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Abstract—Navigating Linked Multi-Component Robotic Sys-
tems (L-MCRS)—robot pairs tethered by passive flexible
hoses—through dynamic pedestrian environments is funda-
mentally harder than rigid multi-robot coordination, as the
uncontrollable hose creates a variable-geometry collision foot-
print spanning 118 pairwise combinations. We propose H-
SEPID, unifying zone-aware Hierarchical Reinforcement Learn-
ing grounded in Kinematic Flow Theory with VLM-guided
cascaded optimization. A phase-aware dual attention value
network performs C0-continuous topological policy switching,
while a Vision-Language Model infers strategic intent and
quantifies action-space constraints governing hose geometry.
A seven-category safety shield with ORCA fallback and a
threading reward band produce emergent gap-threading ma-
neuvers. H-SEPID achieves 94% success and 4% collision rate
in an 8-robot, 5-pedestrian, 4-hose scenario, outperforming five
baselines, and is validated on real e-puck2 robots across 12
configurations.

I. INTRODUCTION

Linked Multi-Component Robotic Systems (L-MCRS)—
robot pairs tethered by flexible hoses for material/energy
transport [1]—face a unique challenge: the passive hose is en-
tirely governed by inter-robot positioning, yet creates a con-
tinuously varying collision footprint. In the full configuration
of 8 robots, 5 pedestrians, and 4 hoses, the pairwise collision
combinations reach
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cal planners (DMPC [2], ECBS [3]) ignore hose coupling;
reactive methods like ORCA [4] lack long-horizon reasoning;
and flat MARL approaches (MAPPO [5], HAC [6]) have no
structural priors for deformable-tether physics.

We propose H-SEPID with three contributions: (1) zone-
aware HRL grounded in Kinematic Flow Theory—feasible
trajectories define Flow Tubes whose intersections form an
Interaction Potential Manifold approximated by a Hierarchi-
cal Simplicial Cover, with a phase-aware dual attention value
network for C0-continuous policy switching; (2) VLM-RL
cascaded optimization where a VLM infers strategic intent
(conservative, aggressive, thread-the-needle) and quantifies it
into action-space constraints including partner distance and
formation angle; (3) emergent gap-threading via a seven-
category safety shield, threading reward band [0.20, 0.50]m,
and TTC anticipatory avoidance with an analytical hose
model (Fig. 1).

(a) Single-pair gap-threading (b) Multi-pair coordination

Fig. 1. Tethered L-MCRS in dynamic pedestrian environments. (a) Single
pair reshapes hose topology to thread through gaps. (b) Multiple pairs
coordinate to prevent inter-pair hose entanglement.

II. METHOD

Framework overview. H-SEPID operates as a four-layer
pipeline: egocentric perception, VLM strategic reasoning
via cross-modal attention fusion h = VLM(zV ⊕ zL)
classifying three behavioral modes, zone-aware HRL with
C0-continuous policy blending, and formation-coordinated
action execution. Training follows CTDE with full parameter
sharing.

Zone-aware hierarchical RL. The workspace is mod-
eled as a manifold where interaction zones emerge from
topological intersections of Feasible Transition Tubes Ti→j .
Their swept volumes form the Interaction Potential Manifold
Iint = cl(

⋃
Ωi→j ∩ Ωp→q), approximated by a Hierarchical

Simplicial Cover K∆. A phase-aware dual attention value
network (Fig. 2) realizes topological switching:

V (st) = αh(ϕt)VHA(st) + αr(ϕt)VRA(st), (1)

where VHA prioritizes pedestrian avoidance and VRA prior-
itizes inter-robot coordination. Routing weights are zone-
dependent with C0 blending via k(x) = (1+ exp(−α ·
dist(x, ∂K∆)))

−1. Each sub-network (64→32→16 layers)
employs self-attention with numerically stable masked soft-
max over variable-length entity sets.

VLM-RL cascaded optimization. The VLM infers in-
tent ξ ∈ {ξcons, ξagg, ξttn} and generates a quantified de-
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Fig. 2. Phase-aware dual attention value network with Phase Router and
Safety Shield (ORCA fallback).

cision vector q = [τcons, vsug, dtarget, θform]
⊤ constraining

the RL action space. Action selection follows a∗ =
argmaxa∈At

VLM
Qθ(st, a).

Safety shield & gap-threading. A multi-step shield
checks seven collision categories (robot–human, robot–
robot, hose–human, hose–robot, partner overlap, other-pair
hose, out-of-bounds) with a four-stage ORCA fallback. The
shield enables aggression by preserving “risky but safe”
actions. A threading bonus rthread=+0.03 for clearances in
[0.20, 0.50]m with positive goal progress, TTC penalties,
and an analytical hose model with side-flip detection jointly
produce emergent gap-threading.

III. EXPERIMENTS

We evaluate under circle_crossing: 8 robots (4 hose
pairs, L=2.0m) on R=4m with 5 ORCA pedestrians,
500 episodes×3 seeds. Table I shows H-SEPID achieves 94%
success rate with only 4% collision rate, substantially out-
performing all baselines. Classical planners (DMPC, ECBS)
fail to model hose coupling, achieving only 28–32% success;
ORCA suffers deadlocks in 42% of its failure cases due to
myopic decision-making; MAPPO and HAC lack structural
priors for multi-phase tethered navigation, plateauing at 62–
66% success.

Emergent strategies. The VLM-guided mode selec-
tion produces qualitatively distinct strategies across scales
(Fig. 3). With 4 robots, aggressive mode (ξagg) yields direct
gap-threading with hose clearances averaging 0.28 m; thread-
the-needle mode (ξttn) achieves precision hose reshaping
through inter-pedestrian corridors; conservative mode (ξcons)
prefers circumnavigation. Scaling to 8 robots reveals co-
operative queuing and sequential gap entry patterns arising
spontaneously from zone-aware policy switching.

Sim-to-real transfer. Deployment on 13 e-puck2 robots
(8 tethered + 5 pedestrian proxies) via overhead camera at
30 Hz achieved 95% success under localization occlusion and

(a) Aggressive (b) Thread-the-needle (c) Conservative

Fig. 3. Emergent trajectories of 4 L-MCRS pairs (8 robots) vs. 5 pedestrians.
(a) Aggressive: tight-orbit circumnavigation. (b) Thread-the-needle: gap
exploitation. (c) Conservative: wide-orbit peripheral routing.

TABLE I
PERFORMANCE COMPARISON (500 EPISODES × 3 SEEDS).

Method Type SR ↑ CR ↓ FR ↓ NT ↓

DMPC [2] Classical 0.32 0.45 0.68 6.82 s
ECBS [3] Classical 0.28 0.38 0.72 7.14 s
ORCA [4] Reactive 0.51 0.22 0.49 5.87 s
MAPPO [5] Learning 0.62 0.18 0.38 5.24 s
HAC [6] Learning 0.66 0.16 0.34 5.05 s

H-SEPID Learning 0.94 0.04 0.06 4.12 s

100% under position swap, across 12 obstacle configurations,
with <5% performance drop versus simulation.

IV. CONCLUSION

H-SEPID is the first framework enabling deformable teth-
ered multi-robot systems to perform agile gap-threading
among dynamic obstacles, achieving 94% success versus
66% for the best baseline with 75% collision reduction. The
emergent thread-the-needle capability arises without explicit
gap-threading programming. Sim-to-real transfer on e-puck2
robots confirms viability. Future work targets heterogeneous
L-MCRS chains and formal CBF guarantees.
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