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Distributed Factor Graph Optimization with Ensemble
Kalman Inversion for Multi-Robot Path Planning
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Abstract: Distributed factor graph optimization is effective for scalable multi-robot tasks. However,
conventional methods often encounter numerical instability or local minima when dealing with non-
differentiable constraints. Furthermore, in multi-robot path planning over dynamic ad-hoc networks,
topology changes often require repeated graph restructuring and re-linearization, resulting in significant
computational overhead. To address these challenges, we propose a derivative-free message-passing
optimization framework specifically designed for multi-robot path planning. Our architecture refor-
mulates the alternating direction method of multipliers (ADMM) into a localized message-passing
structure akin to belief propagation. We then integrate ensemble kalman inversion into this message-
passing framework to handle non-differentiable and non-smooth costs common in robotics. By
replacing linearizations with stochastic ensemble exploration, our algorithm reduces sensitivity to poor
initialization and local minima. Consequently, this framework offers a robustness and scalability
solution for cooperative multi-robot trajectory planning under communication network’s topology

changing.

Keywords: Multi-robot Cooperative Trajectory Optimization, Factor Graph Optimization, Ensemble
Kalman Inversion, Message Passing / Distributed Optimization
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[Fig. 1] Message-passing interpretation of ADMM on a factor
graph, where local updates and consensus are achieved through
factor-variable interactions
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[Table 1] Quantitative performance comparison of iLQR,
GTSAM, and D-EKI

Metric iLQR D-EKI GTSAM
Iterations 5 536 122
Final State Error 0.0096 0.0096 0.0113
Total Cost (J) 315.5805 315.5679 315.5773
Dynamics Error | 0.0000<10° | 8.0165x107°% | 8.0414 <1076
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[Fig. 4] Dynamic factor graph formation in an ad-hoc
multi-robot network. Inter-robot factors (black square) are
created when neighboring robots establish communication
links, enabling local graph coupling. The message-passing
formulation naturally accommodates the creation and removal
of graph elements as network connectivity evolves
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[Fig. 5] Ensemble distributions at different optimization iterations, illustrating the transition from the initial linearly interpolated

trajectory to the final converged trajectory
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[Table 2] Quantitative comparison of GBP and D-EKI for
multi-robot path planning

Metric Scenario GBP / D-EKI
Agents (N =10) 96.7%/96.7%
Success Rate Agents (N =20) 90%/93.3%
Agents (N =30) 80% / 90%
Agents (N =10) 16.7s/172s
Avg. Runtime Agents (N =20) 17.4s/18.7s
Agents (N =30) 21.55/20.3s
Agents (N =10) 443 m/43.7m
Avg. Travel Dist Agents (N =20) 482 m/46.8 m
Agents (N =30) 53.1m/49.1 m
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[Fig. 6] In the GBP results, trajectory oscillations are observed
in the region due to the non-smooth obstacle cost function

r

7k =9Ik o] g Koz 5 o] ¥ 1Y Aok A7
SH HpAloA] ] ET) GBP: WATY WS 13} F12e 4
galsto] Mook @A) oI ALk ofstulel Y
o A Sk, ek [Fig 613k Zo] YR Tl A of
HIoto] BRI 7127] Hrst BAek A 9o] 44
£ AP RS A B B3] [Fig 619] 95 Ao]
A 27] 9] Ho] Aok EIFHES Folzl AFolA 53]
2 u] 5.0 2 A SDF §4:0] 7127171 o2 Rl A 5
° B2 o ABE 359 Ao ool 42 Fek
AH S AR 2 AT 4 et

8 D-EKI= T Aol 419] 7127] A2 thal Aol =
T THe0] BEL o 851l S St et 27 o
ACIA e G T4 glom, s Aok o]
93 27 A G A 0.5 & Wk olejeH B4
2t 22 I E G4 ekt GBPY] 49 23
57k B7Rel ket L Bkl FEo|U HIES 0= QI3
72 A330] At 797} Z71819 ok, DEKIE: [Fig. 7]
3} o] TRk AlLFe] Q.0 AR 7|8 bt 28 71 )
YL 55 98] 22 AeetAL 552 ol e
° HEEE SABNG ER BT o5 AL G AhH o
A7 ekt B 52749 AR ek A% Rark

3hE 712 A [10]014= GBPS] o] 2lat BA|S elstsl]
Sleh AP B AE B ofu] 4] Pl Wake F 2T Y
15742 S5}o] 1449l SDF WAl B8si9it. &
3 A" 9 A B4 7L AL Stel 27] AFe] ol
2 B QS AR WS st ol Hla
D-EKI= 0] B35k 2] 34 glo] AL A u1 8
Yool SIAIA S Sste), o] WA PAFE Bast
o]AFHI<] SDF P& 7H1H 0 2 BATSHE TakE Agatch

o, A9 ATks DEKI} ok 23 A2 A8 BAoIN
Hl o] S AR B 5249 4RSS Bl E
SHQPARE 7]8F AT ADMM 7 4 223k e B 7]
27] 419] F0) FA ket oM HIATY W Hal
Aokg ks B4 ArtA 0w g 4 918 IIsle.

i

@ st

— Trjectory
Yy Goal

[ ] *
® —%
® — %
[ ] *
o — %
® — %

[Fig. 7] Multi-robot path planning results in various scenarios using the proposed D-EKI framework. The method generates
collision-free trajectories and successfully avoids deadlock in complex environments
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