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FMFE AR — R ) o AL REIEAE HUAE S B Al A HE AL

TEINAESATAE S I b — N NIRRT A5 BAS L THE R SR BRG HEBAT 1) St PHIR, KA
ATHEL A 3 3 004 B 305 R A ANz i i S (A B A5 Lok D Rk, B AN AT B RS B B R
4% (cyber physical system, CPS) [Bl. [l iAN CPS 31 “3C” (R computation, communication
F1 control) MIERFERLG. BARBITEANIKUL, 815 vHE A H] ARG 1077 2O A A e . i,
TEAF & SRAT S5 % B T F T B — Bk SR BT B, RSBl v CAORF I 4% (R 1. Soad ok,
SLPSRT DUy E A ] aREr 01 Rtk XPIEAE . TR ST B G B A R MR DL K
BARRGIERE 6.

BEE O BRI oy it T ALY, —SemtERe SN B S B 4k R AT, a0 S /R
[1] Edison for Arduino. Jffiik[ Jetson TX1/TX2 FIEIHE I Snapdragon Flight 5. BtAb, Hla:>]
(machine learning, ML) SV UTFT J5 5 BRI, X Lo HR BB AR FIEAE _EARORHE 58 1 6 AWLETHE
AR, B, FHEOYE R THEAIEH]E S RO IEE RS AT AT, eani, il S a2
B RS REVE T, o ML AT DUd i 28 ) dss BE TR A B R RAS ALEE B, 1AM R R I (E A
KIS H. RIS, SEOKMTHERE /)t m] DASCHE A R B aefidl 1, 15 SGaE(E B9 4H0R, it
TAHBETERE. £5 LRk, CPS Wk TE B ERE G A «3C fibi & i) JAEA B2 M AU ) 71 9 il
R NAHLEAF ] R 5 A, il R E A5 R SR 4R 5 R BT AR shHE ] . 28T, HATidsk=
—NGE - HESE S |« P THER = RS B A BRI AL TE AL IEAE B, T Z AR T8 AHL
FESE RIS T RIEE R BRI PR HAT SR .

ARV TH AR SN A R ML REVE R, B AE S S BERL & 0 M B B AL S — DR
ASHESED) . AZHE BB U H AN I 9 S8 A5 e, R A v b 5 o7 D09 288 BA S8 1 A8 40 AT P b g AT
S TRIE, AT & AR EITHEE AN 6 B 70 e A Jyil S PR RE, KRG IC AL I 385 2 AL, A7
RTINS B R AL K

AR IR H R 5 2 AR TR E A f R R AR, 2 3 IR T I TEA
MU FE SV B RS HELE, JFRDS 1 b i ST R BRI R 28 0GB 1) B 58 4 19 RE T JE AMLEE A%
TGRS U W BT SR AE S T BB AE AL S R, 5 5 K] 5 4% G IR AT 07 L LU AR Ui W i
TRMESR I R 5 6 TR AR SCHEAT /N

2 ITEMTHXEENEA NN
2.1 HE5EE
= HABATUEAL A T. Cover MR H: “BERITHELAERN, MitHE L EELHEN”. T AN
EEERER L —ETIEE S ENA NS, — 7, v LU LS B A AL B 77k
fF R T N HLIEAR 1) R, AT X e MRS 2071 R B BE RS BT . $ PNk« I B R S X L, I35 47
C4H KREMWIFT TAE 2101 B —J5 0, BE#E ML $ORE &40 025 i 5¢, TANLEE B IEmIG
EY5 ML &G, X0 TAERTER DI B, 02— ANBONIF R S8, & EH T,
EPUTBEAES] T, KA ML 7R 2 H R — R IEE S5, WEEL /FSTE KR (Shan-
non limit), MIMHESITCLIEAE AT R BEIEA. H AT W A NS 2% ST AT LA 3 ANJ5 T Bl 7 S BliE S
1) WIS, (physical domain) €A YIFEILLFE A (KIFRHE, NP2 WS, A LRI 18 B0 SR A T 101
FRSPAT A RS AT . 15 B3 (cyber domain) WHEEA . IBE . THEMIEHIEE BT ER. e AT

2 WLSCHR [3).
2) A X B S HELE RS B FER A HELE, AT 38 B e .
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(7 BESE AL — L% 2% 21 n] BRI X6 5 J% d S AR SR R B (04248« A Rl AR DR R I
TCEGEAE AR A S, RS S vl U X R B AR TE A, PR ILIC 2 4E8 (5 24, &
TF S PR AR IE B s Rl E Y, =ML 2] v DURIEAS W& 2ede <RI, (i HAE IE AR s ARt
Frp & B ST LRI RE S 1 Rk, —FiLge2: o) SIBE S A AR B g . Bk, B
BRI S E R A RS, AR T SR E AR AL AT 70 2 |, A8 O Y FE LR A
INE AR (BTE EWIAE W AE O MBS BT T M8 AR RO MR FNIEE T it — 29 ) siE 4
FRAE AT S R PO k. R A BR A AT LS| ANLES 2 S Bk, I HAR R i, T IEME
INEEANBIE R 2 56 F1RTE VR ANTAR B, SCHE R AN B 3R I Mgk, Ieak, 725 E HE R 2 A I 2%
2, ML ta] Tk F 5 0 SR N4 (media access control, MAC) AL 12 SE %l & g vk 5
AE it 08l &

M —AN A RE R, T AR AT DRI (5 2l S A X 28 8. I8 S B A A T 1A = Rl A% 1
FE R, HARAR R E AR ) E . I, QT e PR AERA (5 A8 ELI AT B2 N 98D B0 14 o v 75 22
fif R ) SRR ) R STk, T /D RS AE N R T R EGEEAE . — R AR RZ I, Gl SR AL
SVRERN LR IR AR HEATIZHE « /b e, AR ECR 2405 2, MRk EIEBREER IR, —_EM %
JETH, X Tk B E R T ANUE 55 R ae B8 8 58 B AT HI. £HXFEE 2 ANZE T, RAH 2 B ek ki
FARBERSLE T AN R E 2 Al E 1101, SifdE Mo, BEH4 U7 fmbd s U8l ghah, 38 SGREE
M A 7 2, R T EALEAS AL S I, n] AR OK BRI (5 20 =

i Bk, tHESEE NS E& A BRIt RA ARG B, R R AR A SR
85 7 SRR e R BT s X — H AR,

2.2 THISBE

TN A 1) =R SR 9 AN LEE R 718 2P0, BRIt BERE K. 25 820
JS2s J7 T R A 5548 1101 [R]I, R a2 3R sh 7 BRI A B, SCAT A DB )R R
SRR WSCR T R IE] B TR S A IR T JE R IR B AR I, BE R LA AR S8 (s KR S T
e ORI HIT ), AT DLREAT RS Sl ) R 4 4 BE 2 Bl T REAS, T SO iB 5 B, AR, K
M DR R sz M R AIMNRERE. (ER, MY RS Th A oot Ho A B B Jg BT 10, 45 R A2 9
AETRASTE S, ATREAREDT OB, AL, S X T AALHEAT 15 24 AR Bl 42 il SR A DS 135 il RBUA I BE PT47°

X NMUBEAT 16 24 f R Bk 2o @ E A AR B HTHE, — DA SEIH] 52 Tse 55 1920 prigs
IR ENTERT LASR I Ad hoe LRI, IR, TE ANLIIRE BIIF AR MR R 3l T B LR 4
WP A EOR AR RE AR S5 75 K. QAT R 3R T A5 PERE TTlk 1% g o S8, A O3Bk o
FOAL B RS ER BB AR B . SR — 359 — B AR O BRRZ F 5 s it 4k 55 12122
SRR E AU 4 P ke B AIROE 5 T 41 (23~251, DL R 78 FEL R TE AR 9T e 1)1 s 3 el 2
RN i F Ge A ik i (26:27) G TARIRFE 70 A 7 T NHLRIRS SO ok F J A5 e SR 2. [ 1
B85 T IR RIS H I TERE R 3 MY 5, WIRRAISGEEIERE . 776k - i - ¥
K, VAL .

2.3 HE. THS58E

TR B RGEE X E AN S BN, =& KB AE R B T RSN
BRI, JE MG 5 R A5 U2 PRI IR 5. DRI, 5% A BRI SRR AR A T X = AT A
it —Jr, TANLDAES NEES], o8 T IE RIS AR S5 2R, 5 B0 o Be v 55 Gl AN 2 ] <5 B YA
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(2) (b) (©)

B 1 (MERFEE) ZFRARERN 3 NERE SRR
Figure 1 (Color online) Three typical scenarios of controlling mobility to optimize communications. (a) Eliminate channel
fading; (b) store-carry-forward; (c) regular topology control

DRI, S ST AT 95 AR RE A R OR VAl =3 B DT R AN ITI 98 3 BHIR 20 FE 2 — T T S AR, A ORI FE A4 5
WA [28]. 55— T3 1, T TR E (85 RS m AL, R BN & AR BT SEOR R A BE DR 2. (2, fnde
LG8 — B A5 B AR OR B A TS AR X A5 RO 2, BEMTAGELE | 426 THE =R R B R AR
SRR BT A 7 B D R B R 3R AR S 3 L

3 FTANEREBENERYIEREER

FTNHVEAE ) 7e B R — S 4 AP TR IABRAN . PR AR IEHIIAT. HIE R
ZIdFE 5 OODA (observe-orient-decide-act) P H AT, P AT OODA X AHLIE(E 2
TR 5408177 RAFKE, ZBESROE 7Y R ENE B &R, W H AR
R « THEEAR 0 22 48 57 0 BTN 2R 3.

3.1 EEYIERASIESR

JTE NS FE BB RS HE SR WK 2 B .

W (observe). L AN e/ AIAMTIAEE, WADBLISFIE B3R RAEHEE. Hh, WHsd 3
FORAEMFM A A XATE ANL H SIs PIRESSE. IE Bl 3 2R A0 (5 7T H i /i 18/
WOHRMAMTS TR, Britbz oh, 7R REAEM M Refabr LA R M IR 5 AR A0 BT 3 30 H8 A5 3 U B L
P&, WHE(E THELL (signal to interference plus noise ratio, SINR) L3 | 15 LU AR 2R A T HE AR &5

FIBf (orient). %A TR EZHIWI T AN TAIFEE TG, 0 258 R A AR AR AL,
AR PN B e . 56 1 BB, Jo AL B A B R MRS 3 1 S A B 42 4w A1 44 H
TEANE BRI . PR M 5 P BE TR PR AR AR S, BACRU, JTE APLIE S #5380 e 3 B R 4t
SRAFHTAL R 0SS, ) Ge T4 R AR 2 ke o fff R 5 A Y (290, X T AT, G T
HPEPASHF P (R, 28 2 BrEcdh, EHRICH REERE . P2 1 Re AR bR A 57 8 K 3
FROFEA b, G I S AT Y R 1 ), RKE FLVA 9 g A e L A ) R A ) ) L B, R
FHART A B0 A 8% g 1 224 i T 1l 1 DX 2 A B AR AN e L ol o 3T AL B AL AR AE R AR
28 Yo B A RIS A A5, bR T I e T DLIE A S A A I T R AR U, TR K A 4
DNIEAE ) L TSR B S AT (I8 AE 1) R, A I TR B ST e ST 1, SN R T
TE I A B4 ) R SO A BT B BH B2 RRE, TR L AT L 5 6 g s il 1] R 6T P 48 VAN s SR ()8 S
Tl A3 M 2 ) 55, R DA Tk 00 472 0 B 22 R e AR TR SRS SR T BOR B AR 4% vh (R T R B A%, A
T 2 f Al e R, DR B L s A 5 ) RS O & . 58 2 Y BOR DAL — B A H I AT AL A AT,
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Available Performance metrics and exceptions

spectrum/time/space

Signal to Bit error
= . Packet loss
noise ratio rate

resources, interferences

CPS module

Inverse model

Internal
Communi- collision
X Y cation issue External

Modelbased method . .
Computation Data

issue redundancy
Control Shadowing
issue effect

Channel model

Data-driven method

Geographic

Outage information

probability

Specific adjustment

Extending backoff window

Anti-jamming techniques

Data processing

Trajectory scheduling

Waveform deciding

Communication Computation Control Channel library Algorithm library

Reachable Waveform

Spectrum Energy

region library

Protocol library

B 2 (MERFEE) TANEERENESYIEMSIESR

Figure 2 (Color online) A cyber-physical framework for UAV intelligent communications

FEWLSE AN T B0 F il b 5 W i R T A HE T R I B0 IRZS R AR ARG R T R, Bl i et 13
T8 P T R TUAR S T AT S LA AT AR U — IUEAT BRI IR R, K A TR /N R

HEAT i 6.

R (decide). FEAFHEE N S, 1280 BRI 1 VE S AR . e A, TE AMLRG 2
FRAE A B R R S Y. B BRI AR AE T O BB e b, U B UL S AR R 3
BT, FZEERRRAEARFEE I T @A) A B, 7 20l 2 H AR e pLas 2
SJTERMEHL YR, NSRRI T B R B A E IR A . B, PR —
DR [ B i R 2R, MAAN TR 19X 288 T2 TR 58 gt R B0 PR TR B x84 [l (R M3 408, U
i EHE P T IEOR, BEE MAC KA ZEEEASOR, PR R AU L 1 B 513 Sk
B BT 58 A B EE R SR F T R ISR SRR AR 7T SR e A n 2 B g B A T
PR R A B ORI A [ e (1 A B Ja, U0 AT A 3o 1 AR B T R E [ R R T [ S5 AR
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Gefife. X TRl e, 75 EERA A5 05 RN AE DAL IR 7 [0 SRR TE AL S, a3
AE B B SE VNS A X o5, 55 2R R A2 IR B AN TE ANHUZ T B B U AR,
o 51N Z B RE R E R G Z T BB R 1 003, b b, AR ZIEOL T, PIZEIBEAE1L
R REAE 1 2 AR A i B, TR, AR R SR 75 B ST — 1 H AR N AT A LR,

178h (act). fENEJE— 2, TANURSE R SRHAT N4 4, £ EAREEAE BRI . AR E
& BRI 7 SR E BERE | AR IR T REAT M B, B AT BRI AN 2 B AR
PORHBRERTUR. XL HPIT R DAE R I BB E A, e T APLEE IR — ek

PRI PRSERAR G AE R IEHIAT 4 P B R AN REEASE LRI AR, b T Al
AL AR, RS TR RS RE T, S tERE AL A FIEE PR T 50 TR EAFIE L (5 TE R 23
TR LR, DLW FEIRBY /5505 ISR S 2 B AR . SR S BTl HL i Be g2t — 2D 371
5 R PR S HE SR IS AT R I PR e 9 T A UE AR R 55 A5 T A8 15 RE ).

3.2 RfTEHR

JR AR [ = T BE R MR 19X 2% 28 BE 1 A AT 7 3 e sl R HE T HE AR PR AR A 2. AT, i
R Ry NS X 2% 5 TR FR AR AL, i R U D B RS SRR SR, AN () 0 3085 PR 5 ) AR AL e i )
Al —PERESR bR T, At 2 I — RO, K28 I ATR AL IO L RARCK B, Bl n, SRERT-40. A
FRE R AEIE PR N RS B E AN BT N TR, SINES E 75 RERY R A
s OYERZ . PRI, 2 28 A A\ s 45 Rk B Y B  BOn B (Bt PLAE B RS ERE R Ak
H LA F 2 TR fa bR (P anEe s 5982 . SINR. iR e . BAR, ks, Er R EL R
Hk). 31X HL 73 G S R R R T AR OBl P A7 BER IR e g o S TR

ETHEBRT5E. BT AN B PSS BT TR A BR300 i e 57 v i i e A Y
KOHTIEEA AR R . — ok, EEVERE S A AL SINR B#ASC. A S8 BRk . Shaig
T PRGN SN A 2 B SINR (R, AT A A5 2t A e ik IR BRSO A 1, S B0 A 26
FEOR. I 2 A8 PR 48 ) AN (R J2 T AAS TR AR PE BE T AR R B R R A S, St IR 45 I 48 AN [ 2 1 4 12
BE AR AT DA 37 RS TR R v A HE W7 HE I A5 A A A TR AR 4. A3 — N R, ] DA B4
AR TN 2 IR SR A I 5 K. DA TEEE 802. 11 HRSCAHI, SINR 512 % % EFHE MAC
JR 2RI RPN . EALTIREESE, PSSR, ez, B Y H R KIS 5 MAC
JZ BB BE 0 S AT H 38 A5 A5 HE LT A A2 £k

ETHIRIRBNEN A, EH S 0@ 5N M DAERf L R AT R AR IS 0, 75 A BB &7
AWML, BETHEA IR RRE, TP S 05 ER RN A SR A. DI, B
FAEZ AL RO TERESR b3 P L3R RE 05 DX 0 AN FEAS A AL k. B, 124 S A% AN B0mT DA £ 4R
DXy BRI | SRS TP A S22 %0X 3 RS MBI SR PESR AR, IX2 D0, B2 1
AL, (L LG PIREASE BT, R EAR AU 2 BIA RO, #55, ANt %
Tt SR JE 5 7 MBI E S A B AL. 2RI R A 75N R ESR b AL UL, ste] LA/ B T
HLES 2 ST B AR A, k20, RSB A ATAR D, R M 2 S ST TR, Dy 1 et G Bk
FEREARIC A R B TAR &, e RAIJE B 52 S (0753, %7597 LL B St SR IO 8 g 1 ) s B
AFEE R T ISR A AR SRR B IR, BeAh, TR 22 ST s Al 2 3] 85 5 V5 B e 6 4l B i
SLIRATREAY.
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3.3 (ERYNERMASIERRE

WA BT AR (45 12 0 B Rk 5 R SR B % 2 SEB i) T A ML A ¢ b il BOE A5 R SR 2 5y — > B 22 i) i
—RBOR YL, AN ARIEAT 55 AR I 28 5K, — e mT 2 B b M A 3. 72 7041 s 2% 25 )
T, I AN ), SR SR THEZE R 4 AP IRIHTIEE . R, RS B
Z 0 HIh e 56 B Al & 25 N BN . MAESE R AR E RN, BN e AR 1T AT
RO, IR TN SRR RAT Z 7. — M T ANLAT HE R AT IR BRI AT
BRI P ARIAT AR, T PR S8 SRR ANE A5 R SR Hy ohoLo 9 RS A DRI, T AR A1 B RN T RE 10 22
5 RAT X 20 K Pl RS0 2 A R e AL L.

BEAN, BEE = ZAAGHESORE, Frif i G B T R E 2B = /5 WG 554 b, X
BT PATHA B P AIE S R AT R SRR S, RNV RER T, R ah i 5T
FOR BO SRR, AR RRmis e oA, SRR IR RS 8s T AR RIS AT B AE.

4 FEfl: —MEEYIERMSIER THBERERNIRE

A S VR PR AT LR A, BRI HE DA ST AR AN, X T AN R AR S
Y5k, TENHLELE BB KB OLA H AR ISR F5 bt ANHE —. 7E 4 BAPE 3% 5 R RS BUIRRE IR A5 12
BRI T & ERAS A i MAAENURAREAIZ =T, 7 SCBHREENT, M E T maedolfs. %
JERRE R LR =FILFEHFERMBEIR, JF B2 290 AN BRI BR 1. PRIk, AT e REAEAE
gi IR fa bR RO T ARLIESS. X, LIPS ie R 2T AWUE IR 3808 T Bt S il (5t
Wl 1(a) o), DR i R AE RN T ANALIE (5 1 BEFE AR ) AL

4.1 IHE - /1T - R

AR A E AT — AT — A4 (compute-fly-transmit, CFT). %A 3 AN EL,
BOTHER L AT AN i B, RE NS SCELY BISRNS SIMSC B, 7350 5E 3L 3 BT BUIAEIN N e, 7 A 7.
A BIRALRAESSI, TANE AT AR ST, B WAL BB o3k, 12y 1 I B S
JUAR T AE RIS b BB &, 58 RN TIGIEE BRI S48, SR REIr . gty Amfe
HohE. RN B IR, KIET RS E R AR AT I RIS AT S 5. Xt sk, o A
n AEGHE, I H 7 <7 BAEGLRET EAE - DNEIRREIVEE T AL, B 7o+ 75 < T.

THEBY B BL AL BE BRI LA CPU [THEL AR 20 A0 5 IR KR I A e, — ekt £odls b 3 A0
BICRFN B BRI AL BE BT RER 22, B SCHE MR RE SE M BE0E (BN N T e 505, THIRHIEHE TR
s HB S EIY RO, AN, P75 A i 00 e B 5 /D, (15 A2 s Fs i A A% da EAE 5D
b, B AT AR BEAEE AR THTH BB BRI BERE AR, A, RO Y i B BE G I M B H2 i >R 5
IEHMCT R CASET IR . X BRI T AT REFE(E R ENBRAR T AL RERE. DL PRy ple 17 15
AT AL AP REREST o [

4.2 BEFEIERY
4.2.1 HEMERREFE

E A N S AR RN Q, CPU WITHREES N fo (BAAAREIN/AD), 7 Bogs Bl TU AT R
BAEIK) CPU (SN TE 78, RIS EHR LA BRIRIE D BCRIH CPU BN o = ford . € LALBEHAL
AR TUAR BT ) CPU RO ~, DI BRI AR LR BN Qe = ca/y = ford /7, BF Q- Q.
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FMFE AR — R ) o AL REIEAE HUAE S B Al A HE AL

ELAF B R R . BORAE Q LU IIBUE RS, AREIEEN @', B, KT HIRICR RN
BRI ZZAF RN 78 <A(Q — Q') / for FARM, HHRTALBEI BLRIREAE FT TSN Bd(rd) = wfdrd, K
ok EBEFERR T, 5 CPU 287K

FERCR ARSI B, 37 R P B IRAR B AR SR LB, K T BOHR A% i o 3 AN S A i i 46 2 [ 47
FEMRIRE B RBEMACH) CPU BRUGERZ , T AT LUK B e R B th SR AT, T AEAS- I S 8 AR
ANTEI B AR BOE /. 58 MBS WL R FARAE R 72, MIZERAESRAGH CPU FIECN ¢, = for2.
TR, M — AR L T AN 1 MRS F, () SRERAIBR R T Sk TE RSk ERIERTAE CPU A
WK R, B T = Fy(cw). BBE, BOERFGRIERIFEREN IRARN BY (1Y) = wf272. T BER
1, AFEE F, () REE R SRS 55 2 18] B AR 0 AL ReR, B8 20 T S HE R 5 1 52
TR, 8 BRI, THEE BURAEN PR A 7 = 78 + 720, BEREFT R A

Ee(re) = B (1) + EY (12°) = 6fe (78 + 7). (1)

4.2.2 KITMYELEERE

R AN TC AMLAL T [E) B e = B, EATZ IR BN D. 58 SORST i i AT B E K
i ERIHEEEN q(t) € RP (0 <t < 7p). N T AR, B AIET SUAIME KA BN R A E
B1 q(0) = (0,0), BT B HIWILGE K FALEA g = (D,0).

M4 SCHR [32] , BER AT AMAEEEE VR AT DRI @280k

1/2
312 [ ve  y2 1
PV)=P |14+ — Pli1+——-— —d, psAV3, 2
(V) 0<+Ut2ip>+ ( +4v§ 2@(%) +5drps (2)

b Py A1 P 0 FOR @A RS T AN AR DR AN 3 IR, Uy, Rom T AHLIK St
RIEPE, vo Fonak PR T PIIIERE FHEE, d, A1 s 53RN E B LR A e SE I R AL, p AN
A RNFR TR AR, H vV =0 AR (2) FIERITE ALK D%

Py = P(0) = Py + P, (3)
B MERANHRETRANER, % EAERARSE KR BdX (2) 715, &L

MWL FERIIER, AT D& B 5emvN G BT RS, XEF LSS IR BTREI ITIRS. 4
TP RATHEE q(t), W AT R RERE AT Rom

Tf
Ey (17,49(1)) =/0 P (o)), (4)
o o) 2 G(t) BRI L ¢ BRI CATIRE. 8 S Vinax 6 ALK AT S, BRI AT 5 5
gﬁ%/@l‘ﬁ%” H’U(t)H < Vmax'

4.2.3 R ERAERE

TE t € [0, 7] RFZ, AT RO IR RIBE S R IRN dor(t) = |lq(t) — ||, FOETT RIS HAIG
BB RIRE N d(t) = [lq(t)|. X HLE SCORIE™ RATIA AL E 5 mUREL R 7 F v ie B AT T5
I, € CORIET 55 HAG AL E FEL SR E VAT T7 [ B ON RAT MBS M L. DRI, £ ¢ 21, &
AT AN s B A TR 0,5(t) = arccos((d2, () + D? — d2(t)) [ (2ds, (1) ds(t))). 5 RE R RIEM%
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WS TR A BR BA S VR U, 255 3Gk [29] BRI, K ik SECE ANLTT s (5 TE EA A
— AR AR S ALEE (line of sight, LoS) AAEALEE (none line of sight, NLoS) #4!, HAiFEH R 5
B AR B A oG, B R R R A

- { Bod2 (1), Lo,

5
CBod;,"(t), NLoS, ()

Hr gy RARESHEIEE dy =1 THEIENR, SR, REWEEH K. ¢ € (0,1) &R NLoS

(G 2 T G I R 7. RIE AT s (B AE7E LoS BRI n R A
1

1+ aexp(—b(0s(t) —a))’

P(LoS, 05(t)) = (6)

Ho o f1 b 2 5HEE RHH BN 7. ik, NLoS # I E N P(NLoS, 0,(t)) = 1 — P(LoS, 8,(t)).
FH U R A5, AR RSO R (B) B TE 1 28 nT R oA

h(t) = P(L0S, 0,(t))Bod, () + P(NL0S, 04 (t))¢ Bod,2 (1) (7)
RN Py, Hoih R R IRIRGNEME Py < Prax. B, 78 ¢ B ZIL SRR AT RN
R(t) = Blog, (1 + Pth(t)) : (8)

o2

Hrp T ONEHHE B BERREBR R, B NEIEW T, o2 Nl (Gauss) FMEF TR, L, 84
fetmid R, AEAT AR IS B B IR TR E) 7 R ThER By, BLECRATHE q(t) 1
R, AR N

Q(rt,Pi, q B/ log, (1 + > dt. (9)
BE—, PR KIETC AN R B RERE N
Et (Tt7pt) :PtTt. (10)

AN, TETFE I BORIE TE AN s Ab T 25K A, B Eae ket &N
Eh(Tc) = Pth~ (11)
CERH BT AT AR B, R (1), (4), (10) AT (11), 5 S REFRETHE T

E= EC(TC) + Eh(Tc) + Ef(Tf7 q(t)) + Et(Ttapt)

= (5f2 4 P47 + / " P(o())dt + P (12)

4.3 BISREFRMIL

FEFTEE CFT Bttt b, 3 e 1B 5 A £ S AN A B 1 22 A2 Bk e MU (S B BERE,
TASE 3 MBI (74, 720, 75 A7) TANBBSSHIE q(t) RS ThE P ILH:, K A5
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Table 1 Main simulation parameters

Simulation component Configuration
Distance between the two UAVs (D) 500 m
Simulated scenario Environment type Suburb
Initial propagation condition Shadow fading (NLoS)
CPU frequency (fc) 0.5, 1, 2 GHz
Computation energy coefficient (k) 1028
Computation Flcw) = WM +1,
Waveform decision model (Fy,(cw)) F2(cw) = WM +1,
Fi(ew) = oo * 1
Control UAV weight 1.5 Kg
Air density (p), rotor blade area (A) 1.225 kg/m?, 0.503 m?2
Radio frequency/bandwidth (B) 5 GHz/2 MHz
Communication Noise power spectrum density —169 dBm/Hz
Maximum transmission power (Pmax)/delay constraint (T") 5 W/25 s

FEIE T (e NHUECHE 4 ) AR 9 e AT 2R K REAB DL AL R, st R

min
1,72, 75,74,q(t), Py

st. Cl: Q (1, Pr,q(t) > Q — Q.,
C2: 7! <y (Q-Q)/fe,
C3: 7 <1y, (13)
Ca: 74+ 7% +7; LT,
C5: [lg®)]] € Viax;
C6 : P; < Puax,

Horp C1 Rt S B 200K, C2 s TUR AR AR I (M 200K, C3 FIRil AT 1A% 5 L6 2 1Y
I TB] 207K C4 NS SEBLIH; C5 A C6 Ron i KR AU ST IR 2. i T H AR s A L R 2 A AR 2
R KL, A, AZ R S i L AT DB AR A T ESR AR, 0 CVX.

5 HEWIESSERSH

AN LA 1(a) BRI S E RG], B T28 4 R TS AR pR B Y ) X AT $ (5 BB
A B AT O BARAIE. DT B EES WL 1 ). iz, K& Sl T 2w R R R
Wi, TGV AE I ZE R ] A 58 B AL H AT 55 DRI, 12 i) AN R ] B 4 e A 90845 1) R, T s 45 sl
SRTR) R X BOOF B T WA AL B I R T k. — o F B AE A A LRI 77 (joint planning
on communication and control, JP-CC) B2 55 —Fh 2 FriRHEALHR T~ BEAS . THE A GG Hk)
Jiik, B CPS J7ik. Horr, JP-CC J7ikik A % p&THE, Itsk = 7 HARE TURWEBR AR B 4. U7 &
R CLFTHE CFT WhsCR2Ea, EEAFETE . AT AR BT M RE AR A R, DL R 1 B REFE
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Figure 3 (Color online) Energy consumption of the three BE3E
methods Figure 4 (Color online) Energy consumption of CPS and
JP-CC methods

(RN SR

(1) 15 RIS FE. AR RAENIAG AL B DAIEAE D) 26 s Jo ik 2 e IR ZE BRI, — M
3 Ph oM TR AR R DR AR B, DA RS AR DR A R AL BRI
Bl 3 XFEE ToRA 3 MOGE SR IS RERE. AR AT N, AH EE T RO R TR AR R R AR B, SR
S R AL S B R T VR RE NS BB R THB S MRS, KRR T S B8R, 1 R AR shiz fil F@E1h
RIEA RN 777 R 03— 20 Hl0EE B REFE. LT WD kB 458 B2, R sl g Nl (s ik
WAL — R L s m s RE.

(2) JB{5 BEERE. 2, B AHE CPS Jiik 5 JP-CC Jiikik Tt b, 3F Hirlit a8, m cpU
T f. AT REBTY B, (c), X CPS HIEVEREISCI. WI5R 1 AT, Wit T Fu(cw) B 3 FIEREL
T, 730N FL(cw), F2(cw) AT F3(cy). 3 MERIF TR TEIR ¢, BIEIE RE T RS IKT
. B4 HR TS SRR RE R A AR A R E S B E B, PR TR e
Y S AL e = 3 K K SR, R CPU EMRITH & (0.5~2 GHz) AR AL SBCR IR T
(M Fl(ey) B F3(cy)), CPS JiEREME SRR A AR R N, 5=, CPS HiAMIE(E LAk
b JP-CC HiE PRI T R T 30% KA.

(3) IBfF BHEE. B 5(a) #% T ARFEVESECR CPS Ml JP-CC kB E B 4E, B 5(b) R4l
R T fo=05GHz M T = Fl(c,) B &FHrBFER. WK 5(a) ATLLE H: B 5, LI &k 8
50 B3R BT R, B TR CPS J7ik, BEsE CPU MM T = At S A 8cE 1) Bt
A R RE Y AN FIRE B BRI, BeJa, CPS 7V T @5 45 i A MR 7 V2 AE R 28 135 T B4
T 30%. M 5(b) ATLAE H, SR CPS J7iE M) RATRERI AL T JP-CC i B PR, Xt /R T
INUTG T AT BOZ ) ATk o] R R AL S 75 oK, — B R REORIE T 4 RS F1 AT 24

PLEZESRRIA, ATHER CPS A LLELE 1) JP-CC ik fefEimpeRE My LA B &M%, 1
558 75105 P S A ) A RISk G085 M R 1 25 b, Brdeds B EE Rl S HESLIE I 51 N TH
— AR T (S ERE.
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Figure 5 (Color online) Communication delay of CPS and JP-CC methods. (a) The total communication delay under

different computation parameters; (b) the duration of each phase when f. = 0.5 GHz and T = FJ} (cw)

6 g

NTRE RN U SEORT AT 2 1) S5 AR (PRI e e D e JE ALK SE (5t i LB A 1 5 K2
OARSCETE BB RS 1 BT T MO RE SRS, MR T A R AN IR, AR
BN & AR BT AR RE DR IR THEBAS MRS, AEIZMESRARAE T, 38 (5 1R B F5 Sk AT AL B 22 56
ANFIHRAENS 1t — D IRTH B ANERFIAEL T AR 1, A7 B IC AWUIBE 913 B R AL 7 A .
FANTEEU I RE, TN CPS ¥ — MRk H 2 WA X & 4t IF HIGEAL T AW R 2
BRSO AR — AN R A PO PR, AT X JE ANLIRE E R, A5 BB R & 1AL
FHPR T — e B30 P AR, 1K DA gt ok Je AL s ) S A5 S B A — 2 R e, (B rpid
AR Z BRI fal FR R 52— IR ANBIE T, B3k HLE% 2 S il A5 SATA RS TH SRR T
HUEAE AL Al BRI LA S A P 2 4 55 i) L

S 3k

1 Zeng Y, Zhang R, Lim T J. Wireless communications with unmanned aerial vehicles: opportunities and challenges.
IEEE Commun Mag, 2016, 54: 36-42

2 Mozaffari M, Saad W, Bennis M, et al. A tutorial on UAVs for wireless networks: applications, challenges, and open
problems. IEEE Commun Surv Tut, 2019, 21: 2334-2360

3 Wang H J, Zhao HT, Zhang J, et al. Survey on unmanned aerial vehicle networks: a cyber physical system perspective.
IEEE Commun Surv Tut, 2020, 22: 1027-1070

4 Ayaso O, Shah D, Dahleh M A. Information theoretic bounds for distributed computation over networks of point-to-
point channels. IEEE Trans Inform Theory, 2010, 56: 6020—6039

5 Shojafar M, Canali C, Lancellotti R, et al. Adaptive computing-plus-communication optimization framework for
multimedia processing in cloud systems. IEEE Trans Cloud Comput, 2020, 8: 1162-1175

6 Cook J A, Kolmanovsky I V, McNamara D, et al. Control, computing and communications: technologies for the
twenty-first century model T. Proc IEEE, 2007, 95: 334-355

7 Yin H, Wei J B, Zhao H T, et al. An intelligent adaptative architecture for wireless communication in complex
scenarios. Sci Sin Inform, 2021, 51: 294-304 [ﬁhﬂ:u:, ﬁ%‘/ﬂi, ﬂ/ﬁﬂ%, & —MIH R A LB E T SRS
Apaugy. REEE (G EERE, 2021, 51: 294-304]

2152



HEBYEERE B2 B 1M

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Zhang Y C, Zhang P, Wei J B, et al. Semantic communication for intelligent devices: architecture and a paradigm.
Sci Sin Inform, 2022, 52: 907-921 [BKJNG, Tk-F, Lok, 55, M B BefR I SCE(E: 22 5e). FERZE: FE
Bl 2022, 52: 907-921]

Shi G M, Li Y Y, Xie X M. Semantic communications: outcome of the intelligence era. Pattern Recogn Artif Intell,
2018, 31: 91-99 [AV6M, 2% K, WEHM. 1B SCEIH: &R =4, SR 5 AN T8 RE, 2018, 31: 91-99]
Hayat S, Yanmaz E, Muzaffar R. Survey on unmanned aerial vehicle networks for civil applications: a communications
viewpoint. IEEE Commun Surv Tut, 2016, 18: 2624-2661

Gupta L, Jain R, Vaszkun G. Survey of important issues in UAV communication networks. IEEE Commun Surv Tut,
2016, 18: 1123-1152

Shoaei A D, Derakhshani M, Parsaeifard S, et al. MDP-based MAC design with deterministic backoffs in virtualized
802.11 WLANSs. IEEE Trans Veh Technol, 2016, 65: 77547759

Zheng Z G, Sangaiah A K, Wang T. Adaptive communication protocols in flying ad hoc network. IEEE Commun
Mag, 2018, 56: 136-142

Unhelkar V V, Shah J A. ConTaCT: deciding to communicate during time-critical collaborative tasks in unknown,
deterministic domains. In: Proceedings of the 30th AAAI Conference on Artificial Intelligence (AAAT’16), Phoenix,
2016. 2544-2550

Amir O, Grosz B J, Stern R. To share or not to share? The single agent in a team decision problem. In: Proceedings
of the 28th AAAT Conference on Artificial Intelligence (AAAT’14), Québec City, 2014. 3092-3093

Zhang C J, Lesser V. Coordinating multi-agent reinforcement learning with limited communication. In: Proceedings
of International Conference on Autonomous Agents and Multi-agent Systems (AAMAS’13), St. Paul, 2013. 1101-1108
Roth M, Simmons R, Veloso M. What to communicate? Execution-time decision in multi-agent POMDPs.
In: Distributed Autonomous Robotic Systems 7. Berlin: Springer, 2006. 177-186

Roth M, Simmons R, Veloso M. Reasoning about joint beliefs for execution-time communication Decisions. In: Pro-
ceedings of the 4th International Joint Conference on Autonomous Agents and Multiagent Systems (AAMAS’05), 2005.
786-793

Grossglauser M, Tse D N C. Mobility increases the capacity of ad hoc wireless networks. IEEE ACM Trans Netw,
2002, 10: 477-486

Diggavi S N, Grossglauser M, Tse D N C. Even one-dimensional mobility increases the capacity of wireless networks.
IEEE Trans Inform Theory, 2005, 51: 3947-3954

Kwon J, Hailes S. Scheduling UAVs to bridge communications in delay-tolerant networks using real-time scheduling
analysis techniques. In: Proceedings of IEEE/SICE International Symposium on System Integration, Tokyo, 2014.
363-369

Li K, Ni W, Wang X, et al. Energy-efficient cooperative relaying for unmanned aerial vehicles. IEEE Trans Mobile
Comput, 2016, 15: 1377-1386

Kim D, Lee J. Topology construction for flying ad hoc networks (FANETS). In: Proceedings of International Conference
on Information and Communication Technology Convergence (ICTC), Jeju, 2017. 153-157

Liu H, Chu X W, Leung Y W, et al. Simple movement control algorithm for bi-connectivity in robotic sensor networks.
IEEE J Sel Areas Commun, 2010, 28: 994-1005

Vasarhelyi G, Viragh C, Somorjai G, et al. Outdoor flocking and formation flight with autonomous aerial robots.
In: Proceedings of IEEE/RSJ International Conference on Intelligent Robots and Systems, Chicago, 2014. 3866—-3873
Liu X Y, Wei Z Q, Feng Z Y, et al. UD-MAC: delay tolerant multiple access control protocol for unmanned aerial
vehicle networks. In: Proceedings of the 28th Annual International Symposium on Personal, Indoor, and Mobile Radio
Communications (PIMRC), Montreal, 2017

Wei Z Q, Wu H C, Huang S, et al. Scaling laws of unmanned aerial vehicle network with mobility pattern information.
IEEE Commun Lett, 2017, 21: 1389-1392

Zhao H, Wang H, Zhang Y, et al. Modelling smart mobile robotic networks from a cyber physical system perspective.
In: Proceedings of International Conference on Communications (COMM), 2018. 259-264

Al-Hourani A, Kandeepan S, Lardner S. Optimal LAP altitude for maximum coverage. IEEE Wirel Commun Lett,
2014, 3: 569-572

Bai T, Wang J J, Ren Y, et al. Energy-efficient computation offloading for secure UAV-edge-computing systems. IEEE

2153



FMFE AR — R ) o AL REIEAE HUAE S B Al A HE AL

Trans Veh Technol, 2019, 68: 6074-6087

31 Forney G D, Ungerboeck G. Modulation and coding for linear Gaussian channels. IEEE Trans Inform Theory, 1998,
44: 2384-2415

32 Zeng Y, Xu J, Zhang R. Energy minimization for wireless communication with rotary-wing UAV. IEEE Trans Wirel
Commun, 2019, 18: 2329-2345

Cyber-physical framework for UAV intelligent communications
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China
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Abstract To relieve the communication bottleneck problem of unmanned aerial vehicles (UAVs), this study
discusses an intelligent communication framework for UAVs from a cyber-physical perspective where the inter-
dependence among communication, computation, and control is fully exploited. First, we illustrate the coupling
effects of computation and control on communication and investigate some related works. Then, a novel cyber-
physical framework for UAV communications is proposed, and the key functions of each module are demonstrated.
The framework expands the dimension of communication decisions to computation and control and thus can ori-
ent and address communication issues more precisely. These provide inspiration for the integrated design of
communication, computation, and control. Furthermore, a case study is presented to show the communication
optimization based on the proposed framework. Meanwhile, the simulation results verify the effectiveness and
superiority of the framework.

Keywords unmanned aerial vehicle, intelligent communication, cyber-physical fusion, cyber physical system
(CPS), energy consumption model
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