) Bk A%

2.1 BHARWMELHLR LA

e TR AR R RE AN XA B I — AN R s, B “RAAD 0y, iR e K
AR BE . 2R BB SRR BE A A R DO, BETOR, T S TR SR DU SRR T B A R e
ML B AR SR UM 258N, R i 2 e B TR AT (R R SRR R S MR 2 A58

2.1.1 ETEEMABHAEE

RAE M ARIERERESS < HZUDLHIA LA U S5 8 M (AN [RDRE R T ELIR I AR e A4 el 23 Y
R KB ARBEE . BT REMBRAIT MBS ARG, ANTH MmO T Web B 19, 3
BTN IR — AN A RAE S5 2 il B A IME 5 600 R 45 BB K ARSE R, FA LRI AR 55 13 [F)
W FEREAT BT AARBHEE R AR BARIRME IR 225K Bl R i E SR E 2 SR R BR R L BHESR
BRI S WS RINE S, 7T LR B BN T SR A A SO Ak bl /) 2 55 R 2 09F 72 5 T ) — 7o
S, SEAERAE RO AR MR B ORI S U R A 1 B Y 20, TR A B T R A o e
HERL NG RTAARERAE A TR AR AL A S 5 QIR 54 MRl & 1A AZ, ol LUE AR
T AR BN SR A B I R U ) — RS ) B sl A B I s AR B 2 5 3 il i % 3 i
#KZ 5SS, NI AT SN  £er 7 e 2] 78 57 2 Bt — RS2 5E N E
SRS B PR B DA G, 8 B B N HAR R, BRI A RRAE <A E A . s Al
7Bl A 22 R AR N L MDRIRIE SIS A BRI IR + RS, B
FEE IS # 3 BN 2 bR 5507 AORBE S T2 T 28 R B, PSRN SR s 8t =

2.1.2 BEBRMAZHIEAAZREN

R RS ORI P P AR B BE % (W RETHL 7T F Wi . GR i &) AR MR AR IR
76, A3 IR AT A B AR BUOE ROIR I IME, SEBURRE 55 20 K S5 B FN B IR, M 58 oM
LA« SRR AT RSN AE 55 (6~90, MR RN 77 U AN |, B BRI T LUy o <2 53Uk 1231 A
HlaxUgom 24 w3, 11 RS 58 LRSI T7 sCPE fTI Ty A8 ] o e i ke g e
WA (s AR, )5 I8 % 2 2 5E AL B PIRE TREAT &SN, A7 M EshglE (W
i Gps HElREMERGER).

R TR R L P )2 i o U0 PR B i O R (KR R AR APt R $2H SR
RERE, AT 51— s T AR R R RE T AR BUREBF 7 ) AL AR R AR DT T, BRI v

1264



HEB FEERE B 53E BT

HE SR 23 R 5552 R RO R 7 52 BRI ASE FH A 55 52 R A5 5 S0 IR e Al K o ) R, 7R R Ak T
JRRJRT 4% ity 1) 50 A B 7 9 R0 Ak TR 45 s i P SR R 5 B iR T v R R AR A U T R
FEEE R T RIS BRYE RS ST MR A5 0 R, 75 B Te k. m SE B 5 R v AR 40
G 5B, $ s P AR R B R S s MBS, 7 B A R e
Bl &Gl m . SERT RS AR T T, EPX AN SRR RS SR AR B AN R 4R FE 1
JRCHUEHE 75 ER FAE B 23 SC BEAIAE Soe RSB BV S At 4, 33 T S BN R e o 5 ) 4 T A
UEAh, BT R AN EN T SSERR & L O VAR T 0 DR PR ) A LB AS ARk, I T TR G X 2% 1) B
PRI Ak v S At St R AR P B 2 A DG PR a5 3 T 9F 017 B 3 I 19 A T A STt R0 T 1] S FB £ 4
(YRR RL R AP 55 ) .

AV BT — A8 R R R R MESER, i 1 B, 28 BN S AR S 58
TN R RR, TR BN 22 5 38 R F A5 B RS ) JR R 248 vty SR AR IR s, 10 Ik % 5l e 33 I 0% il 3 I
TEIBAE 7 (A . WiFL) BB anEos B 2R AT &, Wi AR BIME 77 2056 B 28 T 55
BARTAERBE—BRARELLT 5 PR, (1) RAGES: BEIF &8 3R AT 5 R 3 81
1555, 1B AT HE SR RN S 58 RATIK AT S, 3 HRBGEMERILHIR G H 25, (2) %
PR BAIZ5ERBURAUTESE B )5, IYE 3 QI E 2SS 5B AES, H HAH b
T 5l 2 i P 38 (AR BB AR I (3) AsmALEE: SRS 5 5 10K Bh AR u ke B R e HEAT L B R
Ui AL B (4) BEAEY: B S 5 ¥R St 4 SRR F B, B BB L BRI &, Hi%
77 A BT B A B I B AL AL S SR AL S R 2R (5) B HL S 20 i BP0 BTl
LB BN EAR AT E E AT, JF DA A BE IS I . B REACE . AL A IR A A B R K
HINH.

FER R BN 9T 32 BEOCTE I A BN B LE SRR R FH I AR AR LE 1) 1) R I B A AE A AR IR G R
BHe. BEAEARDE S BRI RS REE 3 OB, Wfal i B R e S R s R IR FE R A, Wit
THT [r 308 71 JER R PR T 7 R G ), AR I B R R () 8 B ISR L At S 4%, B R A S T

2.2 MRRF

AR JZ TR, B TAE 2 EMARTH MR BN R BE . 47 % R LR FH P 5 5 18
3 MR

2.2.1 RHAEgE

AR RV A A R A A IR AR B UL, M DASOX - B8 SR R HOAE 55 904, AR SRIRAT AL
FER IR (200 S A RUAAE 77 ORI B 57 b SR U455 R, TR Rl A e e SL B AL
R A B, BET SR At USRI 201, FARGLE PN BT A R A 28 SR RIS AR
111, 32K 17 P R 4% i S 7R FEL IS B WAL B 3 1) £, B DL JR R i dfe B e it T AR B A%
B 55 5 A RAC B, TRy AR R /TSR SR A A S A AR B 3 AR (1) AR KR HE
THAERS B & 1 2 MRE R AN AT 98, JF & BUABCKIAEIR, 28 th T P 28 ERE P I i R 90 453
(2) ST AR T S v U SR S i 2 R 55 2R UK IS 75 (3) AR N B 1) 2 Ak 55 At ok
L RAHE i AT XS

VA S B i T UK L TTRORE I 2 A AL PR ES . BO7 B S PSR S5 THR o1 2, Aot
TR IR R 2R LR 5 2 IR BE 7, T i s EAT THERE SR RUE S5 IRAE. 38 Gartner 4]

1265



Tyt R A — Ao A R B R G SRR R R S B T ik

Environmental Public safety
monitoring © Data
management
and analysis
Smart | City
transportation management

Sensing
platform

@ Data
transmission

(3 Local
processing

(2 Data
acquisition

@ Data
transmission

3 Local
processing

'

@ Post task

Incentive mechanism Data collection

privacy & security

Sensing participants

1 (MERRFE) B8 RAARRMELRY

Figure 1 (Color online) Collaborative architecture of crowd sensing systems
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Table 1 Comparison of different kinds of crowd intelligence

Crowd intelligence Biological swarm Internet-based

types

Multi-agent swarm

intelligence intelligence crowd intelligence

IoT crowd sensing

intelligence

. Artificial agents
Behavioral
Humans

Lower organisms (robots, drones,

agents

Humans and their devices,

unmanned systems, [oT

etc.) terminals and edge devices
. Activity spaces Mission spaces . .
Behavioral Social and cyber Human-cyber-physical
(food areas, (search, rescue, .
spaces spaces fusion spaces

nests, etc.) reconnaissance, etc.)

Collection, integration,
and computation of

Biological instinctive ~ Autonomous control ~Human intelligent behaviors sensing data for

Behavioral behaviors (foraging, behaviors of machines  (Q&A, image annotation, IoT services

patterns homing, migrating, (gathering, formation, data cleaning, software (environmental
hunting, etc.) searching, etc.) development, etc.) monitoring, smart
transportation,
etc.)
Application Intelligent Multi-agent collaborative Internet-based IoT sensing and
fields optimization control crowdsourcing computing
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i /2.

(3) EFHAE S35, fEWRT LA A BIEZ RGN T, FELEFH KA RETFBeRG 3 H
FSEPUEE AR 25 s oAb Bl A i F A % B (A @ T A N Ikl R R FE A 2 3] 7V SR AL
EAE S ITECE Ak, Uk P AR AT B ] 54 28525 FR LB B2 R IR AT AR R AT e, &2
TSRO TR 2R, 3R A BN R A B AR sk, T 515 P SEIAE A 22 A A M ik 1591
Bt Bl AL AR B R A 5 B 78 FL A JERT G I, R H A SR IR N 1) T FRAE R R O B
FIALEN A Y 78 s, AR RIE R AP T B T S I B A A f /M.

SR, B A F B AE T O H0d St — I B R A RAL, T 0 3 T R R AR A /> B
BEAEARN “FEB w8, DRI R AN R M B R SRR AL ) A T A D RIS, S i
B 2= 248 . AR B B A —3 2 R5 R E AP 5 SEBR i 2, A SCHE 70T I i 2
Mo e R e o R DAL SR PR AR, R R Ve S R I VA o o T B R 1) EE R 2 ) L AT AT
P BT AR I R B MR P e 8, i 9 ) 25 R il AR 2 08 D732, R T e
SRR RV R VR A R () TR R SR SE, I T IR IR B 2 A8 . AN R B R 2 S5 1) R, F I 2 A
SR JE A ZRAR T | S BN S8 240 WP K RIS A 24 B W R R B X 3 i 8 B = 3 5 4 =) B A v~
i SR AR ), B AU TR 2R ST B I SR P AL, S I R T R R AR R e v B

3 BRRHESRIRSISESHEFERAARGRY
BT L3 ) R B Ak, FATIFE S — R RET I 5 S 1t 51 4G A R IR R G AE R R Evo-CPS,

1269



Tyt R A — Ao A R B R G SRR R R S B T ik

Crowd intelligence Crowd intelligence
emergence principle evolution methods

Agent
knowledge base

Crowd intelligence

Continuous

)
(.}

Evolution

Individual guidance |~~~ Intelligent sensing &
mechanisms computing methods

Individual
cognitive model

Individual sensing

Crowd intelligence Ea @l Online regulatory
game strategy mechanisms

Decision &
regulation model

Process regulation

2 (MERFE) T CPS WRARBFERMAZIIGEE Evo-CPS

Figure 2 (Color online) CPS-based evolutionary crowd sensing system architecture model: Evo-CPS
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Figure 3 (Color online) City crowd sensing verification system for smart transportation
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T RUFMAZIE A B, B R ] AR T SR ) R, RGBT (2019 4F), S AETTIE
e BmiE e A B 11 44, #UE 2020 PR, RO 1.678, [RIEL TR 1.96%, 4 EHEA 5
20, FFF 9 fr; #ZF 2021 K, FERECN 1.601, FILL R 4.58%, £EHFAEE 24, 5 2020 FMHLLH
NEE 4 AL R, TP HATOREE (RIS ELIBAT R, BT AT AR SRR AN LRE A 6.402, ALK
2020 4F bFt 20.37%.

5 #ERIE
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WEE NIIIRLE ISR SRS A R e 3, St — PR REEEE S BT S A5 A Y
WA N R G Evo-CPS, FFMWAMRAT A SEa B AR AR FILEL . LA L iR
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Abstract The essence of the crowdsensing paradigm in the Internet of Things is to combine intelligent
sensing capabilities of large-scale ordinary mobile individuals to sense the open, dynamic, and complex physical
environment and then provide guidance and feedback to crowds through intelligent analyses of big sensing data.
These analyses provide additional information to the continuously emerging crowd intelligence and assist them
in comprehensive decision-making. However, the current crowdsensing systems have limitations in three aspects:
lack of intelligence at the individual level, less-guided crowd goal, and weakly regulated crowd intelligence process.
This paper first investigates the state of the art of crowdsensing research and summarizes the related challenges.
With the three core development trends, i.e., human-cyber-physical fusion, cloud-edge-end collaboration, and
sensing-computation-control closed-loop, we propose a crowdsensing system architecture model, Evo-CPS, which
combines intelligent evolution and feedback guidance, and then investigate some implementation methods of this
model. Then, the proposed theory and methods are demonstrated for specific application scenarios in the smart
transportation field. Finally, we conclude the paper and provide the prospect for the developing direction for the
new generation of crowdsensing research.

Keywords crowd intelligence, crowdsensing, human-cyber-physical fusion, smart transportation
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