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Abstract -

In prefabricated construction sites, tower cranes are re-
quired to operate safely in confined workspaces where site
layouts and surrounding activities change over time. Reli-
able trajectory planning is therefore essential for maintain-
ing safety margins, ensuring smooth motion, and improving
operational efficiency. This paper proposes a Configuration-
Space Genetic Algorithm (CSGA) for trajectory planning of
tower cranes directly in the configuration space under dy-
namic site conditions. Instead of planning directly in Carte-
sian space, the proposed method formulates the trajectory
planning problem in the crane configuration space defined
by slewing, trolley, and hoisting motions, thereby enforcing
kinematic feasibility intrinsically during optimization. The
construction environment is abstracted using lightweight ge-
ometric bounding models to represent both static structures
and moving entities, enabling efficient spatiotemporal colli-
sion evaluation. To account for payload swing effects with-
out introducing complex dynamics, a sway-aware safety en-
velope is incorporated to conservatively expand clearance
constraints. Within this formulation, the proposed CSGA
searches for smooth and collision-free trajectories by jointly
minimizing path length, safety violations, and motion irregu-
larities. Simulation results in representative scenarios show
that the proposed approach can generate mechanically exe-
cutable trajectories with safe clearances and stable conver-
gence in cluttered, time-varying environments. These find-
ings suggest that the framework offers a practical solution
when Kkinematic constraints, safety requirements, and envi-
ronmental dynamics must be addressed simultaneously.

Keywords -
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timization; genetic algorithm; prefabricated construction.

1 Introduction

Prefabricated construction is increasingly recognized
globally as a pivotal direction for construction industrial-
ization, offering significant potential to enhance productiv-
ity while mitigating energy consumption and environmen-
tal impact [1]. As a critical operation within this assem-
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bly process, the hoisting of prefabricated components de-
termines project schedules and overall construction qual-
ity [2]. Compared to many unstructured on-site activi-
ties, hoisting operations exhibit a degree of predictability
due to relatively fixed material storage zones and equip-
ment locations [3]. Nevertheless, current practice remains
heavily reliant on manual operation and experience-based
scheduling. In complex construction environments char-
acterized by dense structures, concurrent machine opera-
tions, and dynamic human activities, traditional planning
schemes often prioritize material sequencing without sys-
tematic consideration of three-dimensional (3D) spatial
constraints. Such reliance on experience-driven and static
planning often results in suboptimal crane utilization [4].
More importantly, it increases the likelihood of spatial
conflicts and operational hazards in dense construction
environments.

With the escalating demand for refined construc-
tion management, conventional two-dimensional analysis
methods and simplified numerical simulations are becom-
ing inadequate, as they fail to capture complex 3D spatial
relationships and dynamic environmental changes effec-
tively [3]]. Building Information Modeling (BIM) provides
structured geometric representations and integrated site
information for construction environments [, [7]. Such
information can support trajectory planning by supplying
accurate spatial descriptions of static structures and site
layouts. However, effectively utilizing this information re-
quires automated trajectory planning algorithms capable
of explicit reasoning about spatial constraints and oper-
ational feasibility [8]. Consequently, trajectory planning
has emerged as a crucial component for enabling intelli-
gent hoisting operations and reducing reliance on static
decision-making [9].

Despite extensive research in general robotic path plan-
ning, directly applying existing algorithms to tower crane
hoisting presents significant challenges. Classical graph-
search methods, such as Dijkstra and A*, guarantee global
optimality in static environments but suffer from rapid
computational explosion in the large-scale, continuous
state spaces typical of crane operations [10, [11]. Con-
versely, reactive approaches like Artificial Potential Fields
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(APF) and the Dynamic Window Approach (DWA) are
well-suited for local collision avoidance in dynamic set-
tings but are susceptible to local minima and cannot en-
sure global path quality [12} [13] [14]. However, many
existing crane-related studies generate trajectories in the
Cartesian workspace without explicitly accounting for the
inherent kinematic constraints of tower cranes. Tower
cranes are actuated through coupled slewing, trolleying,
and hoisting motions, which makes arbitrary Cartesian
straight-line paths difficult to execute directly, often re-
quiring substantial post-hoc feasibility corrections before
implementation. To address these limitations, this paper
presents a trajectory planning framework tailored to tower
crane operations in dynamic construction environments.
A key methodological distinction of this work is that tra-
jectory optimization is performed directly in the crane con-
figuration space (C-space) [[15]. Unlike Cartesian-space
approaches, the proposed method intrinsically enforces
kinematic constraints during optimization, ensuring that
generated trajectories are directly executable. To the best
of our knowledge, existing studies on tower crane tra-
jectory planning predominantly rely on Cartesian-space
formulations, where feasibility is handled at the execution
stage. In contrast, this work directly formulates the plan-
ning problem in the configuration space, enabling a more
structured and physically consistent optimization process
under dynamic environmental conditions.

To further elaborate on the proposed approach, the tra-
jectory planning problem is formulated directly in the
crane configuration space, parameterized by the actuated
variables: slewing angle 6, trolley radius r, and hoist-
ing height z. A real-coded Configuration-Space Genetic
Algorithm (CSGA) is developed as the global optimiza-
tion engine, where candidate solutions are encoded as se-
quences of configuration-space control points. To enable
efficient safety evaluation under dynamic conditions, both
static structures and moving entities are represented using
Axis-Aligned Bounding Boxes (AABBs), which enable
rapid distance computation. In addition, a sway-aware
safety envelope is introduced to conservatively account for
payload swing through geometric margin expansion, elim-
inating the need for explicit dynamic simulation. Smooth
and continuous trajectories are reconstructed using Piece-
wise Cubic Hermite Interpolating Polynomials (PCHIP)
and evaluated through a composite fitness function that
balances transport efficiency, safety clearance, and motion
smoothness under spatiotemporal consistency.

The main contributions of this study are summarized as
follows:

(1) A direct configuration-space trajectory planning for-
mulation for tower cranes is developed, in which op-
timization is performed over slewing angle, trolley ra-
dius, and hoisting height, intrinsically satisfying kinematic

constraints without requiring inverse kinematics or post-
processing.

(2) A unified spatiotemporal safety evaluation strategy
is integrated into the proposed CSGA, enabling robust tra-
jectory generation in environments containing both static
structures and dynamic obstacles.

(3) A sway-aware safety envelope is introduced to con-
servatively account for payload swing effects through ge-
ometric margin expansion, enabling efficient safety evalu-
ation without explicit dynamic simulation.

The remainder of this paper is organized as follows.
Section 2 details the methodology, including problem for-
mulation, environmental and safety modeling, and the pro-
posed CSGA. Section 3 reports experimental validation
results. Section 4 concludes the paper with a summary
and future outlook.

2 Methodology

This section presents the proposed methodology for
tower crane trajectory planning in dynamic construction
environments. As illustrated in Figure [T} the framework
combines C-space modeling, geometric environment ab-
straction, and evolutionary optimization under a unified
pipeline. The planning problem is formulated in the
crane configuration space, where the decision variables
are the actuated coordinates (slewing angle, trolley ra-
dius, and hoisting height), such that kinematic limits are
enforced intrinsically throughout the search. To handle
complex site conditions, the environment is abstracted us-
ing lightweight bounding models for both static and dy-
namic elements, enabling efficient spatiotemporal safety
assessments. Based on these models, the proposed CSGA
evolves smooth and collision-free trajectories by jointly
minimizing transport effort, safety violations, and motion
smoothness under dynamic conditions.

2.1 Problem Formulation and Configuration Space
Optimization

The objective of this study is to generate a feasible
and safe trajectory for a tower crane to transport a pay-
load from a start position Pg;,; to a destination Pgoq; in
the Cartesian workspace W. The planned motion must
simultaneously satisfy safety constraints imposed by the
surrounding environment, mechanical limits of the crane,
and smoothness requirements to ensure stable operation.
Rather than performing trajectory planning directly in the
Cartesian space W € R3, the problem is formulated in
the configuration space (C-space) of the tower crane. The
crane state is parameterized by the configuration vector
qg = [6,r, z]T, where 6 denotes the slewing angle, r the
trolley radial distance, and z the hoisting height. The
admissible configuration space is bounded by the crane’s
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Figure 1. Workflow of the proposed CSGA-based trajectory planning framework.

mechanical limits,
Gmin <6< 6)max’
q | "min <7 < Fmax,

Zmin < 2 < Zmax

ey

Cyalid =

A sequence of configurations i is mapped to the cor-
responding hook positions in the workspace through the
forward kinematics relationship:

X Xpase + 'k COS O
Yy | = F(qr) = | Ybase + Tk sinéy |,
Z Zk

@

where k denotes the index of the discretized trajectory, and
(Xbase» Ybase) denotes the crane base location.

Formulating the problem in C-space offers two key ad-
vantages. First, kinematic feasibility is inherently guaran-
teed, as all generated configurations lie within the physical
operating limits of the crane, eliminating the need for in-
verse kinematics. Second, independent actuation variables
(8, r, z) allow for a more structured search space, which fa-
cilitates efficient optimization. Based on this formulation,
the trajectory planning problem is solved using a global
evolutionary optimization framework.

2.2 Construction Environment Modeling

To support efficient collision evaluation during opti-
mization, the construction site is abstracted using sim-
ple geometric primitives that enable consistent spatial and
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temporal safety assessment. Both static and dynamic site
elements are represented within a unified framework to
facilitate distance-based collision checking.

Static and Dynamic Obstacles. Static structures, such
as buildings and material stacks, can be obtained from
BIM models in practical applications and subsequently ap-
proximated as Axis-Aligned Bounding Boxes (AABBs) to
balance geometric fidelity with computational efficiency.
Each static obstacle is parameterized by {xy, ys, zs, W, [, h}
, where (xy,ys,2s) denotes the reference corner and
(w, 1, h) represent dimensions. This representation al-
lows fast computation of Euclidean distances, making it
suitable for repeated evaluation within the evolutionary
optimization loop. Dynamic entities are modeled as time-
varying AABBs with planar motion. Each moving obsta-

cle is assigned a constant velocity vector v = [vx, vy]T,
and its position at time ¢ is updated via linear extrapola-
tion. To reflect site confinement, a boundary reflection
rule is applied: when an obstacle reaches the workspace
limits, its velocity component is inverted, ensuring the en-
tity remains within the valid evaluation domain. While
the dynamic obstacle model adopts constant-velocity mo-
tion with boundary reflection for computational efficiency,
we acknowledge that real construction entities, such as
workers and machinery, often exhibit non-linear and re-
active behaviors. This simplification enables efficient and
consistent evaluation within the evolutionary optimization
process, which requires repeated collision checks across
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Figure 2. Schematic workflow of the GA-based trajectory optimization.

multiple trajectories and time steps. The primary objec-
tive of this work is to validate the effectiveness of the
configuration-space-based trajectory planning framework
rather than to model complex motion patterns of dynamic
entities. In practical applications, the proposed frame-
work can be extended to incorporate more realistic motion
models, including stochastic behaviors or data-driven pre-
dictions, which will be explored in future work.

Payload Sway-Aware Safety Envelope. In practical lift-
ing operations, collision risk is not solely determined by
nominal payload geometry. Acceleration and decelera-
tion can induce pendulum-like sway, causing lateral de-
viation from the vertical cable line. Relying solely on
static dimensions may underestimate required clearance
in cluttered environments. To address this without incur-
ring the computational cost of a full dynamics model, a
sway-aware safety envelope is incorporated. The clear-
ance threshold used in collision checking is inflated by a
kinematics-induced sway buffer:

dsafe =Tload * 6sway = Fload *+ Leabie Sin (¢max) , 3)

where r;,,4 denotes the effective payload radius, Lcgpie
is the maximum cable length, and ¢« is the allowable
sway angle determined by operational limits. The use
of a constant ¢n,x provides a conservative upper bound
for potential payload deviation. In practice, sway angles
vary dynamically depending on hoisting speed, slewing
acceleration, and cable length. However, by adopting the
maximum allowable operational sway angle (typically re-
stricted to a few degrees), the framework introduces a
kinematics-induced safety buffer. This formulation en-
ables efficient safety evaluation without requiring explicit
dynamic modeling, making it suitable for repeated trajec-
tory evaluations within the CSGA. As a result, bounded
dynamic sway is approximated as an equivalent geometric

margin, yielding a conservative separation criterion.

During fitness evaluation, safety is assessed using the
minimum Euclidean distance dp,j, between the payload
and obstacle bounding boxes. A penalty is triggered when-
ever dpin < dgafe, providing arobust and computationally
efficient criterion for collision avoidance under both static
and dynamic site conditions.

2.3 Genetic Optimization

A real-coded GA is employed to search for feasible and
safe trajectories within the configuration space defined
in Section 2.1} As shown in Figure [2] the optimization
is carried out directly on the crane’s actuated variables.
Consequently, kinematic feasibility, collision avoidance,
and motion smoothness are simultaneously incorporated
into a unified evolutionary framework.

(1) Trajectory Encoding in Configuration

Individuals in the population represent complete candi-
date trajectories encoded as an ordered sequence of con-
figuration control points,

Q={ql,qz,"',QN},C]k=[9k,"k,Zk]T- €]

This representation aligns naturally with the actuated de-
grees of freedom of the tower crane, enabling direct rea-
soning over feasible operational motions. By performing
the optimization in configuration space, all generated tra-
jectories are mechanically executable by design, eliminat-
ing the need for inverse kinematics or post-hoc feasibility
checks.

(2) Trajectory Reconstruction

The discrete control points evolved by the GA provide
only a sparse description of the motion. To obtain a contin-
uous and physically meaningful trajectory, a Piecewise Cu-
bic Hermite Interpolating Polynomial (PCHIP) scheme is
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Table 1. Qualitative comparison between Cartesian-space planning and the proposed CSGA

Aspect

Cartesian-space Planning

Proposed CSGA

Planning space

Kinematic feasibilit
Trajectory executability
Handling of constraints
Adaptation to crane motion

Workspace (X, y, z)

Not guaranteed
Enforced after planning
Limited

Requires inverse kinematics or post-processing

Configuration space (0, r, 7)
Intrinsically satisfied
Directly executable
Embedded in optimization
Explicitly modeled

applied to reconstruct a dense path between control points.
PCHIP is selected for its shape-preserving characteristics,
which effectively prevent overshoot and unintended excur-
sions between control points. The reconstructed trajec-
tory is then uniformly sampled to support high-resolution
safety evaluation and motion quality assessment.

(3) Fitness Evaluation

Each candidate trajectory is evaluated using a compos-
ite objective function that balances efficiency, safety, and
operational smoothness:

J= 0-)1Lpath+0-)2Pstatic+w3denamic+w4Psmooth' (5)

The path length term L, encourages efficient material
transport. The penalty terms Pgsqric and Pgynamic €n-
force clearance requirements with respect to static struc-
tures and moving entities based on the safety envelope de-
fined in Section[2.2] To ensure stable crane operation, the
smoothness term penalizes large variations in successive
configuration values, discouraging abrupt slewing, trol-
ley motion, and hoisting changes that may induce payload
excitation.

(4) Spatiotemporal Consistency with Dynamic Obsta-
cles

To account for dynamic site conditions, the recon-
structed trajectory is associated with discrete time in-
stances. During fitness evaluation, the hook position at
each time step 7; is evaluated against the predicted posi-
tions of dynamic obstacles at the same instant. This spa-
tiotemporal consistency ensures that collision avoidance is
enforced jointly in space and time, preventing unsafe tem-
poral overlap between the crane and moving site entities.

(5) Evolutionary Operators

The population evolves through standard real-coded
evolutionary operators. Individuals are probabilistically
selected according to their objective values, favoring
higher-quality solutions. For crossover, an arithmetic op-
erator is applied to two parent trajectories gz (") and ¢ ?
to generate an offspring trajectory:

(2)

o, welo,1],

ql((child) k=1, ..

= wq}(l)+(l—w)q -
(6)

For mutation, Gaussian perturbations are injected into
randomly selected genes to preserve population diversity:

9, =qk+A, A~ N(0,0). (N
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N.

To ensure feasibility, mutated variables are bounded within
the admissible limits by projection:

®)

where 7Ic,,,, () clips each element of g to its corre-
sponding mechanical limits. This operation guarantees
that all offspring trajectories remain mechanically exe-
cutable. These operators jointly maintain exploration ca-
pability while preventing premature convergence, enabling
robust search for collision-free and smooth trajectories un-
der dynamic constraints.

To further clarify the distinction between the pro-
posed configuration-space formulation and conventional
Cartesian-space planning strategies, a qualitative compar-
ison is provided in Table [Tl As shown in Table [T} the
proposed method intrinsically enforces kinematic feasibil-
ity and avoids post-processing, which is a key advantage
for tower crane trajectory planning.

q;(’ = HCvalid (‘Ik),

3 Experiments

To evaluate the effectiveness and practical feasibility of
the proposed CSGA framework, experiments were con-
ducted under multiple scenario configurations with vary-
ing static layouts and dynamic obstacle conditions. The
primary objective is to verify the method’s capability to
generate collision-free, smooth, and kinematically exe-
cutable trajectories under diverse operating conditions,
thereby demonstrating its generalizability rather than per-
formance in a single fixed environment.

A three-dimensional virtual construction environment
was established to emulate typical prefabricated compo-
nent hoisting tasks. To assess the robustness of the pro-
posed method, multiple scenario configurations with dif-
ferent static layouts and dynamic obstacle conditions were
considered. The tower crane was fixed at a designated
base location, and the task required transporting a payload
from a start position to a target position across a cluttered
workspace. Several static obstacles, representing existing
buildings or structural elements, were distributed within
the environment. Additionally, multiple dynamic obsta-
cles were introduced to simulate moving site entities, such
as ground vehicles or equipment. Consistent with the envi-
ronment abstraction described in Section 2.2, all static and
dynamic obstacles were modeled using AABBs. Dynamic
obstacles followed predefined planar motion patterns with
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Figure 3. Three-dimensional crane trajectory planning results using the proposed CSGA.

boundary reflection to ensure containment within the op-
erational domain throughout the simulation.

As illustrated in Figure|3] the proposed method is eval-
uated under different scenario configurations with distinct
obstacle distributions and dynamic conditions. The three-
dimensional trajectory planning results are integrated with
dynamic simulation. The optimized trajectory success-
fully guides the payload from the start to the target location
while maintaining safe clearance from both static struc-
tures and moving obstacles throughout the entire motion
duration. No collisions or unsafe proximity events were
observed, demonstrating the effectiveness of the proposed
spatiotemporal safety evaluation mechanism. The result-
ing trajectory exhibits smooth variations in slewing, trol-
leying, and hoisting motions, devoid of abrupt directional
changes or oscillatory behavior. This confirms that the
smoothness term incorporated into the fitness function ef-
fectively suppresses aggressive configuration changes that
might otherwise induce payload instability. Notably, the
planned path naturally deviates from a straight-line Carte-
sian trajectory, reflecting the inherent influence of crane
kinematic constraints and necessary obstacle-avoidance
detours. Such behavior is consistent with realistic tower
crane operations, where feasible motions are governed by
coordinated actuated movements rather than direct linear
displacement. Furthermore, dynamic simulation verifies
that the sway-aware safety envelope provides sufficient
margins under dynamic conditions. Even when moving
obstacles pass near the nominal payload path, conserva-
tive separation is maintained, indicating that the geomet-
ric safety inflation effectively captures potential swing-
induced deviations at the planning level.

The convergence behavior of the proposed CSGA is
illustrated in Figure ] The best fitness value decreases
rapidly during early generations, indicating efficient ex-
ploration of the solution space and swift elimination of in-
feasible or unsafe candidates. As optimization progresses,
the convergence rate gradually slows and stabilizes, re-
flecting refinement (or exploitation) toward smoother and

more efficient trajectories under the imposed constraints.
This pattern suggests that the genetic algorithm achieves a
reasonable balance between global exploration and local
exploitation without exhibiting premature convergence (or
stagnation). Importantly, stable convergence was main-
tained even in the presence of dynamic obstacles and strict
spatiotemporal safety constraints. This demonstrates that
the proposed encoding, reconstruction, and fitness evalu-
ation strategies yield a robust optimization process suit-
able for complex construction environments. To provide a
quantitative assessment, Table 2] reports trajectory length,
minimum clearance, average velocity change, and final
fitness value across different scenario configurations.

The experimental results confirm that the proposed
method effectively generates kinematically feasible and
collision-free trajectories for tower crane hoisting tasks
in dynamic environments. By conducting optimization
directly within the configuration space, the planner in-
herently avoids infeasible motions common to Cartesian-
space approaches. The utilization of lightweight geomet-
ric modeling and conservative safety envelopes enables
efficient collision evaluation without resorting to compu-
tationally intensive dynamic simulations. While these ex-
periments are conducted under a limited set of scenario
configurations rather than exhaustive benchmarking, the
underlying planning framework is generic. Both obstacle
layouts and motion patterns are parameterized and readily
adaptable to diverse construction settings. These results
indicate that the proposed approach provides a practical
and reliable planning solution for tower crane operations
under dynamic site conditions.

4 Conclusion

This study addressed trajectory planning for tower
cranes operating in dynamic and spatially constrained con-
struction environments. To overcome the limitations of
conventional Cartesian-space planning methods, the pro-
posed CSGA directly plans crane motions in the configu-
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Figure 4. Convergence behavior of the CSGA optimization over successive generations.

Table 2. Quantitative evaluation across different scenario configurations

Metric Scenario T Scenario 2 Scenario 3
Path Tength (m) 6.16 6.27 6.13
Minimum clearance to obstacles (m) 0.69 1.50 0.39
Averat%e velocity change 0.0147 0.0371 0.0148
Final fitness value 1244.83 1253.76 1222.73

ration space using slewing, trolley, and hoisting variables.
This formulation inherently satisfies kinematic constraints
and avoids post-processing feasibility corrections. The
construction environment was modeled using lightweight
geometric representations for both static and dynamic ob-
stacles, enabling efficient spatiotemporal collision evalu-
ation. A sway-aware safety envelope was further incor-
porated to conservatively account for payload swing ef-
fects without introducing complex dynamic simulations.
Within this framework, the proposed CSGA was employed
to search for feasible trajectories under unified safety and
feasibility criteria. Simulation results demonstrate that the
proposed method generates executable and smooth crane
trajectories with safe clearances in cluttered and dynamic
environments, while the convergence behavior indicates
stable optimization performance under non-convex con-
straints. Overall, the proposed approach provides a prac-
tical and consistent planning framework for tower crane
operations where kinematic feasibility, safety, and adapt-
ability must be considered simultaneously. Despite its
effectiveness, several limitations should be acknowledged.
The dynamic obstacle model adopts a simplified constant-
velocity assumption, and payload sway is approximated
using a fixed maximum angle, which may not fully cap-
ture complex real-world behaviors. In addition, the current
validation is conducted under a limited set of simulated
scenario configurations, and further evaluation in more
diverse and real-world construction environments is re-
quired to fully assess the generalizability of the proposed
method. To further enhance practical applicability, future
research will incorporate data-driven behavior models via
real-time site perception to better handle complex environ-
mental dynamics. Additionally, extensions to multi-crane

coordination will be investigated to support large-scale
collaborative operations.
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