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ABSTRACT

ABSTRACT

To address the long-tail safety issues in autonomous driving, China has proposed an in-

novative development model for vehicle-road-cloud integration. This model leverages cellular
vehicle-to-everything (C-V2X), edge computing, and cloud computing technologies to unify
the physical and information spaces of people, vehicles, roads, and clouds, forming an effi-
ciently operating cyber-physical system known as the vehicle-road-cloud integrated system
(VRCIS). However, with the increasing demand for computationally intensive and latency-
sensitive applications, traditional resource scheduling schemes struggle to meet the growing
computational resource needs of in-vehicle terminals. To address this challenge, the system in-
troduces the paradigm of vehicular edge computing (VEC), which provides flexible computing,
storage, and communication resources, and implements effective task offloading and resource
allocation strategies to reduce task processing latency. Nevertheless, as a service provider,
VEC faces challenges related to resource uncertainty and dynamic variability, making it dif-
ficult to flexibly match the diverse computational task requirements of vehicles. To address
these issues, this thesis conducts a resource allocation optimization study for task computing
environments from the overall VRCIS down to individual components, ensuring the efficiency
and reliability of the computing environment. Based on the resource allocation optimization
study, further in-depth research on collaborative task applications in connected autonomous
driving is conducted, specifically including collaborative pose optimization and object-level
collaborative perception system applications. Through comprehensive research from resource
allocation optimization to collaborative task applications, this thesis provides essential theo-
retical support and practical reference for optimizing task computing environments and effi-
ciently executing collaborative perception tasks in VEC systems. The main research content
and innovations are as follows:

(1) Optimization of resource allocation for VEC systems targeting program-associated
tasks. To address the issues of high system latency and energy cost caused by unreasonable
program caching and task offloading decisions in a dynamic multi-vehicle single-task request

environment, this part first proposes a service caching and computation offloading framework
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for program correlation tasks. It analyzes task completion latency and energy consumption
under different caching conditions based on computation, communication, and energy mod-
els. Next, considering storage and computation constraints, a mixed-integer nonlinear pro-
gramming problem is established to minimize long-term cumulative task completion latency,
modeled as a Markov decision process. A reinforcement learning algorithm based on deep
deterministic policy gradient is then proposed for dynamic caching and offloading decisions.
Finally, a simulation model is constructed and performance evaluations are carried out. The
algorithm demonstrates good convergence. The proposed strategy avoids caching decisions
under maximum delay conditions, significantly enhancing the system’s overall performance in
terms of latency and energy consumption.

(2) Resource configuration optimization for collaborative perception tasks in connected
autonomous driving. First, the computational requirements and service scenarios for tasks
within the collaborative perception region of interest are proposed, leading to the issues of
task phase selection, offloading, and resource allocation after offloading. Based on compu-
tation and transmission models, and considering delay tolerance, offloading, and allocation
constraints, a mixed-integer nonlinear programming problem is established to minimize the
task completion latency for the region of interest. A two-layer optimal task offloading and
resource allocation algorithm for decision-making is then proposed. Finally, a simulation ex-
periment model is constructed and performance evaluations are conducted, demonstrating that
the proposed strategy effectively reduces the computational delay in collaborative perception
tasks.

(3) Collaborative pose optimization and applications for connected autonomous driving.
Collaborative perception tasks rely on accurate pose relationships. In actual scenarios, non-
ideal communication and various information source errors can affect collaboration quality.
To address this issue, a factor graph constraint model about vehicle-vehicle, vehicle-feature,
vehicle-dynamic obstacles, as well as high-precision maps and navigation positioning informa-
tion is established. The state estimation problem minimizing residuals is formally defined, and

the Levenberg-Marquardt method is employed to solve the optimization problem. Simulation

v



ABSTRACT

analysis indicates that the proposed solution significantly improves collaborative positioning
performance under various observation error conditions. To advance the research on collabora-
tive perception in autonomous driving towards practical application, a collaborative perception
simulation framework is used to evaluate the performance of different fusion strategies. Due to
the compatibility and extensibility of target-level collaborative perception, a hardware-in-the-
loop test platform based on vehicle terminals and computing units is built, and a supporting
software environment is developed to deploy detection models and fusion algorithms. The
prototype system for object-level collaborative perception is feasible and effective, meeting
the needs of expanding standalone vehicle perception capabilities and realizing functions such

as alerting and warning.

Key words: Internet of Vehicles; vehicular edge computing; resource allocation; cooperative

perception; task offloading
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1.1 AREEMAREX

ZERLM (Internet of Vehicles, IoV) AR TTERRRETRERA. MNRANE
RSB, 4R FHER @ 2 FRCRE L, R0 R AR A& RE IS 4=
(Intelligent Connected Vehicle, ICV) FIZREARRIEZASE (Intelligent Transportation System,
ITS) EEFANEREmEZEE, 2018 F T, @B, AL, EREEL
W E R (EREBRM P ARER R ERAEm) RYTER S, BHifEREM
PR, BRERE. BB, EMERERE. 1R SRSmERRER BT,
RZE. BRESCIE. 1815 MAOEE B T MR EOR T I S HERE I B I (Cellular
Vehicle-to-Everything, C-V2X) MHXIREMRFRER, WEI1-1FiR. FNEKE. #25%
LA S AE SRR, 3G EIRRFE3NIEAS 2020 #EHEZ4 (International
Mobile Telecommunications-2020, IMT-2020) FIZF C-V2X TAEH., HEIEEREL
P4 (China Communications Standards Association, CCSA). HEVEZ%E TFE%42 (China
Society of Automotive Engineers, CSAE). HH [E & G2 M7 25 7 ML BI#T X ¥ (China Industry
Innovation Alliance for the Intelligent and Connected Vehicles, CAICV). H[E% GEXZ i@
VVEXEE (China ITS Industry Aliance, C-ITS) 5, HAZEFREA RGBSR IEEFKE
R M AR B RUR DY, IR0 B a3, RIS EESTFHIREE
REMLIERIL R & R IR,  D9HTUE R BRVRZE P b AN R ] A8 08 7 b 22 5 A B R s
LB, FREFEH TET C-V2xX 1Y “BEANZ + BEIE + RINR” WEBRa—K
ey mIaE & s 2,

B REA B ZE R M RIS 2 7 AR S B 30 B B B NI RN, 2R BRI 245
ARYERIE HIEAE P IFNEAR S EANE, 1E “N-ZE-B8-7 Z A T1E B ACHRATIE (S W
2%, ERRM LB EEAZLINER S EFNER. T EEMEHN s CEE
SERFIANERFBEHH—REREEER, EMild 4840 (On Board Unit,
OBU) LHR V2X i@fE, WiEES%E M (Vehicle-to-Vehicle, V2V) &5, 52 [H]
(Vehicle-to-Infrastructure, V2I) J&{&E. %5 NZ[A (Vehicle-to-Pedestrian, V2P) JE{E,
E5M%/ (F&) ZME (Vehicle-to-Network) JEEZB! (WNE1-2f1R), HA vav,
V2L f1 V2P BARINGE, SRl SRRk wT AIB S 2R, 1M V2N 1A A8 I ZE 5 A]
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B EEMMEPRT s, HHITENE a0 U, FBEILER BT 1 + 1 INZIEERTA BRZSH
ZhfE:

St+1’At+1’St+2’At+2’ S A, (2.8)

U RXKTZE S, Al S Ao Sy A, REF RS 215 2 3 7B 0 8 2K 2K
Q,(s;,a,) WH

O (sr-a) = [ESt+1aAr+17'
ENTEMMERR BRI T 5, 5 a,, TIAMKET 1+ 1 RN H 2 )RR E, BT3IE
Appys s A, FIRERTEREUR 7, (AR 7 KIAE RIS RAF,

QUERFERRRRE 7 BYREME, WEARICEEOE R ANE SR AT R RIS R AL, 0

SLA, [Uz‘lSt =5 At = at] (2.9)

0.(s;,a,) = max 0,(s,a:),Vs, € S,a, € A (2.10)
PRASHEL R B AR TSRS = M RTINS s, 20h:

Vi(s) = Egon(ispQn(si AD = ) m(als)) - Q, (s, @) (2.11)

aeA

NIV R A, KR, [SEVGSIERL vV, (s), HZEER U, FIHE:

Vi) =y, s, A 8,4, U = 5] (2.12)
REMEBKR, BEWERMRAVIEBRAR, FRESEREET =R « 5K s, R,
sEALA SIFERP RIEE Q 2 S HILI2 T SARSA Bk HEM S FI2 3R
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$-F ERBBITEAGARER

RAMENE R BRI S EE RS, X 0E RS E RUE AR, Bimid
RAFEIT IR EUE, AWTERT, RS, SRR T, ISRk E SIE5
HIRAPRASZ BB ESIN, FELFZ DRSS, TRIBSRE Q M4 (Deep Q-network,
DQN) SKAHHME B HGHATIEL34, 31125 DQN {5 FH K 2 [ 2543 (Temporal Difference,
TD) ik, HEHRIE XL

[ES
[ES

n
U=R+vU, =R +7 Z Vk_t_le (2.13)
k=k+1

e EIR AR Q13w NSIEMMEREL, "] A—2 RN

0,(s;,a;) = E[U,|s,, a,] (2.14)
=E[R, +yU, s, a;] (2.15)
= E[R;|s;, a1 + YE[U, 115, a;] (2.16)
= E[R,|s;, a,] + YE[OQ (S, 11, Ay DS a4l (2.17)

BAKBRIUR 7718, AL, NHMERRSIELATS
O,(sp,a) =1y + 10, (8415 a141) (2.18)
{5 AR M 258 SRR ABLBh R E B2
O(ss, a5 0) = Q (54, ) (2.19)
MAT(2.18)2H
O, a;,0) 1+ 70, (541,041 ®) (2.20)
ARQ20) /N G, 2 Oy, a3 @), FEHERILEAE ¢ R AITIN, 4381228 TD HiR

D=1 470,511,y 1 @), FEMEMLELE ¢ + 1 NZIEHAIF, TD HFRAET—E67
BT HIIAN ryo & AR EREL:

Mm=gm%%m—m2 2.21)
BT o IR
VmL(w) = (‘if - J,’\t)va(st, a;, @) (2.22)

B (8RR R R E T EM 2 S8 0.
BRER GG, 105% MIMEBIRPRAS, shfE. Kb, FXEELgeRFE S — PR
I ER A, 2250 0T R B RE A S A S BRI SR B IR, FIR R EA XL
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ZRIZRERER, FATIRFSRMAE SR, AT TS b R RITELE, (6 B FRMLS,
M Q 2 S HE IS KA TR
2.3.3 BT HREERRERNEFES]
BT RIS IE AR 5R L S B0E I 2 ST B AL SRS B B O A R B CGRIEINZ%) K
SRR, FTAFRIER N
max {J(6) 2 Es [Vo(S)]} (2.23)
SREBE ARG 77 L RIS T
0 < 0+ pV,yJ(0) (2.24)
Hdt v, (0) JRIEHREE, SRR E FEIERA -
Vo (0) = Eg [Eger(is:0) [Qr(S. A) - Vg In7(A|S;0)]] (2.25)
T I SRR ARIBEN RS H— N30 E, THERENURRE :
£(5,a;0) 2 Q. (s,0) - VgInz(als; 0) (2.26)
HOR RIS I TG T, P DUE FRENLBAE B B8 0, B FHEMENMERE 0, K
%1, R AR EE SR A REINFORCE 30 5778 B 1852 (Actor Critic, AC) BRIt HAT#E RIFIE R
(Advantage Actor Critic, A2C)!37 77 3 EATIE AL, IX PSR W0 28 5 5 BEATL I iR 1 5K
Wt A58 FEE Y SR Do 2% T E 2 o LR R E MR, LA RE PR SRS BRE. (Deterministic
Policy Gradient, DPG) 51 11381 ¢ Hfy i 1 SR & 5 ¥ (Deep Deterministic Policy Gradient,
DDPG) HEUP BHERIRE R E RIS (Twin Delayed Deep Deterministic Policy
Gradient, TD3) HikZ 140,

DA AR IR R G PISIT RAF, BRI REIZ ARG T, E286E
KRGH, BNERERNRRA G EFTEIRRA S, B 5 H R TR %]
MR, B, ZERERRANREER ™Rk, A YA SRR RIX R
RN, ZEEERRGA GEIXBIEBUIRES,

2.4 1EREA]

P RIBFIBARM L T2 B F R B AR B MNE, REB AR A B RE RFRE,

IS X, ERSE, $ETHE BE R MR, IR OB R 2R BBRK
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T EEEA I, YHRIBENN BRSO O LR EROR, S EREMAETR, @
EHARGBGHEREAR, BEBEARGMG T EHEARERTHYARCHITNG, K5
BEAHERITF DR,

BB T2 B B FZEA M REAIEOR, BOCEIRAIBOR, 2RI ISR
TR, AR RS E AR, MEEAIEARN 2, AR TEMDEAHESR B
FiT, REAFEEET AR, G2, BB B, BEEEERLIEAER
IRAIRIEEE, B BB EAUB SR, MRS S 7750 B sh WK BIFGEEE
HeE ) hEGE4E B R AVRHIE, RS K EEARIRIIZR M4, SR EG H Ak
BRI LG T B AR A EARAS T B TE R A A E ARSI B0, B TR A A B0
AT LAZ 0 A R I — B BRI LT (4 R-CNNH210 Fast R-CNN43T) Fnfii) 2 5
FEM— B BAGIIERE (SSDM44 YOLO!), JEHMHE ARG B IR B AT 20 w2, —2K
SEEEWIIANE (Foveabox 1401 55— BB O U SEIN HARAR I (CornerNetH*71,
ExtremeNet! 8, CenterNet! ), R85 K ZR AW AR R ™= A 85 BERg i, anok
LROEE, RARENE. ShAEEEEE,

BT IRIEFIHOR 2 — i BRI R EIROR, B T SOk P R I A
KU EEHGVIRZ FINER, TEROCEIRBAERES, =48R m 2 N RRmisE
THIESR AL RNES, MBS, CREMBR VIR =482 ARSI AL E
BE. REINRZBIBEFREST FERIZ ML, /o2 BaRmaEm B, s
RAHIBERFE, AAFREAR AR R AR ISR, DATE &1 Jo S RHIE R B SR Rt
HeE 2 HARRHIERR BT B, X — B T SR R R DX BIFNRHE SR BN NP 3R, R
X EI B R R, FHER S K DU e FHER A XS, WA=
AR FIBORNFER EARX I8, TERHMEIRERGT B, 1S 1EH 2 HERHEN BT
PRE, BN REL. BERS. BARTRESERHME, B RHESEIIRE ., FHE SR BRRHIE
EITE, RS TERREIANRBIRREE R, X SERHEE BN THE & E
SRR A SR B A EE R LI, =4 SR HE B A AU & AR SR R A,
B = R S BUE DR I R R, ZEG T BRI, K
BRI MEETE, B “pRR7ISIESE 0 B — B MR R moh
FLRFIRHE, REFIFHSZFmENL (Support Vector Machines, SVM) (& FIfHLE
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4% (Convolutional Neural Network, CNN) SEFaill, SRMTIXLETF TR IHHIRHEFTE
BRI, AN ZRERIRIIERSE, BB N LR RESORIIEN, Hlds: S RHiEE
RFELIRIHHE, WM T =4 BV IIEOR R R, FiAlE 5| A=4Em At
PR 12 TR R =4k B ARSI 77 12 2o H 8 = A R AT S AP PR, SBT3
A, REE, ARASHEE ARG A T 'EIRE, ST —ENH
RIS BRI, HEBOEER ISR BARKI 77 2 E %A LaserNet!'1, PIXOR 61
PointPillars 7], VoxelNet!!>!, PV-RCNNUS81 | A[ 43y BEF UM (KRR AT 1%,
TR R 77728 ek =48 S Z BRI 2 4P b, IS EI&l (Bird Eye View, BEV),
P e M U S R =, KRR RS 2%, 40 PIXOR FIF &
RS R AR FH Y BEV 201, 2 —MICfRCER), Bgdaillas, fbMERZG
PR 28 E ARt At 1 3D W R, FETRZRIITTIAAN VoxelNet, & AR A TR
SIS ARSI BR 2 —, B =4S AP TR RN, REXN S MEENM
REFENIRRE, 8 R 2 2 PointNet >3 S5 IR ZRHIEImD s, SCBUARRRHESR
W, Bifg, 18I =463 THRECE REZSRAIRHIE, JHR) A DX AR W28 [B] I3 A T AE
PR, AEEFIR S, AN PointPillars, JEIE ¥ SJHLAIEREY P R aRZR, B
AR BRSO BRIV RHEIRAD 2R M4 2D &R 3T M2 Rt = 54k
BOyERFEoR; RIFEEE 3D R IAERIATISL, PointNet BET R AL, HIEN
JFIE R A, R 2 BRI (Multiplayer Perceptions, MLP) BY [RI #1228 [ 48 2 Bt
FUFFE, PV-RCNN &5 & T AT R TR RARHERmIE 7T AR, REARRICH A
Y gmta 7T 2. i U 2 RO RO RS A TR R,

ZAG B A BANE L AV AH & AR FERIFEAL S G BB, o/kh 78—k
TEAG IR REATTIRRERRG, MM EEIE A T RANMERE, E2RREFRET, FEA=
M7k BdEERE RS, FEEME (RERE/TREE) MPURE/mE (BFR
RiE/ERE). BEREdRERE, ENMBETHREEFE. 28 ER. MEKE
e, EELRUR RN, IBE R, SN, RTRETETERE A s, HURRHIE
BRtE, NS THREdE/D, AR R, R, [EFERHIRITHREA
MARBUE L, BIERRMEZEHERRIR R, R REZRME, EMHREERRVIN,
AEERE R, (EREERM, MRV RFIAEBIRRAE,. RAMERRE, Fitt, fEEsEms
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77 TR AR EL 7 i 4 SRR BRI, USSR R AT RE,

BRI A0S E BB SR 2 5 H At 2R 4 0 0 B R R e A SRR A,
T BER TR R G AR R, SR IBIER— M2 LS R AR, N2
A HE B RUE BIDE S (55, RIE T H MMl s, ARSI =)
TERIARRIMNEE, PHRRRAIEAR T AS ARTEIPE., cribh RATS IR, Aim (t
PR BARBIR S A ¥ Rk R EURR SR, BB R B EE
REEEEE, DUALECRIES, BER, HAERUERS R RN O SRR, P
DR CBFREHERIIR) W R SRR RO AR (S B ELRURAE, BEER
I R MR SRR A AR B R M 20, S AR (R AR )
AR B HAE B IR I Eh S T AT A R & 9F, XA A F RIS AT A
SEBBIRI AR SRR S M (AERIER IR 58 5 RS, PRI AR
BRI T R S BRI T T TR RS, R SRR B B R IS A R, B R
(A2 4 2 [ R SRV T A, DA A% S BSRAS AT RETR S B ,
R R T B B0 3P SR RS AR M RE 2 J
2.5 RE/\&h

AR LA T EHNGI B RGO BT MO A SR, s —
R BRGRIAR T 22K, ErP e 4 SR G B VR R ) R R 4R rh
KRR, FIN, AZHPEG MR 73R ST TR SRR, XA kA
DU D L P B AS R S BC IR, 06 M R R TR AR ) R T B L G B AR A7
TN, BIRTTS, A REEC R TAERIR T 7716, F38E T HIe MR,
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JARI X FEE 5T
F=F HAEFRXEKYEESHEHNISARRRLE
i1k

3.15l8

PIEKM (Internet of Things, IoT) A TEHE (Artificial Intelligence, AI) HJPRIEA
J& SECT AR R B RN SR SR ZE I B FH B H B, 5114 3 R S SR B B
B, CRTA RS EEEIEE R FEO B R A BN ZAER, 18
WEOGIT E RS, WA DUB V2 B EE TS EERNN ST A, PRI
FEFETR, - AT S K A 0 A 5 T R0 ZR BRI B2 H 2 7™ 225K

(55 TR FREH PR ALHEFIAE N AT R, KE TR E BRI TR
NS REEREE THNMHITER, 2B ES R AT REAH,
X EEMBEAHMAMES T ERR, ABSPITESITHERNRN, 2RSS %
17, HansdT BARiiiess, mABE R G L, SBIMERESSRERNEHE, PUTIXITS
TEEHMARS P, & N —NZIAEREESFESRITHEN A DLEE A A,
N IEENE R, BINES &ML (Content Delivery Network, CDN), 5{T:551+
BIERK, M, ZEW, LSRG H/NEFTREAR, THEEMTESRUFREZ
I, [N ANRIAZARSS 250 T R TR AT RE MG AN, AN EAR e RER MR S5 OE T 2847
SHBOUREYVINER, MATEEBIAZRFHITIRG 57 51T BEEE AP,

MG ARG P TR EHES R 2519121 ZHANG L % A\l
Bk & A7 AN T RN BRI AL, AR B B 0 A T B 55 AR Y e /N ST 15 B T
FEUSl, ELGENDY I A 5 A$2H TRNAZITE N2 P 2455 T R E R 8 E 5
Fi 7y 2102, xS RSB TF. I EEERM R B RBUS T — L EE
R UOIOT] ZHANG G N7 T — M E H 25 R P S IRSS B, T HE
BARIRAELNE, SER/IMEATE P TR BASHTER BRI IR 167, ZE3kih %
HHEARGHIIRGS B S EEE RGP TRV 18 TANG € 5 NN T
ZAFN T VEC, DAICAAIMEL R PR e Ao ma B BD, [T FSF i 2 AN BR 28 FEE RERE LR, SR
H Lyapunov MEAAIAKKAGLAIR R, &ia, KNFPREE LN EREHF AT ER
IESTE A, DIEBHRENE CUREMTY, LAND AR T —MEFEIH RN =
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B4, HAHMERBAIRS B EEE, I T DRU BIEMEIZCRRS, DUR
MESHEIERFRERER AT, L1 Z % AR HET DRL BEMI RS E1E S5 RS
FATHTT RS, XTI BB ML GRS S (A B R IR RS, BT
TEERE M PR RS S, OGRS B S R R M R e B, R
K EIZEE X R A7 PRI T ORSR, BRI, W —Aahas B AR 55 B 17
SHEEETTE, BERERIE I A AR 2 TN R, CRETE & KI5
R4 R TR SR A AR 17 R

SRR bRk, AZERTSE TR, HHERIRE R VEC RYIIRSS B EMIEE
BB A ML, HABREIRDBCRE, RN S ERMESMg i, &7 —
R GARSS BA7 ML SLENEAESR, S80I Z0M. SRS BB M2 M, P
NEIRSS 88 2 RIS, BIRESZIMULSSE R, HEAIRS %7, DN
SRR S D GRS B 2 RIRIE A ZB AL, SRR EMEIEE A SRR IE K
BERERIAR, 1RHEIMEK I B (T 55 AL BRI FE O AL R0 R, SR A R b e 1
BERE IR T RAFMIENER I, (7 B BRI 5 HMh L 7y Xt L, BUSELFIIMERE,

AZNERZHWR: 3.0 TAE T EBRMGEE DI SESEERMFIR, BaifR
R, MIRAREMEETR, 3.2 TER T RS EES SRR T R,
3.3 W T IR IR ST B A7 5 ARG, 3.4 TSR0 ESOIRI T RE
W, 3.5 T RGA TR NE,
3.2 EHULSITRASRSEFSITEHEHERE
3.2.1 RAAIEEHLA

ASRHEHDGIHT ERAHNIRS B2 51T R, Wm0 AR B
S PNETE SHERFESR, ME-TR, E8. BNL5IHH ISR & AR
POV BATERI R A7 23 6], REBEAS BN ZEMIE R ENER A T TS5 TS5 S M 4
RN, B DA R AT E0ET Vo @S RS L RINERINS T S, b
GV 2 DB A S M EN A%t BIAZT S i LS T8 B A
X 7 AR SS RE I I L MR T s BRSSO BT e TR W T T R A7
IR S5 T2 7

% g — DAL GRS B MEA I E RO G RGNS, ST e R
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Figure 3-1 Scenarios of service caching and computation offloading in vehicular edge computing systems

RN E={1,2,..e,..Ng}, BIIEWMESERNV ={1,2,..0,..}. =ImfdBtATERIAR
SEFEIR, RE—E Ny DMRSER, EEEY RBUTIZES LR IS
NIRRT, WRARS R T BEEIL GRS srithsl =, ZE4EN vl i@ E R
TTHESHE, EEAMEETHE, M5t —H TSRS IRHR, TAHEYME
T AR BRI, BT RN SER s, 2 M%IRS 2 BT
VEENERENS HE— DR BB AFR . M ERMEWRRES, BEY SERNEE
TR RERE— A RS T RIS A EHBIINBRES T = (1,2, .1, g}, B
I BRA HH RN AORFEEIN [R] A, ZERRAORR T SRR S5 1A SR, 1SRt AR S5 % 7 F1 A KL )
HORBSE B NN BRI T 37,

3.2.2 @S1RE!

AT R RENS N 2 L S5 S X IR R4, %8 2l RTRERS R, BN 0%
TR B, RS EIRZT MRS, 7 H 5 — A% SR 22
WAL — N IERRAZIE, TSR BURE HiE AR FH N 22 241k (Time Division Multiple
Access, TDMA), HAVFZEMH{E BRI RS EEE, (RIEH 58 & BB s ME1E
R, RFIAZT RS EH TS ESATREME T T, MR —A%T SN EREE
RIEFEMNEE, RN s 2 R SCBR A R AR — AN BRI AT (EIER
LR, A RTERER T/ NI R S BTG R, BIREE R ¢ HEER
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E—MESSE R, WETT R e TENFR ¢ WEIREINES BFN NSk, XM T,
B v 51057 5 e ZRIME S TS L (Signal-to-Interference-plus-Noise-Ratio,

SINR)

vy (1)
Vo) = Bue o, (3.1)

NE Netask(t) )
e=1 gv,e(t) Zuzl pu,e(t) +o
Hof o> RIMPERMTEIRAIIT %, g, () FoRLE T e SR o B0 TI 8

i, p, (1) FRAE TR e S v BERFIFEER IR,
AR v TERRR ¢ KL AR ETERERIL NS 5 e, HICEILHIERIRE
BERAXITRN

R, (1) = B, (Dlogy(1 +7,,(1) (3.2)
HH1 B, (1) BB e SYBLLTH v BIHSE, B, (1) = BINS (1),
3.2.3 RBEEFSITRHH

FERF BRI AR B, I A ST RS SR E A, EHrES5IEK, 52
AL HBMIE, £ DBRAERZRE, £8P RIEERZA, D% R
MRS5S RA7 R BRE TR 4T BB B Hl a8 BT OUER, (5518 R IR IR 55 2% 17
B SRR TR, K = {1,2,..k,..N, } RRIRGEFES, BMESHHE
KIBUERTLAFRR N {d,. 0, ).k € K, d, TSN BIERD, 0, IRERILS k KREAE
FFEORRIEIES AR/, T EWiasT RS RAER, HAHRMH

Ny

D el ()8, < SV V.t (3.3)
k=1

Nk
Y cE o, < SE. vt (3.4)
k=1

Hefr el (1) € {0,1},¢f,(0) € (0,1} BREMHIRRER, FRTMFERF L BERL,
cr () = 1,¢E (1) = 1) FoRER 0 AIAZN AL e FENBR ¢ WIIRAT TIRFREF. S,
SE BRI EFIL G R A R,

ERGUERIT, EFE RS TR ZARE 1T R R BT m (R — 2P A EIBR
e, HAESSEIBGRIENEZ-2FTR, MESHEHBIERITMG, AMHES RREF 2SR AT
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TEAM, WERZ, MR AFGIRS, PN RIS R AR 7 A T,
MR RIRERE, XNMIEE 1| BER, (ESEARMBITIHE, TRETEM
HERRE, HRIEAIAGT RIFAERE TIRGET, HTES 2R DAEIR, HNE
S A] DUHATHER 0 E, XM AETE 2 BUIEOL,  EIHE S5 1HEAT 53 1 RN TR AR AT D 271 i
PUTH R, BHMWESHEBEIE R, EMAMRAEREHENET, WHES WA
Fe RHIEEAG T A, GRIENIAG T REEEIRSER, WA NER, MNiba%
MEAMT R AR AW, HE, WXMNMIEE 3 (60, ESTERIERIAST A
PUTIZI R, BIAGMEER, WSS AT DU TER 2 1, XN MIETE 4 B9TEGL, Tt
NS TEIA G R, HRIEIAGT RIRA R, WIS A Gt ag H A S5 77
TEIEEATHI, A, WXRNIEE 5, M ESEBSMmRHAM Y ST R, %
M E AT SR A RN MRS, WHESZREERBI RmPI TR, XN MIE
B 6 TGN, MRS HIERER N TIRS ZA S EHERE, AITES AL, XD E
MG AIA G R IR AT EN, E5ZEMARE SN HETR IR EUA 1t Y 2 N
HRIRRA, Wi, SEAINHHREEEEAEZE N, FIH NFV SR 2RI R 5%
TRHATIRER, TR RUTEE TR, FIH SDN SN T B % A RUEE B R 2 T BT
FRR, BT ERIEEWN SN AIE RPN M AR ID 27 s R TR AN E 1 PR A
RN, SEHATOUR, 1S A B SS EE ) AT S,
3.2.4 ItRERMEEFED
ETOANESEHERE, MES AN IE X ERFEEHIT . £5 k IHE
IS HE T BE R T FEZR R A R U101,

Wy

D, =
T

(3.5)

& = KfIDy = ki (f)*! (3.6)

Hrp f RIS CPU WYTHRINER, ZRIRAIRIIRE 0 (i < fnaddo & (k> 0)

TR HERERNES, o (BRXRE « = 2) RIS o, RERFSET k FEW

HHELR, SHBEESRABIERNMER, o, = Ad,, EF 14> 0) HRSMAHRT
HREREIGENO), VR 5 DRI RERAIL RS 21 T AR,

YR o HEABIRIERAS T SRS 28 e WIBIETER], H AR —MES k EETE
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Figure 3-2 The process of task offloading

Sk, TEHIEIRS BRIy, KT B BRSO AT oo, (L2 EE
PR B RSt TSR, TN Hh SRR A B I 5 2 17 RS s B
HIER, o (1) € [0, 11,05, (1) € [0, 1] FONESTAETR, SMREIES & M50 AKUREIE
BRI HLT S L BRI EIEE AL EM AL LB, (10, (6) FT (1-0E, (1)
SRIRFALS k WU NKAELEZEN o ASHITH ERIERDERINS T & o BUTH EHY
Hfl, 3-1URR TR IR S WA B 87 et R Ak s R A .5 B
W3R, B T KT A3 L SR ERTRE BRI RIA R,

R 1 P, R o SRIESS kW RENETE 1 BN, EoR SYE L cE ) > 0 kil
SO BT, (RNt B ROR M4 SO TR, A MY
T B BT R

Ad,

Tx$%n=cgvx1—4;a»fV (3.7)
FESS k EERBIBOLIIAL 5 e, W EAEITE N
Ng E 14 d
zﬁmw={ﬂzgﬁ“mmwm&QW‘&4”>0 (338)
” 0, R, (1) =0
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Table 3-1 The task offloading ratio in various service caching scenarios
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Zz bil;ée Ik(t) > 0
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18I 1 1-o/, (=1 o, (1)=0 0 0
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1B 6 €u®) = Ore, (0 0 0 0 1
Zl 1,i#e lk(t) -
/\':':I
1, x>0

KGR, (1) = 0 RINEFTEIUE TR P EKT et il e s SR
SRR IO RS 28 AT TR AN Dy
Tt = cE (00 (01 = oF (0 fE (3.10)
R ILS T RARSS# e BB RAE, 1155 k BN AR 7R B EH#E 10 S b H AR AR
R, (ERNTEDY

NEg

™ d

Uzp,fd(t)—(l — e} ()e( Z ch o) (oF, (1) X - k (3.11)
i=1,i#e edge
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HA Ry, FORIDGIRSS a8 2 MR ENER, (L5 HIZENA ST R E R

Ng

T = A=l el Y, o] (of k(t)xf— (3.12)
i=1,i#e

T SRR S5 4 R N THESS AN, KA SRR BN AR R I B T 72
i), ZIGHFRER T ERIE TS, RIIERmAHEART BIER, S =
HOfRhmi it BT DL ERY AT, IS BRITR TS NRFMEIRIRRIEIY, £5 k1L
IR ¢ PRI A S5 AL BRI AEE ] AR

T4 (1) = max { T4 (1), T, (r) + max{T95 (1), T2 (1) + T (1))

v,ek v,ek v,e,k

(3.13)

dk
+(1-c k(t))(l—co(; eEk(t)))X(R () cloud)

KNG )REBRRE3- 1R S M AESS EE, ERLUHH RN IE, R, 7
TNIOGARSS a5 B = im R R At
A, MIBARSS SIaE A S B ESS R, AR AR RE B THFE

N

e K(fEfCTfi?ﬂ-FT“”%ﬂ)+pame L0

Uek v,e,k

J (3.14)
+WTMmW@ (1) Zetoud T

Rcl oud

E¢meﬁrﬂ%@¢ﬂ%%“ﬁz@%@ﬁﬁ%@%%+,mmwﬁﬁw%W%ﬁ
5 i 2 RIFE R,
T SRR ¢ NFIE TR SRAE S5 B P LI AL BRI S D

1 Ng 1 Nk ()
T, = T (1) (3.15)
d N Z NéaSk(I) 1;1 v,e,k

IFRE ¢ NI AR S5 A P25 %Eﬁﬁﬁ

Néask(t)
otal
M——ZMM”ZQM) (3.16)
v=

AT RFLRMARRERIABE, NMENPEINGE T/ (1) ERTEE TP,
KIS FEAFRARS R B PN IE DA RER IR R F LR, MERIAN, &
KEARIEE NH AR L BRI ERIERN,
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1 1E’1
Ad
ﬁmﬂo=7§ (3.17)
2) 1ETE 2
Ad d Ad
Case2 _ 14 k vV k k
Ty (1) =max{(1 — Ov,k(t))f_V’ Ov’k(t)(RU’e(t) + F)} (3.18)
3) 1EE3
d Ad
TCuS () = —£ 4 =K 3.19
d R0 " fE (3.19)
4) 1B 4
d Ad d Ad
TEw () =—5 4 max{(1 — of, (1) =£, oF ()(=—— + =5)) 3.20
d Ru,e ek fE ek Redge fE ( )
5) 15
d d Ad
TCaseS(t) — k + k + k 391
d Rv,e(t) Redge fE ( )
6) 16l 6
d d
Te0() = —— : (3.22)

Rv,e(t) " Rcloud
ML AT 25 Tl (1) (AN K

max{T, %% (1)} = {igllax6}{Tfasei(t)}

— maX{TdCasel (I), TdCase3 (I), TdCase4(t)’ TdCase5(t)’ TdCase6(t)}
— maX{TdCasel (I), TdCaseS (l), TdCase6(t)}

Ad d d Ad d d
= max/{ f , ko ko ; , k4 K }
f Rv,e(t) Redge f Ru,e(t) Rcloud

RG2S, KEBE 1. 2. 3, B 1B 3 E&ieE, BE2HTW
DB R T R E o), (1) FILPERREY, BURA(ATEEIRAL BOHIRAY 0 3
1 (5T, TRHA ST L BUE R A TS 1 BIETE 3 (91, REEETEE 3. 4. 6, LR
T 4 AR BRI N R T HIBRAS R o) (1) FOZPEREL, HHAmAIIER N
T8I 3 8B 5 UME, LEIETE 3 F1 5 1S HIETE 5 IMERK, SR KIESA RN HE R
AMBOHERETE 1. 5. 6 1, QNSRARSLMOE— 2 HIWT I 5 T FL A AT RS, (Lhis

(3.23)
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AR, BT 1 EE 3 26 2 Bfem 0L, R DA/ MERTRELETSIE 2, AR
TG 3 MR 5 BI6TIE 4 BBemTE oL, P DA/ IMERTREETRTE 4 BITRDL, 4REHIE,
B/MERATER 20 40 6 1, WI'R

BB A 2

min(7,94 () = min (T70)

— min{TdCaseZ(t), TdCase4(t), TdCase6(t)}

R/ ME, 2HAHSE:

Ad 1 A
% k _ v
(1- Ov,k(t))f_V = Ou,k(f)dk(m + ﬁ)
5
1
o/ (1) =
v,k yid 1 A
1+ T(Rv,e(t) + f—E)
B o) (1) = ————— I, T B H/MA:
7 s Ru,e(t)+f_E

case2 __ dk(fE + ARU’e(I))
dmin — fVrE v E
1 +f Rv,e(t) +f Ru,e(t)

IINTIEIE 4 BIoIME, LHAHE:

Ad
(1= o) 7 = oF () (———)

edge + f_E

1
fE
2+/1R

E
0, k(t) =

edge

FITAY oF, () = 2; [, T B R/IME
’ +

fE
'1Redge

E
caset _ PG Reage + 1)
dmin fE(Z/lRedge + fE)

FITRA T2l () i/ IME

min{T%% ()} = min{min{ T,y “**())}, min{ T} “**(1)}, TS (1)}

T DA 7315 2 55 A0 PR IN 28 Y f R AER B/ IMELS B0 RO HYIE S,

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

HE, %

USRS, AR IMUESS B GE, 2R AT REjRE S it 7 2E N IE R R R A7 TR TP

41



JTARIL R PS5

R

IR, XIBGNRSS A HIRERINAE e (o) M TERTEEIEAS, fEARRIRS R Y
NHRERFFEDTREIH ARG AR, RAERNAI & PREAREE NMHA%
TFARRIBERERIB,

D 1HE1
ECasel =0 (3.32)
2) THIE2
Case2 2
(0_KU‘)wk@fE (3.33)
= K‘f Ou,k(’)/ldk
3) B3
Case3
eC9C(n) = df)(fE) (3.34)
=xfEid,
4) 18I% 4

Ad), d
€04 1) = k(FEVA(1 = 0 40) 7+ 0k DTE) + 0ok DPedge

edge (3.35)
dk
= Kf lldk + Oek(t)pedgeR
edge
5) 16IE S
Case5 E dk
2 O =xf Adk +pedge— (3.36)
Redge
6) 1HIE 6
d
Caseb _ k
3 (t) Peloud 7 Rcloud (337)
S A AT €12 (1) (B ME 0, R SR IS SR 45 5 R i 5
FERE, RAMEWT
total _ Casei
max(e[5 ()} = max {c“0)
— maX{ecaseS(t), ECaS@G(t)} (338)
d
=max{KfE/1d + Dedoe k s Pelou k }
« ae Redge : dRcloud
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e LS, AT IMESEHEER, T[ERIATREMGEE 2. 1HE 4. 1HE
6 ZKHIMRFRAFOUR, E55RAIREHIEENL T R, MBS SEBCRRTHH R BT
RIMESTHENIE, 5 —J57H, REREFERIIZIRSS SIS ERRIER ISR,
(S5 EIERA 5T m ] DA DMESS A B E,  (H SIS NI IR S5 Ao I RE
3.2.5 fuftin)dfid

(£S5 AL BRIN A2 ZE A DL 55 B SR B AR, AREEEN —RMERIM H 75, MIZ
% RIRSS AR iaE R A BRI KM RTERS, B ERITIRE RS AT R HI#
JT R/ MEKIAR T FEMESSIE, KA BRI ¢« IO ARSS a R 17 IR
RMZER NIDGNRSS as LS EIERPUR, (UL ml iRy

t

end T ¢
min Zf*ei% (3.39)
(cE 00! (0.0F0) 1o Timax
S.L.
¢/ () €{0,1},Yv €V, Vk € K.Vt € (1,2, ..., 10y} (3.40)
cE (1) €{0,1},Ve € E, k.1 (3.41)
0< o/, ()< 1,Vu,k,t (3.42)
0<of (1) < 1,Ve,k,t (3.43)
0<yr<l1 (3.44)
Ng
D el ()0, < S, Vot (3.45)
k=1
Nk
D cE )0, < SE. Vet (3.46)
k=1
He y BITHRTF, T =R ARKBEEIERN, T, = max{max{T,)}} =

max{max{T,; %4 (1)} }, LIH(3.40)M(3.41)/2%A7 L RIEEHE, LI (3.42)H(3.43)21E
S5 BAIETERE, 273 (3.45)f1(3.46) 2 8D AN IR S5 85 I &7 A B ER Al
IR — MR A B HEEL R K] (Mixed Integer Nonlinear Programming, MINLP)
IR, BN IR TR A R S5 A7 AR S5 E U IE S B ERER, BN RS S R
A AR TE B2 BN TS T flas AR EE 2 t, RGOS ARG 0
G ARG A BRI AT N, R ERE A E RO TR ORI A, gt ife R
RTIRIR R E A ShASTERRMIASE T BAL S5 R AT SR AR, IR RIS SIRIRRE
W FE o FIFAE RS, S E A RERIRSE T AU PEREIL S, I AR R AR A,
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AT DOE WSROI, HC KR TR BRI, I % R PRGBS it
BESEIEATR,

3.3 ETFRERUFINRSIEEFSITRENF RS

3.3.1 B/RAIRARIIE

HTFRFER TR, AR R IR ARSI AL R, S/IMLE
HRGFER R E 7, M7 RitdZEie 7 S0z 5 T 25N R SRR %
A EERR I, BB T R A ZE AR, BT EERES, X
TR S0 R AN AR ) ELME DASRAS A0, LI SEBRE — N AL A B R A 4 R,
R T 2Bl A PR S KSR PRI 2 _E RS U172, SR P SR Ak 2 ST A g e A Ak
K B 32k R R ASFR B % IR A T 125, B REAR IR 1 SR PRI R
MZEBE R Al R IR RIS R, BRERPITHEE BB AN RIR, FHMHH
PR, RENSIEIT RINT R i SRS S K R B b, AR EE Ak e BB A S A5
NS R, SR TR R R R R B I R RO T LS AT N A A
)

1 BAEIN G BAT RS B 2RI Hh a2 1 e B WA PP A S0 T S M SR B A 2R 55
M3 BRI S5 BSHPRASAE A (B B VR RSN, REE = RS, eI
i, SEHEAR N D/RAIRHOSRE, N R HIRIRSS B 17 5 1 S AR i
RS, SRR ARG,

D) ARASZ ] FERNNBR « AURILART ES, B DIZIRSS SR AT RS,
TR RS :

o I, 1 %4 o TERTBR ¢ PO TR 5 e MBS BV EINES k H0i R4S
RET,

o cp (1) T T o FERTIR ¢ AL TIAZ A e HOIB (SR 5T B PO 55 RBREREFF &
Wk S A7 fan A 7,

© B, (1),7,.() : Bt N, TG R e PELL TR v FIRTH B UGG R
SINR,

o ¢l (n) 1 WGATR e TEINER ¢ PIFIRHESS RIRPERR 7 & BIRRSS AT TR T
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BT R, e TERTBE 1 BPIRASTRR N

s,(t) = {[1(t)]Pme*Nk [V (£)]Pma>NK [B(1)]Pma™NK [y()]Pma™NK [eE (£)]Pma*NK ) (3.47)

HH p o FRENIGTN R e RAGERTFIWERE, I TRHRIER, BINRS
HIRSEGAS AT IO RIS R, R

s; = {5100, 5,00, ... sy, (D} (3.48)
HAAGT R e FIRSES BRAEMIH—LETTRN 5,00
2) FIEZH: BREMIRBUL 4T RIRFEFARRSER FW5a% /oaEik
MER, BENEERESRHELLOETOUR, HEFRIELET RVIRS&ET
HE, EEWrEs:
o cl(n) : INVBR ¢+ PG e SERFTAESS k BUENE I 5E RIAR S5 R A7 TR K]
1,

o oy (1) : IFBE ¢ TR o EVERESS k BRI ABUREIIAZTT A e B ELH,
o of (1) ¢ IR ¢ IR R e ENEUESS k AR A BUREID A ) LB

A5 R e TERBR 1 WHATHIEIER TR N

a,(t) ={[cE()]PmaNK [0V (1)]Pma Nk [oF (£)]PmaNic ) (3.49)

TR DG RTINS BRI A — LG RN a0, (1), BEDRGENIR « PUTHY
EHATRE IO T SRR, Fral b

a; = {a;(1), ay(1), ...,aNE(t)} (3.50)
3) b HeeRR T AR TR, REIS UL EARREREDE, IBR ¢ BIERIE X
)
T,®)

Td max

H R HERUA A R HAR R AE, ST RARMARTRME, XELfR
s 2 ST B bR,

) (3.51)

ry=r(s;,a,) =—(
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3.3.2 AT REWE ML RBEZNEFSHHES R

B IR W R B S SIRE BAK, mahfeamEEEsdE, KA ARE
e RIS ERE (DDPG) RiL (—MCBIAMIE M IFERBIR) RBRIR GRS & T
FITT R EIZ R, T DDPG W5 TARIAEZRANE3-3FR, HEMSE. HbrMgamas
[ X AL, EMZEFT B RIZE 73 BT Actor BEUA Critic HBURY Y IR FEHEE W 258 14
Ji&, Actor WIZ8H] Critic W24 73 Al XA E P SR BRI EL u(s,) MIBITEOMEREL OCs;. a)),
Actor MIZ8 AT R RE tHEN1E, Critic MG BTN SITERATIT 0, PR E R 2
—DESAH, T Actor MM Critic IZE#RZ TR ZIIZRAT, Actor MIZEHRYE Critic IZ%HY
I AWSGESNE, T Critic ZRIEINT 20 E BRI A MR ST 0 hnilE, IXAE Actor
W28 AT SN ERORBARTE,  Critic IIZ8HT 70 BORBLE AV AR,

______ 0,(5,01: (5., 1671 69)
3 \J

BB J(69)]

[ 3-3 DDPG & EHEZEE

Figure 3-3 Framework diagram of DDPG algorithm
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R E PSR BRI SR S RO {EL R 28 R e DUR 2 7772 :

0,(sa) =E, [R|s;.a;] + vE, [QM(SIH, ADlsg ap] (3.52)

XTSRRI L

0,(51.a) % 1+ 70, (541, a111) (3.53)
5 4% e (5 P R A AR [0 £ T8 B8 o 22 ) 4 T LSRR BRI B s, 107 300 1L IR
OCs,, a,109), EBRITIZE F RV F RN AR 7 R4 28 P 28 (L SR BRI B (s, 10 ) T
TENMEBRE OCs, 10,1102, BARMSGHI RSG5z AR, (UXSEORFE, e
I E G, I TR M L S R

OCs,. u(5,10")102) & r(s;, a,) + yO(5y41 (s,4116* 162" (3.54)

HIRshEMER TN v,

Ve =1(80) +7Q (15 H(Spyg |9M’)|9Ql) (3.55)
9
ol
\‘“ “‘\ | \ g
ks | O] 8 8 o<
wxmr US| 18] 131 el [O12
s (10| 10| |01 10| B |7} s
R T SIOQ]/|© 8@ i
OO T TV ON] esamsims
RSy RO 5L { )] M) S UL Spegaa ]
Sl elniatelNilieluiti NS
wagete (||| [O][|[Of[||O|[||S| | £|}] exmamans
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ol \[ofl [of o] L&t
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N J I\ J
N KR syl 2
Kl 3-4 Actor MIZEZR44

Figure 3-4 Architecture of the Actor network
Actor MIZEHIZERIANIE3-4PR, FRBUZEVUZEMSE, HEABREE: EWiERES
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TR ERMEFERRE T FEWECHE. % RN SINR MBS e
AT WM BRNIOGT REFAIERRE T, ESHEEIRITAILST /BRI EE
Gt H AT b BNRB S ATIRAS s, WHONBIE o, HAPBhERR ) (o) FE
AT B AL ([cfk(t)], [x] /&M _EEEE K%L [x] =min{n € Z|n > x}),
Bk 3-1: BT IRE S E S BIIRSS A7 5 T B BRI
WiA: TN Ty, EWL Actor LS8 64, BARMIZS Actor LS5 o', T4k
Critic MZE S5 02, EFRMLS Critic MEESE 09, HWHEFHN T «, RIILRRE M,
RN 1, RN D, /IMEBEEARE N
it EMZH Actor LR E S5 0
1 HIEAAL I EE AT H AR 25 A EE
2 VBRI

3 for episode = 1to M do

K

4 | PIEITIRA 5,

s | %5 Actor E ML RN = TR p,

6 fort=1toz1,, do

7 B REAZEIA— L RTLIINAAZS s,

8 IBFEIINE a, = pu(s,|0%) +n,

9 PATENE o, THERIN2E) r,, HRECR —DNE—IRES 5,

10 if =74 2 866 2 18] F| & then

" T (5,.a,r,s,,,) FIG%H D+

12 else

13 BEN et — oo, BT (s, a,.r,.s,,) HITEGR

14 Rl ith PR N NS IMEETTHMNEAR () a,.rp5,,,), Vi=1,2,. N
from D

15 HHREREENE y; = r(s;a) + 70, (5,41, (s, 10109

16 1L 3(3.56) e/ IMEAR KR BOR BT Critic FMZ% S5 0©

17 MRHE(3.57) RGBT Actor 282 0+

18 HRUETR(3.58) R H PRI S8 02" F1 0¢

19 end

2 | end

21 end

FERNIER ¢ BTG, BRERIERINEE R RRIUATRIURS s, N TIRRIE M
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RISHHRR AR, (ESNESRIAIAT MR n, SRISENE o, = u(s;10") +n,, HEEHFNIL
G RIRSS e R T E R RAIBIE o, MUH RS RN R EIRIRR, RS TR, W
B R—ANIRES 5,4y FHSEIRN RN r,, B RESREICH (5,0 a0 1y, 5,40) FHRFHAFE
eI EIm e, 2R BIREEACE T TR AIRME M, e EE M AR ERIE
Ky, FIRAERIRERMPBENIERE N DTHHA MR IIZEDE, R A2 3 M2
ERMZE, @/ MEEEIE, Actor MZ&Mm N BNTEIEN Critic MZEHIHEIN. EMLE
FJ Critic 2% BT 09 T8I Hi25 bR B0 7 58 37 -

N
J(69) = % Z;(yj —0,(s;. u(s;16")169))° (3.56)
=

F L HE) Actor MIZEZEL o TEIS BRI A R 2 OREA T 53 :

N
Vud 09) = TV ,005, 6109 amysy o) V510 (3.57)
=1
SR, PR 7 TP 5 P02 2 Bk ST A P2 e S

02" « 702 + (1 - )02’
o — 1ok + (1 — 7)o"
DDPG BiER EESBREG WETL 3-1,
3.4 K HENERD
AN BT IR E A ST ARSS R A7 5 T B EEERIE AT T EM 2. 85X
B R LSRR Z#ITIRL, REMNREE, AR RSEGEIN e kg
PEREHFT T IR,
3.4.1 ZRSLE
SR Python3.6 # R ARG R 7 5 1H A E# EIREE, FIA Tensor-
Flow1.14.0 IR E £ SIHEZRi H DDPG 8%, BT FELE N NBRIVFFERENLIE R
BOGEMTESS, INRRAVFRELIN RIRUE R Be (A A /2 BB B IN TR L R A RN N B RSR, I E
HAth T RUE TS TR RE AN BREG AT 52K, TEHRTE T, Ralgem/MLKIIR S
EIMES RN GE, SERTESERENR3-2, ZSHSFH TE RN TIE (75, 76,
165] , fESZHeH, MAHFEZSEOXENET DDPG MRS &7 51 B EIFEEILEZIRIET
RIS 2R TR LLE, 5 DA NEREBEIRH T b

(3.58)
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R I2ESHILE

Table 3-2 Simulation Parameters

28 {1 2 fH
INBREEL (7,0 40 EfFE=E (SY) 50 Mb
TR SN [A] Ar 30s BGIRF AR EE R (SF) 100 Mb
LGN R ETEE (p) [2,5] HHERIESH (k) 1x 1072
JHGAT RIEAETE 500 m LGRS e < AfEHEE (R,,,) 15 Mbps
L% RS ARIEE RS (B) 20 MHz LRSS AR B L fiER (R,,,) 10 Mbps
SINR 4~5dB DRSSt 2 BRI (p,ge.) 1W
WEI REE (Ny) 3 WENRS BENZIRERNZE (pype)  2W
ARS5 XKTE R (Ny) 5 AT () 0.99
ESTALLEARN (d) 20 Mb Actor WIZ8~ £33 (Ir,) 0.001
MRs5 127 g A (0,) 50 Mb Critic W82 (Ir,) 0.002
e CPU HESR (fV) 5 x 10 cycles/s mEHRY (o) 0.01
B IRSS 2 CPU AR (f£)  1x10° cycles/s /IMEEEAKRN (N) 128

1) TG EFEHIETHR (Offloading without edge caching) : {15515 3K HEEFE
AR EIE R AR S et TR 172,

2) FETIEER/IMEIEIZ % (Offloading based on latency minimization) : ZEHH{T:

FRFVERIETE NI E S NG I A B I 3 LA 1A T2 176,

3) HETREER/IMLIVEIZE /72 (Offloading based on energy minimization) : ZEHH{T
S ET RAFUSRIBIY NHIRE R IR N I S L EN R LA T R 08,

4) FENIARSS B 1751 B 7% (Random edge caching and offloading) /MR
PR S5 -7 SRR 55 N L5 RE AL E o

5) WIEHRMERRGF S5HETTE (Least recently used (LRU) edge caching and of-
floading) : FAFHFEFHS, E—IBRIERISMMSERE, BEIHROBENETE R
155 HV B L HIARYE G R AFTETE NN IS R N R LA,

6) FTEESIERImIRSE A HAIT/TE (Executing all tasks in the cloud) : FifE {L55H
BEIRmARSS BRPUT RO,
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3.4.2 ER D

AN IR SS B 17 5 U B E T RIS R BN E3-5FT R, [E13-5(a)F1E3-
5(b)/ AFR R GERINFE RS RERERIIR BB, TE AR 2 BN E, T A
SRR S I AERISE, T DARERE B R IUH BRI, BB AR, FrE 75 R
AGRINIERSE RRIFIRERAE, BT IENGEET RN, ETRRR/IMLmEE
RSB TG B /TR T, (BTEINGEE T RIRERE RS, HEEE
ENEE ZI T R T S B N R REAE, JDZIRSS BT BB IR, [F)
N TCIES SR, ik T RERER MU M EIR T RAETIEIT DS IR e RIS AL,
HHAEREU SR e, ST INE B MU EIE T % IR S5 B TR,
FURTESAIR S B Y R R R A EIE RS, AT DDPG B S IRS B 17 51t
BT RG A EHAR SN, 1O FIREREIEL RREM KN BRAR M R ek

—— DDPG-based edge caching and offloading
—— Offloading without edge caching

i

—— Offloading based on latency minimization
—— Offloading based on energy minimization
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9
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L
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Figure 3-5 Convergence analysis of different policies

[E13-63% AR T S04 T FIN 2 s N RGURINRERI RN, bR 4 e
p BN, AESFTEREERN, 2 BCLS RN R SEAN_E AR BID 4 i B AL R 2
b, S BUESS CHEINERE N, 2 p =2,3 1, TEESERmRSS S HITHED
NIER T IR SGRAEETT R, N ZmFEERTHERE LU, bE EwE R
RSN, (ESERMARS AT RERINGE S T RS R FRH BT R, W Em
AR, PRI E 5 = SRR, PG ARG & A7 5 T R E RS I S AR 5
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Figure 3-6 The effect of the vehicle density p on the total task processing delay
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Mo
4.4 LR RERER D

AT 2 2 U AT 55 BV BRI HAT T BN 0. B e DT B s NSEE
B EMATIR, RGNS SEGEIN T 55 E#0 S BIR Bl RIS M RE A T
TRIIE,

4.41 LWSHILE

LR Python3.6 T EY &, HIE— MW AMYEEER, FEHEN 3.75
K, RSU ZEBEHLEAIFEEN 100 K, BNEFEMELEARRIEREE, Hhansdg sk
BOCTEIEE, FRGEHE. IR EAnEdRR 5 KM E 9 300 Mbit, 150 Mbit A1
1 Mbit!'%8l, FMESIIARBIE « WEHN 0.5 s, HMMSEIRENRL-1, RPSES
T BRI (175, 176, 178] . fESLKH, HEZFWAY Rol (F55 58 I LT 2 (R
IBITBCESMEA T HEREELEE, ASHR R SS HIE S BIR LA (Optimal Task
Offloading and Resource Allocation, OTORA) 5 DA REMEEEHITA L :

1) HIRGEIEEIZE 772 (Object Data Offloading (ODO) scheme) : FTE{E55 44
I EFRESEEE, BATE ZE R0 R GBI AR A T 5 180,

2) FHESEIREIE 7% (Feature Data Offloading (FDO) scheme): i {E55%
EIERHER AR, BMES S — BAEEMRAPITIE, 5 BRI EER R
JE5r LS OTORA 75 A,

3) JFIAFREHEEZETE (Raw Data Offloading (RDO) scheme) : Flf G {155 ZE 4 E]
BIFGIOEEE, RS FEWMAEABPUTEMH R, HEERSRME IR RS
OTORA 77 ZAH[RI I,

4) TREMMESSHEIETE (Greedy Task Offloading (GTO) scheme): {F55EIEM L HEI%;
N E IR R IIARSS W ROEATIH R, BIRECT %25 OTORA 75 ZEHH[R 1801,

5)OTORA ¥ 5155 5 /5 2 (OTORA Equal Computing Resource Allocation (ECRA)
scheme) : ESFEMMITESHEG, HITEREYESE, HEKES OTORA HE
LI
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41 HESHILE

Table 4-1 Simulation Parameters

2 H 3K & ZH &
Ry, 70m A, [1800,2000] cycles/bit B 20 MHz
Ry, 200m 4., [1500,2000] cycleshbit o 5% 10710
D 02W fU, [2, 8] GHz a 4
H, 20m [, 40 GHz w;  [50,60] km/h
4.4.2 RO

El4-2(a) RRBEEWITH RS IR L, N ARESFEES EIRIECT R N Rol (E554L
FENAER RN, SEOLEN |QR| = 4,|QR! | =57 =05 s, BEEFRIT RN
m, B ESS EEC S TR 73 Be 7 R SS AL BRI TS5 D, RN 55 ZE AN IR SS 24
RO Y88, BEMm S HEEERAY T RN GEREAR, MBI BIREVNE UNT 4 GH2),
OTORA 77 %#1 RDO 77 #RIFEMUE SN IERAR, MIEI4-2(0) R R SS BAHREA R T
ROTEMLEFITAE S, HRBEEAET, OTORA Ml RDO 75 R HIEHE LLHI AR 1
BAOBIRFEER RSU AEROTE, MKEAMITER ODO Al FDO /7 RN FEm T
SRS o BEE S5 ZEAIARSS ZE T BB TRIG IN, OTORA 77 RIGLARFHRAL
552N IE, HiHEEIE S ECAEARA RSU, JHREEE DI, 2ELA TN
G EEHG AN, ODO 77 R —ERFHEARMIT R, WS TIN5 RECRIFEL A 78 BN 4E,,
XT RDO /7%, HTHENENRIRLER DA, BEERETEFEEMN, HEEZIR
S5 TEAM BB LR g n, AEA [HOREHE S INAE, GTO 77 R ANERR A KA S BER
MRS T, KRB ESEIERBEENEKE Mk, HMREIT oDO M FDO /i, 5
OTORA JFREAEZEM, RINETHAMIEIEIE 5 L& T OTORA HE,

Bl4-3() R MES T EIG N, NONFEESHIES TR EL T % T Rol (5540
IHERRENE, SHORE N [QRL | =57 =055, BIBESEWRBEYM, MEHWE
SRIgI, TERENRIREARR, BMES MRS IR, # Rol (15540 BN
FESEAN, [El4-3(b) T RS EMM M, (ESBAREAFRT [T ELEH], OTORA 77
FBEE EEIE I, RSU HEEHE HB#E D, AT R & IS0, RSU #E
W BLA B MESS IR IRIR/D, MHESS EAIIRSS 2 B R, S5 OTORA
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kAR, BRT ODO 7%, FN ODO FRFERIEAMBPATIHE, RBATESEIE, BT
SSERINEE S RSU B ERIRTE R, E4-4(0)FRkEE RSU FHERIREE N, L5545
PEAER T AR L], FDO 77 RRAHIITH AT RSU T B RIEHE LLHIAZS, {H RSU
ARSI N, Fr DAESS S8 N IE8/D, RDO 77 2 1E RSU HEEEY 6 GHz #1 10
GHz I, BT RNHEMEFHINEZR, JCAlT#E, =4 RSU HHEHEIEENE 14 GHz /5,
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—3, JREALET SR & L e e 2 —58, BWIRAC T FAE M, 11 ECRA JTREIT
PR BLRR IR, N PERESS T OTORA 75 % H GTO 77 %,

Kl4-5(a) R R TCRAZTE W BEX Rol (RS AN EERIZI, SEXEN [QF| =
4,1Q8L .| = 5.7 =05 s, BBELLKSER RGN, E5EMEBBIIRSS T K%
RGN, (ESERMNER/D, BUESE MM IER /D, Bk ODO 7555k, K9 HAT54

69



JTARIL R PS5

JERMAEANIIE, TEUTEHZ. RDO Rl FDO 77 R H B BRI IRS T 5,
B TCLRASIEH BRI, ELENEH RSN TE I 25 K T ODO /5%, [E4-5(b)F
TR TCLRAZEH SRR, TS5 BRI AR Y S EL L, ODO 75 ERIE S FRTEA
TS, OTORA 75 5885 I/ DA I B A B L, 501 T BN R A R E R
B, B HES BAREIRS] RSU MRS 724K, RDO 77 S MU T/ 161 AR Ss R4
FIEREER L, BIANIE RSU RIEIERELBI, FDO 75 REERE LR, H RN
BESEETIRMES SERINE, GTO /7RI T OTORA 755, JEETETY
R R IR D R o L & TS,
4.5 REINEE

AEEEL R I S5 B R 5, MR T U RN 55 E A 54155
BORMBEE, ESEEME, S ARREIREAEE ROMEE S mRINAE, 72 A
Rl BT A S IME ] R A R B S5 S AN AT, R R SR 55 I 5 %
R, BINEME SRS RSRE, AR A — S AR AL )
W, RESA R TR, BT, WTREIEREIT, IENHR TSRS RIS
R R,

70



FEF W MIR G 25 RGP R L R AR S

FHE MHEMMEEE BRI RN A
5135|8

H 308 3 R EFIHRARIT AE R Z B R A 200, 2 MRIES 5 EA 0
HERASE, N2 MR RS BTG, BTN REATERE, X
—HORREMS S s — WA T B XA B B AT E A BR . SRR S5 ) 1 S5
MRS BAER, X SFRPMERTR, B 2T 2MREGRIRASRE N ZER
I, PEBAIEARS LEZEEWGEE, B THRNARXR, XEXREGHT
A EIRFEAR Z AR 2R RN, FF o8 R B B o S HAR R 22, PSR i A Y
5K B 38 3 R AL A 2 I SRS B R RN R ROR I U 78, 248
L R GG EER R PT SRR, TR T e SRl S R Al AR = 55 5 TR R Y
IR, FAE—E @R, @ hRACE MR, TR EFNEMEREE, 6
PSRRI R, IREEIRIRN S EA SR, R R AT 55 r R

P EVRHI 2055 R RS REAS R SN B ARAT B BRRSIEAIRTRE B, (HEIA TIER
REXT ZERRN BT A R, KIM H 25 N J@ I =Fi B ERIIE, RS Tk
FIEMRAL BN BRAMEE AERE, EEONME— PRI R AR, FET SN AE,
AT FIEAEZR DASE 2 A HOMI 7 TR, 428 THMEE ARG E 82, SOATTI
G NIEI FHM LG E AR, FIFAESTERHEE A SE R B BT, B
FHIES B vV BER AR E LR E, $RmEE AR E 8, YANG P & A\ WEL &
GPS. RIS BT EBUE R RGN BB EWRIT R T 2% 84 2 FEMEMAE
BNPREFNESE, BRI AT 2 RIS IR IRE AR 2 R Ak, 38 1T AG TR TR L8,
MENG W S ANFF& V2V BEMBIMEEM R, FIAA BHEEMEmRIRNZ
IR TS SHRHIE, SR TRERFEIZ EM 5K (Simultaneous Localization and
Mapping, SLAM) fYUIRHITSERY, i FPMEE GG BREET W TR ST EN, H
Lk vov YMES R AR B EAMERENS), FANG S 5 A2 H—Hh o BGRAEZR 0 1
T E IR A R 7T 22 SR IRIRES R R A2 3RS, R MR i B AL = HY(E R
PASUMERR ALZAG TS0, R BB TR A RS A A R P P Rl L 205 R
A EAERE, ATET MR R, 7850 F @A AUSENE B 12 AU R AT R
T,
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TIPS BB 5018 B b R 2 (AR P 22 AN 2R 0 2 TR A BRI (5, sdd
BERIATMA, 125 A EHAGREEEMIEENE, XN TRMEZ S, af
AR EREE, MM, SR AKRSEE TR, AENASHIG
BN, (B SERY, EANRZEE P, ST B FEA E AL, T AR
Bk, R RGEE AR HRE N RE S RS E S0 B R GOE R T S 5
e R R M RS, AT RIS FER . B I RIS &k, AT
DARGAR S B BR AR B, B0 RGO A A TR AL

AT B S xt IR B IR] E 378 Bl 8 R I 2 5 BHERH TSR, I E ks
B, WREEEMMEEREMER, By XTE- 5, EAE. - DU ks
&, SHUE A EAE TR, ETRRRSHE R B 4 M B AR T
LAl BEIE X R RI G B R TR & SR AT 07 BLSEE6, TR T B AR b R
RIZGE, FEUERT T AR A SEMR A RET A,

ABHNALHATR: 51 TRAENGIS, NADRMEMRIHTFEBURT E AT
PO AR AR B A T2 BE 5K, 5.2 TR T W06 £ 2728 B s R o e DR AU HE 22 B L 47 L
B, 5.3 WIEETET CvaX WM E BT EEINRR T A, Wit T B
FIRAIRSE, H RGEREHET T ARG ROEIRIE, 5.4 % Mgs T A2 IRFF TAE,
5.2 MEXTE B shE B ERIZ I ILIESR
5.2.1 RGREHEAR

AN ML E S M@ 5, HB B R AEEREMR ., BARHE, L
AUATAT, ZBFRES. BT, A ER, HEFIEMBE, TA%, RN, MEE
B ENHE GRS T SR ENE SRS RS, BIEATE @ TR0 B RN F
SIS, BEAEREAS N Y = {1,2,..,N,}, N, HHahEmEmisce, Mg
BAT ={r,...T}, WMBEE i ERER RSN ), Bt BRpims, mrR

it ?
M) _ | gD _ ) (V) p(V) T
Xit = [pi,t 03 ] =[x, y,0.0;, 1 .ieV.teT (5.1)

FrE MBI E S X & XN

X =" xQrieviier (5.2)

72



$EF  @mE ARG 5B PR AR R

EASERRHERAN F = (1,2, N}, HSRHE j IR  BORE XD

(F) F) ()T .
X, _[jl yjt] JEF,teT (5.3)

NIFFE B ASE SRR S S A XD @ Xh

X" =) x) ] jeFaeT (5.4)

HAEMES N O={1,2,..,N,}, FIABER Kk FERER ¢ RS x(0> 5

$0 = 009 = 1500001 ke O e T 55

ZER R RIS BRSO E, 2R G T T — e RN IRZE, H
KRG TT AR IR — I, INFR ¢ B AL A LI 77 #20

29— 5 (&) (8) (S) ())
ljt h( ) (Xj,z ’Xi,t ) + Vi,j r’ ljt N(O le t) (56)
v SRR, R T AR REE . R, R TR, rh
536”5‘0")(3 0 0
S
RE,j,)t = 0 5§ensory ) 0 (57)
0 0 sensor,0

tt’ ]t

MQ(W>WQ%%%ﬁ&§m®ﬁ,% R T RERS R MABFRRRE, FRh

cosS (9( )> sm(G( )> 0 xy;) xfIt/)

S |4 |4 |4 14
W) | o) () o | e
PRASE AL & = [A] E‘J{E{?j\i*ﬂ%g&%’yli*ﬂ%%ZfEﬂ A o 5= AT DA B R 5~ [ 3
708, WEs-1ArR, RFEERERET R, RIURSHZRE T SRR MINME 22
B2 (A SRR A R BT R, RN R 5 8 MARIER RSB K, FEHHEGEM A
HEWIRSE R, NRIBRET A, ERE T EBR RSN MBI E R S5 EWE &
KA EARHERSHFISBRIRSE X, -4, F-38En, -2 MR ER T
ORI BRI BT L
IR ¢ N B A5 A ULIME AR A

o)
(WIN,

x )~ N(h(5)< Z) <V>> RS (5.9)

’1 i,j,t
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Figure 5-1 Factor graph of perception system
:/H;':FI E E {V’F’O}O
Bt N, BEEERSAI T E RS (Global Navigation Satellite System, GNSS) 1%
AL TTRE N

29 = 1O (x) + V) VD ~ NORS) (5.10)

it lt vV

vio) & GNSS fEREBRIIIERMER, RO IR Iy 22560, R

2
©) 5GNSS x ) 0 0
R, = 0 OGN SS.y 0 (.11
0 0 82

GNSS.0
BEBEFEIRESSET, B% GNSS WLl & IR 16
PEPIX~N B (x)) R (5.12)

IR ¢ P, i st G S S R AE B LI /5 A

M = h(M)( (F)) VM VM) 0, RM) (5.13)

/t’ .t

v R R (AR R, RUYD R T AR, R

Vit

2
M) _ |6 0
R}, =[ gp’x 52 l (5.14)

map,y
I ¢ P9, e S LI B A BB A R
P |p)~ N(haw)( <F>>,R§f‘z4)) (5.15)
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5.2.2 IRi&(h1t23

EEBEMFIREE T, KR N, ZEMAENS @ A (& RS AL 8 5 &
Z,, BEARGSHIIEMNITRE, MTERSEES X, BRI, BN+ &
R B AS IN BRAG TN B ZRAT EL S, B R RUSRRE R 5 BRI i A WL B 5%
WERER, FoRATF

- 5.16
— H P(Z(S) (%) (V)) H P(Z(G) (V)) H P(Z(M) (1;)) ( )

ljt jt’

ZliwEI’JHL_JELJr%%EI]X]‘L/Uk,_\g’%Ajjé%#ﬂ’ﬂi)@‘(ﬁﬂiﬂ’%ﬁ%% e Rfefdit, Bl

X7 =argmax P(Z,|X,) (5.17)

(5. 16)FH AR RIS AR TE ¢ I BR B WLIMERE R 70 A1

(s ) = s M\ B
P(z ljllle’ it ))_N<h()<]t’ 1t>’Ri,j,t>
_ 1 1/ = ) (& O\ pz (.= 5) (@
- — (3 (-1 (7)) RS (- (7))
V@O der®S))
(5.18)
PR B B % 575
@ {0 N 1 s )
ljtljt’ ) =— 21n<(27r) det(R 1]t>+§<ljl h()<j,t Xt >> (5.19)

RZ ! ( = h(S)( (£) (V)>)
i,j,t i,j,t J.t it
HAE S —TOvE, KRG DR RE AT URSE N

% _ . (S) S &) ) = S S) W)
Xt _argman(ut h()<1t’xi,t )) szt (1/1‘ h( <Jt’Xlt >>
i,j
T
G G (V) G-l (. G S) (V)
+ 2 <Zi,z_h( )<Xi,t )) Ri,t (Zi,t_h( )< lt )) (5.20)
i
T
M M) () M-l M M) (V)
+ 2 (=0 (7)) R (#1000 (7))
J

T X AR AR LI 7% 22
el = (25, -1 (x.x1)) (5.21)

i,j,t ljl jt’ ll

7€ X GNSS & A3 WL 7% 25
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9 = ( © _ h(G)( fp)) (5.22)
TE B 2 AR LI 5% 22
e = < £ h<M>< §Vt>>) (5.23)

XL 5% 22 Sz B Y AN [ 4% R 114 SE2 B WL U A PROME & 22, 3 T 28 S WL 5% 22
(5.200F N

_ : ) = -1( (8 @&\ -1 (&
Xy —argmlnz <ez/r> Rijs (ei,j,t> Z <ei,t > R (ei,t )
i,j i
)\ gM=1 (M)
+Z< ) R (¢))

(5.24)

Rk 5-1: 5ISUAs- S5 /RE

WN: VRSN A, BIE 4, BRERIRE .., PIEEHE X0
itk x,*

1 whilei < i do

2 | BRI V(XD

3| R BOE AR R H(Xi)

s | WHEEHRSH XM = X - HX) + ADT'VAXD)
s | HHEEHE I EAREEK f(X’+1

6 | if |f(X™)— f(X)| < Athen

; X* = Xti+1
8 break

9 else

10 A=4/10
11 i=i+1

12 end

13 end

AL ﬁjﬂﬁ@%@yd\ T, X; REERMMBE, o), e filell) B

tjt’ zt

&, R, R.G"1 MRM™ L AR R R, SRR I8 SR - D i

i,j,t

% (Levenberg-Marquardt method) KA, WHIE S5-1, ZITESES THE TEE
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2R/ ME,

5.2.3 LW HERER D

AN % 2 P R S HDRAS (AT B M, &S B & ST 5
ST, SRJE MR AL BSEOT R AR A HHEREE T I A,

117 L S X RE IS T IR A RHIE B SR R AT I 75, WIEIS-2F0R, 1E
Vissim {77 B g 7RSO AL ERVIERS, FAA0ERK 380 m, FFARZEIETE 3.5
m, TR, TR OB TR, OB, OB RS 1T AL
HZEEATE R AT D, ANEIX O IS R, BB RS, AR
RERE 240 I 37 SR O P B I N, FEH B IS, RS AT B AT, RFAE
B ROE K 180 mo BT ARFE R84 I RIR ], HORE] 28 I RURIE, A fk
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I
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Figure 5-2 Traffic simulation scenario

BREMBR A F R A MR B ) AR, X ERERAR G TS,
GNE5-3FR, SRR SRIEEA RS W, M1, + 1, BEE, He 1, ARER
FRETEREE, 1, NFRERINERER, W, NRZERATEE, R R
RESBON 120 R, WRTTREE, AN 0poy. RN BESAFAEE XGRS,
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Figure 5-3 Illustration of single vehicle perception range

BIEH T P RINFTESBUU A N 0, B AKX, SR SEEEN 050, = 70
m, R,=80m, 6,=2°, L,=100m, L,=30m, W;=60m,

15 B3R B 5 OIS E THES AU PR REREAT DAL, BB AT 100 (XSES, JRaxt
WD B TR INERS , W B R ERRRIRZEZFTA 0, E X BEE 2R HR
%% (Root Mean Square Error, RMSE) :

NN 7
Pijit = Pijs

1 o 2

prrsEs = J VN ; ; ( O, - afj,,)z> (5.25)
Hrb M NSCRRREL, by, AIBR 0 1SR j IRTTEHRIERER, p),, MER
{8, 67, NIBR 90 i 4558 j IROTEARRITTRIMAEER, 6], ATT AR EE,

AR o T A B AR AL 1 7775 (Factor Graph-based State Estimation
Method, FGSEM) 5 DA N RIEATH EL:

1) BEaRXMFEENRL (Implicit Cooperative Positioning, ICP) F%: FHIEEGIENY)
BURHIE (FT AL ZQ08T5), B IHE G TR A& Sk HE i 22 e g 1881,

2) JorEkEHiE (No High-Definition Map, NHDM) /7% EfgHhE TR X1k,
FA R B TR SR N oA I 55, 177 SRASLLTC i A i ] ) 15 7 L1831,

3) V2V i@{ErEE (V2V Communication Disconnection, V2V-CD) J5%&: &l v2v
TS TAE— E RERITEX BT S,
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E15-43 R ANRT RINBRERE) P B e L EREXS L, (TESEIRE N, =4, N, =

6, Ny =4 Sensorp = 011, Sigpiorg = O.11ad, 6,0,, = 0.05m, Sgygs, = 2.5 m,

map’p
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Figure 5-10 Simulation framework for collaborative perception
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2 5-1 A[RIRIE SRS H AR RE

Table 5-1 Performance of object detection with different fusion strategies

B AP@IoU
BT M4 AlE TR

0.5 0.7
PointPillars HHAR S 0.913 0.839
PointPillars JE AR S 0.815 0.747

PointPillars  Attentive Fusion (FHARIA) 0.871 0.811

PointPillars ~ Where2comm (FHiRIE)  0.843  0.705

PointPillars Hh AR S 0.879 0.811
SECOND FRR & 0.877 0.813
SECOND Ja IR & 0.846 0.775
SECOND rhEARL S 0.903 0.856
VoxelNet Cooper (F-HARIE) 0.852 0.758
VoxelNet IR & 0.801 0.738
VoxelNet F-Cooper (FFEARIE) 0.906 0.864
PIXOR AR S 0.810 0.678
PIXOR Ja PR & 0.769 0.578
PIXOR AR S 0.815 0.687

NEETFIE R B S R PRI RS, $RH SN RE S R iR, admidt
B, (ARFLRER, M mE, B TRAEE PR A XIRIE R /LS (Region
Proposal Network, RPN) HE{THFRK, F-Cooper!!'>! it T {4 SRRl & #1243 A1 4
MERE TR, ZRRHERS A S ERHERIRT AU, B R RS HORFIE & A XI5
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FHIE, MR T BERR T2 AR AN, & PO B AR AT M RE A FE AR F-
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Figure 5-11 Hardware-in-loop platform framework
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Figure 5-14 Visual interface for object-level cooperative perception
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2 5-3 FRUWHHHERRFERK I HE

Table 5-3 Inference link latency of the receiver

e BaRtES s

ped

(MB) SZbUOX (B) drECEil)er (ms) dreceiver (ms) dreceiuer(ms)

infer infer—uvis vis

i — 2151 0.85 1053.37 112.56 34.70 50.01
5 1981 0.85 1051.77 99.33 48.32 49.33
K= 4986 0.85 1052.34 122.74 23.11 49.60
i 4242 0.85 1052.93 99.38 47.11 49.62
TR 4211 0.85 1052.35 105.30 40.43 49.25

AR 5-4 PRI A RER N 2E

Table 5-4 Latency of cooperative perception links

Uﬂﬂlit?f(?}ﬁ %@}ﬂ?‘ﬁ dsender dfvender dxender d;f:;iae:e dtran dreceiver dreceiver dreceiver

pcd—infer infer infer—sender listener lis—rec Sfusion

Mt—  0.092%  5.66 108.39 18.97 2029 18.02  4.06 823  99.72
) o 0 5.63 109.23 18.82 2030 3228  4.16 8.47  100.55
i = 0 5.75 109.02 18.75 20.28 25.87  3.95 18.48  101.84
A 0.047% 5.83 102.71 18.28 2025 26.19 4.8 8.65  99.85
WiAAH  0.023% 5.75 108.79 18.91 2029 3571  3.99 831  101.73

2 5-5 YRR EEIR INGE (B2 s m)

Table 5-5 Inference link latency of the receiver (exchange scene data)

Uﬂ“iﬁé&*}% ?&*E@}E‘[\?& SZCUd (MB) SZ[;)OX (B) dlreceiuer (ms) d.receiuer (ms) d[r;jceiuer(ms)

infer infer—vis
15 wAN 3270 0.86 1014.83 101.70 46.23 50.89
£ 3185 0.86 1015.04 118.20 33.69 51.49
1§ WAN 4716 0.86 1015.74 101.72 48.71 51.64

VIAE FE S R FFAA T, LIRS B 1 7 SRR I E ML 54,
SRR, ORI, REMIEEBEINIES] 100 ms /2
1, GEUCHIHEEBEINIE 5, JRE T &SRR 155 1 A e L3
—5, Rl ROS2 A2 FAGERINERR, EEEURTHERIHEAR, Rk
dender kg qrender  SORIN dreceer IMIERAZEREK, ROS2 I LG
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2% 5-6 MM RIRNBERSINGE (52 #s7 = BdE)

Table 5-6 Latency of cooperative perception links (exchange scene data)

WREHE  RER doly A AT, A dea i AR
15 WA 0 5.64 107.65 13.57 2027 17.92 388 9.59  102.96
-t 0 5.83 102.46 13.24 2026 2298  4.03 8.03  100.96
TEWAN 0 5.77 107.29 13.85 20.27 22.83  3.15 19.31  102.56

INGESS/INT 20 mso A& IR AG AR B5f 252 B2 U m Rt R I INNAE o, /DT 40 ms, XA
HE T OBU Z [AITCLAEHIRINE, OBU $E G A I AR i/ NEEE R 10 ms, H2Uii
I LRI B IRHE deccroer JREIT 100 ms 245, Rl EBEIS T 21 T B o 24
ZHAE. R INERE F5 B TR, AT B IR o A U RN 7 IR AR 8RS,
HEAT AR AR AR B4 DA R AT AIAE,, SRR TIAE FTAL EIASEERZ) 50 ms 245, B R2%47
S, RGNS B A BN AL &, P RIRERS ST INGEL) 300 ms, BI4E T
MR IR IR AR BE TG, SO, Bide, &K, BUomiiireElk, e, M
IS A R m AR WO T B BT BT DRI E DY 50 W, H GPU T#EIAR 99%,
EARDIFEARRS, TSI AL AR = AR I E, KR IR m AN IO 21T 1937 S EdE
HATRE BN RECSXERRDM, 1FRHRBEHA IR N E W#KS-5, thFE
EHAIFERS INAE W3R S5-6, PILAER, g mfide)a, BRSNS AR
b, BITIGE, BN SARHAT—E, RIEET C-v2X FBREL LR & &%
JEPRERE (MERE WA Honf IR R AR, TR RE L ARl &K
WARHIE T =D R RN B, FRa— MRS, FERa— MR B, %
BA— MR B ELE, TEEE—RER, X ERAIR MBI REfabr iR Yy, N 2 5]
Uit FE BRI, THE TSR EOR R, AR BRI, SR B IC U R SRR 1
Rl BRI R R ST RE DS S8 — B BRI A L 7 s RIS 4L ==, 98
BRES HERRIBETY R, BRI DIERE. 7% 77 AN B TR,
SRk NS G B B R REAE IR RE ) ERYRIRR,
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5.4 ZKEINEE

ARBEREFE T I E SR R RAL R DRI RS, PRI R T o R
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B SCAPIAS - DB R R R BN SR FIE, WS TERHER B S B T O L, 5
BT R R S (AL I R RS AL R, PRI AR (LSS T bh RS 5, b
R AR RN SN RES HEAT AR P, HE— 2500k 7R [ Rl 2 SR 1 P e SRR T3 T 2,
AWARFZRRECNERENR S, BREAEIER, FERM BRI, AT
FOTAR EbRg o BT R e R
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FERMEOR B A “IRAIIE, X7, “ Ereim”. “FIAE" SRR, BEEEN
RRBEB ERGR AR R S HAMEIIREAE, X B2 R B TR AE, 5K
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PR SS M RN SRR I TR R 5=, mlm ST IR AN A E MR sh Stk
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Uit A =0 < RN A M, ARFE 55 E BURAR ST /S ABTE S HIARSS 2% 17 LR B A 14
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[FIETAE S5 5 BN SEAN RE R THAERINE, fEII A B e T s/ ME IR THE
55 AR S HY R R B IR OCAE AL, 3 — 2 R A AR O By /R RO AR, $2 2
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S5k, PTESEIRIEAY 1R )T R G EETT RIERERINEE, EWEE. £S5/ R
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(2) T AWK E 25 R B R TS5 BHIREC B Uut. B 2h 3 BT 55% B
TR = HINIE A R4, AR ESS HIf B E R, BOERME. HRE
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