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WRE, KM
AEEOtRe TR R A A, Jbs

Weks H . 20264F6 220 FHBER: 20264F7H9H; KA HEH: 20264F929H

=

R, AIFREHE T BRAWK, WHITAGIZIUR A IR WHRET. AT, MAGIHIE SRR
WIERA_EALR BRIPAR . ARICRH—/MHERBRMHRR “AGIAR” ——AI_P + LLM = AGI(ASI), HF
AIPEPAIGRFE, —HIEE “AIEEIRY” HlslgeN mmigsE, REAIRNEREAMK. RXETFZ
ARBH11EHR, S NEBREHE AT L TER. AR TAGIFAR. BEMH. BEELK
BRE; JEEAH T AGEZI KB AIWIRE. Tl 7 IR A Bl TASIMTiT %%, FRBET
JEAGIF R AN R, B RMBENIIRK . AXHZLERE: AGINAFRME “H3NREHRRE"
AGIE ¥ 20274 AR EH

X7
Al%fE, LLM, AGIAR, H3NREHE, BERY, RERE, wRER

The Nature of AGI: Automated Hybrid
Programming

Tianxiao Lin, Yuxiang Lin

Beijing Gonlon Electronic Technology Co., Ltd., Beijing
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Abstract

Over the past year, the capabilities of Al have experienced an explosive growth, and the industry’s
predictions for the timeline of achieving AGI have been constantly advancing. However, the theoreti-
cal exploration of AGI has lagged far behind the pace of Al development. This paper proposes a phe-
nomenological theoretical formula for AGI — AI_P + LLM = AGI(ASI), where AI_P refers to Al program-
ming, and the two enhance each other in a spiral manner through the “Al self-excited oscillation”
mechanism, promoting the exponential growth of Al capabilities. Based on this formula, 11 inferences

XESIF: A, WA AGI AR AZNEERIEN]. AR AR SRS, 2026, 3(1): 1-12.
DOI: 10.12677/etis.2026.31001


https://www.hanspub.org/journal/etis
https://doi.org/10.12677/etis.2026.31001
https://doi.org/10.12677/etis.2026.31001
https://www.hanspub.org/

AR, RRT R

are derived, divided into explanatory inferences and predictive inferences: the former explains the
essence, autonomy, and causes of rapid evolution of AGI; the latter provides quantitative judgment
criteria for the realization of AGI, predicts the implementation timeline, confirms the feasibility of ASI,
etc., and looks forward to the human-machine relationship, hardware, and the explosion of the Inter-
net of Things in the post-AGI era. The core conclusion of this paper is: The essence of AGI is “automatic
hybrid programming”, and AGI is expected to be basically realized by 2027.

Keywords

Al Programming, LLM, AGI Formula, Automatic Hybrid Programming, Self-Excited Oscillation, Vibe
Programming, Phenomenological Theory
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1. 5=N4A
1.1. 2025~2026: Al KIR%

[t 25 —4F, N TR RESIRE T — Rk KRR . XIS RIR S, 2 Al Zifs LR .

H 2025 4£LA3K, LA Claude Code. Cursor. GitHub Copilot ARG AT 4 e T E AR B A4 1 “ /Y
F7 AR R B E WAL AL TREIN” o FFREAFZITRERE, MLHBERESH
TR, AT E B R IR 5 e B R G X A 4 T R 98 sl AL FR A Vibe Programming”
o “Vibe Coding” [1]. —%EXJ5, “Agentic Engineering” [2]8E:& 242, Al AHEHshmNH 484, M
SRS A ERRES . WA TR, B, RIWHYEEH TEA =M.

HbFEE, KBS EE R T KA KER. M GPT-40 #| Claude Opus 4.7, M DeepSeek-V3 |
Grok-4, MEAIBRMARE /T HHEHEAE ST, UL RRRE /1. B E T REMHAE B ERBHIEK . BRREAY
& TR —A token” (BEZENL AR, T2 R HIZ AR HERE . 20300, B A SEHT N SN R HRFE .

ERXR—H RN, WFX AGI SEHLE [A] ) AN B #2657 . OpenAl CEO Sam Altman £ X7~ AGI il
ERRR3]; AT fl46 A\ Elon Musk 52 BRI TN AGT H47E 2026 SRR SEHL[4]; B2 790 IE SCUHE 7
ASI ZIRIIN R 10 FE5CH 2 (5] LLAZ BEAAE T A # 58 N[i%0d 32 Emdith “2026: This is AGL”
[6]o MEFABIFARIEAETER: AGI AR “R” Mm@, T2 “Fmr” /) in @,

1.2. AGI B Z G —IBIRIESR

SR, AEIXIHAIENR T 5, BATATEZ N ot A ARSI IEZ DI A AGT? HR = I 3)
JIFERA A7 XA N LTl AGI(AST R A A4 2 A4 ?

HAT, A5 AL AGI IR L Z 7 BUE LUR LA T 1) 4R KRR, 185K Scaling Law
HIRRFR[7] [8]; 2) BUHMRZEMIAEIIZRTr k(i 2> HERBIE9R); 3) PR SRAH Al THEE,
Agent HEZL. AL ZifETH; 4) WITL Al RA 5055 . X EeT7 [ f T o B AR AUEOR T, % B UG
TRFERRE, BELIFEERZ VR N EREZS EA TR SR, DR T ALK EIILR .

B, AVER S “UR7 —— AL I, | 3 s 8 2 P [R] I U S s ]
AGI #EHF——(HIATERZ — 40 “PR” SKRIEIX LI GO RN KR EATZ MR BRI R X R,

DOI: 10.12677/etis.2026.31001 2 MAXBARGERER S
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AKX B 7 ol AR B AT 1 Tl A
AGI & B —MNEE, Bl ARG, ISR E RN, B &M AR . B RS AE T
HEH[9].

1.3. BERERHFRENM

ACHEH AGL AR, H AR E AL AL T B 2% b (1) M 5 312 (Phenomenological Theory) [10].

ERVE S b, MERBSYNEE WO EZE M (. TR = K47 Big gl e B F R 117 2 11T
1, (HITEEIEA TR AT B A WIS IEB AT, XA R DR 2255 2 AR 5 A 51 D1 e A 1
PR, W) = ROE RS RIA A S DR R, R 22 SR N\ IR B OV kL 1 1) S vt )
AR, IBEERPIR LS TAEA R LA W .

MER PR Mo ANIEREE —VEIR B RS HE T, MR I A8 45 HH— D RE R I R
eSS e AR B REAER “AREI” , (HEREE “AMNE I WRIR AT, A ROE
TS BN T

AR “AGL A7 IERXFE 22X, EAZEN “ NBFRMAR” 580 “ iR a4
XL 0], WA S BRI 0, T2 NI — 4R ALK IR MR, VA — N )
OITHEZE, FHULARRE “AL A 2R R FET “ AL R E R T7” o

2. AGI AR EARENXN
2.1. %A

A AGT A0
Al P +LLM = AGI(ASI)

AT RN AGL 258, X NARNGRRATE TR . EXTREEN RGO, & IEEH R
FHAARAE =B EIIA . A0 F KR RS TE R M I AGT SR, (B .
R, AT XARENAR, ZRAEEESIEREL, TEEMREREETE, N
AGI AT — H R & 9iE .

ZAXE MG ZIE TN TR ARRMAUZEN, UK = H LI A 33 i X IR 5
B .

22. ARBREZNEXN S EE

2.2.1. AL_P: /MRIE—ERMMHA I

AI_P (Al Programming, Al Zif%) AT P 2 FaFIH AT HARSLHUE Gidm A, 8RS A RS 2 H 3k
AR, EamiEaik TR 55, W5 —Hidy e B EAR N HEPLRERA AT e &4
B AX B TALGRIEM LLM, A30K AL P FRN “/NRIE” .

ONGRFE” PR TR A G RAEIIE M S B L. TR T SEHURE L HE R B0 S, 2
BEYE. B tE. ATIRE. B, — B ALAERIHEE ST, B4 ER, BEAMNR, 4R LR
IIE o

75 AGL A3, ALP #yisf2 “EM” 5 “$U7” Mt. ERsomitsE. fetkiir. ™
AR —— AL PR AR T U | W MOWL R T HE A R DI HAT I

2.2.2.LLM: KRE—RMEOERNE
4[] LLM (Large Language Model, KiF 5 A8 A /& — 20 4 1 g B SO 2505 13 B A E S50

DOI: 10.12677/etis.2026.31001 3 MAREAR GRS
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SO, EAVEE RAE A BUE R S 30 if-elses ), TR I I B O AR OB PR R, JE T
BT T o

£ AGL AXE, “LLM” HAEs4in LLM, 12483558 LLM DL i LLM 3RZ) 1R FH (AT Agent) ]
Rk, ATDMEE MR AR R KRR - BT EEGE. e m%EE. KE . 1E GPU %8 iz
17 REUR A RAE CEEGRR R fhimisetk . e R UmEin .

CRYFE” I R ARBUE =AERE: 1) KR —— IS EdEsh Bt 512 token; 2) KREF——
WZRTE EHTK GPU; 3) KM ——ZHMBLOAE 14 5 AL P e A E, LLM A b
MERPERT . 0, [§—A prompt $ABEIK, ARG EIAEIRHH . XK T T LLM — PRk it ”
. CRACNEME., WP BARLHEELRE ), BENSERARAAE BB . 2 3L ARIT B R SCHE L
S

TR AIULEA IS, A LLM B “BM” RfiE, FEAEHE LLM B AR S BRI a3 Wk
5, AR F A RS AR S e MR AR A T i B O IR —— T R R IR R R SO
BRI SR E YRR PR RIIER) . XA RS R R . A O RIS T AN s
Hi” 5 CREMAER 9T,

7E AGL A, LLM #HE M2 “BRE” fft. ©hssBREm. ZWaR]. 65 e i ——/ab 5
HRLe T E AR MEE, BRI .

2.2.3. AGUASI—H #5774

AGI (Artificial General Intelligence, i ] N T2 &) 2 8 2 4 5 AN AH 4 (118 H A ERE 110 AL R4 .
ASI (Artificial Super Intelligence, FZ A T8 f8) & T NRF BRI AL R4S

AR F ¥ AGIASHF #5351, ZFECAENTEARR & — kA, SCIFLERAHFE. M AGI 2] ASI
AEPDAFE B B, T2 Rl — B I R RS Be——4 AGI SR 5, HEBILSEIL “Al Bk
BUEI(Z W RSO IF-A TR, R indiEi, ¥ AGL B At ASL.

23. ARHLENX

23.1. “+7 MENZ—: FEMES53HERE

XA 7 GAERRINE S

BRI ARG E M. XARFAKSM, EEESZZ AR R RKEE R
BERAIA KRR, SR ARE R At 2 “BTMA” « ALP P FiHH LLM, i LLM FH
TR s >k A AL P

232, “47 BN ZZ: “Al BERE”

R AR SRR AR E K, AR St S it FE A KA A
PR SR —NB B iE—— “AL B3R HLEL, 7T DU S %00 XU R G X R RS . BRI 3
IR

Bk % (Self-Excited Oscillation) [ 1110 RSN fih {5 5 1M (AT 7= M E AR RS AR G, 2 — Pk
TRET L. E R B E AL A S L R S R A

Biln, FRH OK G i) “BRAYRLR” wtse i H BRSNS SR S5, SRS A
MRS, SRS EOUEE IR, EEERIRIUCK GRS, SRR ",
R AE S[R3 15 5 70 AR PR R 1) PA) A0 3802 i B F i e 7

“Al BEIRY 7 5 EESIRG FEHBRALL, O8RS AE LR, P2 R T “uiny
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BML” o fE AGL 23T, AL HRERE I MR —IKEETT, #RRE LLM 3145 1 5K i TRkt I 2575
AN AR LLM B8 — R T, #ERE ALLP 345 1 5 5 K AR BE B ah ok AR B 47 A
T TR I RGE I B R N BOR BE R TROR, iR ie K 1T, AR AGI.

Ak, BB BEA AT RS, “AE” X AGE A REEE X

WAL “XUR EHE” RORELMF: AL P 5 LLM #i52 AGL HAS ©He, PN iz ) m) DLE
FAHESDAEXS T nad, BEAE WA FE AT, HET BRI, TERC “BRIY N, {3 AGI(ASDFGHE K

JE,
1\

LLM INET:
W/

“AT B3R Pl = K

2.3.3. AGI(ASHENR HEIR & 4ie

M AGI AE, AGIASHEDZ “ KZmfE” + “/Nnfe” MR Gt XMRARE, AL 7T K S
G 2 [ Eh & . 1 H i T AL P 5 LLM XU Z B TE R “ AL BEdRS 7 YL, 159 FE nT LLR P
J B NI Fse B sh ik, [RIUEE AGIASD AT /& B R & HFE. = TX—0, T IOKAEIEGN
.

2 NATE U “pEe R “—U1Egmfe” , X —iHEAURRE N AGT A XSRS T B
fift o

3. EM AGI AREARBE: ETLOXNNREHR

T AGI A, FATAT AR E ARG AGL X HEZ Al SRR ER PR BT R Z)
M, E R T 4 UL .

3.1. #ig 1: AGI WAR—HINE &%=

AGI FIAJFUSLAE B Bk & s
BCRASURRL IR . M AGEATIIR, LLM (KR ALP CMRFD) IR RS« HLHSR
FELIAMNN, WRT AGIRELETEH.

HARREIT -

o GifE: MWAGI AXEMNE, AGIASDHRIE “RGife” b “/Ngfe” MEhn. FrileE e —f “4g
%D”

o RA: XEHGWAEM. R CRGIET KCONERET I R M HIRAER CRgIET bR

CONIRFRE”, HOR KB SE SRR “IRE T {EH .
o B3 HEANAGIHE, AER “RGIRE” L2 “/NMRfE” , #REN “A317 wmIEN B, TaEk
AATENLRTI, HIM AGL L8 H E4K.
ZEAER, AGI A HER SRR, XA AGLIE X : BHAK. HEM. EsHaT4 R
S RRES N TR e

DOI: 10.12677/etis.2026.31001 5 MAREAR GRS
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3.2. #i$ 2: AGI HUEESIBEE?

AGI 1) B FERVET H shgmts .

H F1%(Autonomy) & AGI X7 T4t Al WREBERHIE. — D RGEWFRN AGL, LAREBER A A
FRFF BTG B U8 BEAE . R, ek, ATsh DA BIRTE B A, AGL B9 E FE MM
k2

Z I, LLM #&# T A28¥% 11 1 $2 7 17 (Prompt Engineering) [ 12|3ET7 0% « S5 ML R TR TNR 45 AL
PR, ATIFRRERAIRE. A, XAERERE AL TR shm RLRES .

Bt R AT LLM %24 1 2% T B R B (Function Calling) [ 13]FF R 242 AL P f¢ 2 . IE41/vK
KA BN TF NP AERIFT S [14], 4RI Agent 7EIRHGE BRI 7L 1R SCE, AMUBEBE A5 R
—FEIRDT R R R, R A EEERE KT . X RS R PR ARSI RS, T2 R
it 24 Agent HATHE BB WS NADAL P). P45 R, FEERFEH. 24 AL P ANHEARHI AL
T L F B EAMURSRT, LLM E3R75 7 3 3 oodk B SIS 4E 4 . BOARLE AR 3aR IRe 1. 21k, 6
T NFSNET TR B FE 1 AR E S R

3.3. #iR 3: AGLEWATIMLHE? —ET “Al RIS HH

AL P 5 LLM M E R AHE IG5, TERC “Al BEdRYG” B, (2% AGI F85gidtit.

% —4F(2025~2026 1), AL SURESEE S NHIZ. JUFEA H & A B0 AR s . Ais e
A R — BT 2 70%~90% [15][16], BLAHERRRE I “ B4R T2 L E] “ 5 3 HEH” , Agent
REAIAN “BUD T HRA” RIER “28 BRI [17]. XMhod B AL G 0 & B AR A TCVL il RE

HWRIN “Al BEIRG” FUHIkRE, Xein] SRR IF R . Hsir @B\ T:

e fELLM U3, AL PREAPGEIET!: AlZwfe THMMRISAERRES . WREESD. ThE A BRI

BERT
e LLM %ZaiT Al P: LLM K13 7 B KM 4afe T H. XEWE LLM M ZEdE (SRR,

(A s A MHARTFE(E BN E) &R A3 2 7 9387 . LLM ROHERE B8 ) FIARRS A= B 77 R Bt

HIETE.

o EMEE, MERU: BRIER, RS EEEY. Wb iEm A e, e LA

XA AL HEARG ” ML B —— B MG ERE b — MG B3RS Fhnis, e Hon K i k.

XA AGT AL IH B 1 N AR AR SR A

34. R 4: RRAFRRMT “BEH” Anthropic 5347

M AGI ARE, Al &Ll AGI 1R AR 845 . Anthropic FEHEIUE TiX— g1, MM & 740
S s o
M AGI AFKE, ALP Z “Al BEdRS” Bl OCE—W. WA TR ALP, #ERiaEE LLM
5 ALP JEBURZIN “Al BIIRYG” , WA e AGL. RIS L. U T AL Zfe, #idiE T
AGI X8 . M Anthropic MBI EEIIHR— %I, ARsHER T 7 IX— KB
Anthropic )& R PUZEEHIE 13X —HI W[ 18]:
e 2021 4F: Anthropic BI57, AIENFIFAFHZIEH K AL A .
* 2025 %#]: Anthropic fi{E%) 500 12370, 1% OpenAl 152 A AIAT ML A5 -
e 2025~2026 %F: Claude RHEAA Claude Code HIEWELE, FEmMFERE JJ(AL P) L& T B EMH.
Claude Code #/ ¥z I\ A& H AT ok 1) Al ZwfE T Anthropic FHISZ) T AL P 5 LLM ] “Al H

DOI: 10.12677/etis.2026.31001 6 AN AR E5HEE RS
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WARG; " HL: Claude B3] Claude Code 4275 5 3%, B 58 1] Claude Code /it 5K #HE Bl 25 K i3 Claude
TR A L
e 20264 6 H: Anthropic 56k H #e@h%E, AhfE &L 9650 14.3276[19], I T —HEHAEH OpenAl (fi
{H 8000 12.3570). MM A HE HMEE, AW T Anthropic ) AGI B&AE I IERf 4
—5K Al AR PG E A, BT i B R . Anthropic ffIEHI WEIA
FED A Z LA T AGI AXNKIMFERE T Al fEEEE LLM S E BN S, 2z LLM itk
Rz 51 %, B4R, Anthropic s | “BHEM” , (i 7 IEMRERASIESE, I IEEBCRIERH .

4. KK Al ZRAOTNERE

R 1 & 4 RIS . LR AARHER 5 2 11 H2 IR, H AGL ATk AL K
E.

4.1. ¥EiL 5: AGI LRI BT ERE

24 AL P ZwfE S FRILF] 95%, RITFHE AGI AT .

—ANERAE LA RN RR LS TR AE IR 5, R IRMER O A RIS . AGT A — AN SE A ETE
T, BN “AGL BREREESEIL. BIH DA EAG $t T — T BRI bR, XN R
e A,

IEWnHE 2 Frik, AGI (I E EMRIET Aahgfe. — BSLBl 7 & HSHE, LRIUTESEEHE
WHH, AGI #w] LIET TR NI TR O B E5E M, AGI oAk, B, ifs B ah e A
W AGI SEIURES I B AE AR B AR 7 -

28R, PSS RE B 24182, TR 100%9RFE H AL R R 2 — M e K il /2, 1B
AGI 5EA T T NFAN T T2 A NI SRR o AN FRATAT LGS H— N0 B 5 R E R A A 4 W dr
AKX — BE BN 95%. 7 BRI, 95% FORARR— AN KM, 1 AEREH 180 T . 1E 95%
T AE 100% 1) i A 2 -

1) 53] 95%E ZLRRS, “Al BEIRYG " Bl O BB, AGI i H B Ca AT i,

2) FIRM) 5%A H AT 2 Atk G5, HAFEIF A0 AGL 54K B F YL

3) B TIXAME, AGI FIRARTEREL, A “RIRMAHENE” 2B Hi BT

KHEBH T 5K AGUHBbRERTREAF[9] [20] [21], A AFHERH “EIRWBLEL R , A
AR BB LR IAE” , A ATTREH “EF M ETTIRE” « AT IIARAE E SR 2 330N [F 1R E]
TiH . ARSCESE AL P ife B E R APRE, R MERSEIIEAAH K, RS AL Jife 2 AGL LIS %
RO IR R

4.2. #iL 6: AGI HHABRHERESSIR?

BT A2 B E i EedRbR, 1E#E A AGLR T 2027 R ARSI

XA SCHR A EAR Y 25 2 Bl ek (RIS 56 ) Tl o VO AR G T

A 2026 4E 5 H, Al P [4nfe H 8k F——LL Anthropic 2 7 FIRECA 7 ATF W EHE NS % ——
ik 75%LL B[15][16] [22]; TEMERENRALmIET, BIMLEATRRER—LL, (HFEDEERT.

FIEE] AL HIIRG ” HUHIH R TSR BN, AT G HT i H 03K (75% BA_E) PAEZR
AN 95%, LiEHIWT: AGLE T 2027 SEREA L.

TERNZ, &7 TR B A5 DG (8 2K B H b B 7T e AN D)
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e Elon Musk: Tl AGI T 2026 4E &SI [4];

*  DeepMind CEO Demis Hassabis: Tl £] 2030 4, A 50%FIAEZ LI AGI [23];
o PMEX: FHIN ASI A YAE 2 N SLI[5]

o ZIRWA: TE “2026: Thisis AGI” [6];

o NKEIEF: TN AGUKALE 2 FENSLI[14].

4.3. #Eit 7: WRATRREAHERLSI AGI?

YE#4 % 1T Anthropic A 7.

XA SEARSCHE 1 55— A BRI 25 5 A T RS 56 (9 F300

FERTTHHE®R 4 1, FRATILIR T Anthropic 1X F AR A R I\ — IRt 5 B HUE T 5530 AGI [ OGHH,
REEAE——AL ik, SO0 TRHERE, IR TR R, BAME O AT OpenAl. iX{f
3 Anthropic 7E Al 5& 4 HH IR T HONAE R, Rk, {E#H 5245 Anthropic A #] .

AP AN — A

%2026 4 6 H#¥J, Anthropic FEAE W CHREF] 470 1235 70[18]. TTIX—HIRAE 2025 SEHIN 10 12
Tt TN RFEEON A, FHIGK 28 00 BEUEFEE 2 OE SR 1 X AT R B F AN A RIURON
K054, SN e R /BB TR H B ISR ST, A A R A B SRR B SR

PE#iE, Elon Musk JE R 1) xAl MHOCEEAR S FERE A 22 J775K T4 GPU)S Anthropic /77E7E7E /]
PRI FEI[24]. IX MM 6B Anthropic JFUAHRAE KB AP R B8 U5 S 47 o

BT I, TR IEOR R4S, E BRSNS S AN SR INEE,  Anthropic F]1H 2
ERATRET—5. WA g2 AGI A2 5L & WL .

4.4. HEiP 8: ASI BESCIRAG ?

RESEIL. ASIMAE AGL LI JE BRI K, 3 Z [AIANFAE 75 S0 Bk X P VA o

AGI A2 PE T X ——AGIAS)——C&HR T IX—45 . AN AGL 5 AST AR F 2[R —it
TR B, T AEPIAN 75 253 i 0w AN [R] “ HE R

SRR L 2 AGI S )5,  “Al BEIRY” MR F1E, RIS AGl RE%
i i LI 100% F SR AL P SR#E—5 0ot LLM, XAMIEDFE, 7EA 3] AGI 2 5 AR IFRF L
A HI

4.5. #iL 9: AREREESNSISEFG?

AGI AASHFFIX Wt W R NI RERE A Ay 105 S A2 .

xAI @45 A Elon Musk %54 N EAEZ MG HRBIA[4]. AGL 2GR SRR MRZIN . B
AL TS

FETHEMLR G, Bootloader (51 FH2/7) & — B A7 i /£ ROM HJE {4 b (R FE At ARAD o & B D BEAR ] B2
HARGINHNS, Bootloader ST WIMA ML IR EEA I BEFIAME(CPUL WAE fA# 1), SRJG ABEZE - m#of
JR B IERI#RAME RS Windows. Linux). Bootloader A& AR#IE RS, EASHBRERGHHFZ
17, erfEay R —A: MERA L E DR RE 2 MRS, — BERIERSE315EM, Bootloader ffiR [H 4
Ja, SEHAEHIRL

MIZAKEEHKF -
o AL Am)RI Bootloader. L FT4EMICHIRAR, FAIGNE 74 B, IHEHRE. 3
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EAR . BB N TS, XU T “YIRREE RS .

o AGI(ASI) (HEFHAam) BB R EAE RS s THEANREE AR ECS s B, W

%y b, AHEE AR I 5] ST .

o AKGEIFEPZHEFH. ALPELLM K “Al ARG " A2IE A5, AGI SEIL A E .

1 AGIASDEBCNAMG ) “ ASNRERIE” KRG8, WHHA T R —285= 0, s —YVEE 2%
MY RG] “BAERR” o IEWTE BRI S Z N — “HR” Ay —Fh “Eeffidit” , AGI(ASHHREM
—/N TR AR IS AT SRR .

— HOXAMEESE YR RRIRIE RS Wk 51 S8 80, e LLRTET AR I B AN U RS
BT ——NETF R BRI, MR IR AR B4 26 B NG SR ) A a7 IR — 2B AT T o
14N BIOS WA MR RGEZNEEAF R, AKK SR AERIEERE RGBS B AR %
b,

XANERAEIZHE FE BRI —— R IREEZ T AGL AU “Al BIERS 7 HLH, REUIR MEA 2 X
AHER . EIFAREIRE NER “HT” , TERE NEMAORIRANEREA . WSCHM “BIE RS YN
SCHAR) “HI SRR o IR AMEAFER BRI AR R

4.6. #EiL 10: AGI ZIF AKITEETHA?

NFEFH AGLFE RS BRAFRN A AN T B2

WS 9 Bor, RBIAZEE Bootloader, AGI(ASDE “HBEAEERIERS” , M4 N EE M
“RAMNEITE” HAR C RAMRS RS .

EFENAESRGT, BIERGEREZG, HEIFENLET. B BN MR
PR RE4Ed TREG . BEORHE 55, XA A <) 8RS, (HMA1% B vEIERS
(IS AT P AEAS P Bl (1 IR 55

AR
o JFREFNH——AGI SRR Z 681, NI R AREE ) s IR
YR R G ——F4k AL P A1 LLM [ bug AR, NRGATHT
ol 21 -

AGUASI HARGRK, (BT o 3R B EE . W R e s A N R il A FI 4, A N
TEX—H TR A AT R NE

NZEATLICN AGE AW kb 78 B it 5t , L2 AGI M Jeik FATSREUBE , 56 AR ks . 3=
MURAT, HE AR PR S AR B, S

T = 1 -
o AWHHTREETRL WRERIEARLE. R WAAY TR BT R BEARGIHE, R EE O
B

AR AL BB R (HAL AU, EIRRMILER R, EERCLHEE] T AGI(ASI)
FH—— AR REE” , T2 “RSEMEE

4.7. ¥R 11: AGI ZFPEBRIF IR AREL

AGI FERE KR ToT thBIERAIAEHIYFH 7, ToT B K AGI Mk HER .
M AGE A K, FATHAT UG H 2450 LLM — ANk ik : H e 2 5w 5 E B
A ARE . BB, (XTSRS SR E AR A TR . LLM 218 “IRE7 1IX/MEME X, HEBEsSE
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IR P (] 2 IR FE s LM BR A8 A b Lo N3 HIARES, (R & o0k BRI R T B R B &

AGI BESZHIEIER “EH” , MR RIGE “Tit” —EBARERA . By, IFRET-1
YIRS AN AR TR, H KM (Internet of Things, 10T).

7E AGII AR, ToT K i A

FNBECRAZ): 10T A AGI Syt 500 s BB —— R RS EER R EE . A2 R0,
Bah5). Rk E R AEINE R WAIBATIRE - BT ACTH ToT WAL AGI ) “IKE R
47, ik AGLRef® “FR” . “UrE]” . ‘7 YRR,

HHEEGITE): AGLIEE loT #EHWEH AR EMAR — TR XE. BB E, Tolk#i].
BEIRTT . BT @R 10T J& AGI fEVIER S ) “FAH”

SR, AGI KN ToT ik — MR K& R AR A EHE B —— N R k. H 2R IAE
[25]: AT AISIURZAEVE . Ko A% . RAMIIRE T2 30 YEREZ2 AR REESE . w4 inl AV
WERTTRAME, TFRBUAR R, 1 HSE R AR <& 27 (R s 2 AR a8, g™
RS ) TR ML AR S (15 DA RCRAR, 52 T Ak 35 N BE N s B AR AR P« BRTE, BE AGI I EISR,
TR TR, BRI R, HOR A T i

Zi EPTIR, AGL XA “HPRE e E RG” T2 RIWERMR 7824 “RRE T, TR
K AGI B ) e IRAR ARV AR, AT 3 AR AT G P A e G £ o

5. BEFRKRKRIIE
5.1. #%0 B8O

AR T AN ER ISR A AGI AR AL P+ LLM = AGI(ASI).

AR, ALP(MEIFE ALGIFE, LLM CKgife) R i & KRR KL (AL Agent), T “+” 1%
KB MIRE A DY U “ AT B ARG ” ML —— 15 SCBE IR B  12E R A SOR, i3
Jig L, mZFEm AGI A ASL.

5.2. 11 FHERBL

BT AGL AR, AAFH 11 %4, APk
FRBEPEHER (R 1~4)—— R AT AL /Rl A R I S5 A«
o IR 1: AGIIAZ “HZNREHRE” —— KMFLLLM) S5 /MMafi(ALP)MRLE & B 3hk;
o HER2: AGIWHFEMIET AL P AL A H 3 4FE, [ LLM 68 B 3k,
o i 3: AGI HHHMEEFEIET ALP 5 LLM Z[HIff) “Al H#ERY ™ Ll
o it 4: Anthropic 7F Al 4% LIS ARIE T AGI AX——3UET ALP, #HET AGI 1%
.,
TRMPEHES G 5~11)——XF ARk AT & {7 -
o HER 5. AGISELRIHIWARAE——AL P ZwfE H AL R IAF] 95%;
o IR 6: AGIHET 2027 FFEEASIIN;
e HEiL 7: Anthropic A Rl &A I REZ LS AGI;
o JE8: ASIAEHESZIL, HE AGI 2 Ja'SBEm ok, — & H R,
o HEIR9: IRF CAFREEREAEMNGI ST WA
o HEIR 10: AGI ZJ5 ANFN AGIIRBERS——3KEFRIT . BN T o BEAF 41
o HEIR 11: AGLIHES) VI IR A AR K o
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5.3. ERpERMESEN

WAUH Y AGI 2 U e RS A H A 1R PR - EANE SR SR — VR R BR R ™ R A T
AEE “EVERRIABRA A7 B “ BRI A7 SELAARET I, A BRI U & — S 1)
REARGN . ERTEE, 2 MBI PR ARG — R o BriESE, DU “outta” JFHt
“Hanfr”

AGI A3\ T AGLEZE) “ 287 (AR S HBOR LR #bLG —— G R T e R i — 0 5%
25

= o

54. REIIESME

BT AL, DU A RREERIE R AR K TAE T -

1) AL_P e AR IVRFBHEE:: L RGHIARIITE, DUIRIIE 2027 45 AGI T (A R 15

2) AGI Z4A 55X 55 . Wik 2027 4 AGI HHIER, B 2at i m e H o, &k
HEREAR ST I 5

3) Ja AGI RIS 52 TEE MR T W RIER 9 AIHER 10 BOL, NRAEa i BAERIE . #A .
AV 3OS R TR 2R A

4) AGI & ZNFIRAR ST TT: BIFRHEE . PAFIRSS, SRR s

5) AGL 5 ToT MR &H AR FL: TRZWAFIH AGI R 0T NI LIHE AR EEAE, A 11 1
SELAH T AE S .
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K X
MR HMEEEREAERAR, L7 Mx
Weks H#: 20264F4H3H; FHHER: 20264F4H13H; KA HM: 20264F9H29H

wm B

A FETFQEMU vexpress-a9-F &, HBEL FHEHKIRT-Threadifid¥ 1% . #iZarm-none-eabi-gdbiZE
B, BERSG LB, MMU/TURE. EHHL. SEZAE. FHRESRERINETRE; HXIRT-
Thread KBS ERIRZFAT A AT ULEA o
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Using QEMU to Analyze the RT-Thread
System

Ge Zhang
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Abstract

This article is based on the QEMU vexpress-a9 platform to build a hardware-free RT-Thread debug-
ging environment. Through the remote connection of arm-none-eabi-gdb, the entire process from
system power-on, MMU /page table establishment, heap initialization, multi-task scheduling, inter-
rupt exceptions and device drivers is tracked; and the entire initialization process of RT-Thread is
analyzed and explained.
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1. 5|18

EMARRGIH KH, AR TEAZR T4 6. RS SERUE, MEUPEEr Esh. N
EEH, ZARSSHE LIRS . QEMU [11ENTFETE 2 RS, BeW% 58 8L ARM Cortex-A9 1%
SoC 174, ¥ RT-Thread JEHEFAA. T HEE MIRR SWAEAEE . AR CHT QEMU vexpress-a9 [2]HL4%
P — 2 M ik 5 30 3 b 7 5 15 & RS T AL AR 456 GDB e F pr s Se IR A 4% 50 | T R
AR SEADIRESIRES, B R B MBS S R, IR AFR# RT-Thread i847HLEE, FFnl¥k
WA RIS 2 BEARCR, RIES R & 5

2. #£# QEMU F& T RT-Thread iR
2.1. QEMU f& 4y

QEMU Z4iJi. B FEr [ RAEH + A% BaSSEI0E %, wrEm 2L s AR R
CPU Bk 4 & 1) — 2 4Ch
o IRAYMIE: FT TCG (Tiny Code Generator)s) & —#EfIEI R, 41 B brdE 2 BV 4 5 018 FHLHE 4,
% FF ARM/AArch64. RISC-V. MIPS. PowerPC. x86 % 20 A& FhZEH4 .,
o WEMAIEE. NEH O, M. 8. USB. PCl-e. Flash. SD. CAN %5 K& SoC #M¥, mJ#H]
4l Beagle/VExpress/Raspberry Pi/i.MX6 %5 KR o
o £ SMP: ¥##% CPU #. NUMA. GIC/IO-APIC W% ##%, Wi /& RT-Thread/Linux SMP {7
o AT $2Mt GDBRemote. QMP. Tracing. Semihosting 21, WS, M0, BEE TGN
N, 2l [ ITAG ] JERSZ0ER.
K QEMU BUNRARIF K - RGERAFIRAIE  FFERER IS B s R A v Bk TIE T 5T 6 ]

2.2. RT-Thread &1t

RT-Thread J& —3KE N BRI, 228, AR SERE1E RF(RTOS), AT 2006 4, LN
IRA I 5T, SCRFTEIRSZ BRI H 28 (MCU) 2 2 1% N AL BEZ8(MPU) . HAZ 0 %) 3kBROM, 1.2
kBRAM, it EHALA M TCIRY R, USRS WGP B WA HEL S & UhRe,
IECHFE SMP. BhA&MEL, POSIX. C++. MicroPython %5 =4t 7ETFUEAL X sp FRATAT L B He b B AR HS
BEAT 2 20 FL. 34k, RT-Thread W] LLEH] qemu BEAT 05 EHIK, an%txs armv7 22491 vexpress-a9 ¥ 5,
PLJ armv8 4244, riscved SEH AT LA BT B o AL ZELL vexpress-a9 A 5 AT AR, EHIWLAE
Fl VMware® Workstation 17 Pro 47 Ubuntu20.04.

23. HEFIFER

e 223k gemu
sudo apt install -y gemu-system-arm
o M git R HUERYS F] Ubuntu M5E(E 1):
git clone https://gitee.com/rtthread/rt-thread.git
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:~% git clone https://gitee.com/rtthread/rt-thread.git
Cloning into 'rt-thread'...

remote: Enumerating objects: 3083021, done.

remote: Counting objects: 100% (5029/5829), done.

remote: Compressing objects: 180% (2242/2242), done.

remote: Total 303021 (delta 3373), reused 3550 (delta 2748), pack-reused 297992 (from 1)
Receiving objects: 100% (303021/303021), 882.73 MiB | 3.08 MiBfs, done.

Resolving deltas: 100% (222356/222356), done.

Updating files: 1 (36348/36348), done.

Figure 1. Source code pull request

B 1. IRRSRIER

7f Ubuntu I 223558 X 41 1. H arm-none-eabi-gcc

FBHTE: sudo apt update;

LU E J7 B FEARAR : sudo apt install gec-arm-none-eabi binutils-arm-none-eabi libnewlib-arm-none-eabi (14| 2) .
:~$ arm-none-eabi-gcc --version

arm-none-eabi-gcc (15:9-2019-q4-6ubuntul) 9.2.1 20191025 (release) [ARM/arm-9-branch revision 277599]
Copyright (C) 2019 Free Software Foundation, Inc.

This is free software; see the source for copying conditions. There is NO
warranty; not even for MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.

Figure 2. Toolchain version information

B 2. TREBMAER

i & RT-Thread &%t
K AFAEH vexpress-a9 *F- & #E 475 B, 75 L 1E rt-thread/bsp/qemu-vexpress-a9 H 3% . [A 4 vexpress-

a9 RAUZAL RS, (H2 WAL E R AT SMP, X WAZH TECE (K 3).

(Top) = RT-Thread Kernel

klibc options --->
(16) The maximal size of kernel object name
[ 1 Use the data types defined in ARCH_CPU
[ 1 Enable RT-Thread Nano
[ 1 Enable RT-Thread Smart (microkernel on kernel/userland)
Enable AMP (Asymmetric Multi-Processing)
(1) Number of CPUs
(8) Alignment size for CPU architecture data access
The maximal level value of priority of thread (256) --->
(100) Tick frequency, Hz
[*] Using stack overflow checking
[*] Enable system hook
[*] Using function pointers as system hook
[ 1 Enable hook list
-*- Enable IDLE Task hook
(4) The max size of idle hook list
(4096) The stack size of idle thread

Figure 3. Kconfig configuration interface

3. Kconfig BLE R M

nik FARAEI, A scons iy & IS RE M Z (A 4).

build/kernel/libcpu/arm/cortex-a/pmu.o
build/kernel/libcpu/arm/cortex-a/stack.o
build/kernel/libcpu/arm/cortex-afstart_gcc.o
build/kernel/libcpufarm/cortex-aftrap.o
build/kernel/libcpu/arm/cortex-afvector_gcc.o
build/kernel/src/clock.o

build/kernel/src/components.o
build/kernelfsrcfcpu_mp.o
build/kernel/src/defunct.o
build/kernel/src/idle.o
build/kernel/src/ipc.o
build/kernel/src/irg
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build/kernelfsrc/klibc/kerrno.o
build/kernelfsrc/klibc/kstdio.o
build/kernel/src/klibec/kstring.
build/kernel/src/klibec/rt_wsnprintf_tiny.o
build/kernel/src/klibc/rt_wsscanf.o
build/kernel/src/kservice.o
build/kernelfsrc/mem.o
build/kernelfsrc/memheap.o
build/kernel/src/mempool.o
build/kernel/src/object.o
build/kernel/src/scheduler_comm.o
build/kernelfsrc/scheduler_mp.o
build/kernel/src/thread.o
build/kernelfsrcftimer.
LINK rtthread.elf
Memory region Used Size Region Size %age Used
arm-none-eabi-objcopy -0 binary rtthread.elf rtthread.bin
arm-none-eabi-size rtthread.elf
text data bss dec hex filename
540579 35004 84128 659711 al1eff rtthread.elf
scons: done building targets.

B N |

Figure 4. Compilation results of source code

4. IRRSSRIEEER

Y PR 52 R BT BA#E ) gemu A1 gdb T EL b AT B BRIB A48 4 2R T (B 5).

$ qemu-system-arm -M vexpress-a9 -smp cpus=2 -kernel rtthread.bin -nographic -sd sd.bin -
WARNING: Imagc format was not specified for 'sd.bin' and probing guessed raw.
Automattcally detecting the fornat is dangerous for raw inages, write operations on block 0 will be restricted.
cify the 'raw' format explicitly to remove the restrictions.
pulseaudlo set_sink_tnput_volume() failed
pulseaudio: Reason: Invalid argument
pulseaudio: set_sink_input_mute() failed
pulseaudio: Reason: Invalid argument

8 $ gdb-multiarch rtthread.elf

Copyright (C) 2020 Free Software Foundation, Inc.
License GPLv3+: GNU GPL version 3 or later <http://gnu.org/licenses/gpl.html=>
is free software: you are free to change and redistribute it.
is NO WARRANTY, to the extent permitted by law.
show copying” and "show warranty"” for details.
GDB was configured as "x86_64-1inux-gnu".
"show configuration” for configuration details.
For bug reporting instructions, please see:
<http://www.gnu.org/software/gdb/bugs/=.
Find the GDB manual and other documentation resources online at:
<http://www.gnu.org/software/gdb/documentation/=>.

For help, type "help".
Type "apropos word" to search for commands related to "word"...
Reading symbols from coo
(gdb) target remote :1234
Remote debugglng using :1234
in 2?2 ()
(gdb) b main
Breakpoint 1 at : file , line 17.
(gdb) c
Continuing.

Thread 1 hit Breakpoint 1, main () at
17 printf("Hello RT-Thread!\n");
(gdb) I

Figure 5. QEMU single-step debugging
5.QEMU B ZFix

3. RT-Thread B 1947
3.1. RT-Thread E—M B BRNRED

AN EEAS 4 RT-Thread ST R R 3D 51 MY, XEE UG EERANC R EE S M. FEHAT
AT cpu TARBAXIIENL, ¢ IsITHERIAIIaHE, IFXE mmu BEATHIARAE, ST RESOURT B A A7 R S
KER, RIS OS FAMFIVIIR RN TIs 1T T 256 1F

4
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3.1.1. BEIiEFAOR
RGN G AT BALT 0x60010000, HALIERUFHIAEREE, $—F2EMNBEEREASE 6).

(gdb) disassemble Ox60010000

Dump of assembler code for function system_vectors:
<+0=>: 1dr pc, [pc, #24] H
=+4>: 1dr pc, [pc, #24] H
<+8>: 1dr pc, [pc, #24]
<+12>: ldr pc, [pc, #24]

<+16>: ldr pc, [pc, #24]
<+20>: ldr pc, [pc, #24]
<+24>: ldr pc, [pc, #24]
<+28>: ldr pc, [pc, #24]
End of assembler dump.
(gdb)

Figure 6. Vector table information

Bl 6. mEXRER
_vector_reset AbTRUE 32 A7 EUMH_reset FILENT kL, BEACII Bk B4z LE PC BEALE] reset 1 E .

3.1.2. AL BSS MiAtk, B MR AR
FAZIRHL cpuid, id WHSE 0, WIARFE MUHTZE cpu, #EA normal_setup (] 7)

/* disable the data alignment check */

mrc pl5, 8, r1, ci, c8, ©

bic ri, #(1<<0) Disable MMU */

bic r1i, #(1<<1) Disable Alignment fault checking */
bic ri1, #(1<<2) * Disable data cache */

bic ri, #(1<<11) Disable program flow prediction */
bic ri, #(1<<12) Disable instruction cache */

bic r1, #(3<<19) bit[26:19] must be zero */

mcr pl5, O, r1, ci1, co, @

@ get cpu id, and subtract the offset from the stacks base address
bl rt hw cpu_id
mov rS5, ro

cmp rs, #o0 @ cpu id == 0
beq normal_setup

@ cpu id > 6, stop or wait
#ifdef RT_SMP_AUTO_BOOT

ldr re, =secondary_cpu_entry

mov rl, #O

str r1, [r@] /* clean secondary_cpu_entry */
#endif /* RT_SMP_AUTO_BOOT */

secondary_loop:
@ cpu core 1 goes into sleep until core © wakeup it
wfe

Figure 7. Source code of reset jump

Bl 7. EfIBkEEIRD

o stack setup: IV LRI T HIM, Armv7-A ZR S 2 R3], AR AN E R sp P A7
%%, XHX} SVC, Undefined Instruction Mode, Abort Mode, FIQMode, IRQMode K sp #4717 4]
G1b. SVC 13 N sp 7T stack _top 17 & .

e bss loop: X BSS ufizs (6] AR HEATIEZ, BSS i aafeE Witz T bss start f1 bss end, %%
S B AR A e (] 8).
3.1.3. TURWIBK4]

Vexpress “F- &1 MMU $.50, RT-Thread fEig 47 2, bbbl a) R FH g s bk, DR 2255
X8 R B b bk S R AR . X B B T iR, A DUR LS I B TR /N 1 MB.
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W H SRS E AT MMUTableo U032 SEHRE LU IE 2 B U hE R e i A 026, 78 MMU flifE ), PC %
A7 A5 V7 0 A b 20 2 RR L, TEVURMIAC &2 5T, FiSBihl, 4 aevim 247 LT 4.
TR PR T HbE 15 BAN, 6 — SR B, RS, FRARICHEEDT 9 4T A . armv7-A 22
IR — TR [5], W R E 9 Fiaw.

stack setup

/* clear .bss */

mov re,#o get a zero
1dr ri,=__ bss_start bss start
ldr r2,=__bss_end bss end

bss loop:
cmp ri,r2 check if data to clear
strilo ro,[ri],#4 clear 4 bytes
blo bss_loop loop until done

#ifdef RT_USING_SMP

mrc pl5, O, r1, c1, co, 1

mov r@, #(1l<<6)

orr ri, r@

mcr pls, ®, ri, c1, c®, 1 //enable
#endif

/* enable branch prediction */
mrc pl5, 0, ro, c1, co, O
orr re, ro, #(1l<<ll)
mcr p15, ©, re@, ci, c@, ©

/* initialize the mmu table and enable mmu */
1dr r®, =platform_mem_desc
ldr r1, =platform mem desc size

Figure 8. Stack initialization code, BSS initialization code

& 8. #4N%R 1L BSS #iR{LIKHT

31 24 23 20 19 18 17 16 15 14 12 11 10 9 8 5 4 3 2
Fault IGNORE 0|0
I S N S
Page table Page table base address, bits [31:10] M| Domain (B S B|O]|1
P Z z
N n A TEX | AP ! X
Section Section base address, PA[31:20] 0 S|P M| Domain C|B|1|0O
S G [2:0] [[1:0] N
(2] P
. [Supersection base address Extended N n A TEX | AP [ | Extended X
Supersection PA[31:24] base address S 1 G S|P (2:0] |[1:0] M |base address N C|B|1]|0
’ PA[35:32] [2] ’ 7| P| PA[39:36]
Reserved Reserved 1|1

Figure 9. ARMv7-A level 1 page table type
B 9. ARMv7-A —R IR LR

—RHOIRA LA 4 PR, IX ST — R TUR IR 5 3 Bl PA[31:20 AW B UUHE A e ik (4] 10

K 11).

* rt_hw_init_ mmu_table: ZREHEH ¢ 15 F LM, BUAERTHHRANICLEE T sve B 1 sp T 1748,
LT X ¢ BEBITHAREYGBN, KRBT EHZMEH c B RERE T, ZRERE
platform_mem_desc ZUZH IR (B X TH],  EESZLEBU R R .

e platform mem desc: ZEUANBLHHE BHHATHIA, AEPIXIK.
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/* enable branch prediction */
mrc pils, @, r@, ci, c@, @

orr re, ro, #(1<<11)

mcr pl5, @, r@, cl1, cO, ©

/* initialize the mmu table and enable mmu */
ldr r@, =platform_mem_desc

1ldr r1, =platform_mem_desc_size

1dr r1, [ri1]

bl rt_hw_init_mmu_table
bl rt hw mmu_ init

/* start RT-Thread Kernel */
ldr pc, _rtthread_startup

_rtthread_startup:

.word rtthread_startup

stack_setup:

ldr re, =stack_top

Figure 10. Assembly code for page table initialization

B 10. TIRABUCHRARD

), DEVICE_MEM},
), NORMAL_MEM}

Figure 11. Range information of physical page configuration properties

E 1. YEnmEER M EREER

Pk 0x10000000-0x50000000 Rit5} 3] L HE 0x10000000-0x50000000 455K, HidikJ& My device

JE

P bk 0x60000000-0xe0000000 k& 21| 2 L Hu ik 0x60000000-0xe0000000 455, HuhikjE N mem

JE

e rt hw mmu init: XEHFG mmu, FEFTIFFELSFEDE cache, [, ¥ MMUTable Huht ¥ & 2] ttbr0
AAEAEH, ttbrO T H F AN 2 F 88 . X B AU i) RAE ] ttor0, A # ttbrl (B 12).

164
165
166
167
168
169
170
171
172
1Lz
174
175
176
177
178

void rt_hw_mmu_init(void)

{

rt_cpu_dcache_clean_flush();
rt_cpu_icache_flush();
rt_hw_cpu_dcache_disable();
rt_hw_cpu_icache_disable():
rt_cpu_mmu_disable();

J*rt_hw_cpu_dump_page_table(MMUTable);*/
rt_hw_set domain_register(®@x55555555);

rt_cpu_tlb_set(MMUTable);

rt_cpu_mmu_enable();

E3179 rt hw cpu icache enable();

180
181
182

}

rt_hw_cpu_dcache_enable();

Figure 12. MMU initialization code
&l 12. MMU #13a1L K AS
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3.2. RT-Thread £ =M ERBENHRIESH

BEBYBEM rtthread startup BRI 46, 1% B 2UTE RT-Thread " I1EFAH 24T Linux PIE% H1 1 start_kernel
PRI, T EHATIR L BSP #1464k, RT-Thread &% 0AHSFIHIIGM, FH AR LB TR A 13).

int rtthread_startup(void)
{
235 rt_hw_interrupt_disable();
236
237 /* board level initialization
238 * NOTE: please initialize heap inside board initialization.

239 *
B240 rt hw board init();

241

242 /* show RT-Thread wversion */
243 rt_show_version();

244

[* timer system initialization */

rt_system_timer_init();

/* scheduler system initialization */
rt_system_scheduler_init();

#ifdef RT_USING_SIGMNALS
/* signal system initialization */
rt_system_signal_init();

#endif /* RT_USING_SIGNALS */

/* create init_thread */
rt_application_init();

Figure 13. Initialization entry function of the second phase

B 13. EMEBEMBAADEE
void rt_hw_board init(void)
J* initialize hardware interrupt */
rt_hw_interrupt_init();
J/* initialize system heap */

rt_system heap_init(HEAP_BEGIN, HEAP_END);

rt_components board init();
rt_console set device(RT_CONSOLE_DEVICE NAME);

rt_thread idle sethook(idle wfi);

#ifdef RT_USING SMP |

J/* install IPI handle */

rt_hw_ipi_handler_install(RT_SCHEDULE IPI, rt_scheduler_ipi_handler);
#endif
1

Figure 14. Board-level initialization of the vexpress Platform

[&] 14. vexpress F S RFANIEL

3.2.1. RT-Thread #RBZ ¥R M ER

REWIIEAS & AR CPU & H (K 14), R EXS cpu NS I BARREE7014610,
Wrishlas, REHEXIE, HOITH, RGN tick 5.
* rt hw_interrupt_init():

O 55 I ER K E R VBAR;
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@ YIgaik s f#5(GICV2 1 distributor/cpu 2 11);

@ WIUHAL isr_table HUAH, 1ZECAE FA M WTE B
* rt system heap inittHEAP _BEGIN, HEAP END):

HEAP_BEGIN & X 4__bss_end, ZAF& HBEEIMALS L, AT bss BRHISS RN E . HEAP_END
A DR S bR A2 KN E E o X B RIE heap MIIX[H], #57 RT-Thread FIHEE FE 2% (rt_malloc/rt_free
).
* rt components board init():

2 INIT_EXPORT() % 74 B AT 4 A R 4% BRI 4= R e — b, IR EE RS AR R 30, i AR Refit

“AREPHZE . AREAKIIZRAR” WAL EEfE/ AR WI IRt (K] 15).
#define INIT EXPORT(fn, level)
RT_USED const init fn t _ rt_init ##fn FJHeBIN(".rti fn." level) = fn

Figure 15. INIT_EXPORT macro definition
[# 15. INIT_EXPORT HEENX

INIT_EXPORT()Z BN ea £, @il & LR BEREr, TR RS — MR e X, WIah iR P
B2 X ARV T R B R T, SE R B v iR 1L .
* rt console set device(RT CONSOLE DEVICE NAME):

RT_CONSOLE_DEVICE NAME #kiA /2 "uart0" (R £ rtconfigh £40)-

2 rt_kprintf() 1) 25 H 90w B 2 & %%, S rt_kprintf)EIERTH .
* rt thread idle sethook(idle wfi):

idle_wfi SZILJE asm volatile ("wfi"); k7S NLFERHRIEIA#IAT wii(wait-for-interrupt), FFIKIIFE.
* 1t hw ipi handler instal(RT SCHEDULE IPLrt scheduler ipi handler):

] GIC M+ W5 RT_SCHEDULE IPIGE N 0 8¢ DRI . 24 CPUO 81k CPU1 M0 R,
f#F rt hw_ipi_send (cpu_mask, RT _SCHEDULE IPI)[i] CPUl Ki%—AN%fF IPI, CPUL fE i BLgiu4T
rt_scheduler ipi_handler()5¢ iR ES 1AL 5546 5 /A

3.2.2. RT-Thread A#4F4151
WREWIUEATE RS, RT-Thread 8t v AT WAZAZ QARG T, O 2 MR — EME,

£T CPU RPHEAR UL TIRE, 7E BURAE RGA IVIIR1L

e rt system_timer_init(): FIIAHRGUEN 4. RGE N AL R REUE tick ThW AR TR, &R
Gt 5 IR 45 1) 1B BRSO AE T b R SCpAT, DRI R e BSOS e A8 S 1S FHLZE ) APL

e rt_application_init(): /% main Z6FE, main ZLFEIZ4THS, JHH rt_components init()Xf RS 4HAF AT AT
a4k, BEMIAA rt_hw_secondary cpu_up B&#(53 CPUL JH3l, &H/5HATHE XK main KE, 1E
main FREAS, F P RTBUEE CH SRE 2 (A 16).

* rt system_timer_thread init(): FIUAALEKAFER 28, AU E R SR 26FE . e I a8 2R FE7E 7] 1 ek %
or WU B A 5 I R B, AT E I SR R0 pR . bR TR AERERR B SCHAT S R ek AT DABH ZE .

e rt thread idle init(): B tidle Z&F%, B4 CPU WA MGL) tidle Z6F2. HT tidle ZRFER L2 LL %
I%, —BRAERG T A HAMAESZE, A 2T tidle ZeFE .

* 1t system scheduler start():
@© Mzt BAF ik AR Se i m AT 5%
@ 18 CPU #BHIBZ 42T 55, MILTFIR L IE 1) 2 2R FE (5] 17).
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*
voild main_thread_entry(void *parameter)

{

extern int main(void);

#ifdef RT_USING_COMPOMENTS_INIT
* RT-Thread components initialization */
rt components init():;

#endif /* RT_USING_COMPONENTS_INIT */

#ifdef RT_USING_SMP
rt_hw_secondary_cpu_up();
#endif /* RT_USING_SMP */
/* invoke system main function */
#ifdef _ ARMCC_VERSION
{
extern int SSuperS$$main(void);
SSuperS$smain(); /* for ARMCC. */

#elif defined(__ICCARM__) || defined(__GNUC__) || defined(__TASKING_ )
main();

#endif

3

Figure 16. Definition of the execution body of the main thread

B 16. Main ZLIZHIHITIEE X

void rt_system_scheduler_start(void)

{
struct rt_thread *to_thread;
rt_ubase_t highest_ready_priority;

to thread

#ifdef RT_USING SMP

to_thread-=oncpu = rt_hw_cpu_1id();
#else

rt_current_thread = to_thread;
#endif /* RT_USING_SMP */

rt_schedule_remove_thread(to_thread);
to_thread->stat = RT_THREAD_RUNNING;

f* switch to new thread */
#ifdef RT_USING_SMP
rt_hw_context_switch_to((rt_ubase_t)&to_thread-=sp, to_thread):;
#else
rt_hw_context_switch_to((rt_ubase_t)&to_thread-=sp);
#endif /* RT_USING SMP */

/* never come back */

Figure 17. Code flow for starting the OS
17. B OS IR FBHIE

4. 458

AFET QEMU FHJ vexpress-a9 T4, 588 EI T RT-Thread MNEE &AL 3 24T 5510 B B4 85 %
BESRERIERE. B “HREA%i R +GDB e ” MG, BATLFTALTEARRI A% MMU #37., ik
BeE . s ES gt HEE . LR 0)E SR R SRS P IR TIRA BB, kg CRET B
SRR AT PTEE . RIS, %G, AT RT-Thread iX— = KRG AT T IR
BAIIEAIRFRE AT, NFRAIPE 48 RT-Thread FFF R ERHE T H B,

4587 9], QEMU REHE 1:1 I Cortex-A9 4% SoC W4Ty, JFRE WIAE 30 438l 58 “HRHL—1%
1E R Gi— M main()” W5 GBIE, B980T R .

S5k
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Abstract

In densely populated areas like industrial parks and campuses, the persistent idling of electrical
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appliances after people leave is a common phenomenon, leading to significant energy waste. Ad-
dressing this pain point, we have meticulously developed alow-power environment monitoring and
energy-saving control system. This system tentatively uses Infineon PSoC6 as the main control core
to build an efficient and intelligent system. Integrating multiple types of sensors, including radar,
temperature and humidity, and infrared, the system can accurately capture personnel activity tra-
jectories and changes in environmental parameters. Users can intuitively view real-time detection
data and appliance operating status on the OLED screen through button operations. Meanwhile, the
CYW43012 WiFi module serves as a data transmission bridge, leveraging the MQTT protocol to sta-
bly upload sensor-collected data to the OneNET cloud platform. Data edge processing is performed
in the cloud, combined with preset logic for analysis and judgment, and control instructions are sent
back to the main controller to achieve intelligent start-stop control of electrical appliances. In addi-
tion, the system’s supporting web interface not only visualizes various monitoring data in real-time
but also supports users in remotely controlling appliances, breaking spatial re-strictions and truly
achieving convenient and intelligent energy management.

Keywords

Embedded Systems, Low Power Consumption, Environmental Monitoring, Cloud Platform, Smart
Home, PSoC6
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1. 5|15

TEABRBEVR FL SR AR V5 e v j H 25 ™R 1) 24 T, W REREFE C BN &AM UK R I E H bR & fe
FIEAERMNATH R AETE T Z BN B9, FReAE I B3z 21 7Bk B2 190G . SRR e E 3 24K
AR Sk BLAT MG B R LI A B IR AR B a5 28], SR T X B84 JRAR A7 1278 % DB R 1 W) SR R
DATEAZR LA, S BURCR L T 2 AR R B2 M 2, AOUEI T FKERREH S, AR S
ICTRIA R (1) A R L8 o o 7 — AR Hh Y ik P ) R B K e A SR, v DR 2 3 BV o5 SR AT TR 4
AR R L4 P R 2 AME .

B T TRERERE T AR, 9 Re X R IR BN BRI AAAE AR B Wk fe . il dn, $RAFR R AESK
ARG R, IR REERMER 0 . BEE A BEFARY BRI AW HE i, X FhT Re R0
F P B FA BB Mo LA 2 7 IR 5K o TTADAME RS AE FR I . SO I Fd@ NitE 22, ToikHErf ik
IR, XSRS E R IR KA N LURFEA SUER . B, FER M OCEEIER, 21
MG JRER AT BE VA ME A I B AR RVE S, DT 52 8 e 5K s e 4 1) IR 455 1 o

BEE N 2t BeetE. BRI FRIFEE SR AR S, BY)TRE M 4e, 5
FLIE RV SR BB AR . 2K NIRRT 15 (60 GHZ/24GHZ)VE N BAT i Mk . ks B AR XA
JRPAL EAS, REMSEANRICREAIIHTIE T, SEU AR PR HEARTIN . & A GG FERE R E R,
TG 1 B RATE 8 P XURS: TR EN JH v R 11 B RN B ) RE B8 A & P B 8 A T HE R A I AR A2 AE . A B AN
BHPIRES, MRk T LLAME RS A PRI E S M T T P )

RGKHTE KB Psoco-evaluationkit-062S2 UL 2 il #8 iz Lk, H ARM Cortex-M4 5 Cortex-
MO+ 37 K6 WK HE A6 TSI B oK I N AR 3 B A 04 1 SIE IR A 3 S5 AT 25 70 SRR B, A ORI i R 2 R i
(Y[R B B AR R AR DI FE o fKFE RT-Thread #:4/F R MR ThFE IR HAESE . SER A% S S E & 11 ToT
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I, PR

(0 MQTT), 4542 K AR ik . AHT20 JRIRE AL KA 4L I OREh B, My e AR %

BRI R BB A B I (0 A B R AL e . BT IREBE S BEAE DS, R RF WI-Fi/ i 2 60@

EUhIE, IS N EMBMAERE G, NI MRIREIZAT - SRS R - 23 5tah | 8 ae s
AR A B LR B[ 1] [2]

2. RgBEAEFaRt

ARS8 9K Psoc6-evaluationkit-062S2 F & # 1 RT-Thread Studio IDE Ff & T H[3], #itIF28l
— IR BE K B K E IR IR A R G . % R G TR S R FE AN RS HERR I 11/ 3 A AR (R
Wy Z B AE R . MQTT W3 OneNET =-F4&. 328 App il 5 3D Hr2s A4 T
. BRRAORY B BRI S TR, 700 RAEIRAE RGURIGEAFF & P RE

2.1. EFgt

AR RGCR P % PSoC6 1E NIZOEH-F- &, PSoC6 #&—#k3E T 32 i Arm® Cortex®-M4 Fll Cortex®-
MO+NZ = i 48 240, FIHHBUZEER(3], TLMRALDIFERI I BE, RIS BB 1~ . M4 A KT
YESIZ A 150 MHz, MO+ # i TAESIE A 100 MHz, % &5 @AM it & TRIhRER
M. AN 1.

.-c,mm ~ © 0 + Mm o

=

PSOC"‘" 62 WITH CAPSENSE™ EVALUATION KIT

Figure 1. PSoCé6-evaluationkit-062S2 development board
[# 1. PSoCé6-evaluationkit-062S2 FF & #R

2.2. fEREEEERY

R TE LD2412 MR N k. AHT20 EIB A . a0/ \ARKBEE AN CCS811 43 S ke A5
He,
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LD2412 NN T IABEHCR 2 W 8 + FMCW R, 0] [RIIAS I AR IR OB ish f AT
EFRRIZE), ARfES PIR AL LVE R E A N S s N B 218 43 XN . SCHF 3 MR ES
IT(ATECEN 0.5~8 KA1 4 ANFREArIX, Jd s B B s 45 X 3k ) H ARIRES (FELE /B /B8 3, SRS
(RS04 B . R IIFE 5 & Re e BEALH R IR I D BE AR i S E i . BT, B A snE Bt
. AL IR BRS)m, KA > 98%. ¥ 2 IR T LD2412 HiA M A ifE.

NO

W3 & IA ACK R

YES

e STEACES 9]

YES

v

Rk “HRATIE” e

NO
YES

y
( 4R )

Figure 2. Command configuration flow of the LD2412 radar
[ 2. LD2412 BiAGHLEERIE

AHT20 50 AL S . R ks B 2 s AR IS, 5T 12C JlAS WL (R % 400 kHz), SCHFFFE
JERIPR S I, R R VI -40°C~85°C, FEE£0.3°C, K 0.01°C; J2E: KlVEHE 0%~100% RH,
FEE+2% RH, 70¥F% 0.02% RH; IhkE: FRHLE <5 pA, FAUCKEEINEE 0.15 mW, il &R IhFE &
R PUEPUREE: Py BRI S i A ME R, T TV IR S ) B BT (EMI), 3&E R —40°C~85°C
0%~95% RH (FoiA k) B 2230 55

MNABRLLAME AR A BN LLANPIR)FE I . AR R IR BT IS5 G IR AME DhRE 5 ] 4 il A= i
T N ARGR T 9~10 pm LLAMRBAE IS, ARARMFERE 2~3 K, M 110°, EEHE. alE
TS BN S N RN X3, A B XC ARE BAR IR AR 5 3R URIE SR, 1T X N 2l 5 # T
ITR), diaFmEBmmsE. NWEFHESIEE BN, aTHE T IASEH Bl S5 BT,

3 Ay b el A v A 3
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CCS811 M 2 3 T & J& A A (MOX) A% 2% R 1 5 5 FH AL 335, 38 0 AR B 51 ke 1)
L BHAR AL R ST SARIR BE o REASIUIE RAEB WAL A PI(VOCs): A INEFE 0~32,768 ppb, 43 #E% 1 ppbs 4,
RS RUE (eCOL): K TE R 400~8192 ppm, A% E+75 ppm Bi+5% (HURAAE); F 3 FRE B HME (N BT
[EAL IR, FEEE2C). WE AR, KM P ER, TAERE-40C~85C, WA 0%~95%
RH (o742 #b), &6 TR, HEER R 5. it ig, AEENTES.

2 T AR () T[R4 FH A IR D RE SR B M 0 5 45 B % R G IAZ Do H R SR, B DhEE ELHbh . HicdiE
HGEERRIAE, RERIRFMOEE. RBEESR AT RIEM4].
3. BRI

RGN T RT-Thread #¥:1E RS JF &, RT-Thread WAZIRHHE S HE . WA EE. Hh b Ab FI A5 A
hee, MEBIXUZIERES A A, B DiFe, IR RS RSP AR (5], 780 R FH H AR
BERIA AR SR, SR KR TR IA L BSOS AR & KB T, B SRR G m OB AT
FIHREY . RGDZEMWIE 3 Fiw.

RT-Thread % 2R F2 5844

RT-Thread M 1% 1[5 2%

(RS it h + W 1A F e %)
IR M AR IR A A OLED &/ il 7 2272 MQTTif {5 4% TR R AR
prio = 10/500ms  [prio = 8/UART Wi & prio = 15/200ms prio = 6/1000ms prio = 9/ZF -l &
2 AF HREH
(Message Queue) (Event Flag Group)

Figure 3. RT-thread multi-threading architecture diagram
3. RT-Thread Z£F25H4[E

M4 #%: K TAEMIARY 150 MHz, EEMYIRFOEFERRER, K2 PHHSEM, B Wi-Fi,
S OB AR S B AR . MQTT VR4 OneNET Z=F 6, SE AU 19 AR AT A&

MO-+1%: MO+ f s TAESIZE N 100 MHz, FE ARG DG -

1) PECEE A B, SRR A . TR . RIRES R, AT (S S AR BN R, SREA
REORLE . L. WPIRARAEE S SRE R NRE FEABTTHRE J1(6]

2) BREBRENREHL: HRAE AR EE A B E RN, SEELSE A K R ek S I . Bln,
Rl 24 NBEN G5 1R, B s e,
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LML ARG S I R AL, TAMSIINE X : LD2412 T IEMHIRINT A A AR SR e T V246 I i A
N B TR 2T 470 A AR RS R ) PR e )9 4R (<0.5 B BT b 78 7 TATE N 53 DU B ) I 1) 40 BT 4iE 3R 5
TR IS S A Bk . 454 AHT20 5 CCS811 ¥u¥f, 4k B A 5 AEAE(H IR0 B S (g g >
80%)Ek COL IR FE TRl , PRICIREFIE R RIEAT, WG — (AR A . R BENLE: W& NS
ANRRAIREE AHT20 F1 CCS811 TAECEIhFE < 5 mA); ML/ AR IR AIEER il &k BEALE NS 51,
LD2412 SEATFE#fIA: AUAE LD2412 A N AFIESS, A 8 8 =il (5 5 i as s il ig s, KIEfEREIK)
FE.LD2412 1 3D 7 [AlAar il 58 /7 15 £1 40 N AR VR AR ER 18 ~F T A 00 T2 S S At 0 9 2%, e A 2 [ 78 5 R

RGURHERAMEH, LA PSoC6 FFRAMCNAZ O 55, I8t Wi-Fi B N HEER, A\ OneNET
=G HANE R R T S A0 AT SRS, AR RERE R . FHL App SN TS B
B SR T 085, S RA TR G . KU TR AR SN SR AR, S50 p b B
J&, SRR FAERT G, FERLE R R RE RSN R AT .

4. AZEWIT

AGUEIE Wi-Fi BB ST BBOER 2 TR, {1 MQTT X5 OneNET =" & @,
fRRR S ST MQTT B LEZRT6, FEUHMTEdE B, 5 T REHTES B RS, LI
HThfE. KA TLS/SSL MR, PREEEIELRN < att. FIR] 3D @AHAR, H5 5 E B d ik =4k
B, JFEAE App S T RO . 8IS RGN AR H, SCBL 3D B T B R A A R,
STOGHIIT R EWHITE5E. /£ Fbl, OLED B bE/R& A TARIRES, I Hay DUl 4% 80 f
BEAT $2 ] -

4.1. B OEFEMLNLEH

LD2412 5 PSoC6 it UART H [1(TTL 3.3 V)ilifs, WriUEfE (LD2412 & [HEE VMY V1.05) « P
BOE T H##E EARmii(FRik — FEE)Mar2/ACK Wi(F4%E o FiK) A,

s LAR MU (B LRSS 2R): WSk N {0xF4, 0xF3, 0xF2, 0xF1} (4 7°17), Wi {0xF8, 0xF7,
0xF6, OxF5} (4 7717), MINEE 2 FH/hm . 1 28R 0x02 £At/0x01 TFE). 1 = mipy Sk
(0xAA). 1 FHEHWREO= F/1= 8302= §1k/3= 185 + #ib). 2 73/ NmEsEE & (em). 1 ¥
IBFNREE(0~100). 2 FAi /M umE b PE R (em). 1 1 EHIEREE(0~100), LAEBAFIMLE 14 MEE ]2
BReEA 14 DMEEE [ TE b REE IR (R 1),

Table 1. List of main commands of LD2412
2 1.LD2412 FEHESFFIR

i 4 e i 2 E
0x00FF {5 B I B (1T AT T 2 i 0 A58 R %) 0x0001

0xO0FE S5 B (AL & e R Kik) g

0x0002 W B S (P S 1)/ B /AR ) 5 FHALEZH
0x0012 BRI S 4 &

0x0003 BBz R AR T 1 7
0x0005 W YRR 0x00 = fRHR, 0x01= IE%
0x0062 fii e TR 7
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4.2. BRERNSXERE

HH PSoC6 ¥ 5 fikilid 5 M58 ilds 4 N & ifE, BAnfEu .

fFREACE : PSoC6 F-F5 M LD2412 THIARIE M AERCE @ 2 (0x00FF, 2% 0x0100); FHiABWIES G
HEANECERS, I 450 5] DR 2 (ACK) .

MEN 254 TIURRINA G, 267 20 ms, BT AR E AT E IR .

TREESH: TEREEEEMSEA 400002, 5 FHEELIE), YRS RMEET]. &KX
PEES TS T NIER ST F Ak rE s AT SEUE ER AL E, IR F I (ACK).

FRRIERY: TIPS 20 ms, (RS0 B A2 30

GERMCE . FIR IR AL E 2 (0x00FE); F 1A fRAFIC B SHOFIE I TAER, HJam 345k
6] B TR 2 (ACK),  B/NAC B IR 56 B o

5. REEME WK
5.1. WURRHTEL

/I UART Hz Wi 71 B8 4
static rt_err_t 1d2412_uart_rx_cb(rt_device_t dev, rt_size_t size) {
if (size == 0) return -RT_ERROR;
1d2412_dev_t *target_dev = RT_NULL;
for (int i = 0; i <LD2412 MAX_DEV; i++) {
if (1d2412_dev_list[i] != NULL && 1d2412_dev_list[i]->uart_dev == dev) {
target_dev =1d2412_dev_list[i]; break;

i

if (target dev == RT NULL) return -RT_ERROR;

rt_uint8 trx_data[32] = {0};

rt_size_tread_len =rt_device read(dev, 0, rx_data, size);

if (read_len > 0) {
rt_ mutex_take(target dev->mutex, RT WAITING FOREVER);
rt_ringbuffer_put(&target_dev->uart_rb, rx_data, read_len);
rt_mutex_release(target dev->mutex);
1d2412_parse_data_frame(target_dev);

}
return RT_EOK;

5.2. IREHBURELEN

I TR A
typedef struct {

rt_uint8_t max_mot_gate; /I BKIZEERE ]S
rt_uint§ tmax static gate;  / FKEHLEEEE]S
rt_uint8_t mot_energy[14]; /114 FEES [ TIZ2 3R &(0~100)
rt_uint8_t static_energy[14]; // 14 BB JER 1L AEE(0~100)
rt_uint8_t light_sensor; /I B (0~255)

} 1d2412_eng_data_t;
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1 AL IS B G R AR (2 WAL BEUR)
typedef struct {
struct rt_sensor_device sensor;  // RT-Thread /& X2 HEL8 1% 4%

rt_device t uart_dev; // UART % & HJHE
struct rt_ringbuffer uart_rb; /I TR GZ X

rt_uint8_t rb_buf[128]; 1] G X R X
rt_mutex_t mutex; Il Bt AR
rt_uint8_t out_pin; /] WA B OUT 5
1d2412_detect_res_t detect_res; // IHikillgh s

rt_bool_t eng_mode_en; /1 THRER A e AR &

1 1d2412 dev t;

5.3. RT-Thread {53 E3ERD

static struct rt_sensor_ops 1d2412_sensor_ops = {
fetch_data =1d2412_fetch data,
.control =1d2412 control,

static rt_size t1d2412 fetch data(struct rt sensor device *sensor,
void *buf, rt_size tlen) {

1d2412_dev_t *dev = (1d2412_dev_t *)sensor;
struct rt_sensor_data *data = (struct rt_sensor_data *)buf;
rt_mutex_take(dev->mutex, RT_WAITING_FOREVER);
data->type = LD2412_SENSOR_TYPE;
data->data.presence = (dev->detect_res.target state !=0)? 1:0;
data->timestamp = rt_sensor_get ts();
rt_ mutex_release(dev->mutex);

return 1;

}

5.4. =R HREE K IhFEHE REE

%IRRT E A FE AL AME REE N — 2 “MEde” | ZKPEIAME N 9 “WilE” .
WiFi B G AR FOEE, ARGk 5 A IR e o = TR R . S5 H AR AR/ Ji 425 | #5138 5 RT-
Thread ¥ % JX 3% 1 FNZRFE HE /MK R ML 5280
5.5. SIERSREBUIERIAREK

1) NBAEEMELE S HIWT: 2041 PIR PRI R.(<0.5 s) + LD2412 535 (H %8 1 A AR st q i) B4
AhE, WIERER > 98%.

2) MR E . WK 2.
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Table 2. Rule table for environmental quality decision support

2. MRREHMREINN =

fis e % AF PATE o2k
R > 80% RH A b T8 R % &
¢COz > 1000 ppm FEHA RS =
B >30CHAGAEAE TF e 25 1/ R el
NGBS FF>10 # KA AR i
BT 5 S HOEH IR FF I B 4% 5 LA {13
0x0005 P E R 0x00 = K, 0x01= IEH

3) w518, ARG AR E T OneNET =i, il bAL R EE I Bl AT 46 2, Sl
AR ERIEA + mimE RN 7 TR

5.6. RGMASERIHR

5.6.1. A
MARIAEE: 20m? HEG mx4m), FHEHEREZET 1.8m Mm%, HEHIIRE 1~8(0.75~6 m). KA
PR ZUE G, i D05 LD2412 Fik HARIRES 5 EZBRRAS EEX (5 3).

Table 3. Human body detection accuracy test results

= 3. NIRRT E R

Wk 5¢ IREN/€ TER AL 2 H/E
BNIERATER=L m/s) 50 50 100%
BNFR AR BL(FRER 1A 3 m) 50 49 98% 1 et S B E AR
FNFRARIP AT F 50 50 100% TR RV AT A
BN T /AR 30 29 96.7% PRSI (AR = 0.5 mm (7 F2)
3 NIt tH(ATRE 5 s) 30 30 100% -
FENARAE (255 7] 30 min) 50 50 100% TixR
i a7 e 40 40 100% P ENALE S i
SN 40 40 100% LR AN M =K

LD2412 Z KW T IBAESIOCIRFAF TRMVERERRE, AZICLEEM . 0 N ARIRIR G Eh Kl (2
0.5 mm ARALFE) A L PIR A&/ MO AR . ME— IR 5 46 B BRI AR BR 000

5.6.2. RESEMILAIR
WHAEZ SR 1.8 m FEBER L. FEE] 1~10 (0.75~7.5 m) L B (£ 4).

Table 4. Test of the relationship between installation height and detection range
4. RESHESHENERE X AR

RE T PRES TG E RIFE X L R Hetidm o
12m 1~8 ~0.5 m ~5.5m INIMAE
1.8m 1~10 ~0.3 m ~72m HEE)
2.4m 1~12 ~0.2 m ~8.5m KA EE

gk
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6. RS UHS

54 AT BUA = MG, AE R BA DU RRE BT R

1) BT 2R B BRI R R Y 7 5 Aok AR B, SR LD2412 22Kk F A ik,
Al 25 FMCW BOR, Al RS HER I AARIRIR . OoBbish A st . M b g gek i &, LHEM
o AR R AT S IRAELE AT I, MR Sk Ak 268 B R Tk 5 IRV, i AR el s oMb el 5 A 337 S IR B AL 22 4 7 3R
SCFF 3 AN ES17(0.5~8 KI5 4 N B 43 X, @ TS AE P U 25 X 3k B ARIRZES (AR /8 kR 3h),
SN 1 R B S RS AR AL R, TR AR St PIR A% B AN R~ Th0 RS DU £ =5 R o

2) ZALRKES I FIE R SR ThRE LA . Shiff i A &, =K T IR VR AN AN TCVEAS I 25 A\ G2 1)
GRBE, SRR AHT20 JRIR AR CCS811 2 Uk PR, Adar U BN 53 47 75 HLIRWE BE 57 8 (i . > 80%)
B eCOL VR FETH T, H BNl kil W &I AT, SEIL “ N RAFZERTIN + PREZRTE T IR0 TR SR o

3) MR REN L A T MOHZIR R LA IR . AN TAECRIIFE <5mA), %4
LLAME A R SERME S, Ml M4 Rz dzs i 2K R AT R I AR B R &R, AN AR,
JE B S S A, SR g A BB T R DIFERE AR

4) “EURBREGUEM + DU EEGRET M0 T & 5T 2 AR RE S YD A, E it
CYW43012 WiFi f&E Pl MQTT #rilin# 4 % OneNET =V & R TLS/SSL %), =47 $id i
B BT SR kAR, AL iR & SL I A R Re B 15, NIRRT RALTRERCE . o AT 845
NN EEAR T — D PRI 2% T HE

5) BIHAL R R 2Ae . AR 2R FH R4 Y P A s 2 1 i, 825 T RT-Thread 4440 K
(VA& IRENAELE . PIIE A SRR, SCRFDEY FR AR 55 A6 2% . SIS Mg, EREE. A E,
2WEEZY R R R, 8 DR T PR AR — P R4

7. BEESRE

AICHET RT-Thread #ERSE, LA PSoC6 XUA% LN %Ly, #5227 —ERIAEIAS LI 575 g
RS REMEZARBEIE. IR "I 2 R8RSR U] 5 P15 B SR
%, i WiFi 458 MQTT Hhil#E A OneNET =16, SEBLBCA R TIN5 8 BT REBR B 2] . ARG
R 2 A% A R il 5 0 SRR DO AR SR, R R A% GEdn (B S 5 2K, BB AL PR 37 5 A B 1 T g
71, ARE R G R REARIR P M A, AR R REE IR M B R . SRR B IR
R, FEIRARSISATIRE . IRTHRIER R U = om B e ) 2258, 180 B N T RE TR L Th
REs [ RIALAE MR R . IR B BRA, HESZARTIFETT REd il RGAER . Tl el [X 45 22 3 St sAL
HES N

SE ik

(1] FER, X, #, 2. Sei e RGN HEARMI. dbat: PR Tl H AL, 2024: 234,

[21 /e, hZ=m, EiE S5 —RulFRIHEE MCU MThRES B 8 n &t (0], 15 B8l 2026, 27(7): 48-50.

[3] 1&Tite, FEW, BXE. T Cortex-M4 W RT-Thread =T SCHIHALHIBINT ], HHENUR T 584, 2025,
42(1): 213-216+302.

[4] kM, ZEM, FriEfA, %5 RIIFE NB-IoT SRSIHA BBt R THI]. TR FEFIMAE BRHR),
2026, 44(2): 276-283.

[5] APHF5, TLigX, BN, RT-Thread SER#AE RGN AL IRENFIR A IF KR M]. dbat: B Tl i hitt, 2024:
324.
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