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Abstract: As the complexity of robot system working environments continues to increase and the demand for
real-time performance gradually escalates, the safety avoidance capability of robots is facing new challenges.
Control barrier functions, as the safety method based on controllers, are getting new development opportunities in
robot safety control systems. This paper investigates and analyzes control barrier functions and optimization
controllers based on quadratic programming, summarizes the obstacle avoidance problems of robots in known and
unknown environments, and provides an overview of strategies for synthesizing control barrier functions from the
theories of Gaussian processes and reinforcement learning. Finally, it systematically discusses the key issues that
need to be focused on in the future for safe control of ground collaborative robots based on control barrier
functions, providing inspiration and references for future theoretical research and technical applications of control
barrier functions.

Key words: control barrier functions; nonlinear systems; safety critical control; quadratic programming

TR, BEEANTREAEMILEABORN R RS ZE. AT RGNS R 2305 1
J&, HLER N g sl i B 2 2072 RIE . AR ZATIBAT, RS ZYME R E S R RIPLES A
M, B HLas ANV AR RALES A RS REGUIRSHE L2 XA A RIRALIERE, IR 2 AR
HEE AT KT, SHE AN MR — AR, WMRERG N 2att. Bk, R23%
RO ER RO, AP ARG ZatEmR SIS N el o MLas A F2 ] AUk 1wt

ks Hi: 2023-11-30

HEWH: BRAREFIES (62176088) 5 [E K E AWK (2023YFE0112500)
TEE TS AR, FZENH 2 R ae R F i J7 TR .

*J@ {5 1E# E-mail: shilei910918@126.com




30 HL TR A AR

54 3

TENLES N a3 H kI i, FEMNE
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Z ORI BRI A LR oK ) A2 L AR
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HHG, TEFIR RF LA E R IiEE5%S. 18
s, #EHES K% (control barrier functions,
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RN o 1% VR O AR R B R 2 A Gt ol
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/& CBF ZJ0, W R GRS JG 2L R 20 K 4 PR 3¢
CBF 413, HIFLES AA Bl 2 aTal . MET
N L#35 8 1EY (artificial potential field, APF) .
AJIAPE M (reachability analysis, RA) £54% 4544
#7575, CBF BA& LR BEMHA
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CBF HiR A 77 5 5N F T O0 A ik, 3 B4t
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573458 7z K. SR [12-13] 32 7%
CBF &z M5 1o, ERIERS K
2 R ] B St e i S e O A SR, SCHR [14] 4 H
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IO R 5 PSR N R G -AT LT IR A
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H5E, FHRE— RN NI AR 5 RGN
X =f(x)+g(x)u (1)
A, f:R" >R fllg : R" — R"xR™ NJ=#E Lipschitz
HEEMNEY; xRN xeXcRUNRSG
RE: weR"AEHIFN . YRFRENER
xo € RUVAEEE, WIFRGSY 72 (1) NET AR
1.1 =HIRERS R
£ CBF M & mT LoE SO #H— 1M
G TR IR T RE 2 e, WK
GG LIRS ED, ZES T UFRRNIHLE
C, WHFARN:
C={xeDcR":hx) =0}
0C={xeDcCR": h(x)=0} 2)
nt(C) ={xe DcR": h(x) >0}

T, hGe) - R — RS2 AT 8 K1 S 1 ) 22
9, AZRREOT DURIRALIN R e (1) (24 RTIRE 2
BT 2ZAIREHE Q) W, 40E:

sup[Lsh(x) + Loh(x)u+ah(x)| >0 VxeD (3)
uelU

A, LM L2 h(e) i) 2E S5, 70 9 Leh(x) =

oh
B i Lghee = D). i () kil

h(x) B SE SONAE % 4R SRCTTR ) CBF. R A7
fE Lipschitz 7% 25 i $la : [0,a] — [0,00], 75 1% & 4k
A% 28 3 HL 2 a0) =0, MIFRH AP B K KR
o #Leh(x) 20, xeDNE Xx e DIFTHES:

kept(x) = {uw € U : Lyh(x) + Lgh(x)u + ah(x) > 0} (4)

KA, k()2 U T 2R IR S, AvxeC
R GVIIEIRE .
CBF 17 5 % 42 il [% % #& 5 "* (zeroing control
barrier functions, ZCBF) Fl 18] £ % #1] [ #5 & %
(reciprocal control barrier functions, RCBF) P FjiJE
X, ENESEHL EIRA AR fi#E B2 2RE
I ERBUE RIS EE, MEHLERRE R L4
REZHRBUEZIE RN K. HT ZCBF NMFALE
WREBT TG MR, HRTEEERS
P, & TRk 2 4 AR E 1 R v 1 S B AR
LY N RS Bk, ASCEEEX ZCBF 247
3
iR CBF 2YHAGE FH T AHX H B (B E &
SITTRMOLZERANED N1 FINLEE N RS )5
BB, KT, SEPRHLES N RGBT, DG

NI B DAL S, SR EREme R
TREHIG K, DR 75 BEAE = 4 5 (A fif o = Bt CBF
U, NI, TR [24] 8 TIEIEE (backstepping)
S EBY CBF. [RB VA5 B 73 |5 Beit SRmE K
425 1) 28 0 HH 0 A2 25% [l AR 40 D9 A ORI
). FEBCTHERRE T, & T8 R R A il
AT, B RREAN TS, BT, RS
RATF DAL IR FUE SUIBREAT AL, T LB B
P RGN sl AT, EERESOM AT A
N2 BN NRGE . N T iRk CBF fE 3 = &
SHRINH, FRETEH 7% CBF™ (exponential
control barrier functions, ECBF) . ECBF & T F
BT H R, il AT i B Es, ]
DL CBF foE BI%F . IE 8, WARENTFR T —
s 42 i A5 R 20 (high-order control barrier
functions, HOCBF) . AHLL HABPIFi 2L, HOCBF
HON— A, FFHERTETZRRSGEKN, O
L MEREEE . e, MRS FE R
MW RS, AT —MtE, HOCBF 5| A —AN A2 pR
HokE XARS (D) WS, Bk, Xf
T mr ol R B h(x) R - R, 0] LU IH Mg X —
AT AL R £«

i) = i1 (X) + @i (-1 (x)) (5)

AH, vix):R'>Rie{l,2,--,m}; ai(-)yRRHEH
BE NP RRKEE: vo(x) = h(x).
Ht—2, HOCBF W% 4 REHEC, T IR RN :
Ci={xeR" 1y (x)>0}  ie{l,2,---.m} (6)
5] Amfy HOCBF — & P @ X

sup | L) + L L7~ h(xyu+
ue

A (wmfl(x))] >0 (7)
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X 0x
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(model predictive control, MPC) 5 CBF 45 & 1 LA
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Fefih Bl NARZRPERIAR Tt #2H)  (nonlinear model
predictive control, NMPC) , ] BA{E CBF [1) %445
il T e/ MERE SIS N BB RZE .

SCHR [33-34] H R 75 1E 2R SRR BN R 45 1 ROR Y
SO, FESEPRIYSE AL a8 NS TR, ANAT i
BRI B B, EEXE AN RSN I, SCHER [35]
AR 24K %L (input-to-state safety function,
ISSf) 5 CBF #4544 ISSE-CBF Jji%, LARfifR
TEARZNE RGN T I N . 1SSE 0 AR
Fe il 28 CBF 24 R E L, #hmEil &
GUAESME NG TR R 2 et S S .
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A Ml RN NARILETEE vy KRR AL B
RN 7
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W & 2 4% I AN BT & fE , ISSE-CBF 1 DA %)
A Hb R0 PRI R g AN e M. STk [36] £
XIALZE N NIAIZ 3 22 R B e e m) @, 2 H 1 2%
T ISSf-CBF HIWIf4 I8 B fir Ze 4% ) J7 ik, Al LA
FZRENIMRIZ S AL BRI TT 18], IR SR 24
PEMREE V. SR SCHR [36] A5 R M & gk
BREWBENIE, SCER [37] 2 H T AT AR
BB K (tunable input-to-state safe
control barrier functions, TISSf-CBF) , {#iFX} T b#
REBWHITENI 22 A, AT P B AN o
AR SF I )75 . TISSE-CBF B H RyG 1, fuir
PR RSN, M EIEMT RZ TR
RN LEE, AoRELHRAERE.

SR, 24P B[R] I 25 RECIR S 20 SO P4 ()32 7t
YT, FHIRIR A = R ) AT AT 2 AN AT AT
G OL, TCVESEI R &L . N T R R IXAS ] &
SCHR [14] 384 T fEH £ 2 CBF, LUk 2 DN AH
AR BifE, SCHR [38] #2117 £ )2 CBF
¥zt =@ (control sharing property, CSP) ,
¥ %2 = CBF 94 g [ — Mk el i, FEAL AL
] SR A FE TR, W 22 S B AR 2 R AR AE
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ik BHH 24 (euler-lagrange systems, ELSs)
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FNIAET R 1 S 2 PR HLFERT 1. SR [41]
WFSC T — P g nT AT PR 0 T, o0 BAR R
W KRR o EFMESUE ONESTRCE, @ is
H LA RS EEIRIFATAT IR . Z AR R IR EE AL
R, ST H AT IR IR S CBF 29 (4, Al L
TEAR A EE B E R, FETF R G0 100E B R
PEo SRTT, ETIER—REEITE TR, MRk
B g R AR RS R LA N A i R . R,
TE B AU 3 (PR35 v N SE IR 2R, B TR AL 2%
N B8 S i B PR AR AR S ARk, B L A
B 2e Atk L, BRFEA B T oREL GP Al RL

WA EE IS 7R 26 A i CBF [3RNE . GP & — M T2
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FEARMAE A, I GP @ AR, LI
DR 1 X S R B i ) I 7 B AR . GP Jd i [y
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AL TR GP AL, DL RS P i AR AL AN
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) B S 4 TN LAz B RN FEIR, DA SIZis ik 4 7 gk i
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WAEAEER . SN, ARG BT R A AR
FVREAE N 8 P o 75 B0 B0HE 1) R AR 3E 4T 528 HURN ik
P&, DARBUER BAR R AR X 0P A . 32 R 5k,
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B8 FT SE R LA A N (R R R IR SR . AR RS
A AR R BOR PRIE ML &3 A AE H 2 s id 72 P i g
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W2 BT,y = (), y(ea), - y(e) 1T 9 I 1A
=, KeR™NPJ7 2 5 B (Kl = k(xi,x)), i,j€
{1,2,-,n}o MLERATERFMIT R EEIRE, #HL
YRS, EERY T S5EGE. A%
aihlas, WEFH CBF 2RSSy, M
PR B PERE AN

A CBFZhi—| B
L o N |
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U st e o %
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|
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| A(x)=k(x, X)—k" K 'k Bzl

| EREHME. HE / T

: B s e
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ez A 3

2 CBF 454 GP &l it E A

GP 454 CBF WniEpiHHae Jios, FbLdEA
ERFAR MY ST BiE Mg T4t 7 HEE R,
MR [44] 3 5B R 2 BRIk /) v AR 1) T 2=
KA K4 X, FIAH e/ — 3k TR = w4\ LA
TRiE% 4. 152 B etk Ry ® 5, SCHR [45]
e T A EAE X A min-max AW EME, £570
PERRSE R, ST 2RI A A H . SR [46]
TE LA BRI R/ SRR A E g S, fEA T4
REE BB S BAG LA AR KT RS,
SEPL T 2 B e AREERLE iR) . GP [R A AT CAREAT I
flivk 80, SCER [47] 16 F GP 7E 2k il A AWl € +
P, 456 7 MPC #HATHURRA, B> T ERER IR 2,
T THLEEN RGNS

GP = 38 i B A vH L3 A [ B AS A7)
I B ST, BA HIE R S YT R 1 B
710 AEEBIE B 7S o] BN LI R4, WA
N ] A PRI 27 2] I ST S B R IS . SR, fEAL
SRR A, GP Al gem s Hkhk. & i iy
AR, TN BEHAR BRI B I AT AR, B R
HIRR AL T ki 2 PERE R K
3.2 BiEFE3

Ty — B LE R B0 8 v g2 A s I 07 vk S R
RL 5 CBF #M4i&, NHlEE ARG 2 a1 40E 8k

. 5 GP ANFEMIE, RL7ET TR 5650 A1 1 R4
TNHEATE ], T HIE A ST IR B AR A DL N
FeAFNIEL .

£F X%} CBF F RL & & A2 B 22 A i ik &R
MRPEARRIERT T, T PA AL PR .

1) CBF fENZAJZW Y, fEX ity rh,
CBF fE—/N2 42, X RL #EHil#8 7 A A 24
FHAT NATIEIE, AR RGEEAE I 2 il 2
GAEMLH.

2) CBF 8RR 55 Mg >0, fEiX
NGRS Y, CBF AMUEAZ AR, FW
MBS RSP RERSEMR. @k
CBF 5| A\ RL 45l % 1) 22 Jah R B sl 2 o 2% A, ]
PLS| FREVEEIR R SR 2 [ LU R 4 (1)~ . X
PR FELRE L A RN, (23 T mi. e
52l R, i 3 fis.

TESE | M, RL HI2892 45 T 1 Fharin
FEIALA, 28 ) A5 oR 50 DL AR /N T Tk S B4 i
PR 22 A RS R AT M AR o %A ) 88 KR
L/

i (x) = ug () + u > (e, ) (10)

A, O HIGIEAREL wg® (e, u) /9 CBF il
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