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ABSTRACT

Collision-free path planning for redundant robotic manipulators is a significant challenge in robotics, primarily due to the high-
dimensional joint spaces and the complexity of real-world environments. While foundational sampling-based planners have proven
effective, they often struggle in scenarios with narrow passages or complex constraints. The Recursive Random Intermediate State
(RRIS) method was recently introduced as a promising alternative that employs a "divide and conquer" strategy, recursively inserting
intermediate states to simplify a complex planning problem into a series of more simple subproblems.

However, the original RRIS implementation relies on a simplistic heuristic for evaluating intermediate states: it counts the
number of discrete configurations in a state of collision. This binary metric lacks nuance, treating a path with a minor, grazing
contact identically to one with severe interpenetration.

In this paper, we propose an enhancement to the RRIS method by replacing this binary count with a more physically intuitive,
continuous metric. Instead of merely counting collisions, we accumulate the penetration depth returned by the collision checker for
each state along a path segment. This approach allows the planner to differentiate between the severity of different collisions and
prioritize paths that are closer to being collision-free.

Furthermore, we refine the method's early-exit condition to make the recursive search more efficient. The new condition not
only requires the cumulative collision depth of a path through an intermediate state to be lower than the direct path but also
introduces an adaptive thresholding mechanism: if a new intermediate state reduces the number of unique pairs of objects that are in
collision, then a more lenient depth-reduction threshold is applied for early termination. Conversely, if the set of colliding pairs
remains unchanged, a much stricter improvement is required.

The experimental validation was conducted on a test suite of 105 start—goal pairs with three distinct tool configurations. The
results confirm the efficacy of the proposed enhancements. Switching from the original count-based heuristic to the depth-based
comparison reduced the total planning time from 38.3 s to 29.6 s. The introduction of the adaptive distinct-pair check further
decreased the total time to 22.9 s, achieving a total speedup of approximately 1.67x over the baseline while preserving a 100%
success rate on this test suite. While these results are promising, we position them as preliminary and suggest that future work should
involve validation across a broader and more diverse range of complex scenarios.

Keywords: redundant manipulators, motion planning, sampling-based planning, collision detection, collision depth, obstacle
avoidance, heuristic search.

1. INTRODUCTION

Path planning for redundant manipulators remains a difficult problem due to the high
dimensionality of their configuration spaces. The high dimensionality of the configuration space
makes exhaustive searches computationally intractable, which created a need of more efficient
heuristic and sampling-based methods like Probabilistic Roadmaps (PRM) [1] and Rapidly-
exploring Random Trees (RRT) [2].

The Recursive Random Intermediate State (RRIS) method [3] was recently introduced as an
effective approach to solve such problems by recursively simplifying the path planning task. The
original RRIS method evaluates the quality of a potential intermediate state by counting the number
of discrete configurations that result in a collision along the path segments. This binary (collision
vs. no collision) approach does not, however, account for the severity of collisions; a path with
minor, grazing collisions is treated the same as a path with significant interpenetration.

This work proposes a significant improvement to the intermediate state selection heuristic
within the RRIS method. We replace the discrete collision count with a continuous metric based on
the sum of collision penetration depths, provided by the physics engine. This new heuristic allows
for a more nuanced comparison of potential paths, prioritizing those that are “closer” to being
collision-free. Furthermore, we introduce an adaptive early exit condition that considers both the
reduction in total collision depth and the qualitative simplification of the collision landscape, which
leads to a notable improvement in planning time.
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2. RELATED WORK

The problem of motion planning has been extensively studied for several decades. Early
methods often relied on exact geometric representations of the configuration space, but their
computational complexity grew exponentially with the degrees of freedom of the manipulator,
making them impractical for redundant systems.

A significant breakthrough came with the development of sampling-based approaches, which
avoid explicit representation of the obstacle space. Among the most influential is the Probabilistic
Roadmap (PRM), which constructs a graph of collision-free configurations that can later be reused
to answer multiple planning queries efficiently [1]. For single-query problems, the Rapidly-
exploring Random Tree (RRT) became a standard. The RRT algorithm incrementally grows a tree
of reachable states from a starting configuration, effectively covering large, high-dimensional
spaces [2]. Its widely used extension, RRT-Connect, accelerates the search by simultaneously
growing two trees from the start and goal configurations and attempting to connect them [4].
Despite their popularity, these foundational methods may still perform poorly in environments with
narrow passages or in scenarios requiring consideration of complex kinematic constraints.

Later work sought to improve convergence and optimality guarantees. Karaman and Frazzoli
introduced the RRT* algorithm, which incrementally refines trajectories to achieve asymptotic
optimality [7]. Further improvements have included variants such as Bidirectional RRT*, where
two trees are grown in parallel, and modified versions that exploit geometric heuristics such as the
triangular inequality to accelerate convergence in cluttered environments [8]. These advancements
reduce search time and improve solution quality, but at the cost of higher computational overhead.

Another direction formulates motion planning as an optimization problem. For instance,
CHOMP (Covariant Hamiltonian Optimization for Motion Planning) refines an initial, possibly
colliding, and trajectory by minimizing a cost function that accounts for both smoothness and
obstacle avoidance [5]. Such optimization-based methods are effective for local refinement but can
become trapped in local minima without a good initial guess. As a result, they are often combined
with sampling-based approaches that generate initial feasible trajectories.

More recently, the RRIS method has been proposed as a sampling-based approach tailored for
redundant manipulators [3]. RRIS integrates recursive decomposition with intermediate state
selection, thereby splitting a complex path planning problem into smaller, more manageable
subproblems. Its effectiveness is determined largely by the heuristic used for evaluating
intermediate states. The original version of RRIS relied on counting the number of colliding states
along discretized trajectories [3]. This work extends RRIS by introducing a more informative
evaluation criterion based on the sum of collision depths, which provides a richer physical
interpretation of contact severity and offers a more effective heuristic for intermediate-state
selection.

Finally, practical implementations of motion planners depend heavily on efficient collision
detection. Libraries such as Bullet Physics [6] provide the necessary tools for fast collision
checking, including not only binary collision detection but also penetration depth estimation. Such
capabilities make it possible to develop methods, like the one proposed in this paper, that leverage
detailed collision information to improve the decision-making process within sampling-based
planning.

In summary, the trajectory of research has evolved from early geometric approaches to
sampling-based methods such as PRM [1] and RRT [2,4], through optimization-based refinements
such as CHOMP [5], and toward modern optimal and hybrid planners [7,8]. The RRIS method [3]
continues this trend by introducing recursive intermediate state selection. Our contribution builds
directly upon it, proposing a depth-based extension that addresses the primary limitation of the
original heuristic and improves its applicability to redundant robotic manipulators.
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3. PROPOSED METHOD

The core of the RRIS method is to find an intermediate configuration that simplifies the
original problem of connecting a start state (qs¢qr¢) t0 @ goal state (qgoq). The quality of an
intermediate state (qincerr) 1S determined by assessing the two resulting path segments: qgiqrt =

Qinter and inter = qgoal-

Collision-Depth Heuristic. Instead of counting the number of colliding states along a path
segment, calculating the sum of penetration depths for all collisions detected along that segment
was proposed. The cost of a segment is defined as:

Cpepth = ?=1di 1)

where n is the number of checked states along the path segment and d; is the penetration depth of a
collision at state i (d; > 0 if in collision, otherwise d; = 0).

Penetration depth of a collision at state i defined as a maximum penetration depth between all
objects pairs that collides at this state:

d; = max(d)) 2

where dl.’ is a penetration depth between j-th objects pair.

When comparing two potential intermediate states, the one that minimizes the cost of the worse
of its two segments is chosen.

Using the total penetration depth creates a smoother "cost landscape” for the planning problem.
Unlike binary metrics, which create sharp "walls" around obstacles, the depth metric allows the
planner to distinguish "almost successful” paths from "absolutely hopeless™” ones, which directs the
search in a more productive direction.

Adaptive Early Exit Condition. The original RRIS method utilized a simple early exit
condition: “if both parts of the path through the intermediate state have fewer than half
collisions of the direct path” [3]. A new proposal to modify early exit conditions to a more
intelligent, adaptive strategy. First, a baseline early exit is considered: the recursion for a given path
segment stops if the total collision depth of the path via an intermediate state is less than 50% of the
direct path's collision depth.

An additional improvement is introduced by analyzing the set of unique pairs of objects that are
in collision along the entire path.

Case 1: Collision Simplification. If the number of unique colliding pairs for the path through
T155000 1S less than for the direct path, it implies a qualitative simplification of the problem. In this
case, a more tolerant early exit condition is applied: the total collision depth must be reduced by at
least 20%.

Case 2: No Collision Simplification. If the number of unique colliding pairs does not decrease,
a more significant improvement is required to justify the early exit. The total collision depth must
be reduced by at least 65%.

These threshold values were determined experimentally to balance solution quality and
computation time.

A reduction in the number of unique pairs in collision means that the intermediate state has
successfully solved one of the planning sub-problems (e.g., bypassed a specific obstacle). This
allows the recursive algorithm to focus on fewer remaining conflicts and justifies the use of a less
stringent threshold for early exit.

4. EXPERIMENTAL RESULTS

To validate the proposed enhancements, we conducted experiments using the same test
environment and dataset of 105 path planning queries as in the original RRIS study [3]. The
environment consists of a 7-DOF redundant manipulator in a cluttered space. The robot with a
robotic arm and instruments installed on the arm wrist, together with the test environment can be
seen in Fig. a, b.
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a b
Fig. The experimental environment with the redundant manipulator and obstacles

We compared the time required to solve all 105 queries for three different configurations of the
RRIS method:

1. RRIS-Count (Baseline): The original method using a collision count as an heuristic to
compare intermediate states.

2. RRIS-Depth: The method using the collision depth heuristic with the simple 50% early exit
rule.

3. RRIS-AdaptiveDepth: The full proposed method with the collision depth heuristic and the
adaptive early exit condition.

All three methods successfully found a valid path for every query in the test set. The
computation times are summarized in Table 1.

Table 1. Total planning time for 105 paths

Method Total Time (s) Speedup vs. Baseline
RRIS-Count (Baseline) 38.3 1.00x
RRIS-Depth 29.6 1.29x
RRIS-AdaptiveDepth 22.9 1.67x

The results clearly indicate that using collision depth as a heuristic (RRIS-Depth) provides a
notable performance improvement of nearly 30%. The introduction of the adaptive early exit
condition (RRIS-AdaptiveDepth) yields a further significant reduction in planning time, resulting in
an overall speedup of approximately 1.67x compared to the original method.

The average planning time per path decreased from 0.36 seconds with the original intermediate
state comparison to 0.28 seconds using the collision-depth-based comparison, and dropped further
to 0.22 seconds after introducing the adaptive-depth early-exit strategy.

CONCLUSION

This paper addressed a key limitation in the Recursive Random Intermediate State (RRIS) path
planning method: its reliance on a binary collision-counting heuristic. We introduced an enhanced
heuristic based on collision penetration depth, a continuous metric that provides a more physically
intuitive measure of a path's quality. By considering the severity of collisions rather than just their
occurrence, the planner can make more informed decisions, distinguishing between paths with
minor, easily resolvable contacts and those with severe interpenetrations. This creates a smoother
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and more realistic cost landscape, guiding the search toward more promising regions of the
configuration space.

Building upon this new metric, we proposed an adaptive early exit strategy that further
accelerates the search. This strategy dynamically adjusts its termination criteria based on the
qualitative complexity of the encountered collisions—specifically, whether the set of unique
colliding object pairs has been reduced. This synergy between a more descriptive heuristic and a
smarter termination logic allows the planner to prune unpromising search branches more
effectively.

The experimental results are promising, demonstrating a significant performance gain on the
tested dataset without sacrificing the success rate. However, we acknowledge that the scope of this
validation is preliminary. To fully establish the robustness of the proposed method, further testing is
required across a broader range of challenges. This includes scenarios with highly constrained
narrow passages, different manipulator configurations with higher degrees of freedom, and
potentially dynamic environments with moving obstacles.

Future work will focus on several promising directions. The primary goal is to explore the
application of this depth-based heuristic to other classes of motion planners. For sampling-based
algorithms, it could serve as a cost function in asymptotically optimal planners like RRT* to find
paths that are not only short but also safer by maximizing clearance from obstacles. Finally, the
experimentally-determined thresholds for the adaptive exit strategy could be a subject for further
research, perhaps using machine learning techniques to tune them automatically based on
environmental complexity.
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AHOTAIII

IImanyBaHHs 6e3KOMI3IHHOTO NUBAXY AT pOOOTIB-MAHIMYIATOPIB 3 HAAIHIIKOBUMH CTYNEHSIMH CBOOOIN € 3HAYHUM BHKIHMKOM
Yy pOOOTOTEXHilli, MEePEeBaXHO HYepe3 BHCOKY PO3MIPHICTH MPOCTOPY CTaHIB Ta CKJIAAHICTD pealbHHX cepemoBuml. Xoda 0a3oBi
IUIAaHYBaJBbHHUKHU, IO IPYHTYIOTHCSI Ha CEMIUIIOBAHHI, JIOBEIM CBOIO e(eKTHBHICTH, BOHM YacTO MAalOTh TPYAHOIII Yy CIEHapisx 3
BY3bKUMH IIpOXoJaMH ab0 CKIaJHUMH OOMEXEHHSIMH. MeToJ peKypCHBHOIO BHMIagKoBoro mnpomikHoro crany (RRIS) Oys
HEIIOIaBHO NPE/ICTABICHUI SK MEepPCHEeKTUBHA aJbTepHATHBA, 10 BUKOPUCTOBYE CTpaTerito "po3aunsil i Bojoxapioil", peKypcuBHO
BCTABIISFOYM MIPOMIKHI CTaHH JIJIsl CIPOIICHHS CKIIAIHOT 3a/1a4i TUIaHYBaHHS J0 Ccepii MPOCTIIINX Mmia3aaad.

OpHak opuriHanbHa peanizanis RRIS mokmamaeTscst Ha MPOCTY €BPHUCTHKY UTA OLIHKU MPOMDKHHUX CTaHiB: BOHA IMiJPaXOBYE
KUTBKICTh TUCKpETHUX KOHQIrypamiil, mo nepeOyBaioTh y craHi komizii. L{ifi GiHapHili MeTpui Opakye HIOAHCIB, OCKUIBKH BOHA
PO3IIIsIIa€ NUISX 3 HE3HAYHUM, JOTUYHUM KOHTaKTOM 1IEHTHYIHO A0 HITAXY i3 CepHO3HNUM B3a€MOIPOHUKHEHHSM.

VY wiif poboTi Mu TpomnoHyeMo BaockoHadeHHS merony RRIS, 3aminroroun meit OiHapHHWII migpaXyHOK Ha OUIbII (i3HYHO
IHTYITHBHY, HETIEpEPBHY METPHKY. 3aMiCTh MPOCTOTO MiJPaxyHKy KOJi3ii, MM HAaKOIMYyeEMO TTIMOMHY MPOHUKHEHHS, SIKYy HOBEpPTae
cHcTeMa NEpeBipKU KOMI3ii JUll KOXKHOTO CTaHy B3/IOBX CerMeHTa HUIAXy. Lled miaxim 103Bojise IUIaHyBalbHHKY pPO3DPI3HATH
Cepiio3HICTh Pi3HUX KOJII3ii Ta HafaBaTH MPIOPUTET NUIIXaM, Ki € OJIMKIUMHE 10 O€3KOMI31HHIX.

KpiM Toro, M BJOCKOHATIOEMO YMOBY PaHHBOTO BHXOJAY METOAY, 00 3pOOHMTH peKypCHBHHH mouryk edekruBHimuM. Hosa
YMOBa He TUTbKH BUMAarae, o6 CyKyITHa ITMOWHA KOMi3iil UISXy depe3 MPOMKHUI cTaH Oylia MEHIIIOK0, HiK Y IPSMOTO IUIAXY, ajie
1 BIPOBaKY€E aIaNTHBHUN MeXaHi3M BH3HAUEHHS MOPOTIB: SKIIO HOBHUH NMPOMDKHHH CTaH 3MEHINY€E KUIBKICTh yHIKaJTbHUX Tap
00'exTiB, 10 TIepeOyBalOTh Y KOMI3ii, Ul paHHBOTO BHUXOJY 3aCTOCOBYETHCS MEHII CYBOPHUI MOPIr 3MEHIIEHHS TIHOWHU. | HaBmakw,
SIKIIO HaOIp Map, IO CTUKAIOTHCS, 3aJIMIIAETHCS HE3MIHHIM, BUMAraeThCsl 3HAYHO CYBOPIIIIe TOKPAIIeHHSI.

ExcriepuMeHTanbHa nepeBipka MpoBoANIacs Ha TeCTOBOMY Habopi 31 105 map "crapT-1ine" 3 TppoMa pisHUMHU KOHDIrypaiisiMu
iHCTpyMeHTa. Pe3ynpTaT miATBepKYIOTh e(eKTHBHICTD 3alPONOHOBAHUX YAOCKOHANICHb. [lepexia Bif OpUriHaNIbHOI €BPHCTHKH,
3aCHOBAHOI Ha MiJpPaxyHKy, 10 MODIBHAHHSA HAa OCHOBI INIMOMHM 3MCHINMB 3aralbHUi dYac miaHyBaHHs 3 38.3 ¢ mo 29.6 c.
BripoBa/pkeHHsT aianTUBHOI MEPeBIpKM YHIKaJIbHUX Map KOMi3id MOAATKOBO 3MEHIIMIO 3amiaibHUW yac a0 22.9 ¢, JOCATHYBIIN
3arajbHOTO NMPHUCKOPEHHS NPHOIM3HO B 1.67X MOPIBHAHO 3 6a30BUM METOIOM, 30epiratoun npu npomy 100% ycHimHicTs Ha IOMY
TEeCTOBOMY Habopi. Xoy4a Ii pe3ynbTaTd € 6araToo0iIII0YAMI, M PO3TIILAAEMO X SIK ITOTIEPEIHI Ta BBAXKAEMO, IO MaiiOyTHS poOoTa
MMOBHHHA BKJIFOUATH MIEPEBIPKY Ha MIMPIIOMY Ta PI3SHOMAHITHIIIOMY CIIEKTPi CKJIQJIHUX CIIEHApIiiB.

Kniouogi cnosa: maHIynaTOpH 3 HAUIMIIKOBHMHU CTYIEHSIMH CBOOONM, IUIAaHYBaHHSA pyXy; IUIAHYBaHHS Ha OCHOBI
CEMIUTIOBAHHSI; BUSBIECHHS KOJi3il; TINOMHA KOJIi3iH; yHIKHEHHS MEPENIKO/; eBPUCTHIHHH ITOIIYK
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