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ReloPush-BOSS: Optimization-guided Nonmonotone

Rearrangement Planning for a Car-like Robot Pusher

Jeeho Ahn and Christoforos Mavrogiannis

Abstract—We focus on multi-object rearrangement planning in
densely cluttered environments using a car-like robot pusher. The
combination of kinematic, geometric and physics constraints un-
derlying this domain results in challenging nonmonotone problem
instances which demand breaking each manipulation action into
multiple parts to achieve a desired object rearrangement. Prior
work tackles such instances by planning prerelocations, tem-
porary object displacements that enable constraint satisfaction,
but deciding where to prerelocate remains difficult due to local
minima leading to infeasible or high-cost paths. Our key insight
is that these minima can be avoided by steering a prerelocation
optimization toward low-cost regions informed by Dubins path
classification. These optimized prerelocations are integrated into
an object traversability graph that encodes kinematic, geometric,
and pushing constraints. Searching this graph in a depth-first
fashion results in efficient, feasible rearrangement sequences.
Across a series of densely cluttered scenarios with up to 13
objects, our framework, ReloPush-BOSS, exhibits consistently
highest success rates and shortest pushing paths compared
to state-of-the-art baselines. Hardware experiments on a 1/10
car-like pusher demonstrate the robustness of our approach.
Code and footage from our experiments can be found at:
https://fluentrobotics.com/relopushboss.

I. INTRODUCTION

EARRANGEMENT planning has revolutionized fulfill-

ment by enabling rapid, large-scale transportation of
goods by mobile robots in massive warehouses [7]. Transporta-
tion tasks in these domains are often facilitated by extensive
workspace and systems engineering: robots often move along
rectilinear grids in well-structured spaces; they manipulate
a closed set of objects of regular shapes and sizes; they
apply secure closure grasps through grippers of high design
complexity and cost. This level of structure is not possible in
other important domains like construction, waste management,
and smaller/medium warehouses due to high cost and clutter
density. In those environments, the ability to handle a wide
range of objects is essential, and so is the need to address
kinematic and geometric constraints. These requirements give
rise to complex problem instances that motivate the investiga-
tion of new paradigms for rearrangement planning.

A practical strategy for tackling rearrangement tasks in
unstructured domains is pushing [22, 24]: exploiting physics,
rather than grasping, pushing allows for the reconfiguration of
large, heavy, and irregular objects without requiring special-
ized grippers; a simple pushing surface is sufficient. However,
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(a) Initial (yellow) and goal (teal) ob (b) Rearrangement path, extracted by
ject poses, connected through a Push- planning on the graph, and robot mo-
Traversability graph. tion traces from an experiment.

Fig. 1: We introduce ReloPush-BOSS, an optimization-based planning
framework for nonprehensile multiobject rearrangement planning
using a car-like robot pusher. By capturing kinematic, geometric, and
physics constraints into a unified object traversability graph (a), our
framework is capable of handling nonmonotone instances in densely
cluttered workspaces with up to 13 objects (b).

this paradigm introduces the challenge of integrating physics
into rearrangement planning. A practical way of doing so is
via constraining interactions between the robot and pushed
objects to be quasistatic. This approach further constraints
robot motion: quasistatic pushing using a mobile robot reduces
to the Dubins car problem [22]. When the robot is constrained,
its maneuverability is also limited even when not pushing.
In densely cluttered spaces, this combination of geometric,
kinematic, and physics constraints renders many practical
planning problems infeasible.

In this work, we introduce a planning framework for con-
strained multiobject rearrangement planning using a car-like
robot pusher. Our framework simultaneously addresses geo-
metric (obstacle avoidance, boundary constraints), kinematic
(nonholonomic), and physics constraints (quasistatic pushing)
to tackle challenging rearrangement tasks (see Fig. 1). Our ap-
proach builds upon our graph-based framework, ReloPush [1],
which handles constraints by temporarily prerelocating objects
along collision-free Dubins paths leading to object goal poses.
In ReloPush, these prerelocations are planned along linear
segments along the body frame axes of the pushed object,
and thus often lead to high-cost solutions or failures. Here,
we introduce ReloPush-BOSS (ReloPush with Backtracking
and Optimization with Seeded Start), a planning framework
that combines backtracking and prerelocation optimization
informed by Dubins path classification to avoid excessively
high-cost local minima. Across a series of simulated and real-
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world experiments involving the rearrangement of up to 1&nd simplify planning, but many common platforms are non-
objects by a 1/10th-scale robot racecar, we demonstrate ttmdonomically constrained (e.g., differential drive, or car-like
superior scalability and robustness of ReloPush-BOSS agairtdiots), thus affording limited maneuverability in constrained
ablated versions as well as a baseline from the literature. spaces [9, 18, 27]. Ma et al. [23] incorporate kinematic
Our contributions are as follows: constraints in a pickup—and—delivery problem under grid-
Optimization-based prerelocation seardm contrast to World assumptions whereas Bertoncelli et al. [5] address more

our prior work [1], in which prerelocations are sampled€alistic settings in pushing, and Talia et al. [37] propose a
from Straight_iine Segments Originating from an object'gamework for multqubot planar pUShlng USIng Ca-r'“ke robots.
frame, we formulate prerelocation search as a continuogsest to our settings, Ahn and Mavrogiannis [1] tackle
optimization producing lower-cost solutions. multiobject rearrangement planning using a car-like robot, but

Avoidance of high-cost local minim&xploiting insights their method is prone to high-cost local minima.

from Dubins path classi cation [6, 9, 21, 30], we in- Hardness Earlier work focused ormonotonerearrange-
troduce seeded warm-starts in the optimization proce®ent tasks where each object is assumed to be moved at
to avoid getting trapped into high-cost local minimanost once. The work of Stilman et al. [35] handles manipula-
representing undesired paths. tions of obstacles assuming monotone transitions. Dogar and
Extensive empirical validationWe validate our frame- Stinivasa [8] present a planning framework for object retrieval
work on challenging constrained planning prob|em§9rmulated undemonotoneassumptlons.usmg a manipulator.
showing signi cant performance gains over baselines [Similarly, Ahn et al. [3] propose a coordination method of two
17]. We demonstrate the ef cacy and robustness of ofit@nipulators in object retrieval, making problems monotone

approach through real-world demonstrations on a 1/f1y introducing additional space for removing obstacles from a
scale robot racecar [34]. clutter. Talia et al. [37] address object rearrangement problems

using nonholonomic robots, restricted to monotone cases. In
contrast, many real-world domains like logistics, construction,
and the home often require the rearrangement of multiple
There is a long history of work on rearrangement planningbjects in dense clutter, thus giving rise tmnmonotone
We organize related work in terms of three key categoriggoblem instances where multiple manipulation actions are
(see Table I): manipulation strategy; system dexterity; reaequired for rearranging any object. These are substantially
rangement hardness. We elaborate on each of them belowmore complex due to the combinatorial explosion in the search
Manipulation strategy. Much of the work on rearrange-space and interdependent object movements [13, 17, 26]. This
ment planning assumegrehensilemanipulation via grasp- complexity escalates further when constrained by pushing ac-
ing [10, 13, 17, 19, 35], including suction-based pipelines [13fons and nonholonomic robot kinematics [33], and prior work
pick-and-place sequences [10, 19], and grasp-based obstaikles simpli ed problem instances like the rearrangement of
relocation for target access [35]. Recent prehensile methadsingle object in an obstacle-free workspace [5, 40].
address such sequential challenges via multi-objective plan-This work. We address labeled rearrangement tasks un-
ning with selective obstacle relocation to feasible points [44er nonprehensile, nonholonomic, and geometric constraints,
or decomposition into easier pick-and-place subproblems [2G]hich often result in nonmonotone instances. These instances
In contrast,nonprehensilenanipulation [12, 22, 24] leveragesare substantially more constrained compared to much of the
physics to handle diverse object sizes/shapes without sfigerature, which tends to assume secure, prehensile manipu-
cialized grippers, making it robust for unstructured domaination (i.e., closure grasps), unconstrained robot motion (e.g.,
like cluttered warehouses [5, 15, 32, 37, 40]. For instandeglonomic or overhand grasping), or position-only rearrange-
Huang et al. [15] employ policy rollouts and iterated locaient planning. In prior work [1], we introducemterelocations
search to tackle large-scale planar rearrangement problessstemporary object displacements that unlock kinematically
using a manipulator that pushes, and Song et al. [33] propdseasible object transitions along contact normals (pushing
a nonprehensile, push-based rearrangement method for objeels). This is constraining, as it limits the search space
sorting. Some work [8, 32] combines pushing with pickingind often excludes more ef cient rearrangement routes that
to enable grasping in dense clutter under occlusions, whereasald be unlocked by small displacements in other directions.
recent work develops policies for robust pushing of diverseur new method, ReloPush-BOSS addresses this limitation
objects [5, 40]. by expanding the search for prerelocations beyond pushing
Dexterity. For pick-and-place or sorting tasks, high—Dofdirections, incorporating an optimization strategy that exploits
manipulators are often employed thanks to their increasggights from Dubins path classication [6, 9, 21, 30] to
dexterity which enables complex rearrangements in clutt@dentify superior candidates while avoiding getting trapped in
In open-top scenes, arms exploiterhandaccess to simplify high-cost minima.
collision avoidance and sequencing [10, 13, 19, 32]. High-
DoF manipulators are also effective in closed-top settings
(shelves/racks/bins) by exploiting side-access grasps to com-
plete challenging rearrangements [2, 25, 28]. However, forWe consider the problem of rearranging a setofrigid,
large planar workspaces, mobility is prioritized over dexpolygonal objects using a car-like robot pusher in a workspace
terity. Holonomic bases allow unconstrained planar motioW  SE(2). Without loss of generality, we assume that all

Il. RELATED WORK

Ill. PROBLEM STATEMENT
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TABLE I: Related works? Relocation of obstacles for object retrievéil.Relocation of objects for sorting Rearrangement of at most
one object, and at most one recon guration of the object before transpQ@tientations are speci ed for object goal poses.

Manipulation Hardness Dexterity

Prehensile  Nonprehensile  Nonmonotone  Orientation Requiremer®verhand Grasp  Nonholonomic ~ DoF Assumed

Stilman et al. [35] X X High-DoF arm
Dogar and Srinivasa [8] X X X High-DoF arm
Nam et al. [25] X X High-DoF arm
Ahn et al. [2} X X High-DoF arm
Ren and Qureshi [28] X X High-DoF arm
Lee et al. [19] X X X High-DoF arm
King et al. [16pY X X X X High-DoF arm
Krontiris and Bekris [17] X X X High-DoF arm
Shome et al. [31] X X X High-DoF arm
Ahn et al. [4Y X X X High-DoF arm
Han et al. [13] X X X X High-DoF arm
Gao et al. [10] X X X X High-DoF arm
Song and Boularias [32] X X X X X High-DoF arm
Tang and Sukhatme [39] X X X X X High-DoF arm
Huang et al. [153¥ X X X High-DoF arm
Talia et al. [37] X X X Low-DoF (car)
Our prior work, ReloPush [1] X X X X Low-DoF (car)
This work (ReloPush-BOSS) X X X X Low-DoF (car)

objects areK -polygons. The robot can push objects through
a at bumper attached at its front. We represent the state
of the robot asp 2 W, and the state of each object

j 2M = fl::;;mgasqg 2 W. The robot has rear-
axle, simple-car kinematics of the form= f (p;u), where

u is a control input (speed and steering angle) from a space
of controls U. The objective of the robot is to rearrange
the objects from their initial pose®® = (0};05;:::;0;,) to

planning framework to enable the robot to ef ciently rearrange
all objects to their goals. We assume the robot has accurate
knowledge of: its ego pose; the starting con guration of all
objects,O%; the bumper-object friction coef cient.

IV. RELOPUSH-BOSS: QPTIMIZATION-GUIDED

NONMONOTONE REARRANGEMENT PLANNING
] ] ) Fig. 2: ReloPush-BOSS embeds a PT-graph in a depth- rst high-
We give an overview of our proposed architectRedoPush- level planner. Starting from the initial con guration (d0), it builds a

BOSS and then elaborate on its core components. PT-graph at each depth, enumerates candidate rearrangements, and
orders them by cost in a priority queue (ordered candidate queue).
Candidates are tested in order; infeasible ones (e.g., inaccessible

A. Rearrangement Sequence Planning objects) are pruned and the planner backtracks until it nds a feasible

An overview of ReloPush-BOSS is illustrated in Fig. 2. Afeduence or exhausts all options.

the high level, ReloPush-BOSS involves a sequence planmethausted, representing a failure. This cost-ordered depth-

implemented as a depth- rst search (DFS) over a sequencerst search with backtracking represents an improvement over

rearranged objects. This search starts from dd@thepresent- ReloPush [1], which marks failure when encountering an

ing the initial con guration of the world, i.e., objects lying atinfeasible rearrangement. While the greedy selection does

O3, robot lying atp®. A push-traversability (PT)-graph is rst not guarantee a globally optimal sequence, we employ the

constructed, describing how objectsWh can move via stable strategy to avoid the combinatorial explosion associated with

pushing (see Fig. 3). For each object to be rearranged omexhaustive sequence planning for global optimum.

to olg, a graph search is performed, resulting in a corresponding

rearrangement path. These paths are then ordered wrt BhePush-Traversability Graph

distance required to push-transfer them to their goal pose, anc€onstruction. Objectj, lying at a posey admits a nite

We check if the rearrangement of shortest path is reachabledmntact points on the object's boundary and the surface normal
the robot from its current pose. If reachable, the rearrangementwvhich stable pushing is possible (i.e. K=4 for rectangular
is feasible. Thus, the rearrangement is re ected in an updatelject. see Fig. 3a). As shown in Fig. 3, the PT-graph
world con gurationdl. If not reachable, the rearrangement i€ = (V;E) comprises a set of verticas = V5[ V9, where
infeasible. In that case, the planner backtracks and tries WM& represents the set of all pushing poses for all objects when
next best option in the queue. This whole process is repeatgidg at their initial pose$3, andV 9 represents the set of all
until all objects reach their goals or the candidate queue psshing poses for all objects when lying at their goal p&3&s
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