I} L %
ISSN: 3065-1220  Volume 2, Number 3, June 2025 hans }X_,H‘ﬁ

IRAABASERERS

Embedded Technology and Intelligent Systems

Qian Ru Shi Ji Shu Yu Zhi Neng Xi Tong 202556 H24&3HA

https://www.hanspub.org/journal/etis



X
{137 R

EIEX
fil PR 1 K

RIS R

BERE

B R
RE 2 €53

B DL g%

mER

Ly BRI 2%
MRS TR
S5y
R
Wi K IS m 2
Gk 2 B

LR B
JSLIhBIAE N/
EHHEK
Fh#

W IR
i LEE €5
S e e e 2 TR
BB
Ny i
XIPEFE R R
SR B 3

Editorial Board

I 2= 74 HL

ISSN:3065-1220

https://www.hanspub.org/journal/etis

JEF AR AR

IRA R RG22

WU TR R

e R A

PLCopen China==J# /FiH BF

Rk
K TR R

JEHHE TORATH S B
B ChED EHEARAR

TR
BRI LR

VY B MR TP 24 7

ARG R AT S B

NSO L B 24 7]

R E PN P ESE /W

i
FHERF AR
RGBT K%

JEB AL R A T S B
JERTHURE TR 2 E Stk B
JEHCR AT E R T 52 B

e WA B AR

Editor-in-Chief

Prof. Limin He

Associate Editors

Allan He

Distinguished Prof. Wei Wu

Honorary Chief Editor

Prof. Tianmiao Wang
Prof. Yi Yan

Prof. Beibei Shao

Editorial Board

Prof. Zhongmei Ma
Lucy Wang

Prof. Jianwei Niu
Prof. Yu Chen
Yongjin Zhang

Prof. Jianhua Shen
Ligong Zhou

Prof. Nan Sang

Prof. Tao Yuan

Prof. Xiaoming Chang
Prof. Deqiang Han
Prof. Hongxin Wei
Prof. Jinlong Lin
Hongtao Liu

Beihang University

Secretary General of the Embedded Systems
Association
Hangzhou Dianzi University

Beihang University
Hangzhou Dianzi University

Department of Engineering Physics, Tsinghua
University

Beijing Institute of Technology

Senior Engineering Director of NXP China
Management Ltd.

Beihang University

Tsinghua University

General Manager of Shenzhen Topway
Technology Ltd.

East China Normal University

Founder of Zhiyuan Electronics Ltd.

University of Electronic Science and
Technology of China

Tsinghua University

Taiyuan University of Technology

Beijing University of Technology

Beihang University

Peking University

Vice President of R&D of HQYJ Education
Technology Group



Embedded Technology and Intelligent Systems, Vol.2, No.3, 133-195 Hans Y
BARBAREHRARSR, 2 53 1

Published Online June 2025 in Hans (https://www.hanspub.org/journal/etis)

TABLE OF CONTENTS
H X

ETHIR WS B G PHRETE RN BAR LR

A Survey of Theories and Techniques for Data-Driven Image Resolution Enhancement
B e e 1T P 133

CherryUSB [ #2443 A B, F Sz i
CherryUSB Principle Analysis and Application Practice

B 149
AR BRI R R LB
Exploration and Practice of Embedded Virtualization Technology

FK 28 Ky SR FE I reerreeresesessseesssesssesesesssssessses 5555585588858 8588 e 161

ATHEBERRTHRRARRAE L E AT HEFRER
Exploration of Teaching and Talent Cultivation in Embedded Systems under
the Development of Artificial Intelligence

FEHFERE ) LBV ) KB cooroeseeeeeeeseessseeeesssssssssssssssssssssssssssssssssssssssssssessssssssssesssesssessessseessasnseessesssasnsesssesssessseesseessessssssssesssasssssssesssanssesssess 169
RusT-Thread: T Rust [H[F %I 5Z Rk A i S EIE R G LR

RusT-Thread: A Rust-Based Operating System for Resource-Constrained
Embedded Devices

BUER, BRI, XU, 25T, B T T esssssssssssssssssssssssssssssssss s ssssssss s s siss s ssssesss s s sesss s s s 176


https://www.hanspub.org/journal/etis
https://www.hanspub.org/

BHRER

WS RR: (RARBR SR BERSE)

BT 4 FR: Embedded Technology and Intelligent Systems
WT4E5: ETIS

I E . XA T

W e

HRRMLAE BT H Rk (Hans Publishers, https://www.hanspub.org/)
AR RAL: (RARBEAREERRS) MBS

F Y LR, AEEATEUR KRR

[ Hik: https://www.hanspub.org/journal/etis

ITRER
TTHI#E45 : sub@hanspub.org
TP S . 180 2E oAFH4E

I RS
Bt ZHR4E: adv@hanspub.org

JAETAR . DU H i (Hans Publishers)
Copyright©2025 Hans Publishers, Inc.

FEAL B
SCERRABURE R A8 AL B

A BRI RR A T R BT
AT S B E RIS AR L 528 44 [H PR 43 (Creative Commons Attribution International License) (A EYF 7] o
https://creativecommons.org/licenses/by/4.0/

B SCE AL A

SCEE OB SCEAEE SO L TG

BRXEEZF AU

T FVEREWEYHEIL CCBY B CC BY-NC fE N E M E L MM, HHEEXRE.

I

WIFIT R IVEE . B WS S H SCEAEEAN ALY, AMUEAR BB S 8E . T &R
35053 B SC A 51 M BHEATAT AN NS HUR L B0 P2 B s SR AT AT 451 2k S A, AR HE WAL 39 AN AR BT AT 5%
o FAVFEAN], AHRBALR RS, A RSOAEAT ™ SRR RIE, WARIRARL E A& IAA
A H A R T IR P 2508 TR iR . e, i SR T A L.



https://www.hanspub.org/
https://www.hanspub.org/journal/etis
mailto:sub@hanspub.org
mailto:adv@hanspub.org
https://creativecommons.org/licenses/by/4.0/

Embedded Technology and Intelligent Systems R ARIE AR E5EEER L, 2025, 2(3), 133-148 Hans X
Published Online June 2025 in Hans. https://www.hanspub.org/journal/etis
https://doi.org/10.12677/etis.2025.23011

ETHERIEEIR B R R R A
RARLGRIR

X B2, RBRA, FRAT

URFHE TR N TR REABE, 1ol &
IRJEER TR AL S, hvs KR

Weks H . 20254E7 H4H; FHEB: 20254F10H15H; KA H: 2025410527 H

HE

FERBIR SHREZ RGNS T, BRI CemRARARRNREE, BRI BB HEN
Bl 5%, AERR T B PEHRBAE BB AR RFA T EHINA, WE T =LER. EHRA. 24
REBBAEIPRER, HE PR BIRERESERAERERE . DI LB PR E S ERR
DR P RIEREE, URRRREES.

XK ia
HIRWAER, EEIPRET, WEES

A Survey of Theories and Techniques for
Data-Driven Image Resolution
Enhancement

Weiling Liul2, Xiaokui Hou!2, Xiaoming Chang?*

ICollege of Artificial Intelligence, Taiyuan University of Technology, Jinzhong Shanxi
2Xiao Ming Research Laboratory, Taiyuan University of Technology, Taiyuan Shanxi

Received: July 4, 2025; accepted: October 15, 2025; published: October 27, 2025

Abstract

Driven by the wave of big data and deep learning, data-driven models have completely replaced

IR

NESIM: X, fved, WHH BT HE s i B R 0 HE R SR R A EOR R D). AR BAR G B BE R S,
2025, 2(3): 133-148. DOI: 10.12677/etis.2025.23011


https://www.hanspub.org/journal/etis
https://doi.org/10.12677/etis.2025.23011
https://doi.org/10.12677/etis.2025.23011
https://www.hanspub.org/

PUNERZ S

traditional rule-based algorithms and become the core engine for improving image resolution. This
paper reviews the application of data-driven models in image resolution improvement, covering 3D
reconstruction, compressed sensing, single-pixel imaging, and super-resolution technology. The
implementation practice of data-driven models in actual scenes such as visual imaging, industrial
non-destructive evaluation, and medical image processing, and the future development trend are
further discussed.
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1. 53|

B R EHE AN T RERAR I BIR, 5L A BE R AR I3 1 AT 00 1) £ 8 ol 2 1) 91 50 A% A%
NI BB BB 2N R T8 ARG B NG T T LA E MG T A, R AL
REJT 18 N R B 43 A DA ST St SR A N B B DT T AAAE R BR P . LS5 ), TG IR A
OIS, AR e I AR AR T B ) B UALRHIE, S8 1A B R A S A AR S5 Hh T R
A T I R

K IR S AR 32 B S T SRR D . B0 DA R AR bR i B A ) mT PR S DA O
FLHANLAS 2% SIS R0 SCRE () B LAN RS g 1 B AT R R0 i 77, (R R 2 AR A M DL AR 4
2 BB T R 4 2 RVRE SR R . BRI E MM, EERE . bR E M AL M S 51
N T EUACEFEAR B, TFEIPER TAFE 0 AlexNet F1 ResNet J#7~ 1 CNN £ BI5 2 25 i A 27K T 1 B
REST, NHAE AR, Jr 8IS0 3 S A P T E B .

IEAEK, Transformer ZER4 ¥ HIE— D BVE 1T THENIALE IR, BV = IHUHIE 3 R K
PRBT R4 R e R I €, vk 7 CNN BRI FRMERR K . M5 Transformer (ViT) R I Trans-
former (DETR)TE 75 28 A4 R AR ¥ UG IR TN 42 55 70 B ST 55 U 1 B el 45 5 . SRR, A B
RN Z2 e BONE SR A8 (DDPM) I H IR, S8 A0 Bl R 9 B B 4R 40 7 T A e

JUERAS Tix et e, AAEE PR, Bk, BAEEAL, HSgsh g BOpEA i
L& N e B e, SEURAE SRR N H R IR AE; HIk, THERAR S, SSEER Transformer
G BAT S HERE IS (A B R m, MEDATE D G s BSE I RGPS =, ZRISREG S, RGB.
REE . LLANE BAMS B R RO ERA . RE) 7o B A 0 BB &JE, WP IRAR R HE, fE4
PSNR/SSIM ‘5 T WAL 5 57 B 57, A DAL S S N IO L 038 R B A T35 2 %) B R s 7«

ARG W T EAR IR, 5 N R R B 00T, RSB =4 s g, g
TR B8 R UG S HE AR R o B T E A TE R S A I T A5 AS I (NDT) Al 2 27 RS H (R
FAVTE T 3K LEAGRY 1) A 5 15 AR A o ) PR

A TAER sTHRA =N J7 1 -

1 BRGE: G— &Gk (R4 B - 2 31) 5 R i 2% ] (CNN/Transformer/DDPM) 1] 73 # 2R 3 T
HEZE
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2. GBAE - BSOS RS (W AR R MR . IR A R AR S AL

3. N FIEN: 45 TSR . B AR R R S F R P AL B AR, BT A S AT AL,
HPE T R ERAE K LA -

AR 2N 28 2 WEET RGO PRIg S, il =4im @, RARAAED PR,
5 4 TR ESATMLMIN A, £E5E 5 HIANEE 6 T BEAT LB T AN AR S AR B I A EE R, K
TS AR 3R SR SR B4 o A BEAE B 70 W S TH 75 T PO A T AR (R B v A 2 P AT ) 610387

2. Bligsrpiseiting
2.1 ZHEEFEAR

YRR S5 A R AR . RIS ITREAMBE RSB, I R h Ik R = 4k 5
gitly, WSRERRAL AR RANANYT . BERARBD, 2R O R BRI F IR B2 ST 3T @ Rk i i
IS ORY . AR BT MLER AT, DB MU s &6 2 MR B H o e e T
gt Z MU LT ANSE TR L 22 ST MR, IERIETRIESE D). SRGSRG . S @ nsg B U AL 55 7 1]
b T EE M =2 EEBORTT UL A EE TG 2L LA ) =2 B S R TR 2 ST I = 4R B
e AP

211 ETHRGZNEAHN=HERHEE

SRR A I 53 B 22 A0 A PGSR IUR B A5 B DB = 2R, 4y 9 1 SRR AIE PRI B 30 7 v
TP O A A B PR 9 1 2 B s R G — o R R AN 45 R EE E (SFM) R Z WA SR (MVS), T8
i PR ECHE . A ZE TS A AL DU RO R 2 = 4E 254, (H 2GR S i HoRS FE A BR

M 2013 FEE] 2021 4F, WA EAER S T 280 SFM B3, W4 SFM [1]. fEZ I %-F 5 [2]- COLMAP
B4 5 SFM [3]. HSFM [4] LA e T34 8 SFM [ 5 H =4S @ 7 VA[5], RERARSE M 7 KB = 4E S 1
EHEE. KEREFIRY R

SFM B FFE S UCECR AN SR, (HP= M E e . IREEEVER I =4 E R, L% S s HmilE
MVS EEARREEILE 1. MVS NS AG R R IVTEAE R EEEN S s, REFERN=4EE. MVS H
2006 4 LISRHZ P T HER JE, Seitz 25 N [IXF MVS 5310 R Gt A 2H[6]. Sinha 25 A I3 TR K 1 MVS
JiE[7], BAK Lin 25 NS854 X0 H SEARKLSE R IEDC R ) = 4 S8 7V [8], #E3h T MVS Skt & & .

e 2 A LA = 4 R AKIAENLR 46, R KBS = MBI g B B AR AL E
A5 BEZGREEm LLAMANAZCRm, (EICERIREE,  SLhRS 55 BT IR L R 5

212 ETRE¥IN=HETEF

G = 4EHEHOR, 41 SFM AT MVS, #ifse i — 8o, EFAEIET FACRRAF, (HAESORSEE
ST R G AR B 2] o TR E 2 ) J7EIE I e R i R, TE R AR AU, ARG T I L ) R

2021 4, WFFCEAIRE T I T IREEAR AL 1) = 4E R ROR[9]-[11], Bt MBS ). TR R
HANGE SFM S5 IR RS, #ém | = 4EE @ I HER VA B

H 2014 4 Eigen 2 A\[12]E H CNN BT =4E S Lok, TRIE 2 270 = 48 U is 7 53
HERE, tn 2015 R AF5S CNN[13]. 2017 4Eff) Pix2Face [14]41)5 £: /) MVSNet £ 41[15]-[20], iXLeHiA
I BN A NS, BRI T =Y R AR .

NeRF HARKIHIHED) | =4kl NN IR R, M 2020 4R (1) A& 42 W 45 1) 2023 A1 1 43
HERHARIZR[21]-[24], NeRF AWrikfk, #&7+ 7 HE =M. [FKF, Stucker A1 Schindler [25]. Peng
S N[26] AR SRR TR IE S SIHEB A R & M 2 M A B @ b (A, T Huang 88 A\ [27] 17732 5d it
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TR S =AM KRS B, =R R E R 1 R R RS AL RCR . X LS
FOUER 1 R FEE 27 SILE MR DAl g =R S PRl n i 2 ¥ 1) 77 1 08 o

A PNEEY:
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o Fis Bi3D M 2« B #SFM
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o & JR A ER T B ik B
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Figure 1. Basic flow chart of MVS reconstruction from dense point clouds

B 1 WAESZEEMVS ERREE

213 EFEINRZRABUEZE

BEAE VR SRR, W EIR T — R Y0 2wt 45, nEEmmG S s s E RN, T
T 4 H A, 2018 F 1) PU-Net [28]2 50 FIFHESR IS 2 2 BN 88 12 2 A BOB ;. H /542 PU-GAN
[29]. Dis-PU [30]55#E— 5 ] NAE BN BTN 48 5 U295, 385 i3 53 5 U — 8tk . 53— 2K TAEF
F NeRF ZZ{R[31]& kR A FoR, S =S NSRRI, 1R TN B LR, SeBlfE
BOPPRME N N T ARG, SRS ARE RGB. RESGAN(E S, ik BB R ILH
BRA RS R U, SEBls PRI 98 [32] o SR bRiE B AR SR I L SE, BOB Al IR R R T3 T H
—E L USRI T M B A Y, B PR T VAR S 3 N [33]

2.2. E4EREA

JE 45 81 (Compressive Sensing, f&FR CS)/&—M 5 T BEH S, JIEARAEERINIE 2, B3t 7 —H
B VeI 715, FOVF DO T 4% 28 ke 38 1 0 (i R R AR B Bl T R4 (5 5 o X — BRI O E T
U R —AME T AR IR (U N T8 7 A A 3 45 SR MR 1Y), T 8 A DA i sz 2 T4 G R A g P
SRIFEABORE .

TE BB IR 5 e 45 4003, e 248 JBR 0 (M2 e L B W 51 ) EMERIRARS 5 38 1 oA N TE R TUR P,
X RS AT AR 8355 (/) i AR e el S AR ) o A DB LA RECR B, ARV 2 R BRI
TE . IR, R4 AN AR AT DLTE O G0 S 0 R B, KOS 5 03t 75 B2 A7 B i PR 58 1o
filln, Yoshida S5[34]ERZR T 45 N JSHL BN 51 N BG4 8 1) R Pl R, 38 I g A0 0 2 M 5 AT
RHEMSS &, WA E RN “HEEEEY , fBFERGRELRE, 4 A RERE LK (DIP) 5k A\ 2% H
WL ER(MMES) TE g vy B i G . SLIR s R, 12O VETEARARRAE 28 T 7D BE OR B DB IR L B KR AIE
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Figure 2. Basic flow chart of compressed sensing
B 2. EHERAERREZE

2.2.1. EFERRENER

FEZ8 IR HINE S 2 R AR BB AR POAZ O, e SC T i b B R R GRS . R AR IR I 4L
(A% O KB 1) A 5 (0 s M 8 T PR 448 MR s /D B bl R SR i, AT S B s R B R EE A Ll . %
BT AR A WRER A B SR, VAR AR T5 5 7 6 (0T 2 R AT R, @ By E v R Y
55 o He S5 [35]H& 4 HU 1 & SIAESE , 38 Jeb 4 00 £ 46 B4R o0 A1 2XAT- 6k T 9 28 759 A0 51N HK 1o-LMS 5 mini-
batch # B IL, SEML T RMBE S RPGEE S, ERSCEE S EEBE IR T8Il -LMS.
Oikonomou Z£[36]4 H ) — e 55 742 43 DU S S 110 37 AL R 4 S A S, SRR A E 2 Mg R
BT I BT XM R, E B T 4 RN AE P15 2 R 46 5 T 4 K AT

222 FHET]

A SR RS T — AN E R EOR, R SIS S IR B, AT S I v R 4 A A
T U ST R AR M GBI 2 51— IR R (AR NS S AT DAROR IR S i B 2 R L
I BAG REULATREM G MV B A DB REGRAET N, X4 BT R AR EE 117 A A%
JRAS . S Li SE[37]4 H 2 TR g i () X0 S 7 MR HE AL, i3 Gabor BRI Z RUEZAFIEIF 5] A SR 2
TUAME RN, BRI T BT RS R I AR S MR

2.2.3. %

JEGRN FE RS 5 AR O, B e T EERR AR Flin, Beck ZF[38]FEH /— ki
A BE L (FISTA), JFRH N H T G A0 o), A5 1 53 Ve Re eI, ik | FISTA 718
BTN 5 e 4t 2 0 50k S A 80 o Li S [39]4 tH T — bk T A8 43 IE AL B =y 850 TVALS, 4%
HMNHT PR AN ENRE R, BEm 7 BG5S S4B rkge, 3k 7 TVAL3 fER1GIRE J7 i
A %M. 2% 1 8 FISTA 5 TVAL3 [{H 6 L4 .

Table 1. Relevant comparison between FISTA and TVAL3
% 1. FISTA 5 TVAL3 B xtbik

WS WA b7 F HEFE & AR 2T
FISTA R fi& = Wi 5 (MRI)
TVAL3 Hp &% 2k W HAG 8

2.3. TEIERBHE
TE R AL AT SEUOLSE AT, Bt (Sparsity) 2 — M B IOBES, MR ERREIEN, E&
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(¥ 5E 58 P SR A S B AT D MU LR e %, R0 B0 T L R B (R 0 E A R
MRRBLPER EARAFFER, VF 2 A B RS0 B EAE NS e (0P HE, DCT (BBURIZAEH) S
AT IL R ER . i PR B ORI, ARSI G0 ST, RN
R ST IR T4 5 SR % A U, BRI 7 UL T L%

2.3.1. HEREEIR{L

AR SRS A 7 VI I IR AR B S i G R ZE S UG R T, R e/ —afeddavt SR 7 R4
DL AR AR AR 07 26 7 1) 8. UGHC pursuit (MP)EAIEAZ VLD pursuit (OMP) L2 2 fi S 7Y (1) 57 28 SR M U 1oL
Jrik, BT B R VU I R - R E A E I MR M i % s a0, Shenggin Bian A1 Lixin Zhang [40]LE
BT VUGB R R R R R R RE, A5 RRE, fERMAEESEREY, FARIBEREIERIIE
T HARR D E G E R, SRR, FRREEEREEBRIWE A, b, &G 2 ook
(AL EE, W ROMP. CoSaMP. StOMP. SP. SAMP. TMP. TBOMP. FBP %, ‘EAIHERER. &
PEANSCSIGHE B 45 7 T HEAT T A4k . Rajaei Khatib Z5[41132 H T —Fh 44 82 3] 9735 5 1 (LGM) AT B 22 A
450K, T M B gmAg A SR I, AR RS A U 2 S BB MRHIE R R, RS TR T4 77
PERE.
2.3.2. YRCALKRE

LY R TR WK i B 2 1) L Ak A 20 SR AR Ak i), R R s Ak R A . B FE B it
H (GPSR) S0 i 46 11 JE 20 SR ARG 1) R Ak A — ANl I T A AL T, R L BE B T B R b i 2
R I ER AR L1 IE Ak o) {5, Li S [42] 6 e 5 Krylov T 25 R BEAREE £, B T = 4 e S HT B (ERT),
TE AR A P A 11 [ B 4 2 AR T U1 SORERS , BRIF T KGPSR-BB 78 S # i 1E 465 Tolkd 2 A
B E S . FET AN SRR R RN, 10 TNIPM B0206 L1 JE8u MU I AL D — DN T2
TR, R P AT AR A P SR AR LY R ), 3 O USERR B RR  . 22 U7 )92 (ADM)
SR DA RO SR AR L 1E U4 o) R 048 ) R, — DR i I AR . Yan Yang SF[43]3 T — ik
TR J7 311 (ADMM) (R FE 52 S B8, Mg FER A T MG R4 8sn,  BUAS 110 T4& e ) i AR BE
ST TERIR, SRR T IR A IR UG -5 7 i 2 7 7 THD A R

2.3.3. EFEREENRILRER

BT 30 v B ALK SR B R 1 v IR ARSR AR B s in) 8, 4 ISTAL FISTA. SpaRSA. ALM
S IXUEEVRRE LY RNk im0 L2 e/ MU, R R4 S B T AT A AR A .
ISTA BER AR BT AR M L1 B, B U SOs B ATH A% . FISTA H% 2 ISTA
S, R Lipschitz % /bl Hessian 46 R, JEMEISR, Li 5[440H 5 B Blg &, i
Hi SFH-FISTA 28 3D #ibi Z K i AR, 5256 SR TE 50%KAF % Nhm i B, E T FISTA fEFH A
GG P RS R i . SpaRSA SR &R ES: 1 BB 77 FAH i uAe L1 IEMIL ) i, 78 G K
AR R DL R . RAEE . ARE MR PRE R S R B, A AR AL B O B A5 5 Wk R 1] R R I
W, EHSER ARSI G EE. ISTAL. FISTA. SpaRSA 5 ALM [fJ#] % ELi L2 2,

2.3.4. BETRMEEZNBHRERT

F T FME BB R 2 s 7 R RE SR2B B L 1E AL 1) 8 b S50 4 AR IR A%, 1820 T3 R i
fifto flhn, LASSO (/MW 4 ik £ 55 1) [ S5 A BPDN (FEHE FR 25 ) RS 5% 2 Sl iE 5% LASSO
F1 BPDN [ #8504 IR AR, B0 R i fd, LASSO B2 Mk e it S fd F, 1fi BPDN U3 £
A 5 A B TR . FESEERA A, S LI B T B B B, IR g i e AT > R R
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DAAG BRI 75 i) @ e Ah, A T RS FEARE H AL L SeMeRE, R RS SR BE R L1 IRk
AR, BRI SEERIRGE, Sining Huang Z5[45142H T — R T R E AL 01 /MBS
(ERMA) 1 EUE WK T71%, A b 1 BUE TR 1S 514 75 L (SNR) S 4584 AR BLE: (SSIM) A5 77 3% 2 (MSE),
a7 SR SRR T FAE GRS I AN A% i 22 7 7 ThD PR L e

Table 2. Related comparison of ISTA, FISTA, SpaRSA, and ALM
%2 2. ISTA. FISTA. SpaRSA. ALM BYHHXEEER

W SH B RS ¥k
ISTA 0 (1/k) i A FH T i)
FISTA 0 (1/k?) fiX A3 FH T o ]
SpaRSA EpcINE RS GRK(iS SRR AR, RN R
ALM 2 1 R S Ly AT AL ER R i) 7

24. BIEEME

L8 F A4 (Single-Pixel Imaging, SP1)& — P& & S AR EAR, BT g s B ME R
SUPPBRSZ R, TR R SR R IR SRR SRR E R . IMEARZOET, @il
i 1 %% (Spatial Light Modulator, SLM)&# AL e X IR BDEAGEAT M, 7248 — R 5 BA R E
IR %8, X R S AR VR B B AR [46]. SPI HARMRE, KR REIZ B, EEE.
PG T 2 0 Il LA B B I SR AR AL A5 0T, S RAT THR A 1B (AR A N T

2.4.1. BRI E

TEB R AR AT, A% 2% AR (SP1)F AR HCUR (0 R AZ AL 1 1 J8 B0 LR K98 7, B T s
—REIPRAR . oI F PR A W e 7 LR AR T R 1) R B B v AR . X RN SPI BARTE
SR B IRTE H 75 B AT 22 K I HE O PR B S AN B (015 5 R4, XA I R 7 TG DS 30 (R Ak i) 2
AT AE . Monin ZE[47142 H — R L T IE I RAFAERE 5 2 s sh il v 0 A8 2 g 5%, @it BB
PRGN HAE 4 SR B R s s, 7E BARS s fE RN A el iR H &, NEhES R BB R
PRIRGL T SEit . RRfE R T R

24.2. HER

H H #(Blind Reconstruction) & —MEAS 5 AL B A EUR o A A s WAHES:, BRI R AEASE 5 IG
155 B EUE B AR SR M I 50T, SGE ) 21 i B R Wk S R 4615 5 B R I R . 76 TS E A0
1, Zhuang ZE[48]#H T —Mh&h &0 1 K 5656 (DIP) M ZE KA IR BE M 2 I 48 1 7, F Tl v s BIMG 22
BB (BID) IR,  FHAE A ENAZ R /NI 25 0 78 5 0L R R I AR T I, SR UE T 12 TR $E v PR AR 28
RATMA M. Song SE[A914& HY T —FhR: T4y 5 BB 5 R B 2% 2] I TE B R BRBAE 2L, 7E T 75 SRR
ZRAE RO RP AT AL 0.8% Nyquist SRAFE 2 o i H s (R L IEME,  FRTEAR A1 R G 9] 5 5 M 7 2 A s
WEHBEERE, KIF % IEEWRICREE S 55T A 28 .

2.4.3. Ef&MEFER

SPI 7 AAE G 0 2 A 5B 7 TH A A EL Ry B AL SR 1 (0 2 A SR, i BEATLAR o7 FE A8
X EGEEAT i, B ROHE ARG MR PR 5, T ORI LR AR AER BT I BeAh, SPI RS G
TRIEER VS W] DAE R FE BE AL B o, BE— D39 R 0 2 4k . Zhang S5 [50]8 Y 1 — il TR TR
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R A (CPPM) AR A e (FrT) Dl 22 HUE TE R G B BN 3 7 58, IR LN T 2245 B 2 29Uk,
AR 7 RFR L EVERTE, IR 7207 SRR PO ERFSRAE BT E KR, X0 SPI fER RN
SR T TS -

25. A8 R A RRYE

iR 7 PR H AR (Super-Resolution,  fRFK SR)Z&—Ff 5 751 =y G BRI 7 HER O H R o« A& Se iy S i
RITFEAEAE 2 S EUR GBI R 3, T8 0 FR 2 BRI i i S0 PR 4 1Y, AR B bL Rk B BRI
W > R I B, R AR B LA N R AN SE R, Liu Z5[51]82 T —Fh3ET Cycle-GAN 8 4 5 7> ¢
RE T, @ TCRECR I R S AR AR T AR 2 TR R AR A TR 2@ MR, SEER IS EILAE
3.125%~25% K AL N i E SR T RGN IS BE, NIRBEEE . i OREE S PR R IR AL 1 g AE.
ROy HER ARG N TR LS A 1 SR A0 T L RE 65 MK (B0 Hh 2 2] B R HOAFAE,  JF ) A X ey
TERI SR BB AT AT B . X FPas G AR S TR E, &8 ke 18 55 P BORAE 2 AN S i 5
FHYEH, Sy G A B AT R T 8T Pl e

251 P—EREINRE

H— G FER (SISR)BIA & —FP GG i 7725, B BAE M PAMIK A HE R BRI B i 7
K. SISR MIBkMETE T, BT g & Gu i Jm PR BEHE SRBOS AR P 200, AR HEREE E R T s
TEE . T SR ERR A, SISR W R HISEHERI S0E, Gk T2 I W75, Rl IR 2 I 50K . Liang
LE[52]82H 7 —MpIE T Swin Transformer [ 213 B4 52 5 HESE SwinIR, @il /il - 4 RREGTER I
il B S MR FR R B i 7 R R LS, 7E 2 /MR PRRAT 55 SR 5t F IR E T CNN JF
%, BAE T Transformer (45447~ 55 B 0 1] 3) 76 B IEHGUER 0 32 b A AME S5 @ Rk . Zhang 28 [53]42H T
— i E BEATUSER — PR — W S BT T BE LR R S B IR AL AR, B ESRGAN 244 ity 3 iy il 25 Hh
BSRGAN, fERMEIAGBMAIHERER LB @B HiE, RER TR ES SR, WU 717
AR SR s b A U

25.2. ZEGBIWE

% BUGE 7y W (MISR)YBEAFIH 2 ME R B B — A m PR g . XM omiEiE s k3K
BHECHE, DR ZA BRI a0 55, AEEd s ARG HEEE BEUIRs o PR . SHREGES
HER(SISR)F AN, MISR EITHA Zig G I EAME E, REW A MO E & HER R 4015 F
45y, SISR 5 MISR fAH < L W2 3.

Salvetti Z5[5414EH T — Rl TR EFHIEE B IR EAZ M4 RAMS, FIH 3D & AN & 218
KA HFRBBA IR TE R, LU 3B PR EE, 1EAJF Proba-V Hdli4E L EEMR T RESIAEZ
B, BoAIE T HAE KRR 18 37 st b A R S T IE S 1%« MISR IR ATE T & vl LLRF 2 AN A R i
TLARAE BRI BR AN kD e, X RO VARG A T S FRAS I DL, Xiu SE[55]42 H i —FhoE 1)
i )34 WX % 45 4 COT-MISR, 454 7 2R Transformer B3, A 200 AR 2 9 2R B 10 R B0 A0 4 Jads
&, 1£ PROBA-V ¥(#a4E EHUS T H Al 2 B Hre T 55 it fe, v R IER a4 40t 7R
P o BEETHERE IR AN SEIE I 20k, MISR HARAE Ab 5 R B B A AN 441 B v 40 1 2 BB 7 T AR
(CEIIEEEIS
2.5.3. 3R

AT AN TR 5 G e 4 G BUR T — ek, (Hnmnkik. 1ok, BEAR CNN Az
S, {H GAN LAY LE b B 55 A 37 5 AN [R) 4 TR 25 B B B AR, SR SR M 9 7 BEAR R o] &5 4 1 35 [
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Figure 3. Schematic diagram of the structure of Transformers
[& 3. Transformers &R E

Table 3. Correlation comparison between SISR and MISR

%% 3. SISR 5 MISR HIfE %L 5

L PNE Yk BEERE TR RV
SISR FBRAK R ] ke i SRCNN. ESRGAN
MISR 2 R4 PR = = CoT-MISR. MVSR

FIF TR G5 RI[56]. HIk, BUARLEIE N 2 A8 ) SEbRIg 7 07 T 475 IR, 75 BT 5 G F R ok
MAARFES SRR AR Besh, TTELSI IR I i) 2 Fai 2 75705, IR AL A 2 K 3R 2
DARTHRRINERE . A2 EGIRMATRAE AT T, 7 R R E L SRR SR R AN 3%, AR 5
S SBR M 2R BeJE, DA B B RS R B PR PR AR AE — € R PRI, 75 BT R & PRI 45
KRBT EITAN 795, DLV R R R R B i

3. HRAEA
3.1. sl

R Ao I R I SRS BRI & AL A7 A7 BRSO b P R A . AU — A4
BORLRE, SR P NI RE B AR B S5 B A an TR RE /), IXFHRE ) (AL &% BE IS 12 2 b R A%
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IREE T BATAESS . BB IKBIEAL, TR IRA, A MASEIIX —R I 0 T A, XU
AU MK B B S 22 5], BeS B SRR I B A R R R Gt IR SIRIRIE, R
RBRME ML (CNN)FT 2R, CaWRHHES) T ST I AR D . CNN 7E G AR 2 # 4T
F RO T RTATR A RIVERE, VLSRR LA N R BT WSO T, AR 5 A0 e Ar g
A o

BEE HAR AW D, SRR Cad 2 TV 28 e, 7ETEECE 98, (iEh55[57]
Peth— st ) Real-ESRGAN ARAL, EF X TRGEUE AR/ HE2 R 51N 2 REBERHIERL & 5 8T8 1 = AL
fill, 16 Axi oy e Bl ool UG IR JE S o R i As , BTt T D s sk S RS GG
I % (PSNR 1 3dB, SSIM 1 0.0672), NEIHiEH PR SR et m 4t s 5Lt . 721468
SIRTH S RSE R4 AR SR E R 12 Bl S R BN LL 2R BN A, 58 YRR B 4 [581 48 th ¥ — AN 45 & 2 x4t
I £ (GANS) FIE A 22 ) 265 (RNNS) ) &2 45, T TN HEBR B 28 p SR EHlE - 1% R G0 R T L
AR B BRI 3R BOCEEAS B, I8 IR TR e 0. X — v Re A ROR B A FL R HEER L
TR G REEARAT N, HPRAEMER TN, SRR T YIZRATEE FE SRR AR R SR

RGBT BA CE I 7 R r sk, (B 2 PR Z o i, B, el /e AS [ e HE A%
PERVE Z: 15 Sth (R Frm AE R Y, TS s A AR () S ARG g, DA R S AL B OK MR PG B A . Aok
(RIRIE TR Ak SR 28 B i AU R, $R ST E B R A R D AR R, DL R T P 8 e R R AL o e T 5%
DA 2 A W7 384 K 1 17 P 75 2K

3.2. T Fciiem

FE TR I, oA (NDT) s 2 R B E A, B R 17 fhAE AN E B S oL T
HpiEM 2 VAR MR R S S5 BB NSRS, NDT IRENMBERGE 7 B2 R8T, BN
THEY Tl R 9T /) TR R R HER R HoR . R BB AR B SRE DU R Las 2 ST, X
SEZR A BORBERS H BN IR BT R I P RO BRI, ST M R S IR, RS E SR
SiR AR, JRAERRIOAE i T LR A A

FEIX AR, i MR BR BRI N L JC e o i, AR B R R 3 B AT IR SR RE Jy, A
T FE BE 6 F AT RLR I RO S5 44 o B I 1R T R I (R 2y PR S XS LU, ISR Ja SR M die fit
TR M S L B A, AEROKR A BRSO RR AL AT AL RO FTRE AT D TR AT A
T P B ORI 2

Wt P A D AR B AN A Ji s LA T G A5 00 438 PR 2 PRBSORB ™32 o 8 7 1] R ARE 428 1Y) SR s A
e, Nicolson Z5[59] LAXUH HKAHFEFEHE 7 5 FMC BUAR , 75 7% 7] B 48 v S 73 Y 22 K SR B & BB
D% HL TS BE SRR A vt 0 MR AL AN, A H 5 T P U S AR P B A A (1 v o B A AR I
SRR, IR X SRR UK, b REAE N[6014 T —Fi it T AU AR R e S5 AR
B S A A R BRI EORFH 28 S M A (R 96 DR KR, i o L - S e
HERUOURARE 26 8, SEBL 7 4R T BRI 4 15 R (RICRAR, A RAR R 1 21 e P 8 0 4t
BB, SRIG IR HAE AT A T AR vh B R 2 Y TR B T B

XL TR, R B RO B AE T JTE 150 0 AT 1 A BRGSO A P I e
SRTT AR B AT BE T SEWR B, BB RO S5 4 (R T ARG B4 T SE s R S48, AT HESh JE
UG 17 B g A P AT R S R e

3.3. EfTRLE
BT BB A — i F T 3R AR P9 2 4 0 B R (AR 02 A\ E B A QI M R, 7 I PR A2 T A 3T v
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REZEFEEREM . B ARG EIE, X $4. AR, BOLR. B RS, BTG
BRI AW TE A 18] 43 Hr A FORT LLBE, BRA% DUWOK Z0S B I AR N B3 B SRR S M, il
IR e St TR B R Bl . S IR BN A B E A T UG B & IR BT BE 1 S5 MR L, (E 9K AR s
TERI T AAL A T RE,  HEBIER ST BUAR 1) B8 i T 2 A8 R e

BT G 4 AR 45 A B ASI B 7R3 B 2 B e B e AR, S R G B (W CT. MRI)IE
HRFEREEMBENEE, HEUREIEEIER ML T3 5 M. B TIRE S Iy P s gl
FE R IR, RERE— DAL A B (0 SO I BT S 00 B, ot L 4 4 ) B T A 5 A
PRFAETS CLIE T I, S S 70 B o A A

Sobek ZE[61]JF & T —~4 4 Med-YOLO F)=4EPE 2 EE HFr i AELE, ZAE4EEE T YOLO #AY.
Med-YOLO ifiid 3D A #e | 2D Pz )=, A REAE FL iR Ao A7 2 2 BUE h i = 4E45 8 . Zhe Guo
ZE[62] 1) A5 A oy RISk, R R & 7 R BR BN, S8 1 W2 K G A SO RS U 2y JZ s o kAt
Al REZAGER I SLIVIT [63], BAF N —FNRRE S AL, Retl ol m Both i AT & KB EUR 7 Hr, A
RO G 2 REED PR 500G, RGN & TR (R RFAE AR IC I BB M s B8V, B00E T =i o Pk
BRI T RS R AT B @& IR EE RPN, (AR B =5 A I S kG 1, A Bh T4 =i
2T A HERA I AR T I IR

7 G BRI B A T s ) Bk B 7E TP 5 79 5 0 R e FR SR (I CT) R AT S K
PREOOUL %, DAK B o 0 R B i SE I A PR . RSk U R T R IR BALBE D R L. BT
AR RAR SRR AEH, AT o e il B, SEILTC B TS AR A K G 8AE

4. BBSe

TE BRI ATIE,, A% 48 G AL BE 7 vE (N SIFT. HOG R AEFR B MK N T34 E 5 G 1 (PCA.
LDA), HMAETHIEEW ., WHEHER, HEZRGF(WBSISEM . RS X ) iz Lae 1 H R .
TR E S ST RS (CNN Transformer) il idt o4 k30 1) o 20 % 2], B2 88 2 2 IREHERIE, BERTA T
XM AR T S

AN[R] slont PG B 1) 25 A TR SR, IEHES) A HE R B R E RIS “IpsoE ) AR E T
M AS I, B AR AR A E S A AR Zh A S, B GE T IE s EUR R B OR s TR S
B, =4k B EIE A B = o PR, SO T AR B B ORI E S R
5 DO 7 AR RSty B AR 0 S AT SOR R AL, B RO T AR G T VR R T R A

BEOIALSE R ARAL W, M RTEEA T VE 2B B B AR T G EIE A N TR R T
FRREIE BARTE S 4 P2 AR ISR 3, (HILERAERE )2 PR T ORI R M a5, 7RSI, §98030%%
ST AR SR AT T Bz A 1 B S I R T TR 2 = g il ek i 80 v 1Y) J2 R ALARRAE 25 ST AL S 35 4
FET RGN GENE, RGBS HEIY 51 R T B IR RS VI SR80 75 R I R . ik,
AR Hr e B R R AL S “ R Ba#aE, AU A @ m TV, BRSO
IS SR AU S NG SR AE S . S 5N R AR RO U S AR ) AR R MR S
o B R () B R DL e Rl 2 RO SO B0 IR O B8, i BV SO ) 523 1 IRZ Mg 3=
LB 2 UGS SUE BRI ARE, A E N 3 50T 0 BGUR SRR TH R AL T BRI 5 i
%,

5. KRR
T ROHR IR SRR B SR S SRR, SRR 0K B DL R s
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(1) $RTHEHE ThUAL B AR AE SR IR ARG

FERL SRR A TRAC BB B, o R AT e . SR — AL A A B R 2, XM R 4R i
SR SR 0 R A I B HER P o RAAE SR E L Bt A B S D B, B BIRE R A TR R
R T ZIT AL et 5%, DA s R RS- MU B AN S e, UG AE R385 T4 H AR IR
BRI i, P2 )AL U 36 R 42 2% (CNIN) T Transformer 7ERFE ST T FE B H 1 38 K (1 RE
73, ARV TE AT LARE— 25 PR X SRR AR AL 5 Bt b B o A S

(2) WRIETIREZ M ZEEM AR

LR A BORE N AR A A AL RS BN FRIR B, ReRsiR e B BE R, ek
TEHER TEAM B IR IR, JEHR B HSIRE S I, YA B AR & 2 AR R4t 7ok
M H o AR T AT AR R U (] R FYR L 2 SR ROR A B AN b 5k B A FIRAS B0, DA Rl 2L
PR PRI RE

(3) R /INFEA S S ANAS R T g e

FESEBR LI R, 28 5 T AR Bl B 3RIBOAT REAR Y &5 SN T AT, Xl 7 B AL R 78 /> B bR E
ol EHEATA RN 2 o ANREA S I BOR AT AR B A R A SR A R 115 00 R AT 2 ) RIS, AT
PR Pt A o A AL B AT Y — AN SR BRI S5 A, e R DA B AR R () e SR R, B o A
HIfEAE.

(4) HEBHTC B B B A S BOR R e

To B 2 I HOR T AAE B AR B B 50 B AL o AR RN G 4, T T AR 5 8 14
ReEEIC N o R S BRI B BT 55, AR R R0 MR AR I 2080 b 27 21 IS R -
REEHR IR A 32t — 25 0 FE L8 B8 A BB 1) 2 FH Y

(5) MLXF SRR B BT ) = A

SRR A BT 1 S 2 PR AL Bt A B AR SR 7 PRk, WALt S ZhAIp AR R
ARV T ZIF R EINE BRI, AN IR L8 55 28 PR BT R

EREFTIE, WLt Hode Ak PR AU e IR A AR T IE w1 S v TR B AR SR IDORS I . IR R BRSNS
PR R IRANREA S S AR R L Sl 0 M AT 1 M 2 ST R R J DL ISEA S s A P 358 SR %
VRSG5 R o IR S SR LRI HES AL L Bt A BR3P, DASE AW R B SIEB B 755K

6. RESRE

AL RGLFR T W0 HE A B A IR S B 1) R R Bk 48 SRR R, B U R G HER IR T 6
RSN B SR R AR R AR S R A OB T, s
T BRI SRR AL SEAL 88 2 S BIR E 22 51 (CNNL Transformer. DDPM)TE . BFFC R B, WFEHL
il 5 BE B IR R G . ARSI R ERE. WEREIE CBON R IA B ARI T . 4%
by VNS AR AT R — B R A ST AR

(1) ZHEEMEHARRKRE: BTG HESE 2 HOE 3 -TWFAS FRIE I BUR, KRR RAR RN E
ZREMEGEIER AR, DUASS T AT RRHEE B R R8s a3 G JIER
BRI RRAE S S — AR (R SR B P, v P i B Ak B 1 v e PR A A 1

(2) THALEEF AR MRS 5 aetb: B G ECHE . RRIESR IS TAL BE R AR A PR R i, AR SR T 50 B
TR X A A e A AR O — BB R G, SIS . IR R BN R
MEDR, K2 IEEERE AR MR FERE, 4T AL

(3) VN FEFRIIbRELL: BlA LI MERE A SR St s B RE S A ICE, A M FR AR A 58
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Abstract

CherryUSB is a lightweight, high-performance open source USB device and host stack, maintained by
domestic developers, designed for resource-constrained embedded systems with USB peripherals. In
recent years, with the increasing number of embedded devices with USB peripherals, CherryUSB
has become a reliable and stable choice. Compared with other USB protocol stacks, CherryUSB fo-
cuses more on user reading experience, driver comprehensiveness, stability, and high performance,
lowering the barrier for developers to get started and giving full play to the advantages of USB in
embedded devices. This paper analyzes the CherryUSB host and slave code in principle, and conducts
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the application practice of CherryUSB host and slave based on the rt-thread open source hardware
platform named art-pi2, and provides a reference for embedded USB development.
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WAR[L]. 7EB T L, CherryUSB RHBRMRIGFE, FrA 2EUKBNAN USBIP SRR (i 1h, &AE RN C
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UART + DMA J&@{5, faifk TilfE&@%H, @R P H. 72 USB [1ERE, 32 WIRsh B et B35 17 4
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177 3#F, f945 daplink, blackmagic, Ivgl, Iwip, nuttx, zephyr %%, J£hnAZ| rt-thread E 7= OS Wi H 1,
B rt-thread FrifE USB Ppis A%«

USB WStk e — AN KIE &R, TS e, BRACH P IR R T, PFEfE USB scilfis, 2£2—1
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F rt-thread artpi2 FFJ5AE {3547 F% 18 A0 32 IS 1 SE i
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ZEFIOR BN EH > B 46 USB fliR £FEM, USB 2 IRSEM, USB i sy M. CherryUSB 1 & Bl il #k
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2.1. MHLEERISS 1P it

USB MMLEEHIES IP & —Fh & AL sl LB LT ASEER, T SE30L USB P SRR I il S i 2 T g, ik
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1) DWC2 IP 517 8% X
DWC2 IP # {7 8Bl & AR A7 e MHLEAF8e. EHLAAAa =28 WML A28 b SCf 55 b i 27 A7
H, G IN G ST AR LLR OUT Uiy sl 2 A7 i, & CRFIOK 16 4. Frf7andlnyse R

typedef struct

{

__10uint32_t DIEPCTL; [*1< dev IN Endpoint Control Reg 900h + (ep_num * 20h) + 00h */

uint32_t Reserved04; /*1< Reserved 900h + (ep_num * 20h) + 04h */

__ IO uint32_t DIEPINT; [*1< dev IN Endpoint Itr Reg 900h + (ep_num * 20h) + 08h */

uint32_t ReservedOC; /*1< Reserved 900h + (ep_num * 20h) + OCh */

__ 10 uint32_t DIEPTSIZ; [*1< IN Endpoint Txfer Size 900h + (ep_num * 20h) + 10h */

__ IO uint32_t DIEPDMA; /*1< IN Endpoint DMA Address Reg  900h + (ep_num * 20h) + 14h */

__ 0 uint32_t DTXFSTS; /*1< IN Endpoint Tx FIFO Status Reg  900h + (ep_num * 20h) + 18h */

uint32_t Reserved18; /*1< Reserved 900h + (ep_num*20h) + 1Ch-900h + (ep_num * 20h) + 1Ch
*/

} DWC2_INEndpointTypeDef;

typedef struct

{

__10uint32_t DOEPCTL,; [*1< dev OUT Endpoint Control Reg  BOOh + (ep_num * 20h) + 00h */

uint32_t Reserved04; [*1< Reserved BOOh + (ep_num * 20h) + 04h */

__10uint32_t DOEPINT; [*1< dev OUT Endpoint Itr Reg BOOh + (ep_num * 20h) + 08h */

uint32_t Reserved0C; [*1< Reserved BOOh + (ep_num * 20h) + 0Ch */

__10uint32_t DOEPTSIZ; [*1< dev OUT Endpoint Txfer Size BOOh + (ep_num * 20h) + 10h */

__ 0 uint32_t DOEPDMA; [*1< dev OUT Endpoint DMA Address BOOh + (ep_num * 20h) + 14h */

uint32_t Reserved18[2]; [*1< Reserved BOOh + (ep_num * 20h) + 18h - BOOh + (ep_num * 20h) +
1Ch */

} DWC2_OUTENdpointTypeDef;

M ERFARBEWMTE L, WHEE, BdErE, EERAREE S, JRRCE A 2785,
T 19 INRFERIE, OUT {RERIL.

Table 1. DWC2 IP endpoint register description
7 1. DWC2 IP i B 778815 AR

DIEPCTL\DOEPCTL Be & om B e, KA, SRR A
DIEPTSIZ\DOEPTSIZ e 5 i e R 1K B R UK
DIEPDMA\DOEPDMA e ¥ i R 1 B 4RI buffer ik
DIEPINT\DOEPINT e B R 1% B i s T

2) DWC2 IP Hl#;

DOI: 10.12677/etis.2025.23012 151 AR AR SRS


https://doi.org/10.12677/etis.2025.23012

DWC2 ) iihr EA R %, XELAZIZ A — i, 4.

USB_OTG_GINTSTS_OEPINT
USB_OTG_GINTSTS_IEPINT
USB_OTG_GINTSTS_USBRST
USB_OTG_GINTSTS_USBSUSP
USB_OTG_GINTSTS_WKUINT

USB_OTG_GINTSTS_OEPINT #1 USB_OTG_GINTSTS_IEPINT 482 /& i i v It , Fo 4 J 14N FoR USB
—LeiRAS . e rrh, SO — BRI
e USB_OTG_GINTSTS_OEPINT

Table 2. DWC2 IP OUT endpoint interrupt register description
& 2. DWC2 IP OUT i &2 Fp B kR 15t AR

R hik
USB_OTG_DOEPINT_XFRC R TE B
USB_OTG_DOEPINT_STUP B SETUP A58 B by

e USB_OTG_GINTSTS_IEPINT

Table 3. DWC2 IP IN endpoint interrupt register description
%< 3. DWC2 IP IN if g2 P B ¥R 15 BF

TR g
USB_OTG_DIEPINT_XFRC RIETE I W
USB_OTG_DIEPINT_TXFE Rk, HTREEREEE, BRIRIETE N

WG 2 A0 3, ATLLMAT i, MHLIEHIES 1P AORS Rl dE: 2 4lm w788 AOB(IN) e P I, #2
Y (OUT) 58 e i RANEE R\ R AR h . [FIREHL, R ML A 1P 152 (50X sy sl ARIEX
SERF A, NI RE S B BATE SCANLEZE I 48 3K B0 T APL

2.2. WHIZHIBR IR 3%
A B 2% 1P FRRF i, CherryUSB Hhifil i€ 1 38 F Fr E 1) MLAZ 1l 25 B30 API (cherryusb/common/
usb_dc.h). 1R 4 fis.

Table 4. CherryUSB device controller API
Fz 4. CherryUSB MALIZHI88 API

kA4 T
ush_dc_init Iz 1 25
usb_dc_deinit JRAI A LA i
usbd_ep_open e 25 o e AH DR SR P
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g
usbd_ep_close KA A
ushd_ep_start_write Uity At JE B p R 3%
ushd_ep_start_read Uity At JE 1 p U
usbd_event_ep0_setup_complete_handler setup 3 52 i 1 I Ak B
usbd_event_ep_in_complete_handler Uiy R 3% 58 B HH T Ak B
ushd_event_ep_out_complete_handler Uiy R AW 5E B T Ak B

API FIZF 72 FOREHE R 7 USB [—~ 410 % s (endpoint) [2]. i si/2 USB 15 4% A8 1) 2 A4S 15
SERERTG, AR PR R X AEAE RS, FESR AR IR R H i, JEi I T (pipe) MEAT A& . it A
HAT7 M, FE IN AT OUT Jiinls I mi SCHF—MeHa 0, fhishilEin. MEAm. Pk, [
WARER[3]s i s AR — AN G KB A B PR, RO MPS. X, FRATRAZELLIE, K AL
DMA I IH , 3 15 1) R IE 5 HUCE A 2 A3 E TR, I s i) A% i 7 0B & UART\SPINI2C f& %5555,
Ui S SE P TR AF & DMA EE SR . MBRATR IS EE LS, T DUSE PR B3 A v ) & SCRIAE
I, FEARAIERAR MMLEEHIAS 1P FIORSD A T AR
2.3. WAL

£ USB 1, 55— AN E A& M setup 0[4], B2 EHURMHLMS AT sE SCH— A8, W&l 1 pT
7N o ENUAMALIE T 55 55 0 JEAT 4L, 3 K i% setup B FIMHL, MHLE 347 E] usbd_event_ep0_setup_
complete_handler A%, %R EUU 2 T AL F IR setup 12, FH&MEANE 1 bRequest AT AN (K AL B,
B SE R USB A28 DL R4 FT IR R n 2 A

Offset Field Size Value Description

0 bmRequestType 1 Bitmap Characteristics of request:

D7: Data transfer direction
0 = Host-to-device
1 = Device-to-host

D6...5: Type
0 = Standard
1=_Class
2 = Vendor
3 = Reserved

D4..0: Recipient

0 = Device
1 = Interface
2 = Endpoint
3 = Other
4...31 = Reserved
1 bRequest 1 Value Specific request (refer to Table 9-3)
2 wValue 2 Value Word-sized field that varies according to
request
4 windex 2 Index or Word-sized field that varies according to
Offset request; typically used to pass an index or
offset
6 wlength 2 Count Number of bytes to transfer if there is a
Data stage

Figure 1. Format of setup packet

[# 1. setup B8
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PN

T 2 EERIAT CherryUSB MALER SR I PAT T FERTE H = &R, FIMHLIEHISS IP KB B

P
o

USBD_IRQHandler

—_—

tx_msg[ep & 0x7f].cb

usbd_setup_request_handler

‘ rx_msg[ep & 0x7f].cb

Figure 2. CherryUSB device stack framework
2. CherryUSB & & Y% HER]

3. CherryUSB FEH1 MY ##tiR

CherryUSB EHLIMSAR 3= B ALHE EHLIEHIZS 1P UK5), USB WA Mz ABRalindk. A6+ MALE— %t
—HEE T, ENE R G S, TR X 2R 773, A fFE SR 2N USB 4%, A, 7E CherryUSB
i, RH T RTOS W45, W f# A bare mental 1977 E B, HMGIansessE, REHLPIARID, &b P
TE ) S A P AR5 R 5 R0, I H AR ARED (R ok M 2845 A5 T 4% . CherryUSB. ML SR S #5 2 Ff USB
WA 2KIKE, 45 CDC. HID. MSC. VIDEO. AUDIO. RNDIS. HUB %%, aJ LI 1 24 USB #%&
%, BANREIETTLRE G RRCLIEZ M USB K5 M IR &) . AREFEMNL—FE, MFHEGIES 1P #it
NFHAT 5387

3.1. EWIEHISS 1P &t

USB THLIEHI28 IP & — N A AR RS AL USB EHLINREIRE AR, FE A TR,
AL, USB X AL EE, FFm b Z A S AR v 2 A7 2% 8 o 1 AL #8 1P IR0 2 fR 4 1%
LLF A A X, BHTHCE JFAE% 5 USB B4 T# S . CherryUSB SCHFZ AN ENLIEHI 2 IP, MR 1P
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EEEI

45 DWC2. MUSB. OHCI. EHCI. XHCI %. M MUSB 1 DWC2 # /A K H & (74 L &,
OHCI/EHCI/XHCI #1153 DWC2 i /3 1 xR R FFRERICE, B 1 2 RICThREC A A, 15 #
D) K B Th RE A g B AR A, BEAR AR S E A, (R AN R TR ) g SR
OHCI/EHCI/XHCI & intel #il € ) —& FHI=HI s b, BHajt 2 Faiiir hasam A r), Weni
TR BT ENEEHES OB E R, AT R E R HR WS N E 5 R,

Table 5. Interrupt of USB host controller
% 5. USB TR R BT fh A

IP Hi AR & Tk
DWC2 USB_OTG_GINTSTS_HCINT R 7 5 R A5 P
MUSB MUSB_TXIS/MUSB_RXIS BB pipe w58 B/ i Hh
OHCI XHCI_USBSTS B A pipe H 1 56 B0 5% H B
EHCI EHCI_USBSTS_INT/EHCI_USBSTS_ERR B A pipe H 1 56 B0 % H B
XHCI OHCI_INT_WDH F A pipe HH KT T8 B 1R HH T

M ERFFAEERINRERT LLA 1, e B RS it #R RSO, Jedr R3S 7
KA. FEIXHL pipe MUMHLA S 23T BLFT,  — AN i N —> pipe,  H#R— pipe %R — M £l
B H T EE X 2877, BRI E 2 AR R 0 £ (H2 8 TSR USB B4, Bk, 72 8L,
GiRKON pipe. BT, BATAT LUE SCH RS E8 1P AI4KE) .

3.2. EHIEHISFIERNIZ T

FEHLIEH S 1P IREN, CherryUSB 2% 1 linux [ urb BEit[5], 72K urb (usb request block)f /7
Z_Et, urb lj‘]%?’ﬁ[ﬂ:

struct usbh_urb {
usb_slist_t list;
void *hcpriv;
struct usbh_hubport *hport;
struct usb_endpoint_descriptor *ep;
uint8_t data_toggle;
uint32_tinterval,
struct ush_setup_packet *setup;
uint8_t *transfer_buffer;
uint32_t transfer_buffer_length;
int transfer_flags;
uint32_t actual_length;
uint32_t timeout;
int errorcode;
uint32_t num_of _iso_packets;
uint32_t start_frame;
usbh_complete_callback_t complete;
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void *arg;

#if defined(__ICCARM_ ) || defined(__ICCRISCV_) || defined(__ICCRX_)
struct usbh_iso_frame_packet *iso_packet;

#else
struct usbh_iso_frame_packet iso_packet[0];

#endif

¥

hport N —4~ USB % %%, 470 urb 2 7EME> USB %4 - 1i

ep X R —A~ USB #4 EI— AN sd, 47T urb 23 F11% USB %45 I A vy i 188 45

setup e Fa fil4E ot B 1) setup £

transfer_buffer JI| &7 A& 4 (1) stk

transfer_buffer_length R/ & K E

actual_length #7528 I B B IR SEBR K

B urb B L ENFIRZ, (HRASERE, MMPLEMR —FE, Rt sl s, E AR i 2 i 55

RsE ey, RANEAE EHLY AL pipe SERCH T,  [FIFE 2 AT AR LR UART + DMA 172, ¥ pipe tb
YE DMA 8, feitbfE—/Mohis, Euln UART/SPII2C, 5E ik i LA 2 DMA 3838 58 & I -

3.3. MR
TN VR T E RN USB W& HEATHZE, JF BT HRAT, AR RATTHR B0 N USB

MU B EE AR T, dnl& 3 AR

FEFENLH, AP hub fREE, USB hub (USB 545 88) /& — Rl e ¥F £ 4> USB & i 2 3 — A
AN USB i [ % o BL3EAS b USB #2 I 4r 4R35 88 R 4% . 84> hub [/ USB #:11, 4 hubport,
&A™ hubport 7] LLEE AN —A~ USB 1t 4%, Ktk USB % & IAS w285 hub 1 hubport i2E47 . 1M hub X
43 roothub #I external hub, roothub R ML HIZE ALY, external hub H & 7&—> USB i, HA&dEHE
%A USB &I ThAE, W0 4 fim. KULAE CherryUSB FR 2Bl —A hub SF3 2R e, 1E k2450 hub
AT USB R EH AR 4, R Am N E A, AT A RIR SN, R 4 H )
BEAT SRR IR N2 hub ¥, JUGEIT hub 815 4k 4G MG 1k, BAH LB g —r—4
hub ~F3 2R FE 8 4F hub BRI USB 3

4. BTF CherryUSB R BFF %
AREF, ALK IET RT-Thread ART-PI2 HIRIE(:, 3E4T CherryUSB B == HLAN MATLES FELAN B FH %

4.1. ERMIKEEERLH D

B JeARHE CherryUSB B 7 3CHY (https://cherryusb.cherry-embedded.org/quick_start/transplant#usb-device)
SEMANLRFEREFEAE, FEAEIE USBIP HIRRIN A, 45 USB 51, USB 4, USB iifidE, Xtk
ANJET USBIP WKEh )%, B FRAEM RT-Thread ART-PI2, W LLE#(EH ART-PI2 B 54 FE
(https://github.com/RT-Thread-Studio/sdk-bsp-stm32h7r-realthread-artpi2), Fi%$¥ art_pi2_cherryusb_usbdev_
cdc_acm TAEgmiFEPml . BAKNZLE env A5 {8 menuconfig 2)i% CherryUSB #bk, i+ USBIP F1
cdc acm ZF1 demo FRAF, Wi 5 FioR.
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[ usbh_roothub_thread_wakeup ]

search all ports

search all interface drivers

CLASS_CONNECT

Figure 3. CherryUSB host stack framework
3. CherryUSB EALIHYUFRAEE

USB device 1

Y
USB device 2

USB device 3

USB device 4 -
Text is not SVG - cannot display

Figure 4. USB hub topological structure
4. USB hub $R¥P2E#

I
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[@ cmd - menuconfig - o X

M <1> cmd - menuconfi.. Search PE-L-&lH=

odee packages » system packages » CherryUSB: tiny and portable USB host/device stack for embedded system with USB IP » Enable usb device m
TTTT1T RT-Thread Configuration

Select usb device speed (FS) ---)

Select usb device ip, and some ip need config in usb_config.h, please check (dwc2_st) --->

] Enable usb cdc acm device

1 Enable usb hid device

1 Enable usb msc device

] Enable usb audio device

] Enable usb video device

] Enable usb cdc rndis device

1 Enable usb cdc ecm device

1 Enable usb cdc ncm device

] Enable usb mtp device, it is commercial charge (NEW)

1 Enable usb adb device (NEW)

] Enable usb dfu device

1 Enable chardev for cdc acm device (NEW)

512) Set device control transfer max buffer size (NEW)

512) Set usb msc device max buffer size (NEW)

[ 1 Enable usb rndis device with lwip for lan (NEW)

[ 1 Enable usb cdc ecm device with lwip for lan (NEW)

[*
[
[
[
[
[
[
[
[
[
[
[
(
(

Select usb device template, please select class driver first (cdc_acm) --->
12222224
[Space/Enter] Toggle/enter [ESC] Leave menu [S] save
[0] Load [?] Symbol info [/] Jump to symbol

[F] Toggle show-help mode [C] Toggle show-name mode [A] Toggle show-all mode
[Q] Quit (prompts for save) [D] Save minimal config (advanced)
python.exe*[64]:9348

«230724[64] 1/1 [+]NUM InpGrp PRI 141x29 (81,21) 25H  7700/9348 100%

Figure 5. CherryUSB device menuconfig
5. CherryUSB M#l menuconfig fit &

SRIGIAT scons --target=mdk5, FF-7E main EEHE ] cdc_acm_init ¥1454L cde acm ¥4, SRS IF
P EIA] . 2ol S AE B E R — > USB COM [, Jfal AT HE 1@ 5 . W 6 fion.

aciludl oul Len;.ida -

WO com4 N
. 3aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
actual out len:154 eees 1000000 sasaassanssanaaasaAsAAAsaaRARsasaAnaaAssaanaans PR
R : 8 v EREFEEEREREEE EREFECEEREREREFERE) R FEEEEFEEEER
actual out len:154 Hl
KA - None 9 3aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
actual in len:2048 &I 1 v

o EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

. d Dy RTS 0 FEER 0 a a aaaaa a a
actual in len:e —

aaaa aaa aaa aaaaaa aaa aaaaaaaaaaaa

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

actual in len:2048 BRGRER: ~ - o - - - - - )
() ssmmrisaise: aaaaaa
actual in len:e () e UU
TR 3aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
X =i 20 ? aaaaaaaaaaaaaa aaaaa aaaaaaaa 6 FEEEFEEERE
actual in len:2048 p —
L74 ﬂﬂ]$ Add Timestamp v a 2aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
actual in len:@ RPIE S aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
: s
RFRE:
actual in len:2e4s o 3aaaaaaaaaaaaaaaaaaaaaaaadaaaaaaaaaaaaaaaaaaaaaaaaaaaadaaaaaaaaaaaaaa
’ () mEseat rE®S a aaaaa a a a aaaaa a a
. () +rosmimz aaaa aaa aaa aaaaaa aaa aaaaaaaaaaaa
actual in len:e ‘:: AR
[ ) mA  ADD8 v a4 3aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
() mrosix ™ 2aaaaaaaaaaaaaaaaaaaaaaaaaa 22a3332333233323333333333333333333333a
4234432452342344324523423| (] @RRRFGE v
5234234432452342344324523) 423443245234234432452342344324523423443245234234432452342344324523423
324523 L74 LR, 4 523423443245234234432452342344324523423443245234234432452342344324523
() Exmnisrim 324523

Figure 6. CDC ACM read write test
[& 6. CDC ACM EEik

42. FERENMEUVE

FEHLIF AT LLZ% CherryUSB B 5 SCRY
(https://cherryusb.cherry-embedded.org/quick_start/transplant#usb-host), [FIFE7E ART-PI2 B 5 G EHHEE
FEHLRIEIFE, EHE art_pi2_cherryusb_usbhost T-#£[6], Jf# ] menuconfig 2Ji%& USBIP 1 MSC 2% % Jf
A7, s 7 Frok. CherryUSB £ X 23] RT-Thread (1) DFS (B R G) AT+
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[@ cmd - menuconfig - o X
Il <1> cmd - menuconfi Search PRE-U-&0=
online packages » system packagesseherryUSB: tiny and portable USB host/device stack for embedded system with USB IP » Enable usb host mod
T RT-Thread Configuration
Select usb host ip, and some ip need config in usb_config.h, please check (dwe2_st) --->

[*] Enable usb cdc acm driver

[*] Enable usb hid driver

[ 1 Enable usb cdc ecm driver

[*] Enable usb rndis driver

[ ] Enable usb cdc ncm driver

[*] Enable usb video driver, it is commercial charge
[ 1 Enable usb audio driver, it is commercial charge
[ 1 Enable usb bluetooth driver

[ 1 Enable usb asix driver

[ 1 Enable usb rtl8152 driver

[*] Enable usb ftdi driver

[*] Enable usb ch34x driver

[*] Enable usb cp216x driver

[*] Enable usb pl23@3 driver

(@) Set hubport change thread priority, @ is the max priority
(4096) Set hubport change thread stacksize

(2048) Set host control transfer max buffer size
(508) Set host control transfer timeout, unit is ms
(1660) The size of each pbuf in the pbuf pool

Select USB host template, please select class driver first --->
12222227
[Space/Enter] Toggle/enter [ESC] Leave menu [S] save
[0] Load [?] Symbol info [/] Jump to symbol

[F] Toggle show-help mode [C] Toggle show-name mode [A] Toggle show-all mode
[Q] Quit (prompts for save) [D] Save minimal config (advanced)
python.exe*[64]:2992

« 230724[64] 1/1 [+]NUM InpGrp PRI 141x29 (30,7) 25H  19536/2992 100%

Figure 7. CherryUSB host menuconfig
[& 7. CherryUSB F 4 menuconfig Bt &

SRJEIAT scons--target=mdk5, Jf-7E main %+ H usbh_initialize #4646 EHL MR BILE1L, A5
SR RO

MPATHEAN—A U BB, P2 RO TR, Ind MSC IK31, &M 2 DFS 44+, 7f
DR “Is” ,  ‘cat’ , ‘echo’ #AH3< APl #EATU5 . W& 8 Fiam.

sh />[I/usbh_hub] Device on Bus ©, Hub 1, Port 1 disconnected
[I/usbh_hub] New high-speed device on Bus 0, Hub 1, Port 1 connected
New device found,idVendor:0781,idProduct:5591,bcdDevice:0100
The device has 1 bNumConfigurations
The device has 1 interfaces
Manufacturer: SanDisk
Product: Ultra USB 3.0
SerialNumber: 4C530000240408105172
Enumeration success, start loading class driver
Loading msc class driver
Get max LUN:1

Ep=81 Att 2 Mps=512 Interval=00 Mult=00
Ep=02 Att M 12 Interval=00 Mult=00
i Register ss:/dev/sda
[I/usbh_msc] Capacity
[I/usbh_msc] Block num: JDUJIASO block size:512
disk: /dev/sda mount successfully

sh />
sh />1s
Pirectory /:

Figure 8. CherryUSB host flash drive test
[ 8. CherryUSB E#L3ZEN U £k

5. 58

CherryUSB (120 1 ik B P S i M B AR AN USB, & 2% I Th RE K 11 2 AR D A2 L A5 X
faift, FESEIL T AR USB K%, 4i— 1 USBIP IR5), FEKT I BB AR RS, iy
@kaiﬁﬁﬁ%ﬁﬁfhﬁﬁﬁﬁiﬁm IP Z&4IF . CherryUSB 7y 823 i i S8 SRk W 51 56 22 [T & A4k
Flo B A, X CherryUSB R A MWL) T, A T2 280 USB BEE, T
USBIP W iF AT 2RI, Sgiid, MM — AN RARIIHESE, 20 USB ik — MEIRA
FIFE AR .
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CherryUSB i k43 31| TR 2 R #H AL IS RE, fER 275 4 #A CherryUSB 1552, TiH
T EERE, WIRE CherryUSB 7EASKAENS I 2 FIRE AR 3 FE, XHRHEZMIFIRIH, B —4
FFArER USB PR [7].
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Abstract

This article introduces the main types and characteristics of embedded virtualization technology.
In view of the main problems in the application of virtualization technology in the embedded field,
methods to reduce virtualization losses and improve system real-time performance are proposed.
In response to the needs of embedded devices, a technical solution for dynamic frequency modula-
tion under virtualization is provided to improve system performance and reduce device power con-
sumption. Finally, two practical applications of different virtualization types in industrial scenarios
are listed.
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1. 518

AL A R I 22 (0 A2 38 B0 2= 37 53¢ 5 B DLSOHR b o IR S5 a5 9 AKEE, AU e 2 it B 0, &
5 CPU. &, MIATSE R, HBhA AR M IR AT . BRARARAS . 3R RE VR AT SEE, AT HES) £
S 4 U N AT A AR PR . XA R, XA EOR BRI . BEAIE AL, AL )
RUE LI SEI PERE . BEE VI B RERIIE . B BE L S HE I, MBI B L T AR K E
Ry BATRZ N B . R 25T, BATHE R EMLRE 1, B FEREE ELERE. Rl
P RE BB TR N RE S DR R B — DU L BOR K B 2R bR . B R AERIF R 2 BT T8, M
PU BRI T BN, AR S BR — A PR RE o O T A BRI Z R A SRBEE R UL AT RESE AN 2 4552
AR T e SN EOR B 3755, I TR, KR AL SR AR LU ) = 7 SR ML AR U 2L

2. EREALE

TESER BRI LR, — MRS TE ML E 2 FIg T — A SERHRIE RGE VR ML, didix
ANERHRIERS + SRS B RMR B SE AT S5 . 24— SN EIEATIZ 1T 24 LI, PEL s R
A F 28 s, ALY RE T BRAHER R 2 o X R BER SEI HRAE R G + SR SEET MR AU T (1 ST PE R AR
BB E . EIXAZERI TR, Guest OS (¥ 23 A1 Hypervisor E B [ B 28 3L FIM Al 1 P2 &, X 3L
PR Guest OS X AT 55 1 N8 — 2R, #K Hypervisor Xf VCPU I NS — 2GR [1]. PR
% T Guest OS WHMESTE CPU _EMHATAT N, XAEWIE S H T 81217 T Hypervisor L) RTOS
AR R AT S M SEN Tk . S5 EAREEARER 7 OS HIZ{TH{ES% Task. % OS 1)
WELS. VCPU LK Hypervisor [ #% . fEPZOAEHESE T, Guest OS 4% 18 B & [ iR BT 5%
ffi2 7E VCPU 3T, %5 Hypervisor #%H8 VCPU 1 & LR EL VCPU 2 BE7E CPU FHUT. ASCH)
W FUE S B — A R, A H AT 32 0 MR A AR A rh S 0T DAY el B B A0 S 2 1 2 W 7 =K

2.1. BSRREMESEE

AN B B AE RE SR BT, 3t SO BC ] E OB B (CPU A% WAF . PCI BL%555), L5
ABE RS AR . B REINLE BT TE s, BATI, EEXEREM LI A 4% CRIE R 5 -
AR RITERE . e SRR, TR T SR 2 00N I A i A R B (A AU, ERE L,
FREEPEAT5%) . (HRXATT RS AR AOEME . W EMEEE, WAL=l N, B KRG BIEA
RSN

A5 AT LR A & RE AL/ 2 s A SE I 4, By ek [l CPUL AL 1/0 A7 SE 45 B3R, AT
FE[R] WP L 3g 478 M B B U5 R B (overcommiit), S BRI, SCRFRESLI #4GT 72 (live migra-
tion). H 3§45 (autoscaling) 3 = M. BlUNFE Al NS S, R EIALEOR, AT LSS R L
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Figure 1. Diagram of the dynamic scheduling + static isolation
1 HSBEE + BSREEE

DOI: 10.12677/etis.2025.23013 163 AR AR SRS


https://doi.org/10.12677/etis.2025.23013

K=k, REN

3. ARM BRI TRZEHIE

%% ELiE (Passthrough) /& — T ZE B AL EOR, & SRV ERIL(VM) B G 10 P B2 LB B 5
%, WAL L Z (Hypervisor) . X AJ AFRAE SR FEa O EE LR RE (M RS SUMLTERE, JR7E— 2375 N 32
MR R R . 8 ML B TR By AT LH, B 5T DU A B R A5 4 O 45 R 8 1)
FEFINL o XK 25 I ENLERAE RGE RIS T FE 2845 M0 o 75 R ML AR iy Ji A 45 o Bl 8 B DA 3R T
& T AR TS E] ENLERAE RG] I8 P B 1% I L B AT . WA BDE i — > E AR
S AT DASR AT A M 1 B ) RPN LIERE A R AT DL B4 (e e B3R, 1 G R iR AL E 1
A,

XA EEN RS T, B FEERA IOMMU [2]. IOMMU & —Fiifhdk s, HEEDhe R
HRAN I B £ (1 B N AE U7 7] (DMA) . DMA Fo VR £ (A 45 5 E 25 BT R 46) BT 10 RGN A7
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Figure 2. Diagram of memory pass-through under virtualization
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&, 18115 CPU B S SCA AR R G T — /MMM DR . &5 RIEZ IR &ZRAEY &, fEHE
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Figure 3. Diagram of CPU frequency modulation after virtualization
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Abstract

The rapid advancement of artificial intelligence is bound to drive the development of embedded
systems. What are the characteristics of talents integrating artificial intelligence and embedded sys-
tems, and how to cultivate such talents has become a challenge for higher education institutions.
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P %

This paper analyzes the characteristics of talents needed for the integration of artificial intelligence
and embedded systems, including systems optimization thinking, knowledge of neural networks,
interdisciplinary innovation, and cross-disciplinary self-learning. Based on these characteristics, a
proposed new curriculum system and some feasible cultivation methods are suggested.
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Figure 1. Interrelationship among different disciplines
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2. St ERE I B Y3 R EE R A A 1S T R E AR E

ik 2 foR, RN, BEEERA, RXTRZER. CARBERESMFFEILL. HRA
A&k, BTl rfess 1.

3. ARALE#EARN AT HERM—LEN X T5E

HTULERFR, RIEZENEELLR, LR T,

1) —EBANTERSRAXRE IRER R

BRRAGETHE “ALRAEMAR” AA K, HEAAEFRRGRRN AT RIS R HEgkdk
THARIE AR, $InA — S N TR RER A RS, RS EORIRA (R &

LRI CMRIE A IR R R, S = 807 R RERMRALAEUR . PR B AR AL AL TR 5 N T R
FrO L IRRE A OGRS, DUE RN N TR REAR AN SR & A e . il 3 .

“ANTHERETR” W H AT SO S T B IRREE, £ 40T . @A “Python 2/
Beit” , DAMET AR ATTREAT N R RE A SR

FEIFBE “HNABAE LSS " “RARRG” M “RARIRIERG” [N, TR “wmibienik” , ¥
FA A A

FEIF I AR SHLE 27 AR AT BT i “HHSENLLaE 7, ARJE BL “IAGr SN ALY
N e SRR -

BRJEAELR G B AN “ FPGA BB LR G Bevh 7 1k 248 T MR BCRE — 44 . FLAR Br ity R gt AR .

“RIEERMFEHSNA” 5 T HLEE " RN B BRI AR R . DR
NRRER RSP R AR E  F a2

B PR S B R AR IR AR R WL U R G RO O TR R B 7T DA A M P 1 J5 2 36 v A
B, Xt E ORI RFE R REAT AR .

2) WBLTRRE B A Al Sl BB T (2 A B 2

H B 2 B B R 20b A T T K S RO BT T S bt o 12RO AR JEUOR AR - =745 BB
TYERY, T SRS MRS 417, EERBERRREE .

I, AR Z AT e Al BUARBIECARE 7T, 72 T Kt AL 88 05 R . S22 m] DU AR ¢
I URAE It e 5 2T

DOI: 10.12677/etis.2025.23014 173 MARHEAR SRS


https://doi.org/10.12677/etis.2025.23014

ANTAGERAXAA REEA T

s i s H=e IS
e B | e P | dAm e
‘ | [ pA— |} [roatiatisainit |
P [ ython BRFEIIE | i k‘“iﬁéwﬁiﬂhﬁm T
4 3 P mastRs | o 5 pa— |
i) Vo ' N S S ! AP R :
" b acmies | LT D PR :LAAAAAAAAJ:

Atz | AR —
S - T |

o | ol
B AR

b s

B 3\ IERS

il
FEAith
TR
(| [z
i)

AR IR

Ll

|
i s
s |

(GiEN

i)

D[

Figure 3. A proposed curriculum structure for Al-embedded systems talent
E 3. — M ATREM AT EREBRAR AN A IRIEHRFNE R

XEeTrA, ATUABD A A SRR, ARG R B A B .

3) ZURERIVLER I RIR EIEURRE IR 2 A R SRR

flaeks “HfE R 5 AR RS WRREDS IR R, A 7 RRERE R, @i &R
A, A A2 AT AR 2 SIS AR B RIS, SRIBR B HARAR OGN, A S8kt 2% 21 77 30 i 2
HAt iR s 2073 0T BRI BAR T BUAE, TN 78 T PR & FIRAL 2 0 5 — B 2k i 7. ik[A]
FATA CIEFGRFIRIAT ], ISR

4) FEFEEOM I B IR B 5 2] ST AT R

SEFRE MRS (9B B E 07 3 IR FA I 338 2 B O IR EL UM IR, (R
IE L FE SR PR A O RIREAT SR G, T Oy B SN NI RTR A R

MR —E T LA HE, BB FEFAT QR EE, WL —MEHSiRKE R K5
T ARG, FESTRRE LB eIy, AIMBARIE T &Rz EmRRE s .

4, &Eig

EZITHAA IR R BER N RN + A7 B “Al FAERAR” ANAH:F%, LALRCIRE
GO HHARE B B EFRIAL FR. N LEREM G IRA R RAS RS RGIERE, e
X EREIH PIAREMEE R, B E B IR I ANA R TR ik, R R
B RELAN, EAUREFERIE R A L. BT ARIE T BB S B . Jil B IR . SE 4852 20 i
507 U A E NA BRI — AW AT 2

SE

[11 &5, X%, Bt 2 5 TR R T IRA R GIRIEHASEEN D). K¥#H, 2025(6): 55-60

[2] Piedad, E.J. (2024) Strengthening Avrtificial Intelligence-on-Edge Education in the Philippines: A Teacher-Centric Cur-
riculum Development Strategies. 2024 IEEE 13th International Conference on Engineering Education (ICEED), Kanazawa,

DOI: 10.12677/etis.2025.23014 174 AR AR SRS


https://doi.org/10.12677/etis.2025.23014

19-20 November 2024, 1-6. https://doi.org/10.1109/iceed62316.2024.10923809

[8] ‘e, #E det, R A5 AN TDEREARNIRARRABEEGEN]. SR E LR ESHFE A, 2024(10):
73-76.
[4] Mo, T., Li, W. and Zhang, L. (2025) Teaching Practice and Innovation in the Professional Master’s Degree Program in

Electronic Information at Peking University in the Era of Artificial Intelligence. 2025 IEEE International Conference on
Software Services Engineering (SSE), Helsinki, 7-12 July 2025, 226-232. https://doi.org/10.1109/sse67621.2025.00037

DOI: 10.12677/etis.2025.23014 175 AR AR SRS


https://doi.org/10.12677/etis.2025.23014
https://doi.org/10.1109/iceed62316.2024.10923809
https://doi.org/10.1109/sse67621.2025.00037

Embedded Technology and Intelligent Systems R ARIE AR E5EEE RS, 2025, 2(3), 176-195 Hans X
Published Online June 2025 in Hans. https://www.hanspub.org/journal/etis
https://doi.org/10.12677/etis.2025.23015

RusT-Thread: F&FRust
HEFIFEZREA L ZR
RIERGRI SRR

FRR, Bk, x|, F T, BFHF
FERFARAR KA R SRR YR, 2/ &L

ks H i 20254F9 H22H; FHHB: 20254F10H21H; KA H#: 20254:10H30H

HE

FEEMBENARARRAERN R, LRHBIERLRTOS)WZEHEAMREERHGEES. FAETCES
FRTOSTEANFREMFIREF T HFERR, BHEBENFXEH .. FEZFENE. &5 H URT-
Thread AZ:A, FHRustiZEEMHENZ, R T £F FRusT-Thread R4 . RIUKHEIRNEEN, K
EAERS . #HERE. NAEE. KBEESHENESZ 0TI, FR2F HRustf g BHERS
KRG, LINRREGHREERRE. TE QIR E 5 N SGHENZ R RENFIEERE. Flrise
HIEA S (RTIntrFreeCell). WEACR 531E - BSBHOBEHEAR, FEFRIESIRERAERRRRIL T
RAGRIEE ST 49, @it nliR. SRR EEZEAEN R, RusT-ThreadfEFWisER . ETF3C
P R FR A i ) e e e iR F R I 5 RT-Thread i Y Z B KL . R THEAMMBETRT
RustfE ARG R AF R FRIAATHESME, HARRZETEIIRARRTOSEITHRE T 5%,

K §Eia
Rust, RTOS, RT-Thread, WHF&4E, FHREZ4E, ERXMIFIRE, HARRS

RusT-Thread: A Rust-Based Operating
System for Resource-Constrained
Embedded Devices

Haomin Luo, Linbo Chen, Shi Liu, Ding Li, Yuyang Zhao

School of Computer Science and Technology, University of Science and Technology of China, Hefei Anhui

Received: September 22, 2025; accepted: October 21, 2025; published: October 30, 2025

YESIH: PR, BBk, XU, 2T, B TPE RusT-Thread: 3T Rust T [A) % 5 52 PR RN & I R E R 4i 105k
Bl MARFEASHREZR S, 2025, 2(3): 176-195. DOI: 10.12677/etis.2025.23015


https://www.hanspub.org/journal/etis
https://doi.org/10.12677/etis.2025.23015
https://doi.org/10.12677/etis.2025.23015
https://www.hanspub.org/

PR &

Abstract

With the rapid development of IoT and embedded systems, the requirements for the security and
performance of real-time operating systems (RTOS) are increasing. Traditional C-based RTOS im-
plementations suffer from limitations in memory safety and concurrency control, which can lead to
buffer overflows, data races, and system instability. This project reconstructs the RT-Thread oper-
ating system entirely in Rust, resulting in a new RusT-Thread system. The system adopts a modular
architecture covering kernel services, process scheduling, memory management, inter-thread com-
munication, and clock control, while leveraging Rust’s ownership model and type system to ensure
memory and concurrency safety. Key innovations include an improved multi-level feedback queue
scheduling algorithm, an interrupt-safe data container (RTIntrFreeCell), inline assembly integra-
tion, and a dynamic-static data separation design, which optimizes code simplicity and maintaina-
bility while ensuring functional compatibility. Comprehensive validation through unit tests, inte-
gration tests, and performance benchmarks demonstrates that RusT-Thread achieves real-time
performance comparable to or even better than RT-Thread in terms of interrupt latency, context
switching, and thread creation time. This work highlights the feasibility and advantages of Rust in
system software development and provides valuable insights for the design of secure and reliable
embedded RTOS in the future.
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/// P
traitpub trait SchedulingPolicy: Send + Sync {

/1] @FFEH—

/// * " current_thread’ - HIIZ{THIZRE

11/
/// # REH
/// * ~Option<(Arc<RtThread>, bool)>" - (EHIMZFE, &7 RAE TR B A
fn select_next_thread(
&self,
current_thread: &0ption<Arc<RtThread>>,
)
-> Option<(Arc<RtThread>, bool)>;
/// RIS 4 FR

fn get_policy_name(&self) -> &'static str;

}
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#[cfg(feature = "tiny ffs")]const _ LOWEST_BLT_BITMAP: [u8; 37] = [
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5, 8, 18, 32, 26, 23, 32, 16, 30, 11, 13, 7, 32, 22, 15, 10,

6, 21, 9, 20, 19];

#[cfg(feature = "tiny ffs")]pub fn _ rt_ffs(value: u32) -> u8 {

if value == 0@ {

return 0;
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Figure 3. Memory data organization method

3. NEHIRALRFR

TN WA BRI S5 1 12k«

///RTSmallMemItem % AN RAEBIIEA S S, R TR B A AR R A N AE B [repr(c) Tpub struct
RTSmallMemItem {

/11 AAFIgREE

pub pool_ptr: usize,
#[cfg(target_pointer_width = "64")]// %
pub resv: u32,//{RETEB, HTXFF, 644
/1] N —AZ R

pub next: usize,

/TR —ANZE IR R FE A

pub prev: usize,

#[cfg(feature = "mem_trace")]//5&MH4mit, WATEREERL

#[cfg(target_pointer_width = "64")1//%/ 4%, 64

pub thread: [u8; 8],//4f% ID, 6 i i
#[cfg(feature = "mem_trace")]//Z&F4miE, WAFBREZEL

#[cfg(target_pointer_width = "32")1//4M 4%, 32 fi

pub thread: [u8; 41,//4f% 1D, 324 A}
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C AU E ZAK M RT_ASSERT S5 L HHATIZATIN 55, HOKEMRIRERAE, &5 MBS TR B
FUR PR AL, XSS 5 WOR ORI, QRS 22 A KR R F%

debug_assert!((mem as usize) >= ((*small_mem).heap_ptr as usize));

debug_assert!((mem as usize) < ((*small_mem).heap_end as usize));

debug_assert!(mem_is_used(mem));

if m.is_null() || size == 0 {

return ptr::null_mut();

Rust F| 1Y Z 48 M A AUHLH], RIRBT 1B T R34 A7 22 4z vl @, [F]I) rt_smem_free.rt_smem_alloc
SR AR AT T SR AL TS T

Rust [¥] debug_assert! A 7 debug #x0 N, release R SCH], (HEAY R GuAIA: dr A L HI AR SR 42
BT ARSI ) 2 A R R

VR 22 48 B 2R B (W mem_is_used. mem_pool Z5)#5 A inline AIZEAL 22 4= 7 sSLH, 98> T FahitiR.

(2) Ry

C &= iEiL rt_hw_interrupt_disable/rt_hw_interrupt_enable T-zh{f4/ S X, Bk I R BEIRHE S5 #) o

rt_base_t level = rt_hw_interrupt_disable();

/] .. REKX.

rt_hw_interrupt_enable(level);

Rust [FI#£1# A rt_hw_interrupt_disable/rt_hw_interrupt_enable, {H % T RAI (W5 H sh B ) &ML
HIBEAT R, g N R AR
let level = rt_hw_interrupt_disable();

/1. RREX ...

rt_hw_interrupt_enable(level),;

It H Rust /D45 ¥ B, 8 T )5 42 RAN BRAEFH B A shik & i, 3T e .
A5, %IZEBEEER

HERE R (5 (IPC) A2 2 AT 55 8 4F R G0 45T 55 2 1A13EAT 2ot s e A /) TAR I B2 BE. 3RATTHY
RusT-Thread e fit 1 (5 5 &=HLHI, TH S WRFEEVEAMRE, FATHARSIR .
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Figure 4. Semaphore working diagram
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FAER B 5 Frow, R)E, BG5S BN, EFEARERE, SEIE S B SSRER T,

[ (e ) ( H_sem_create/init() )
S BiEsIR C rt_sem_create/int)

struct -

rt_semaphore ( rt_sem_create/init() )
L RS /A S ( rt_sem_create/init() )

Figure 5. Semaphore related operation functions
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SysTick (), 7EF:ATIE A rt_tick_increase ()BR%L.
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Figure 6. Memory performance test results
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Figure 7. Trend of single allocation time changes for RusT-Thread and standard allocator
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PERE LT A ZHOK /N
o ARSI EC AR FFERS BE S PO /N I AR AL SO RIZY, A 16B 145 24 ns b 2048B KIS 47
ns, Ui BH AT REAE ] 15 52 A I 43 TC SR BOAEAE N AR5 S T4
AW, RusT-Thread 7 Bc &% (10 REs B AR €, & T ARSI B AR KR U 53 5

Multiple Allocations

[ mm RT-Thread °9.32

. std

Time (ps)
N w » w
o o o o

=
o

0

10 Allocs 100 Allocs 1000 Allocs

Figure 8. Average time taken by RusT-Thread allocator and standard allocator for bulk
memory allocation
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Figure 9. Time comparison under four memory reallocation paths
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Figure 10. Event response time test results
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Table 2. Time performance of thread switching
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Table 3. Average thread creation time
= 3. LIRTHEIERTE

AT H ELE S
SRR 100
P g ) 2.69 ps
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PR AEE F s ] 162 321 948
RSO AR
ke i/ IMH (us) “FHI{E (us) B ARAE (us)
Thread switch by mailbox | 0.801 0.854 1.399
Thread switch by semaphoy 0.711 0.762 1.405
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MBox receive time 0.135 0.136 0.228
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Figure 11. RT-Thread official performance test results
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