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Abstract: To address the issues of unstable obstacle avoidance and susceptibility to deadlocks for
inspection robots in dynamic pedestrian environments, a topological model predictive control
(TMPC)algorithm based on control barrier functions (CBFs), integrating elastic recovery and
reciprocal responsibility (ERCBF-TMPC), is proposed. This algorithm employs CBFs as safety
constraints to ensure collision-free trajectories within the prediction horizon. An elastic recovery
mechanism is introduced to relax the rigid safety boundary into an elastic buffer layer, enabling
the robot to autonomously recover feasible solutions when the safety boundary is violated. A
reciprocal responsibility allocation model is established to achieve continuous adjustment from
mutual avoidance to full robot responsibility, thereby suppressing oscillations and deadlocks.

Building on this, the complete framework ERCBF-TMPC + + introduces an unguided baseline
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planner into the solver set to enhance robustness. Simulations were conducted in three types of
environments: straight roads, convex roads, and open areas. The results demonstrate that in
high-density pedestrian scenarios, the safe obstacle avoidance rates of ERCBF-TMPC + + on
straight and convex roads reached 95.5% and 82.6% . respectively. The intrusion severity index on
straight road was reduced by 67% and 44%, respectively, compared to TMPC and TMPC + +
algorithms, and reduced by 44% compared to TMPC - algorithm on convex road. Furthermore, the
solver success rate remained stably above 99%, with an average control cycle of approximately 22
This study verifies the effectiveness of the elastic recovery and reciprocal responsibility

ms.

mechanisms in enhancing obstacle avoidance safety, providing a valuable reference for motion

%60 %

planning in dynamic scenarios such as inspection robot navigation and autonomous driving.
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Table 1 Pedestrian dynamic parameters
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Table 2 Pedestrian density and configuration parameters

28 LACEDS A

TN /m 0.3

FIAE AR B /m 2.0

LB R AN B/ m 20. 0
B U DX IRAT Bk B %5 B /m ™ 0. 05~0. 50
B EATNEE/m? 0.012~0. 056

2 TMPC &k

2.1 TMPC EA&HEZE
TMPC B 5 AL E g(x,s 0, < 0L F4-1IE
MLES N 22 4k B R AL A8 N 5 B i 0 Ao [ 4%, 14




98 [ 7 . ]

PN

%60 %

ARG R r Rl o Bl A RE G 24 RO SCINTR
gxis0,.) = G+r)— |l po—pia 30
(8

(8 WAL I B S AL & N5 Bl 2 B 65 ) T il
T8, B AT S 9E 2 2 o

TMPC FEAHE 2L 76 15000 i 35k N P 19 1 Ak ke e
[F) R ik AR

min S](xk, u,)

Y0:N—=1 k=0
JxM = f(xps W) s Xo = Xinit
u, €U, Vi
g(xps 0,,) <0, Yk, Vj

s. t.

(9)

%Aorfr J O AR bR B B B B A R | T R R RO
MRS H bR s, ARS8 IR 1R s 0 WAL
bRl R FH A IG T 5 wo. o SN TR D0 4 92 T 0 AT
Bl 5w, Ry b B 2004 I B A 1) A
2.2 EREESHIBER

TMPC 53538 it 2 %A R FHE 20 51 5 800
AT EZ R, RS X = R X [0, T, Hh
“o=" FRCESLNT KT N RIRBUSEA T N
23 0] v i B () 4 B e R RE A S e = A\ O, H
THON BE Y 5 23 ), N\ O 22458 AT,
AT PR AR % i 28 &) (Visibility-PRMD Y A4 B P 45 [
WH S SHTE (0. s s o)y FHIVERNKIE
13 Ak T 819 00 A i

3 ERCBF-TMPC &

S Z IR IFATHRTE T PSR A R R AE NP 24
FEAE NAAEAE DR 25 Mo 17 D0 T W Rl 5 08 il 4 2k
B, ML AT T ERCBF-TMPC B3k, %A %k
BE T o A R B3 38 5 5 LA B 2 o 2 8 NI
SN RIS (W WY IR T R
AR S SN2 S N B A [ NS T AP I R
Mk i) ERCBF 25 A TMPC Z 8Ll AL HE SR, A
7 4 T B T 3 25308 8 1) 28 4Pk 5 RO,

3.1 CBF A%i&it

CBF AA% 0o SRR R 38 2 A 1 — A~ 3% 22 mT iy
BRREL Ry (x) oK 2 RS 23 18] U % R BT
KFEC={x € R | h;;(x) =0}.d AREZH
MIYERE  JFd sl A (S R GRS R LT R
ot LN

FEBN AT Nk s A AL AR NS A B
1549 22 (6] 0 4 R 0, B L 2% N RS Sk 2 (B 45 17 4

zkxb. xjtu. edu. cn

B BB AL ra o R I T AR [ 3 e 5

Yy L5 2 BRI B 0, 0 TS o, R 422

ey E S AR S5 ¢ LA N B 2 2 1] Y
hi.f(x/z ’ ojuk) = (Pagise — pobs>TQ<pd\sc — Pobs) — 1

(1o,
pdisc - pcgu +R(¢)cgu)rw (11>
Q =
. 1 1
RUbSdlag [(Za _'_ T disc + r; )2 ’ (lb + T disc + r; )2:|R055
12)

P pae KB BEAE I FARAR R DAL 5y, Sy B4
FAXSBLAS A O 1 i B 1) 55 poe R R P 0 £
1] 5 Q W I IR B 5 R = R (o) 4 BERFH)
S 16 i 5 REL I s R (o) R BILAS AT 18] £ R 2 Y — 4
ke B S I
312D 2R B ] 5% 407 2 5K A, il 5 AL A 190 45
A2 5 A ROST o g i e [ 30 2 A hy 45 T A
58] 22 [ AH 07 5 8 S I [, 24 A s () = 0 1L AL
i N5 BEf) Z 8] TCREE s 2 by (x) << 0 I, 3ROR
LN O KA . MFREOR T 453 AR RN
kj,;’ = 2 (Paiee — polys)TQ(Vdisc — Vobs ) (13)
Viise = Vego T @ X 1y, (14)
s v A B AL R 0] A ML AR N LR 1)
Vego A1 TR E 1] 0 o 19 5T K 5 v, Ay B3R5 40 R 2 1)
A 3 3 R AT T A e S AR IR
3.2 HEMERENH
B ASAT NG R SRR R T R 25 B AT AR
K] RE S BOILAS N R AL XK, L5
CBF 24 3R I 3 5, 25 B 2 N 422 30 B 6% 40
WE2 R Yy R BURAL TR . I, A SO A SR PER &2
B L 76 29 3PS I s 2% v )2 5 R O N B 25
RBE o, 22 BOBURAE o3 B o 208 IO M 22 b J2 R
e =0.01m, FERIBEZE R o, = 5. 05, BN R
el AR B GIE e CBF 29 i 8ee 236 000
hii4aCh;; +e) =0 (15)
a=a, (14 [l v 1) (16)
RIS N PR A v I G A R ) 1 A
W3 £ LG O, PR R S BIL A B AR K SR TR R
AL NG UFAL T2 200 F A5 58 CBF 25 3EiR 1k
Nh =0, TERAEM AR J1, 5l A e 7, X
(15) W[ E R h,, =—ae, WAHHLEF A 1] % 42 X iz
By B FAE B B S, AL DR TR R R AR
MR ZRGANRER % A FIKERE TS .
TEA&5E CBF Zysirf, 2 b, $235 0 B LA, IR




EORR ]

SR L o 55 < SR T BCHE A IS A8 5000 42 o) ) S AG L 45 N Bl 25 ik B AT S BT 5T 99

Uy =Bl VNG R OGS K NEA N BN v
SR 2 i R TR 2 SR A I AR A S D Ak SR fid
AL R AT 8, $2 T T BUE R E . L HLE
N 2230 B 5 400 B A 2 flh e ) B 4 o D0 e T R
T 1 R R R T R AR I B 0 ST H AR .
3.3 EEFRMESEIE

FEFL S 5, 2 Ak T AR HLAS Y SR 7 I
TAT AT AN HA E Sk LA RE , Y LA A2
PEAE 2 VR AT A 7 ) LA kE S R 968 . 4% 450 ikt s R0V 0
AT N A 58 424 3y 1) B i 0, 2SR AL A 7R $H 42
ik B DT AT AT BUEE BRCRI N RS TE AL
o A

TEARSCHY BB TR HELE b, ABLES Al ol K
Tt S5 R BSCRs S BB 25 () R 43y 3 A Bl Ak e A2 )2 IR
G WA 4 A3 IR A S B, BRI 3 R

k3 HABEEALER

Table 3 Dynamic obstacle avoidance safety level
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Table 6 Robot model parameters

BREHE v, /(me s ) 3
R AHEE wpee /(rad + s D) 2
BREMHERE @ /(mes?) 5
BRAIEPE B /(rad » s77) 6

ERIA £/ Hz 20

AT BT EBAAE

Table 7 Robot navigation sensors and features
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Fig. 1 Straight road(scenario 1)
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Fig. 2 Convex road(scenario 2)
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Fig. 3 Open zone(scenario 3)

4.1.4 M IAF
AR SORE AT 55 8803 22 42 e i e RE 3 A
i B AT PRAL

(DAE SR F8 bR . BRI B 2o AL 2D
F 3k H bR A0 BB ] 5 SR R ) see MR R AR LR
PR SR A g 7 5 1) S 00 P S 2 PT AT A A LR
() LA SRRV bR . L2 R s N
22 ST A B o 4 e Al AR Y 8 e A 2 PR AR
i R e ol AT AR ZFINE (=R A X 1
N 0
N X 100% (24)

valid
A Ny A RO 50 OB, BISE560 0E 8 T 13
B N 092 2 SCH K, RIAT RS 9 vp B A
T30 B P R A A AT Al I 43 114 TR
RATEH R BL io 2 T 10 22 2 3R 1 A0
b € A2 A B il ) R TR

T
i[s] :J maX(O, 1*}1(19 t))dt (25)

dst BN S RS TR R S BE O B s, DA I lE 43 IR A
F BRI B RERR AL

RAGREE dip 15374 B i 1) J8) 6l 42 42 22 vh K AR
AW B RIREE O ™ B & e AR R E AR AR
[B] trr N RGEAL T %438 SOIRS B Bt i, e 1
PLas NAESE R X S8 iy B8 19 BB 4 & 4 i R sove
AT 55 3] 18] 2 42 29 AL T3 ORI B TR] 5 B

)RS bR . THFETA] 2or R BEA T 1 1
b 2SR it 0 B UK A R I T I A B
R
4.2 XMLEELBWRERIH

Shy I AV PP RS2 5 %) B BIL AP 52 i, g 4 S B AT
200 R ABR AR GE 11 b 2 1k i 00 v AT N 0 4R AL
15 ) J7 ] N BE AR R N BEAILAE L. TR £

SSR —




102 [ I NI S %60 %

DA S e A WP PR AR B SR 22, N IRARTTAN 45 30 5 HE AR 17 50 50 25 A0 o 19 22 A il

LA T PG S O BOR SRR E . BEBE T 25 RN 8 Fron . SR X bE o3 #r 2l 2 ik e 1k
4.2.1 BF 1AL R>H At BCEAT N0 M D Ui XS B2, st BIL A% AR

EARRT NEE N ELER PR 8 AP Rl MPC Bk BEA T BRAS IR B, A0 15 e o A ke
A8 AZRAXBYFTTEHE R RLBRGFALR

Table 8 Safety obstacle avoidance simulation results in straight road scenarios

(PN Bk tor /s sse/ Y6 ter/ms  ssse/ %0 i1t din/m tir/s ssvr/ %6

0 MPC (TG #k B 13.07

MPC 13.75 99.0 8.83 99.4 0.52 0. 28 4.15 0.15

LMPCC 13. 86 97. 3 9. 65 99. 3 0. 50 0. 27 2.70 0.15

Guidance-MPC 13.72 92.2 20.18 96. 2 1. 83 0. 47 11.05 0. 40

S-MPCC 14. 26 97.0 46. 15 98. 4 0.42 0.22 4.10 0.15

! TMPC 13. 21 98.7 23.12 99.8 0.11 0.19 1. 50 0. 06

ERCBF-TMPC 13.17 99.0 23.33 99. 8 0. 14 0.33 0. 65 0.02

TMPC+ + 13. 44 99.3 23.04 99.9 0. 28 0. 31 1. 50 0. 06

ERCBF-TMPC+ + 13. 44 99.8 22.94 99.9 0.12 0.18 1.10 0. 04

MPC 14.59 91.7 10. 44 98.0 1.11 0.32 11. 25 0. 39

LMPCC 14.58 92.9 9.83 98.1 1. 31 0.31 11. 80 0. 40

Guidance-MPC 13.99 88.1 20. 24 94.7 3. 56 0.52 21.75 0.79

S-MPCC 15. 21 90. 9 45. 43 96. 1 2.28 0.43 17.55 0.58

’ TMPC 13. 40 96. 0 22.99 99. 4 0. 69 0. 38 6. 25 0.23

ERCBF-TMPC 13.30 97.6 23. 14 99.5 0. 66 0. 40 4. 30 0.17

TMPC+ + 13. 64 98.0 23. 25 99. 3 0. 65 0.29 5. 30 0. 20

ERCBF-TMPC+ + 13. 64 97.9 23.42 99.7 0.31 0.24 3.30 0.12

MPC 15. 29 85.1 10.61 96. 6 3.31 0.48 25.2 0. 85

LMPCC 15.16 87. 4 9.55 96. 7 2. 10 0. 36 21.4 0.73

Guidance-MPC 14. 44 82.0 19.99 92.2 4. 80 0. 44 32.6 1. 14

S-MPCC 15. 66 88. 2 45. 22 95.3 2. 84 0. 37 22.2 0.72

’ TMPC 13. 60 94.7 22.99 98. 6 1.76 0.57 11.05 0.41

ERCBF-TMPC 13.53 95. 2 23.10 99. 2 0.77 0.28 7.75 0. 28

TMPC+ + 13. 80 96. 8 22.63 99. 3 0. 81 0.32 6. 20 0.23

ERCBF-TMPC+ + 13.79 97.1 22.82 99.6 0. 44 0.27 4. 85 0.18

MPC 16. 16 82.7 9. 56 93.6 5.75 0.57 41. 20 1. 31

LMPCC 16.02 7.7 8.91 94.1 4.47 0. 44 41.50 1. 30

Guidance-MPC 14. 85 80. 3 19. 49 91.6 4. 40 0.48 32.70 1. 15

S-MPCC 16. 49 83.3 44.57 91.8 4. 24 0. 44 35. 50 1.08

10 TMPC 14.12 89.8 22.52 97.5 2.43 0. 47 19. 95 0.72

ERCBF-TMPC 13.99 92.6 23.01 98.1 1. 34 0.43 10. 10 0. 37

TMPC+ + 14. 17 93.2 22.63 98.8 1. 44 0.52 10. 60 0. 38

ERCBF-TMPC+ + 14. 04 95.5 22.82 99.4 0. 80 0.49 5.00 0.18
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Table 9 Safety obstacle avoidance simulation results in convex road scenarios

TNE GRS tor/s ssr/ Y0 ter/ms  sssr/ % ist din/m tir /s ssvr/ %6

0 MPC (TG ik ) 26. 57
MPC 29. 15 94. 4 9.81 98.7 0. 69 0. 44 4.25 0.08
LMPCC 28.92 95.1 9. 44 98.5 1.57 0.56 9.05 0.16
4 S-MPCC 28. 34 96. 7 46. 50 98. 2 0.05 0. 06 1. 00 0.02
TMPC+ + 27. 60 97. 2 22.11 99. 7 0. 30 0.32 2.25 0. 04
ERCBF-TMPC++  27.57 98.6 22.25 99.9 0. 04 0.19 0.50 0. 01
MPC 30. 96 83.1 9.50 96. 6 4. 50 0.51 29.10 0.48
LMPCC 31.17 82. 2 9.51 96. 8 5.51 0.54 29.15 0.48
8 S-MPCC 30.12 85. 4 45. 47 94. 0 3.95 0.51 25. 40 0. 42
TMPC+ + 28. 10 94. 8 22. 42 99. 6 1.05 0.46 7.15 0.13
ERCBF-TMPC+ + 28.20 96. 4 22.21 99.7 0.61 0.35 4.45 0.08
MPC 33.21 59. 2 9.29 92. 2 9.11 0.48 67. 80 1.07
LMPCC 33.38 62.1 9.62 92.1 12. 21 0. 47 87. 30 1. 32
12 S-MPCC 32.72 68.5 44.15 89.8 6.73 0.62 45. 95 0.71
TMPC+ + 29. 64 76.2 21.33 97.8 5. 86 0.57 40. 00 0.68
ERCBF-TMPC++  29.76 82.6 22.05 98.3 3.28 0.45 27. 30 0. 46
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Table 10 Simulation results of sensitivity analysis for the base gain parameter

FE T B 5 tor/s sse/ 6 ter/ms ssse/ Y0 i1s1 dw/m tr/s ssvr/ 6
ay=1.00 30. 26 37.1 20. 30 96. 0 0.58 0. 27 4. 40 1.55
ay =5.00 27.95 92.2 20. 35 99. 4 0.01 0. 05 0. 35 0. 14
ay =10. 00 28.00 90. 0 20. 36 98. 8 0.01 0.03 0. 45 0.16
ay=4. 95 28.04 87.5 20. 37 99. 2 0.02 0.03 1. 45 0.51
a; =5.05 27. 85 93.9 20. 42 99.7 0 0.01 0.15 0.02

TE LB R B A 1A

F11 B EBE BB ST AR

Table 11 Simulation results of sensitivity analysis for the elastic buffer layer thickness

BPEZWZIEE /m /s sse/ %0 ter/ms sss/ %6 i1s1 dip/m ti/s ssvr/ Y0
e=0 28.01 90. 0 20. 26 99.2 0.23 0. 36 0. 95 0. 34
e=0.005 28.03 90. 0 20.12 98.7 0.08 0.16 0. 80 0. 29
e=0.010 27. 85 93.9 20. 42 99.7 0 0.01 0.15 0.02
e=0.020 27.97 86.0 20. 33 99. 4 0.06 0.14 0.70 0. 25
e=0. 050 28.04 76.0 20. 41 99.5 0. 31 0. 38 1. 60 0. 56

TE L R B A AH

(12 FHEZHEBBEHHRBREIIHALER

Table 12 Simulation results of sensitivity analysis for the responsibility coefficient bias

ST A B tor/s sse/ % ter/ms ssse/ 6 st dw/m tir/s ssvr/ /0
m=0.3, n=0.7 28.23 81.1 20. 50 99.2 0. 02 0. 06 1.50 0.59
m=0.5, n=0.5 27.85 93.9 20. 42 99.7 0 0.01 0.15 0. 02
m=0.7, n=0.3 28.03 88.0 20. 45 99.4 0.07 0.12 1.10 0. 40

m=1.0, n=0 28. 26 84.0 20. 49 98. 5 0.19 0.28 1. 30 0.46

TE LB R R A 1A

A 13 HE ARSI AR

Table 13 Simulation results of sensitivity analysis for the switching band width

Y4 58 B tor/s sse/ %0 ter/ms ssse/ %6 i1s1 dip/m t/s ssvr/ Y0
0=0.01 28.09 93. 6 21.04 99.5 0.07 0.14 0. 85 0. 30
0=0.05 27.85 93.9 20. 42 99.7 0 0.01 0. 15 0.02
0=0.10 28.29 76.0 20.76 99.0 0.3 0. 30 1.75 0.63
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Fig. 4 TMPC+ + trajectory analysis for straight road
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Fig. 5 ERCBF-TMPC+ +trajectory analysis for straight road
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Fig. 6 TMPC+ + trajectory analysis for convex road
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Fig. 7 ERCBF-TMPC+ +trajectory analysis for convex road
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Fig. 8 Comparison of statistical results of robot motion

trajectories in 200 experiments
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