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Abstract

In this paper it is shown a practical method with lets

evaluate the full set of crane configurations that pro-
duce collisions between the construction environment
and the crane and its load. The method is based on
a sound mathematical formalism so the feasibility of
the results is guaranteed. Moreover, a suitable appli-
cation of the formalism is performed in this work by

means of choosing a suitable coordinate functions, in

the workspace , as well as in the configuration space. It
leads to the fact that the obstacle representation in the

crane configuration space could be seen as a convolu-
tion of two functions that describe the crane -robot and
the obstacles respectively. Additionally, the computa-
tional load is independent of the shape and number of
obstacles and of the robot shape. The algorithmic tool
that has been used is FFT (Fast Fourier Transform),
since it eases the parallel implementation of the result-
ing algorithms reducing significantly the computational
load, so the computational time is highly optimized.

1 Introduction
A towercrane is an invaluable tool in the construc-

tion field as it performs the manipulation of heavy
loads, doing this in a little amount of time, if we com-
pare it with the effort and waste of time that workers
would have to make. These characteristics contribute
to improve work conditions and quality of buildings
and to decrease costs. For that reason concerted ef-
forts have been made with regard to design and man-
ufacture of towercranes with better mechanical prop-
erties. These efforts have been traditionally focused
into two objectives: to increase both the lifting ca-
pacity and the accessibility of the load to be manip-
ulated. Nevertheless, few efforts have been centred
in automating the operations of transport of materi-
als, notwithstanding the advantages that this would
report. In this sense it is necessary to emphasise the
security, in terms of damages to the constructed ele-
ments, and the optimisation of the transport opera-
tions.

From the point of view of Robotic, a towercrane can
be associated with a robotic manipulator with a cylin-

drical cinematic structure, with a control of the teleop-

erator type and making operations of pick-and-place.

The evolution of Robotic in other scopes and tasks has

provided to manipulation more powerful strategies of
control, incorporating a greater degree of intelligence.
In this context the advances in the planning and gen-
eration of sequences of free collision movements are
specially remarkable. This problem can be solved ei-
ther in the workspace or in the configuration space
(C-space), where the position and the orientation of
the robot are characterised with only one point. In it
each coordinate represents a degree of freedom in the
position or the orientation of the robot. This idea of
reducing the robot to a point in an appropriate space
was introduced by Udupa [6], although the term space

of the configurations had still not been used . Later,
Lozano-Perez [10] adopted the notion of space of the

configurations of the Mechanics and popularised it in
the path planning. Lozano-Perez [11] proposes to di-
vide this task in two stages:

1. to calculate the set of safe configurations , denom-

inated findspace,

2. to calculate a sequence of configurations from the
set of safe ones, denominated findpath.

The work that appears in this article takes care fun-
damentally of the first stage. This approach, applied
to the problem of transporting heavy objects with a
towercrane, would suppose to find the set of positions
and orientations of the towercrane that produced colli-
sions with the present objects and constructions in the
workspace. The results generated in this stage would
be used later by a planner, which would calculate the
sequence of movements to go from the origin and to
the goal without collisions with the hook nor with the
cable.

Most of methods that explicitly evaluate C-space
[12] [13] [14] [2] consider either a polygonal or poly-
hedral mobile object in a workspace, either R2 or R3,
in the presence of polygonal or polyhedral obstacles.
But only a few of them [13] [14] [12] are concerned
with the study of articulated manipulators. In any
case, the computational time, associated to the ob-
stacle projection from the workspace to the C-space,
depends on the number of vertices of each obstacle
and also of the robot shape.

In [2] the obstacle representation in the C-space
was carried out by means of the convolution of an
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obstacle and a mobile robot. This idea is implicitly
considered in [11], where for a mobile robot A, a ob-
stacle in the C-space due to B (C-obstacle) is defined
as COA(B) {x E CspaceA/(A)x fl B 0 0}. In [7] is
stated that this operation can be seen as the convolu-
tion of .4 with B. Later, [8] shows, through the Convo-
lution Theorem, that this calculation is independent of
the complexity and shape of the robot and the obsta-
cles. This idea is the basis of the work presented in this
paper, that proposes a mathematical formalism for the
representation of the obstacles in C-space by means of
convolution of two different functions : one describing
the robot A and the other describing the obstacles, if
a proper coordinate system is chosen. This formalism
can be established for articulated manipulators with
two and three degrees of freedom in a workspace R2
or R3.

The algorithms for path planning that have been
developed in the last years, propose to work in discrete
C-spaces [1]. More concisely, a bitmap is used to repre-
sent the obstacles in C-space, reducing drastically the
computation time to detect collisions . The derivation
of the C-space bitmap can be done in two different
ways: either by discretizing the C-space once it has
been calculated analytically [9], or by direct compu-
tation of a discrete representation of the C-obstacle.
Kavraki [8] proposes the derivation of the C-space
bitmap as the convolution of the obstacle bitmap and
the robot bitmap in the workspace . In order to carry
out this convolution efficiently, Fast Fourier Transform
is used . This technique provides bitmaps with higher
accuracy and it is independent of the obstacles number
and shape, and the robot shape [8]. It only depends
on the discretization resolution.

But in [8] only 2D mobile robots are studied. In
[3] [4] the proposed method is applied to 2D and 3D
mobile robot leading to the same conclusions as in [8],
and to a planar revolute manipulator. In both cases, it
is necessary to choose a propper coordinate system to
work with, considering the particular robot mechani-
cal structure and relating it with the particular degrees
of freedom. In this way the existence of the convolu-
tion between the robot and the obstacles, over one or
more coordinates, is guaranteed. In this paper it will
be shown that the formalism can be applied to tower-
cranes with quite succesful results. So, a fast. proce-
dure can be designed to obtain the set of free-collision
configurations for the crane. And this way the method
will be applicable to changing environments , which are
common situations at the construction world.

The remainder of this paper is organised as follows.
In section 2, the mentioned mathematical formalism
is proposed, where a function that allow to know
whether the robot at a given configuration collides (or
not) with the obstacles previously is defined. In the
section 3, the problem is stated in order to describe
the mechanical structure of the robot and to propose
the workspace and C-space parameterizations. Next,
section 4 shows that by choosing an adequate coor-
dinate system for the robot, the calculation for the

mentioned function is equivalent to the convolution of

the robot and the workspace over certain variables.

In section 5, a new algorithm for the C-space calcula-

tion, by using FFT, is proposed and implemented for
the crane. Finally, in section 6 and 7 the main results
and conclusions are presented.

2 Proposed Mathematical Formalism
In this section a new C-obstacle evaluation is pro-

posed as the integral of two functions product: one
that represents the robot and the other one that rep-
resents the obstacles in the workspace.

Let W and C be the workspace and configuration
space (C-space). The first function A that represents
the robot at the configuration q E C for each point
x E W is given by:

Definition 1 Let A(q) be the subset of W that rep-
resents the robot at the configuration q. The function
A: C x W -+ R is defined by:

A(4 x) 0 if x A(q) (1)

The second function B is asociated to the obstacles in
the workspace and it is given by the following:

Definition 2 Let B be the subset of W formed by the
obstacles . The function B : W -+ R is defined by:

i
B(x) - { 0 iff x O B (2)

13

By considering the previous definitions a new function
is proposed to compute the C-obstacles:

Definition 3 Let CB : C -> R be the function de-
fined by

CB(q) = fA(q,x)B(x)dx Vq E C (3)

The region CBf is defined as:

CBf = {q E C/CB(q) > 0}

As is stated at [5] this definition is equivalent to the
proposed by [9].

Theorem 1 Let CB = {q E C/A(q) fl B -X 0) the
definition of C-obstacles region that is given by /91.
Then it is verified that:

CB = CBf

From this result, it is straightforward that q E
Cfree q CB(q) = 0, where the Cfree is the set of
free-collision configurations.

So, in order to know whether the robot A at a given
configuration q collides with the obstacles or not it
is necessary to evaluate CB(q) and, furthermore, the
value of .4(q, x). Next, the formalism is going to be

applied to a construction towercrane and it is going

to be shown the appropiate choice of frame and co-
ordinate functions that lets get a fast procedure to
compute this function.
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3 Problem Statement

The towercrane's structure can he modeled as a

kinematic chain constituted by three rigid bodies (Ao,
A1i A2) with three degrees of freedom. The first dof

is associated with the rotation (01) of the jib (A1)

around the base A0. The second one is the displace-

ment (d2) along the jib and the last one is related to

the load vertical movement (d3). Both, the cable and

the load, constitute the third element (A2) and it de-

pends on the two displacements (d2 and d3). The base

does not have movement capabilities so it is no con-

sidered for a collision check. In the figure 1 the robot

elements and the manipulator dofs can be seen.

Figure 2; Suitable frames for the towercrane

Figure 1: Crane mechanical structure

As it is described in [5], the main goal is to choose
a set of proper frames and the suitable coordinate

functions. To be exact, a fixed frame (Fw) for the
workspace and three moving frames (FA, , FA2 and

FA,) for the links have been considered and they are

shown in figure 2.

A configuration for the robot is a specification for
the position and orientation of the frames (FA, , FA,
and FA,) in relation to Fly So, a configuration will
be parameterized by the 3-tuple (01i d2, d3) E [0, 2r] x
[0, L] x [0, H], where L is the length of jib and H is

the height of the crane.

As it will be shown, a very suitable coordinate func-

tions choice for the workspace W is the cilyndrical one

(r, cp, z). In this way, the variations of the dof Ai are re-

lated with the variations of coordinate (p and the same
relation is found with the pair d3 and z. With this re-

lationships, and using the formalism proposed at [5],

the evaluation of the function CB(q) = CB(01 i d2,(13)
can be performed applying the convolution theorem

as a result the computation time is reduced Bras-
ically. In the next section the procedure will be shown

i.: order to obtain the expression to be computed.

4 Formalism Application
The function B : W -> R, with the previous con-

siderations, will be given by:

B(r, p z) = J 1
if (r, (p , z) E B

ll 0 if (r,e,z)0B

By considering the mechanical manipulator structure,

the function A(61 i d2, d3, r, cp, z) can be decomposed

into two terms as follows:

A(0i i d2 , d3 , r, (t', z ) = Al (0i , r, p, z)

+ A2 (01, d2, d3 , r, p, z) (4)

In this way, the expression to evaluate , in order to ob-

tain the set of configurations that produces collisions

with obstacles, is:

CB (01,d2id3) _ f A(01,d2,d3,r, p, z)B(r,v,z)drd^pd--

The main problem is the evaluation of the function
.4 for each value of the configuration because it pro-
duces a very high computational load. Following the
formalism proposed at [5], the functional dependencies
for the A function can be reduced due to relationships
between the coordinates ((p, z) and the dofs (01,d3)-

So, it can be stated that:

A,(01,r,(p,z) = A1(0,r,(p - 01,z) (5)

A2(01,d2,d3,r',(P,z) = A2(0,d2,0,r',4^ - 01, z - d3)

In the following it will be denotated:

A1(o) (r, o - 01)6(z) = Ai (0, r,,p - 01, z)

A2(0,d2,o)(r,(p-81,z-d3) = A2(0, d2, Oil', (P-01, Z- d3)

So, using (4 and 5), CB(q) can be calculated by:

CB(01, d2, d3) = CB1(01) + CB2(61, d2, d3)

where

CBr = J A1(o)(r,,p - 01 )B(r, <p, 0)drd(p (6)



CB2 = J A2(o,d2 0) (r, yo - 01 i z - d3)B(r, g, z ) drdwdz

If the two functions convolution definition is consid-
ered the two previous expressions (6) can be written
as:

CB1(01) = f(A1(O) * B) , (r, 01, 0)dr (7)

CB2(01, d2, d3) = f (A2(o,d2.0) * B)(w,Z) (r, 01, d3)dr

where

A, (0) (r, 01 - go) = A, (o) (r, go - 01)

A2(o,d2,o) (r, 01- go, d3 - z) = A2(o,d2,o) (r, go - 01, z - d3)

The expression (7) is fundamental at the C-obstacle
computation. First, it has been reduced the computa-
tional load because it is only necessary to evaluate the
function A1(0) (r, go) (i.e at the configuration 01 = 0)
and the set of functions A2(o,d2,0) (r, o, z) (i.e for each
value of d2). Secondly, the convolution theorem can
be applied in order to perform the C-obstacle compu-
tation. So, the Fourier transform of the function CB
is:

.F [CB] = f .P[Al(o)(r,81)]1P .7[B (r',01,0)],, dr+

(8)

f -1 [A2(0,d2,a ) (r, 01, d3 )] (V,:) Y [B(r, 01, ds)](,,=) dr

In the next section an algorithm to perform this
calculation will be described.

5 Algorithm
In this algorithm a set of bitmaps to represent the

crane and the objects in the workspace are used. A
main characteristic of the representation is the res-
olution N . If the convolution is used, the running
time will be O(Nd2 ), being N the discretization res-
olution and d the number of convolution variables.
Another choice is to apply the convolution theorem
and the FFT algorithm , so the running time will be
O(NdlogN ). In order to implement this algorithm,
the functions have to be periodical but, at both in-
stances, the involved bitmaps are no cyclic . Kavraki
[8] shows how to solve this problem : placing a bit "1"
at everyworkspace contour elements. So , it is ensured
that robot can not "wrap around " the W limits.

Taking into account the expression (8), next, it is
presented the algorithm to compute the C-space

Construct W (r, go, z) using cilyndrical coordinates
Construct Al (0) (r, cp) using polar coordinates
P1T=0
For each radius

Compute the one-dimensional P [W (r, go, 0)]
Compute the one-dimensional 17 [A1(0) (r y,)]
Let P1 = .7 [W] • .P [A1(o)]
Accumulate at P1T

Let IPIT = .P-1 [PIT) (the inverse 1D FFT)

For each d2

Construct A2(o,d2io) (r, go, z)
P2T=0
For each radius

Compute the two-dimensional .T [W (r, go, z)]
Compute the two-dimensional F [A2(0,d2,o)]
Compute P1 = F [W] • F [A2(o,d2,o)]
Accumulate at P2T

Let IP2T = .P-1 [P2T] (the inverse 2D FFT)
IP2T = IP2T + IP1T
Let CB(01,d2,d3) = 1 if IIP2TI > 0

The discretization is performed with the same reso-
lution N, at both spaces W and C. Note that two-
dimensional FFT is used, so the algorithm running
time is O(N4logN).

6 Results
A Silicon Graphics Power Challenge XL platform,

with four processors MIPS R8000, has been used to
implement the algorithm. As well, it makes use of a
mathematical paralleled library.

To validate the algorithm a typical construction
workspace with a building was considered. It can be
seen in the figure 3 as well as the cylindrical repre-
sentation of the same workspace is shown in figure 4,
which is necessary for the C-space evaluation. The
towercrane manipulator is the same that appears in
the figure 1 and its dimensions were 32m high, a 60tn
jib and a 3m radius cylindrical hook-load. The dimen-
sions of the workspace used were 100m x 100m where
the towercrane was located in the middle.

Y -50 -50

50

Figure 3: A construction workspace (cartesian coordi-
nates)

In figure 5, the algorithm output is shown. Note
that the pillars become thicker according to hook di-
mensions and the configurations under the first floor
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Figure 4: A construction workspace (cylindrical coor-

dinates)

produce collisions with the cable. Also, a free-collision
path is shown for a pick-and-place operation. Con-

sidering 64 resolution bitrnaps, the running times are
around one minute, with seems to be a suitable re-
suit for the constuction environment. Nevertheless,

the results could he optimized by means of the algo-

rithm paralelization or/and the utilization of the ad

hoc hardware.

7 Conclusions

In this paper, a general mathematical formalism for

C-space computation has been used in order to com-

pute the set of configurations that produces collisions

between a towercrane and its environment. The pro-

posed expression for C-space evaluation has been sini-
plified clue to a correct chose of coordinate functions,

that is, cylindrical. Consequently, crane C-space could
be seen as a convolution of two functions that describe

the crane-robot and the obstacles, respectively.

By applying the convolution theorem the FFT algo-

rithms can be used, therefore, the parallel implemen-

tation of the resulting algorithms was achieved. And
as a result the computational time was highly opti-

mized. Since the inputs to the algorithm are bitmaps,
its running time is independent of the shape and num-

ber of obstacles and of the robot shape. These features

bring the advantage to detect collisions between the

crane and the construction elements in a changing en-

vironment.

Finally, the resulting C-spaces can be eficiently

used as inputs to path planning procedures or to per-

:n security tasks in the construction environment,

stick as alarm activation or security stops, when a col-

lision is detected.

Figure 5: A construction workspace (cylindrical coor-

dinates)
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