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ABSTRACT Dual crane lifting, wherein two cranes collaborate to lift a single workpiece, serves as an
essential solution in scenarios in which employing a single, sufficiently large crane is impractical due to
cost constraints, ground conditions, and spatial limitations. Due to the complexity of double crane lifting
operations, the implementation of automated path generation minimizes the risk of human error and removes
the potential for accidents by simulating and validating the generated crane path. We propose a novel multiple
rapidly-exploring random trees (RRT) based algorithm designed specifically for dual crane systems to
produce lifting paths, particularly in challenging ‘narrow path finding’ scenarios. The multiple RRT method
is an efficient way to find paths in environments with high complexity and low connectivity through a strategy
that allows new trees to be generated and grown whenever a newly generated node that cannot be connected
to an existing tree occurs. The proposed path planning algorithm not only adapts the multiple RRT method
to the dual crane systems but also incorporates ideas to enhance the optimality of generated paths while
reducing computational time. The effectiveness of this algorithm has been validated through a case studies
covering various scenario.

INDEX TERMS Dual crane cooperative system, path planning, multiple rapid-exploring random tree.

I. INTRODUCTION

Mobile cranes play an essential role in the construction and
civil engineering sectors, serving as indispensable machines
for lifting and transporting heavy loads. In particular, dual
crane lifting, where two cranes work together to lift and place
a single workpiece as shown in Fig. 1, plays an important role
in situations where single massive crane cannot be utilized
for a variety of reasons including cost considerations, ground
conditions insufficient to support the weight of a single large
crane, and limited space issues that make access or maneu-
vering difficult [1], [2], [6], [11], [12]. The dual crane system
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also has the added benefit of reducing the yaw swing motion
of the workpiece, since there are two anchor points at each
end to hold the workpiece.

However, in the case of a double crane lifting operation,
the difficulty level for the operator rises dramatically due
to the increased complexity of the system [3]. Since two
cranes are moving a single object, two operators, one on each
crane, need to be precisely synchronized with each other.
Throughout the lifting process, the two cranes must move
in harmony to ensure that no collisions occur and that the
dual crane system remains stable without turnover. In general,
the person working inside the crane has limited visual infor-
mation about the work environment, so collaboration with at
least three people including an observer outside the crane is
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FIGURE 1. Operational environment and kinematics of dual crane
cooperative system.

needed. Achieving such complex and synchronized operation
manually requires highly skilled workers and well-developed
path planning.

Due to the complexity of double crane lifting operations,
manual planning of these transfers is often insufficient to
ensure safety, precision, and efficiency, making automated
path planning an essential requirement. Automated path gen-
eration minimizes the risk of human error, which can lead to
collision accidents and equipment damage. By simulating and
validating generated crane movements, the likelihood of acci-
dents during dual crane lifting operations can be significantly
reduced. In addition, generated crane operation path allows
even less experienced crane operators to perform complex
dual crane lifting tasks safely and efficiently by providing
motion guidance on monitor. Finally, as more industrial and
construction sites attempt to automate a variety of tasks to
reduce labor costs and improve safety and productivity, auto-
mated path planning is a fundamental technology that should
be at the forefront.

Prior research efforts have predominantly focused on auto-
mated path planning for single cranes. In these studies,
various methodologies, including heuristic search meth-
ods [4], bidirectional expanding trees [5], probabilistic road
maps (PRM) [6], A* search algorithms [7], rapidly-exploring
random trees (RRT) [8] and genetic algorithm [9] have been
explored to address single crane lifting path generation.

In contrast to the extensive research on single cranes,
studies addressing automated path planning for dual crane
cooperative lift operations have been relatively limited.
In fact, generating paths for dual crane scenarios presents a
significantly more complex and challenging problem com-
pared to single crane scenarios [3].

First, dual crane cooperative lifting systems introduce a
twofold increase in the degree of freedom (DOF) when
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compared to single crane systems. This expanded DOF sig-
nificantly broadens the solution space that algorithms must
explore. (In general, this solution space is referred to as
the configuration space (C-space) because the path of the
crane is represented by the successive configurations of the
crane.) As a result, even when applying similar algorithms,
the computational time and efficiency tend to rapidly increase
in dual crane scenarios.

Second, collision avoidance is another major challenge
in dual crane lifting operations. Given the limited space
on construction sites, there is a much higher chance of
crane-to-crane, crane-to-workpiece, crane-to-obstacle, and
workpiece-to-obstacle collisions. Dual cranes are often used
to lift very long or exceptionally heavy objects through lim-
ited space, which inherently increases the risk of accidents.
Moreover, the dual crane system lifts a single load leading
to the formation of a closed chain between the two cranes.
This chain is determined by the kinematic equilibrium of the
cables and the load, causing extra consideration for modeling
for collision check.

Furthermore, the additional horizontal load due to the tilt of
the hoist cable on this chain can potentially affect the stability
of the crane, causing a turnover in the worst case. Therefore,
additional constraints on the tilt of the hoist cable and the
lifting object must be considered to exclude this possibility.

Early work on finding paths for dual cranes sug-
gested applying hill climbing and A* algorithms [10]. The
hill-climbing approach could cause the cranes to become
stuck in local minima, preventing suitable paths from being
obtained. Moreover, the computational time of the A*
algorithm dramatically increases as the environmental com-
plexity increase. To overcome these limitations, genetic
algorithms have been used to propose methods to find and
optimize candidate paths in the configuration space (C-space)
[11]. This approach represented a significant improvement
over the previous method. However, it still requires sub-
stantial computational resources, resulting in long processing
times and inefficiency. Later research proposed a two-step
algorithm for both single and double cranes that finds the
crane boom’s posture path based on probabilistic road maps
(PRM) and then find the hoist cable length trajectory [6].
In the above three studies, the kinematics of the crane is
simplified by fixing the tilting angles of the hoisting cable
and lifting objects to 0 degrees. This oversimplification of the
modeling is not representative of real-world scenarios where
tilting inevitably occurs during many lifting operations. These
excessive constraints on the cable and object angles reduce
the overall system’s DOF and finding paths in this reduced
space is one of the reasons why lower computational load or
time have been able to achieve in previous research. In their
most recent study, parallel genetic algorithm-based path gen-
eration considering the hoist tilting angle and kinematic chain
was proposed [12]. In this study, parallel computing using
GPUs was utilized to handle the large amount of computa-
tion required for path generation. Moreover, relatively simple
scenarios were considered to verify this algorithm.
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The reason why finding a dual crane lifting path requires
a large computational load is not only because of the high
DOF of C-space, but also collision avoidance between dual
crane system and the construction site, and the tilt constraints
of the hoist cable and the lifting object, which significantly
reduce the effective area of the solution space and make it
difficult to find a feasible path. It becomes more challenging
if the construction site is complex with many obstacles, or if
the cranes are restricted in their placement due to space
constraints.

One of the typical difficult lifting problems in real-world
construction site is when the length of the lifting object is
similar to or greater than the distance between two cranes,
and the object must be transported by passing between them.
In this case, it is only possible to pass between the two cranes
through a specific twisting maneuver. From the perspective
of automatic path generation, it is very difficult to find a path
in C-space because the space belonging to the initial con-
figuration and the space belonging to the final configuration
are only connected by a very narrow space (corresponding to
a specific maneuver). To define lifting cases that find paths
through these kinds of narrow spaces, this paper will use the
term ‘narrow path finding’ scenario.

In this paper, we propose an algorithm that can generate
appropriate dual crane cooperative lifting paths in various
scenarios, including the challenging narrow path finding case,
which has not been considered in the previous research. The
proposed algorithm utilizes the Multiple RRT method con-
sidering the characteristics of dual crane system to generate
lifting paths with optimality and computational efficiency in
high dimensional and low connectivity C-space.

In section II, a base problem formulation is provided to
describe the problem definition, dual crane modeling, and the
feasibility check for a given configuration of a dual crane.
In section III, we describe the proposed multiple RRT-based
path planning algorithm in detail. In section IV, the perfor-
mance of the suggested methodology is validated through
case studies involving various scenarios. Finally, in section V,
the summary of this paper is provided, and directions for
future research are outlined.

Il. PROBLEM FORMULATION

In this section, the modeling of the dual crane system which
serves as the foundation for automated path generation and
collision detection is describe. Afterward, we will explain
how to solve the hoist cables-object suspension problem
that arises during the modeling process. Furthermore, it also
explains the feasibility check process to verify whether the
candidate configuration of the dual crane is a valid or not.

A. DUAL CRANE SYSTEM MODELING

In this study, it is assumed that the scenario of lifting girders
on a pier or abutment for the construction of a bridge is the
operational environment of a dual crane system as shown
in Fig. 1.
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Each crane has 3 degrees of freedom, as illustrated
in Fig. 1: the swing angle (6;), luffing angle (¢;), and hoist
length (1 ;).

Basically, the length of the boom, /; is adjustable. How-
ever, once the workpiece is connected and the load is
applied, the length of the boom remains fixed throughout the
operation.

The basic information given for automatic path planning
is the initial configuration where the girder is connected to
the crane, the final configuration at the girder’s destination,
the boom length, the operation range for each crane, and the
location and size of obstacles within the worksite in the form
of boxes. i-th obstacles are defined using the coordinate of
the two opposite endpoints of the box as follows

Obstable; = (x1,y1, 21, X2, ¥2, 22); (n

There are various shapes and sizes of obstacles in con-
struction sites, but even with complex shapes, it is necessary
to maintain a sufficient distance from the obstacle during
transportation to ensure collision avoidance. Therefore, it can
be modeled as a box with a sufficient margin from the actual
obstacle for path generation.

Additionally, the construction site is assumed to be static,
meaning there is no change in the obstacles while the dual
cranes are working.

As mentioned above, because the length of the boom
is fixed during the work process, so each crane maintains
a 3-degree-of-freedom system during operation. Therefore,
the generated paths will occur in a 6 DOFs configuration
space (C-space). The dual crane’s path, denoted as Pathgyq,
can be represented as a set of 6-DOF configurations C; as
follows.

Ci= (01,91, ln.1. 62, 92, n2),; € Pathguar, i=1,2,...n
(2)

Here, C1, and C,, represent the initial and final configura-
tions, and C; is the next configuration after C;.

B. SOLVE SUSPENSION PROBLEM

To simulate crane operations, and verify collision occur-
rences, it is necessary to solve the suspension system problem
created by closed chain of two hoist cables and the lifting
target. Due to this suspension system, even though the crane’s
6-DOFs configuration is determined, an additional 2- DOFs
that represent the inclinations of each hoist cable need to be
considered in the dual crane model. Furthermore, the lifting
object also has a 3-DOFs in position and 2-DOFs in inclina-
tion as it is suspended in the air. This suspension system is
unique to dual crane systems and does not occur with single
crane that does not form a closed chain.

These additional degrees of freedom introduced by the
hoist cable and lifting object inclination are uniquely deter-
mined by kinematic constraints and equilibrium conditions
for given a crane configuration. To address the suspension
subsystem, we utilize some physical insights.
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FIGURE 2. Suspension subsystem in dual crane system.

The first insight is that once the configuration of the dual
crane is determined and the suspension system reaches an
equilibrium state, the hoist cables and the center of gravity of
the lifting object will lie in a vertical plane encompassing the
boom ends of both cranes. Otherwise, the system will oscil-
late because of gravity. Therefore, the equilibrium position
of the suspension system can be analyzed in a 2D plane as
shown in Fig. 2.

In Fig. 2, A; and A; represent the boom ends, B and B,
represent the attach anchor between the cable and the object,
and the slope of the cable and the object on the plane is
defined as ¢y, ; (i= 1, 2, tilt angles between the hoist cable and
the z-axis across A;j) and @.p;(slope angle between the line
across the attach anchors and x-axis across By), respectively.
The length of the hoist cable and the distance between the
attach anchor are denoted by I, 1, I5,2, and l,p;, respectively.

The lifting object is assumed to be a long and constant
material object such as a girder used for bridge construction,
and the location of the attach anchor is also assumed to be
installed at both ends of the girder. Additionally, since the
material of the object is assumed to be uniform, the center of
mass O is located in the middle of the girder, as shown in the
Fig. 2. Finally, the tension on each cable is represented by the
F1 and F; vectors, respectively.

The three factors that determine the final state of a closed
chain structure are 1) the geometric closed chain, 2) the equi-
librium of forces, and 3) the equilibrium of torques. These are
represented by the following equations.

xt + In,1sin (@n,1) + lobj €08 (9or) + iz sin (¢p2) = x2

3)

21 — In1 €08 (@n,1) + lopj sin (@opj) + In2 cos (gn2) = 22
)
Fi|cos (on1) + ‘17"2) cos (¢n2) = mg )
Fy|sin (on1) = F|sin (¢n.2) (6)
7X1?'1—7’XI?'2=O (7)

In the equation above, m is the weight of the girder, g is the
gravity vector, and T is the position vectors of B relative to
the O.
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1: Pr1 = —Phrmax Phjint* Phmax
2: for all ¢, ; do
3 calculate @, , (i) from @y 4 (i)
4:  calculate position of O(i) from @y, , (i), @p 1 (i)
5: end for
6: if O(i) is local minimum
7: return @p 5 (1), @p2 (D), @op; (D)
8: elseif O has no local minimum
9: return no feasible config.
10: end if

FIGURE 3. Pseudo-code for finding equilibrium state of suspension
system.

Since the number of unknown variables in (3)-(7)
(©n,1, ©n,2, Pobjs ‘Fl‘ , ‘F2)) is the same as the number of

equations, we can determine the value of each variable by
solving this system of equations. However, due to the highly
nonlinear characteristics of these equations, it is difficult to
obtain an analytic solution. While numerical methods such
as using the GNU Scientific Library [26] can be used to
find solutions, a simpler approach is used in this study by
taking advantage of the limited tilting range of the hoist
cable and the following physical insight: among the many
possible solutions of the suspension system, the equilibrium
state occurs when the center of gravity of the girder is at its
lowest point.

This method involves dividing ¢y, | into sufficiently small
resolution intervals within the maximum allowable range
[—@n.maxPh.max], for each case, determining ¢p 2 and the
position of the center of gravity O using (3) and (4). Then,
it checks whether the position of O has a local minimum
within this range. If there is a local minimum, then (¢p, 1, ¢r,2)
in that case is the equilibrium point. If there is no local
minimum, the given configuration is invalid because there are
no equilibrium points within the allowable range for ¢j, 1. The
pseudo-code to find the equilibrium state of the suspension
system and the formula to determine ¢j > when ¢p, | is given
are presented in Fig. 3 and Appendix, respectively.

C. FEASIBILITY CHECK OF THE DUAL CRANE
CONFIGURATION

Once the dual crane system, including the suspension sub-
system, is determined from the given crane configuration,
it becomes possible to determine whether this configuration
is feasible to satisfy the given constraints. For a candidate
configuration C to be feasible, it must satisfy the following
three conditions:

1) Is each argument of C within the lower and upper bounds
for each crane?

2) Is the distance between the boom ends not too far to
realize a suspension subsystem? Additionally, is the hoist
cable tilt angle of each crane within a range that does not
compromise the stability of the dual crane system?
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1: Solve suspension problem for C
2: if C is not within upper & lower bound
3: C is not feasible
4. elseif (distance between A; and A,)
>(lp1 + 2 + loby)
5: C is not feasible
6: elseif (@1 > Prmax) O (Pn2 > Primax)

or (Yobj > Pobjmax)
7: C is not feasible
8: elseif any collisions occur
9: C is not feasible
10: else
11: C is feasible
12: endif

FIGURE 4. Pseudo-code for feasibility check for configuration C.

3) Does any element of the dual crane system collide with
each other or with obstacles?

For a given candidate configuration, it is verified in the
order from 1) to 3), and if any of the conditions are not
satisfied in the middle, the verification process is stopped and
the configuration is determined to be infeasible. Fig. 4 shows
a pseudo code of how feasibility check works.

In the first constraint, the lower bound C,,;, and upper
bound C,,,, are determined by the specification of the crane
and may have different limits in the case that the types of the
two cranes are different. The range of the luff angle depends
on the load weight on the hoist cable and boom length.

In the second step, two verifications are performed. First,
the boom ends are checked to determine whether distance
between them are too far apart such that it is greater than
the combined length of the hoist cables and the lifting object.
If this condition is met, the configuration is infeasible. Next,
the calculated tilting angle of the hoist cables (¢ 1, ¢5,2) and
lifting object (¢,4;) at the equilibrium condition are verified to
determine whether they are less than the specified thresholds,
@h,max and @opj max- Setting appropriate thresholds, ¢p max,
and @opj,max, is critical for the efficiency and stability of
path generation. Insufficient or overly loose constraints may
result in an excessive lateral force and moment loads on the
dual crane system, potentially leading to turnover accidents.
On the other hand, overly conservative constraints also make
it difficult to find a solution. Additionally, since swing motion
can occur while implementing the path generated for a dual
crane system, it is advisable to set a slightly conservative
threshold, especially for @ mqx. Since the range of ¢p 1 is
already verified during the process of solving the suspen-
sion subsystem, we only need to verify the calculated ¢, 2
and @op;.

In the final step, the collision check is performed for all
combinations of each crane’s boom, lifting object, hoist cable,
and obstacles to ensure that no collisions occur. Robotics
system toolbox from the MATLAB was utilized to implement
the dual crane system and perform collision verification.
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1: do while PATH not found

2: NEW _NODE generate
3: find NEAREST NODE
4. collision check

4: if no collision

5: connect to TREE

6: end if

7: end do

FIGURE 5. Pseudo-code of RRT algorithm.

The task of dual crane path planning is to find the optimal
path Pathj , connecting the initial and final configurations
without collision based on the crane model and problem
foundation given above.

ill. PROPOSED METHOD

A. MULTIPLE RRT METHOD

RRT and PRM are two representative types of sampling-based
path planning algorithms commonly used in robotics for
motion and path planning when obstacles are present.

Regarding PRM, a roadmap is constructed by randomly
sampling the nodes across the entire C-space and connecting
all feasible nodes and feasible edges between them. Then,
this roadmap is utilized to explore all possible paths from the
starting point to the goal, and finally, the path with the lowest
cost is selected [13], [14].

The preprocess of sampling all C-space in the PRM is not
well suited to the dual-crane lifting path problem because
in the high-dimensional dual-crane C-space of 6DOF, the
number of samples that need to be generated and validated
becomes too large. In addition, in a narrow path finding sce-
nario, an exhaustive search method that generates a roadmap
for this entire space is inefficient.

On the other hand, the RRT algorithm is suitable for
finding paths in higher-dimensional and more complex envi-
ronments. Fig. 5 shows a pseudo code of how basic RRT
works [19]. RRT operates by randomly sampling new nodes
within the C-space and checking the connectivity of this
newly generated node with the existing tree. This process is
repeated to expand the tree until it reaches the end point from
the start point.

The main advantages of RRT over PRM for finding dual
crane cooperative path planning in high DOF C-space is that it
does not require preprocessing of the environment [15], [16],
[17], [18]. Another advantage is that there is fewer parameters
to be tuned for achieving desired performance, in contrast to
PRM, where tuning the parameter that indicates how much to
sample in C-space has a significant impact on the efficiency
and performance of the algorithm.

However, the basic RRT algorithm still exhibits limited
efficiency in finding paths quickly in complex environ-
ments [19]. In particular, for the ‘narrow path finding’ case,
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1: load Scenario_info

2: do while PATH not found

3: do while NEW_NODE is feasible

4: NEW_NODE generate

5: end do

6: for each TREE do

7: find NEAREST NODE

8: find NEAREST EGDE

9: if (distance to NEAREST NODE

> distance to NEAREST EDGE)

10: try to connect to NEAREST NODE
11: else
12: try to connect to NEAREST EDGE
13: end if
14: end for
15: if connect to more than 2 TREEs
16: merge all TREEs connected to NEW_NODE
17: elseif connect to no TREE
18: create NEW_TREE from NEW_NODE
19: end if
20: end do

21: for i=1 : Ngmootn do
22: smooth the PATH
23: end for

FIGURE 6. Pseudo-code for Main Function of multiple RRT based dual
crane path planning algorithm.

when extending a single tree from the starting node, nodes
generated in spaces separated from the starting node and only
connected by narrow doors are often discarded because they
have a low probability of being connected to the tree. This
results in a very slow expansion rate.

The multiple RRT method overcomes these limitations of
basic RRT and provides an efficient way to find paths in
environments with high complexity and DOF [19]. Multiple
RRT is implemented through a simple but effective strategy
that allows new trees to be created and grown whenever
newly generated node that cannot be connected to an existing
tree occurs. Multiple RRT allows multiple trees to grow in
separate spaces. As each tree grows in its respective space and
eventually generates connection points, it efficiently creates a
path from the starting node to the final node. Therefore, these
characteristics of multiple RRT make it an efficient method
for dual crane path planning.

B. MULTIPLE RRT-BASED DUAL CRANE PATH PLANNING
The pseudo-code of the proposed multiple RRT-based dual
crane cooperative lifting path planning algorithm is shown
in Fig. 6.

The proposed path planning algorithm, summarized by the
pseudocode above, is not only an adaptation of the multiple
RRT method proposed in previous research to the dual crane
system but also integrates two ideas to improve performance.
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FIGURE 7. Schematic of new node connection algorithm.

Pathgyar
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Cstart space
Cénd
‘ if AB is feasible

Pathdual

Obstacle
space

FIGURE 8. Working principle of the smoothing algorithm.

A

Cstart
Cend

The first idea is that when newly generated nodes perform a
connectivity check on each tree, they not only try to connect to
the nearest node but also check the possibility of connecting
to the nearest edge. It connects to the closest node or the
closest edge, whichever is closer. This approach not only
increases the likelihood that the connection will succeed but
also allows the tree to expand more optimally in C-space.
Here, a more optimal tree means that the path created between
two nodes is shorter in C-space. This concept is illustrated
schematically in Fig. 7 for a 2-DOF space.

The second idea is to improve the optimality of paths
generated by multiple-RRT. Typically, paths generated by
RRT may not take the shortest route in the C-space, resulting
in generating suboptimal path. This characteristic of RRT led
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to the development of an improved algorithm called RRT*
which aims to make the tree more optimal by modifying tree
at each iteration by minimizing the lengths from the start node
to each endpoint of the tree [20], [21]. However, modifying
the tree for every iteration is inefficient because it constantly
consumes computation [22]. In addition, in the case of mul-
tiple RRT, this approach of RRT* cannot be applied because
some trees do not contain starting and final nodes. Therefore,
to ensure the optimality of the generated path, a smoothing
algorithm is added after the path is once generated from
multiple RRT method. The smoothing algorithm works by
selecting two edges from the generated path, randomly select-
ing two nodes in the middle of each edge, and replacing the
original suboptimal path between the two nodes with a direct
path in C-space when the configurations between the two
nodes becomes feasible. By repeating the same operation as
many times as necessary, it is possible to optimally change
the generated dual crane path. The schematic principle of the
smoothing algorithm can be seen in Fig. 8.

In the remainder of this section, we describe in detail how
multiple RRTs and the ideas described above are applied to
the dual crane lifting path planning algorithm.

The initialization (Line 1 in Fig. 6) of the Multiple RRT
based path generation algorithm starts with loading informa-
tion about the operation scenario. The scenario information
includes the location of each crane base and boom length,
initial configuration Cg,y, final configuration Cepq, length of
boom length I ;, length of lifting object /,p;, lower and upper
range of the operation Cpin, Cimax, and location and size of
the obstacle Obstacle;.

Once basic information regarding the dual crane operation
is obtained, two trees, each containing a start node and an end
node each, are generated.

Tree; is defined as a set of edges Ej ;, as shown in the
following Equation.

Epj€Treei(i=1,2,...nyee, k =1,2,.. . Reggej)  (8)

i is an index number to distinguish each tree and is given
according to the order in which the trees were created. Sim-
ilarly, each Ej ; belonging to Tree; has an index number k
and is given according to the order in which the edges were
connected. The total number of trees and the total number of
edges in each tree are defined by ny,. and negge ;.

Ey ; consists of a pair of nodes C and the number npgen,
which is index of edge containing the parent node of C,
as shown below.

Eri= (Cv nparent)k’i )

The parent node specifies the node to which the new node
is attached when it is added to the tree. If the 7th edge added
to Tree; is given as E1 7 = (C, 3)1’7, it means that the node
(C);,7 belonging to E 7 is connected to (C); 3 belonging
to E7 3. The first node that forms each tree has no parent node.
Thus, nparen; 1s set to 0. The relationship between parent and
son nodes is also shown by the arrows in Fig. 7.
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Tree; and Tree; can be created with the start node and final
node as follows.

Tre61 = {(Csmrle 0)1,1 (10)
Treez = {(Cend, 0)1 2 (1D

After initialization process, including loading scenario infor-
mation and generating initial trees, are completed, iteration
for path generation begins. Each iteration consists of 1) New
node generation, 2) Finding Nearest node & Edge of each
Tree, 3) Connect to Trees, 4) Combine Trees, and 5) Check
for complete path.

The first step (Line 3-5 in Fig. 6) of the iteration is
the generation of a new node C,,,. The swing angle and
boom angle of the new node Cyey are randomly generated
between Cyi, and C,q. The hoist length is randomly gen-
erated between Cp;, and the height of the boom end which
is determined by the boom length and boom angle for each
crane as shown below.

Coew = (01, @1, In1, 62, 92, In.2) ., (12)
O new = Bi.min + (ei,max - ei,min) x rand (0, 1) (13)
(@i new = Pi,min + ((pi,max - (pi,min) * rand (0, 1) (14)
l;,i,max = min (lh,i,ma)m lboom,i * COS ((‘pi)new)) (15)

Ini = nismin + (I i max — Inimin) * rand (0, 1)~ (16)

where, rand (0, 1) is a uniformly distributed random number
generated between 0 and 1.

The generated Cpeyw is verified by the feasibility check
algorithm presented in III-C to ensure that it is a valid config-
uration. If it passes the feasibility check, the algorithm goes
to the next step with Cpey; if it fails, a new Cyey, is randomly
generated and repeated until a valid configuration is obtained.

The second step (Line 6-8 in Fig. 6) is to find the closest
node and edge to all the trees that have been created thus for.
For each Tree;, the distance in C-space between each node
(C);x of Tree; and Cpew is computed in order and find the
node with the shortest distance. the order index k and the
distance from C,,,,, for the nearest node in the Tree; are stored
in Npeqr,i and d2n,,, ;, respectively. (Refer to Fig. 7).

Additionally, we need to find the nearest edge from Tree;
using the distance from C,,,, to E; x, which can be calculated
by the distance from Cp,,, to the perpendicular foot Cg ; &
on Edge E; ;. The relationship between Cey, Ca ik, Ei x and
distance d2e; ; can be seen in Fig. 7. After distance from C,,,
to each edge is calculated, the order index k of the nearest
edge in the Tree; is stored in E,.,, ;, and the distance is stored
in d2eyeq4r ;. If the perpendicular foot Cpg ;  is out of range
of the edge E; ; and is on the extension line of edge, it is an
invalid case. In this case, infinity value is assigned to d2eeqr i
for the edge not to be considered as an option when C,,,
attempts to connect to Tree; in next step. The formula to find
the distance d2e; ; between Cyey and the perpendicular foot
Cp «.i on Edge E; ¢ is as follows.

- - —_— -
Ch i = (Chi + Eik (Evs - (©hix Coew) / ||
an
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Ei’k = (C)<(l’lparem)i,kxj) N (C)i‘k (18)

e e—
(C)i,k Ciew = Chew — (C)i,k (19)
d2e; = |Cpew — Chik| (20)

where, Ei) k 18 vector notation of E; ; in C-space.

As a third step (Line 9-13 in Fig. 6), for each tree, C,,,,
attempts to connect to the nearest node or the nearest edge.
If the distance to the nearest node is shorter (d2nyeqr; <
d2e,eqr,i), it must be verified that Cyew, and nearest node
(©)i N, can be connected as a new edge. The feasibility of
connectiﬁg an edge is determined by performing a feasibility
check on each Cjyerp,m generated by interpolating Cp,,, and
(©)i,Nyeq; With the desired number of steps.

Cinterp,m = Cpew + ((C)Nnea,,j,j - Cnew) * m/nimerp»
m=0,1,2,... Ninterp 2D

When an interpolated set of nodes Ciperp,m is generated to
verify the availability of edge between two nodes, number
of interpolation steps Ninterp iS determined by dividing the
average travel distance that occurs at each hoist anchor on
the girder (B; and B, in Fig. 2) by the standard step length
dstep- This set of nodes Ciyerp,m 18 used to check whether
collision occurs during the continuous transport between the
configuration nodes.

dstep is a parameter that determines how tightly the edge
verification is performed in C-space. If dgep is too large,
it may not detect collisions that may occur even if all Cjyrerp, m
are feasible, and if it is too small, the computation time will
increase. The appropriate value for dgep can be determined
by simulating with Cipterp,m to see if the path between two
nodes can be validated with enough density to avoid missing
possible collisions.

If any of the Ciyerp,m do not satisfy feasibility during the
validation process, then C,, cannot connect to the nearest
node of Tree;. If all Cprerp,m are valid, Cyey is added to Tree;
with following process:

Nedge,i < Nedge,i T+ 1 (22)
Tree; < Tree; U | (Coows Nucard),,,. .} 23)

If the distance to the nearest edge is smaller (d2npeq, ; >
d2e,eqr.i), the connection to the nearest edge is attempted.
To check the feasibility of connecting to the nearest edge,
Cinterp,m 18 also generated by interpolating Cpey to Cq jk
evenly using the dgep parameter, and all Ciyerp,m is passed
through the feasibility check process. If any of the Ciyrerp,m
is not feasible during the validation process, Cy, and the
nearest edge cannot be connected. If all Cjyerp,m are valid,
then Cy,,, and Tree; are connected as two new edges are added
to Tree; with following process:

Nedge,i <= Nedge,i + 1 24

Tree; < Tree; U [(CH,i,ky (nparenl)Enm” i)n ] (25)
b edge,i
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FIGURE 9. Schematic of tree combining algorithm.

Nedge,i <= Nedge,i + 1 (26)
Tree; < Tree; + {(CNEW, Nedge,i — l)nedge i} (27)

If Cy, fails to connect to both the closest node and the
closest edge (Line 17-18 in Fig. 6), it will add C,,,, as the
starting point of a new tree with following process:

Niree < Niree + 1 (28)
Treenm,e <~ {(CFZeW’ O)Vlrreesl} (29)

If Cjep is connected to more than one tree, it moves on to
the fourth step (Line 15-16 in Fig. 6), in which the trees are
combined. In this process, based on the tree with the smallest
index value, the remaining trees should be connected via Cj;,
to form a single, larger tree.

If the smallest indexed tree to which Cj,,, is connected is
called Tree, and the second smallest indexed tree is called
Tree,, then all the nodes in Tree, are added to Tree, and
the parent node number nparene is modified for the newly
combined nodes.

For the nodes included in the path from the first node
(C)qyl of Treey to Cpey, the direction of the parent and son
nodes should be reversed in the graph. For the remaining
nodes of Tree,, the same parent node relationship should be
maintained in the graph. Then, the change in the edge index
needs to be reflected as it is added to Treep. The schematic of
the combining tree sub-algorithm is summarized in Fig. 9.

The final step (Line 2 in Fig. 6) of the iteration is to
determine if a tree exists that contains both the start node,
Cs:arr and the end node C,,,4. If such a tree exists, the iteration
process terminates, and stores path from Cygr t0 Cepg in the
Pathgya by repeatedly finding the parent node from the Cepy.
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The path found in the above iteration process is a path
without collision in C-space, but the generated path is likely
to be a sub-optimal path with a jig-jagged shape that does not
go the shortest distance between two nodes. To improve this
feature, we add a postprocessing process called the smoothing
algorithm to the generated Pathgyy).

In the smoothing process (Line 21-23 in Fig. 6), first,
two edges belonging to the path are randomly selected. Then,
for each edge, we randomly select two points A and B on
the middle of each edge. Subsequently, a feasibility check
is performed on the edge between A and B. If the edge
between A and B is feasible, the original path between A
and B are discarded and replaced edge between A and B. The
schematic for the smoothing process is shown in the Fig. 8.
After repeating the smoothing process, a certain number of
times, you will finally get the final optimal path, Path} ;.

IV. CASE STUDY

To verify the performance of the proposed multiple RRT
based dual crane path planning algorithm, the algorithm was
applied to the 3 scenarios. Each scenario is selected to verify
that the proposed algorithm can work well in various cases
that may occur at construction sites. The base information of
each scenario can be found in Table 1.

The dual-crane system and generated path are simulated
using MATLAB’s Robotics system toolbox. Each crane is
simplified to a base, boom, and hoist cable, and each element
is modelled as a rectangular cylinder. A hoist cable is attached
to both ends of the girder, and the closed suspension system of
the hoist cable and girder is organized to maintain a kinematic
equilibrium condition. Finally, the Obstacle was implemented
in the form of a box, colored in orange. The simulation of
the initial configuration, final configuration and obstacles for
each scenario can be shown in Fig. 10.

In each scenario, the proposed algorithm was applied
30 times to generate 30 paths, and the results show that all
attempts generate a dual crane path that can move smoothly
from the Cgqyy to C,,g Without collision with obstacles. The
Fig. 11 shows a simulation of one of the paths generated in
each scenario.

Scenario 1 corresponds to the simplest scenario, where a
girder is lifted from the ground to its final position on a bridge
pier without obstacles. Scenario 2 adds two obstacles of
different heights from Scenario 1 and adjusts to have different
y-axis coordinates, with the goal of avoiding the obstacles and
lifting to a final position on the other side of the obstacle. The
path generation results in the Fig. 11(a) and (b) show that the
dual crane cooperative path is successfully generated with a
minimum travel distance without collision. Scenarios 1 and 2
are representative of the general case of dual crane lifting on
a construction site.

In Scenario 3, the length of the girder and the distance
between the two crane bases are set to be the same. Thus, it is
difficult for girder to pass between the two cranes and move to
the opposite side with normal maneuvers. Such cases can be
occurred on construction sites where space is very limited.
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TABLE 1. Base information for each scenario.

Input variables Scenario 1 Scenario 2 Scenario 3
Base location for [5,20,0], [5,22,0], [0,20,0],
crane i, [X, Y, Z]; [35,20,0], [35,17,0], [35,20,0],

Initial config., [-30,30,55, [=50, 25,50, [0,0,60,

Cstart 55,15,15] 45,15,14] 60,23,23]
Final config., Cepg || [—120,120,70] [-115,90,55, | [-130,130,65,
70,13,13] 75,11,13.5] 65,16,16]
Boom length, [}, ; lp1, 1, =20 lp1,lpo =20 lpi,lps =27
Girder length, l,p; 18 15 35
Obstacle; [15,19,0, [15,18,0, [9,2,0,
30,15, 6] 30,15, 5] 10,22,8]
[20,22,0, [47,2,0,
25,20,9] 48,22,8]
[15,26,0,
30,24, 6]
Cminv Cmax Cmin = [_180r Ov 1]v Cmax = [1801 80v lb]
Prmax» Pobjmax Phmax = 10deg , Pobj,max = 10deg
dstep: Nsmooth dstep = 1: Nsmooth = 20

In the Fig. 11(c), the generated path shows that it is only
possible to pass between the two cranes by twisting girder
with specific maneuver. Since this particular maneuver acts
as a very narrow door between the space containing the Cg
and the space containing the C,,q in C-space, scenario 3 can
be considered as a “‘narrow path finding” case. Thus, it is
verified that the proposed algorithm performs well in path
generation for both general case and the narrow path finding
case.

Fig. 12(a) shows the trees and Cy,,, in C-space at the last
iteration when path in Fig. 11(c) for Scenario 3 is generated.
This is also the moment just before the tree containing Cyygpr
and the tree containing C,,; are connected and combined
through C,,,, in C-space. To distinguish between different
trees, the tree is represented by different colors. Since the
C-space of a dual crane has 6 DOFs, it is impossible to
visualize it in three-dimensional space, so in Fig. 12, only the
configuration for Crane 1 is represented in three-dimensional
space to give an indirect observation of how path is gen-
erated in C-space. As shown in Fig. 12(a), it can be seen
that each tree has grown without being connected because
space containing Cgy,y and the space containing C,.,g are
separated from each other and only connected by a narrow
door. By repeating the iteration, trees are grown, created,
and merged until a C,,,, is created that can connect the trees
through this narrow door. Such C,,,, allows the trees to merge
into a single tree that contains both Cgy,s and C,,g4, forming
the path shown in the red line in Fig. 12(b).

As shown in Fig. 12(b), generated raw path has a zigzag
shape in C-space, and when simulating the generated path in
real space, it can be seen that the girder is transported with
a very inefficient movement. This suboptimal path increases
the overall travel distance, which in turn increases the time
required for the operation. Therefore, it is necessary to apply
a smoothing process so that this suboptimal path becomes
smoother and have a less travel distance.
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(a) Scenario 1

(¢) Scenario 3

FIGURE 10. Dual crane simulation for each operation scenario.

The black dash line and red thick line in Fig. 12(c) show
the path before and after applying the smoothing process,
respectively. The smoothing process improves the suboptimal
raw path (Pathgya) into more optimal path (Pathj ,)) that has
shorter travel distance in C-space. As shown in Fig. 11(c), the
final dual crane cooperative path shows that the girder can be
transported smoothly and safely.

Table 2. shows the computation time and number of itera-
tions required to generate a path using the proposed algorithm
for each scenario. Each result is an average of 100 path
generation results. The time taken to generate a path is fast
enough to be used to verify the safety of the operation or to
prepare for automated transfer, considering that crane opera-
tions normally take minutes to tens of minutes.

Comparing the computation cost between scenarios, it can
be seen that the computation time and iteration increases
as the scenario becomes more complex. With a simple
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(¢) Scenario 3

FIGURE 11. Simulation of path generated by the proposed algorithm.

environment like scenario 1, the path is completed in less
than 10 iterations, indicating that the proposed algorithm
efficiently generates paths in open C-space with a small num-
ber of iterations. For Scenario 2, which requires generating
a detour route with additional obstacles, the computational
cost was about twice that of Scenario 1, but still allowed to
generate the path in about 10 iterations.

Scenario 3 requires significantly more time and iterations
than Scenarios 1 and 2, indicating that the difficulty of path
generation is more challenging.

Most of the increase in computation time comes from the
iterations to generate raw paths with multiple RRTs. Since
smoothing process repeats with predetermined number of
times, Ngmooth, there is no significant difference in the time
required regardless of the complexity of the scenario. Divid-
ing the time spent on iterations by the number of iterations
gives us a time per iteration of 0.98 sec, 1.17 sec, and 1.26 sec

VOLUME 12, 2024



J.-C. Kim et al.: Automatic Dual Crane Cooperative Path Planning Based on Multiple RRT Algorithm

IEEE Access

N
o

Hoist Length

10

50

20 -100

Boom angle 0 250

200 -150

Swing angle

(a) Tree before combining

30 CSt(lT'f

Hoist Length

40
20

Boomangle o -250 ° Swing angle

(b) Tree after combining(black line) &
Path before smoothing(red line)

Hoist Length

50

-50

Boom angle 20 -150 Swing angle

(c) Path before(dash line) &
after smoothing(red line)

FIGURE 12. Simulation of path generated by the proposed algorithm.

for each scenario. The reason for the increase in time per
iteration is that the total number of nodes and trees increases
with each iteration, which increases the time required to
compute the nearest node and nearest edge of each tree.

In this study, the path generation algorithm was computed
in the MATLAB environment, and it is expected that the
computation time can be improved by using a lower level
language or an environment with higher computing power.

Lastly, we discuss the parameters dgtep, Dsmooth, and @p, max
that affect the quality and computation speed of the paths
generated by the proposed algorithm.

dstep determines how much the girder move in real space
when performing a feasibility check for validating an edge
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TABLE 2. Computational cost for path generation.

Scenario 1 | Scenario 2 | Scenario 3
Time for 5.22 1421 53.92
Average | iteration
computational -
time Time for 595 852 8.4
(sec) smoothing
Total 11.17 22.73 62.16
Average iteration number 53 12.1 429
TABLE 3. Computational time for different ¢y, ;4 value.
Dhmax Scenario 1 | Scenario 2 | Scenario 3
20 degree 10.59 17.47 48.92
10 degree 11.17 22.73 62.16
5 degree 20.53 38.37 150.48

between two configurations. Too small dgeep Wwill increase
computation time, and too large dgtep Will miss collisions that
may actually occur.

When setting dgep, you need to find and set the largest
value that does not miss collisions through simulation. and
size information such as boom and girder thickness of the
actual crane. When setting dgep, it is necessary to find and
set the largest value that does not miss collisions through
simulation, and this value can be inferred from thickness of
the boom and girder of the actual crane. For example, if the
boom is 1 m thick and this is reflected in the simulation, it is
not necessary to set dsep t0 0.5, 0.1 m or less. If the same type
of crane and lifting object are used, once dgep is determined,
it does not need to be adjusted afterwards.

Ngmooth determines the number of iterations of the smooth-
ing process, so adjusting the parameter will change the
time required for the smoothing process proportionally. After
experiment in various scenarios, it was found that the setting
Ngmooth t0 20 is sufficient to improve the optimality of path.
If the generated final path does not have a smooth enough
shape in C-space or in real-space simulation, it is possible
to further improve the quality of the path by running the
smoothing algorithm as many times as desired.

For the third parameter, @p mqx, there are more things to
consider when setting an appropriate value compared to the
previous two parameters. Depending on the weight of the
lifting object and the boom length, the moments can be larger
for the same tilting angle of hoist cable, so it is necessary to
adjust the value of ¢p 4 depending on the scenario. Also,
as mentioned earlier, in actual operation, swing motion of the
suspension subsystem may occur during the transfer, which
may cause fluctuations in the moment acting on the crane.
Therefore, it is necessary to set the parameter values more
conservatively.

Too small value of ¢p 4 can lead to a rapid increase in
computation time for path generation. Table 3 shows the path
generation time for different values of @, 4y
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In Scenarios 1 and 2, loosening the constraint on @ max
from 10 to 20 degrees reduced the path time by about -
5% and -11.7% of the path generation time, respectively.
When ¢ max decreases from 10 degrees to 5 degrees, the
time taken increases significantly, about +84% and +112%,
respectively. The main reason for the increase in computation
time is that new nodes and new edges candidates should pass a
stricter feasibility check during the new node generation and
tree connection process. Regardless of the value of ¢ max,
the shape of the generated paths for scenario 1 and 2 are not
different.

Table 3 shows that ¢p ;4 has a larger impact on computa-
tion time for Scenario 3. When the constraints are tightened
from 10 degrees to 5 degrees, the time required increases by
142%, and when the constraints are loosened by 20 degrees,
the computation time decreases by -21%. As the constraints
on the @, qx became stricter, the generated paths became less
smooth, resulting in lower quality suboptimal paths. Since
adjusting the ¢, 4 condition corresponds to increasing or
decreasing the size of the door through which a narrow path
must be passed, the difficulty and computation time of path
generation are sensitive to the setting of @y, ynay. If constraint
on ¢y max becomes more tightened to limit within 1 degree,
the path is difficult to find, even after hundreds of iterations.
This is because, under the condition that ¢ . < ldegree,
it is very difficult to find the twisting behavior that inevitably
occurs to pass through the between cranes. From this result,
it can be expected that the path generation algorithms pro-
posed in previous studies that strictly restrict the tilting of the
hoist cable to 0 degrees will have difficulty in generating fea-
sible paths for narrow path finding cases such as scenario 3.

V. CONCLUSION

This study presents a novel multiple rapidly-exploring ran-
dom trees (RRT) based algorithm specifically designed for
dual crane systems, with a focus on addressing the challenges
of ‘narrow path finding’ scenarios. The narrow path finding
case is defined to represent the case where it is difficult to
generate a path in C-space due to avoiding all the constraints,
such as when the construction site is too complex with many
obstacles or when there are restrictions on the placement of
cranes due to space constraints. The objective is an algorithm
that efficiently generates appropriate paths in the general
case, including narrow path finding. Proposed path planning
algorithm not only adapts the multiple RRT method to dual
crane systems but also incorporates strategies to enhance
path optimality while reducing computational time. The step-
by-step implementation of the proposed algorithm has also
been described in detail. The effectiveness of our algorithm
has been validated through 3 distinct scenarios. Results from
these scenarios demonstrate that the proposed algorithm con-
sistently generates smooth and collision-free paths within
a reasonable number of iterations. A better understanding
of the proposed algorithm was provided by demonstrating
the process of tree growth, connectivity, and path smoothing
within C-space. The study also provides guidelines for setting
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key parameters that have a significant impact on the perfor-
mance of the algorithm. Further research is needed to improve
the computational efficiency of the proposed algorithm with
respect to collision detection algorithm and new node genera-
tion process. We will also study how to utilize the existing tree
to generate adjusted path in real-time when unexpected obsta-
cles are encountered along the path during operation. The
proposed research will be further developed in the direction
of integration with an automated transfer dual crane system.

APPENDIX

SOLVE THE KINEMATIC CHAIN OF SUSPENSION
PROBLEM

Given X1, 21, X2, 22, In,1, In,2, lobj, on,1 in Fig. 2, we will
use (3) and (4) to find ¢, 2. After organizing the (3) and (4) for
cos (@obj) and sin (¢,p;) and squaring and adding two equa-
tions to remove the term ¢, we can obtain new equation for
sin(¢gy,2) and cos(gp,2) as shown below.

Asin ((ph’z) + Bcos (goh,z) +C

=0 (A1)
A =21 —x2)Ip2+ 2y 1152 sin (@p 1) (A2)
B=2(z1 —22) In2 — 2In,1lp,2 cos (¢n1) (A3)

C=(x — x2)2 + (z1 — 22)2 + l}%,] + l}%,Z
+2(x1 —x2) Ip,1 sin(@p1) — 2 (z1 — 22) In.1 cos (@n.1)
(A4)

In (A1), after flipping Bcos (gﬁh,z) to the other side, and then
squaring both sides, we get the formula for sin ((ph,z) as
follow.

(42 = B2) sin® (g1.2) +24Csin (p1,2) + (C* = B?) =0
(AS)

Solving the quadratic equation for sin (</)h,2) with the
quadratic formula and applying the sin~' (-) function will
provide the value of ¢y . If the result of solving quadratic
equation is a complex number or not in the range [—1, 1],
then there is no valid value of ¢, » for that root.
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