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Abstract 
The numbers of reported accidents related to cranes are increasing during the past 10 years. Although 

simulation and visualization software are available for path planning of cranes, the high dynamic 
characteristics of on-site conditions often require re-planning the crane’s path to ensure safety and efficiency. 
Any unpredicted objects on site should be detected and tracked in real time and the resulting information 
should be used for path re-planning. This paper proposes an approach for monitoring and re-planning path 
of cranes on construction sites using a real-time location system. Data collected from ultra wide band (UWB) 
sensors attached to the equipment, in addition to an up-to-date 3D model of the construction site, are used 
to detect any possible collisions or other conflicts related to the operations of the cranes. Re-planning 
algorithms are discussed to generate a new plan in real time. The advantages of the proposed approach are: 
more awareness of dynamic construction site conditions, a safer and more efficient work site, and a more 
reliable decision support based on good communications.   

1. Introduction 

Safety and productivity issues on construction sites are always among the major concerns of project 
managers. The complexity of on-site conditions requires careful planning and coordination of different 
equipment to ensure safety and efficiency. Cranes are one of the most frequently used equipment for lifting 
objects on site. From 1992 to 2006, there were 323 deaths related to cranes in the U.S. (NIOSH, 2008). 
These accidents were caused by contact with overhead power lines, struck by booms/jibs, struck by crane 
load, caught in between, etc. In Canada, there were 56 accidents related to cranes in the province of British 
Columbia in 2006 (WorkSafeBC, 2008); and during the period of 1974 to 2002, there were 23 accidents with 
injuries, 26 accidents with death, and 13 accidents with material damage related to cranes in Quebec province 
(CSST, 2008). Furthermore, the numbers of reported accidents and the resulting deaths are increasing during 
the past 10 years (Crane Accident Statistics, 2008).  

To fulfill tasks efficiently and safely in a complex environment with known and unknown obstacles, ideal 
conceptual methods are proposed for path planning. During the planning stage, the model-based approach is 
used, where a 3D model of the site is available, which means full information about the geometry of the 
equipment and the obstacles is given beforehand, so path planning becomes a one-time off-line operation.  
During the execution stage, the dynamic environment needs another approach, called sensor-based planning, 
with an assumption that some obstacles are unknown, and this is compensated by local on-line (real-time) 
information coming from sensory feedback (Spong et al., 1992).  

Most of the software for crane path planning support only off-line operations, and the main functionality 
is to locate the crane on site rather than path planning for specific tasks (Cranimation 2007, LiftPlanner 
2007). The path planner usually visits the site in advance to check the environment and makes adjustment to 
the plan. After that, when the crane is carrying on the plan, lifting tasks are usually done through a trial-and-
error process, based on feedback provided by the operator’s own vision and assessment, hand signals of a 
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There are a large number of algorithms available for generating collision-free paths. Varghese and his 
colleges have been studying crane path planning for a long time. They have tried different algorithms, such 
as A*, and Genetic Algorithms (GA), for optimizing the path of cooperative lift with two cranes (Sivakumar 
et al., 2003). In the research of Ali et al. (2005), a GA algorithm is used and compared with the A* algorithm 
and the former is considered as a better solution for two cranes working together. However, they assumed 
that the site contains only static obstructions, and the proposed solutions only provide off-line planning, 
rather than real-time control.  

Finding the lowest-cost path through a graph is central to many problems, including planning for 
construction equipment (e.g. cranes). If arc costs change during the traverse, then the remainder of the path 
may need to be re-planned. This is the case for sensor-equipped crane with imperfect information about its 
environment. As the equipment acquires additional information via its sensors, it can revise its plan to 
reduce the total cost of the traverse.  

During re-planning, the crane must either wait for the new path to be computed or move in an uncertain 
direction; therefore, rapid re-planning is essential. An efficient re-planning algorithm should be able to plan 
optimal traverses in real-time by incrementally repairing paths to the crane’s state as new information is 
discovered. Re-planning algorithms focus on the repairs to significantly reduce the total time required for the 
initial path calculation and subsequent re-planning operations. Re-planning algorithms generalize path 
planning for dynamic environments, where arc costs can change during the traverse of the solution path. 
(Stentz, 1995). 

Deterministic re-planning algorithms, such as D*, efficiently repair previous planning solutions when 
changes occur in the environment. They do this by determining which parts of the solution are still valid and 
which parts need to be recomputed. However, as the dimension of the search space increases, for example, 
in the case of multiple cranes working together, deterministic algorithms such as D* simply cannot cope with 
the size of the corresponding state space. On the other hand, randomized approaches such as Rapidly-
exploring Random Trees (RRTs) are a good choice for solving this problem since they are not crippled by its 
high dimensionality. RRTs have been shown to be effective for solving single-shot path planning problems 
in complex configuration spaces by combining random sampling of the configuration space with biased 
sampling around the goal configuration. RRTs efficiently provide solutions to problems involving vast, high-
dimensional configuration spaces that would be intractable using deterministic approaches. Brandt (2006) 
has made a comparison between A* and an RRT algorithm for motion planning of robots, and found that 
RRT is much faster than A*.  

However, in cases where the initial information available concerning the environment is incomplete or 
the environment itself is dynamic, typically the current RRT is abandoned and a new RRT is grown from 
scratch. This can be a very time-consuming operation, particularly if the planning problem is complex. For 
this case, researchers have started implementing the Dynamic RRT (DRRT) as a probabilistic analog to D* 
for navigation in unknown or dynamic environments (Ferguson et al., 2006). DRRT depends on repairing 
the current RRT when new information concerning the configuration space is received instead of 
abandoning the current RRT entirely. It efficiently removes just the invalid parts and grows the remaining 
tree until a new solution is found. 

4. Proposed Approach 

During the planning stage, 3D environment model is assumed to be available using methods explained in 
section 2.1. Based on the updated environment model, a collision-free path plan for a crane is generated 
using DRRT. During the actual construction work, multiple UWB tags are attached to different components 
of cranes and other moving objects and workers on site to monitor their position and orientation.  

For tracking the location of a hydraulic crane, enough tags should be attached to its different 
components. Tags can be attached to the first section and the tip of the boom for easy installation and to 
avoid damaging the tags. Furthermore, tags should be located to fulfill the visibility, orientation, and accuracy 
requirements. Figure 4 shows a schematic boom with three sets of tags (S1, S2, S3) attached to it. Each set 
includes four tags (ti1, ti2, ti3, ti4) fixed on each face of the boom, which ensures visibility by the UWB sensors 
when the boom rotates.  The location of the center point of a cross section (Pi) can be calculated based on 
all or some of the four tags’ locations of tags Si. The orientation and the length of the boom can be obtained 
by connecting two axis points, P1 and P3. The purpose of adding the second sets of tags (S2) is to get a third 
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point (P2) on the axis of the boom and to reduce the error of the axis location, and increase the accuracy by 
having more points along the axis.  

 

 

 

 

 

 

 

 

 

 

 

 
(a) Schematic representation of tags on a boom  (b) Cross section of the boom with set of tags (Si) 

Figure 4: Locations of tags on the boom 
 

The sensors should be set in a way to utilize their antenna pattern which is +/- 90 degrees in the azimuth 
and +/- 50 degrees in the elevation. The maximum range of sensors can be potentially up to 200 ft. 
Considering that the boom of the crane will be raised up during work, the sensors should be facing up to 
capture the movement of the boom. However, other movements, such as the movements of trucks and 
workers carrying tags attached to their hardhats, may be out of the vertical range of these sensors. Therefore, 
another set of sensors facing down is needed to capture different objects. Calibration of the sensors should 
be done to obtain an exact location of sensors with respect to a local coordinate system. Using a reference 
tag with a known location, the pitch and yaw angles of each sensor can be calculated. The roll angle is set to 
0 because the sensors are levelled during installation.  

After attaching tags to objects, information about the configuration of equipment and other moving 
objects are collected and used for collision prediction. If obstacles are detected, the re-planning algorithm is 
triggered, and a revised path is generated if necessary to guide the movement of the equipment using the 
following steps: (1) Send signals to the crane for which the path is blocked to stop the movement; (2) 
Differentiate the type of the obstacle, e.g., equipment or worker, to decide the priority of movement; (3) 
Check whether the obstacle is for short or long duration (e.g. shorter or longer than 5 min.) based on the 
goal and the plan of the moving objects; (4) If it is a short duration obstacle, inform the crane to wait until 
the obstacle moves, then resume executing the plan; (5) If it is a long duration obstacle, then re-plan the path 
of the crane to avoid the obstacle; and (6) Execute the new plan. 

5. Case Study 

For the implementation part, we started developing a prototype of the system integrated with DRRT 
algorithm in “Autodesk Softimage” 3D software package with its 3D visualization and animation capabilities. 
Motion Strategy Library (2003), which includes variations of RRT algorithms, is used as a base library for 
developing an integrated motion planning solution in Softimage. The DRRT algorithm is implemented based 
on the RRT-Connect algorithm (Kuffner and LaValle, 2000).  

A laboratory test was applied to a scaled model of a tower crane to simulate a lifting task with a tag 
attached to the hook. Raw data are collected using the UWB system software showing the tag’s name, date, 
time, and the x, y, z coordinates. These data are transferred to the Softimage through the BVH motion file 
format, which indicates the hierarchy of the equipment and the motion at each time step. A continuous 
collision detection is applied to check whether a potential collision exists. Re-planning is triggered when an 

S3 Axis of boom 

S1 

S2 

ti1 

ti2 

ti3 

ti4 

Pi 

P1 

P2 

P3 P3
’ 

P2
’ 

P1
’ 



 
obstacle ap
screen sho
path is no

An out
the crane. 
facing the 
was done 
installed ar
least 2 sen
To synchr
sensor is a
sensors ar
designed f
identificati
by worker
are attache

The re
planned in
difficult to
a better so
should be 

6. Discus

This pa
test was do
path re-pla
monitor o
and tag loc

26th Internatio

ppears on the
ot of the visua
t smooth beca

Figure 5: 
tdoor test was
Softimage is u
boom of the 
on the yard o
round the cra

nsors (Figure 7
ronize the sign
acting as a ma
e calibrated u
for use in hars
ion, a motion 

rs. As shown i
ed to the hook

sult of the tes
n a warmer we
o fix using the
olution; (2) Ca
at a certain he

sions and Fu

aper proposed
one on a cran
anning and is 

objects with va
cations; (3) in

onal Symposium

e path and a ne
alization enviro
ause of the no

Visualization 
s applied to a h
used to design
crane, and sev
f a crane com
ne to maximiz
7). The power
nals from diffe
ster sensor to 
sing a tag as a
sh industrial en
detector to in

in Figure 8, tag
k.  

t is under ana
eather. Some p
e adhesive pad
alibration of th
eight difficult 

uture Work 

d an approach
ne with several

under implem
arious heights;
tegrating the p

m on Automati

ew path is gen
onment, wher

oise in the coll

environment 
hydraulic cran
n the setting o
veral tags are 

mpany on Dece
ze the opportu
r of the four se
erent tags, tim
receive and sy

a reference poi
nvironments a
nstantly activa
gs are attached

Figure 7: L
alysis and will b
problems were

ds on the boom
he sensors is d
to reach. 

h of path re-pl
l tags attached

mentation. Fut
; (2) designing
path re-planni

ion and Roboti

417 

nerated based 
re the traces o
lected data, wh

       
               Fig

ne which only 
of the site, as s
attached on d
ember 12, 200
unity that mor
ensors is supp

ming cables are
ynchronize th
int with know
and include se

ate a stationary
d to the boom

Locations of se
be reported at
e identified du
m due to the c
difficult becau

lanning for cra
d to its boom a
ture work incl
g and testing d
ing algorithm 

ics in Construc

on DRRT alg
of the moveme
hich could be 

gure 6: Design 
focuses on th

shown in Figu
different parts 
08, under - 4ºC
re tags on the 

plied by a Pow
e used to conn
he timing data 
wn position. Ta
everal advance
y tag and a pu
m of the crane

ensors 
t the conferen
uring the preli
cold weather, 
se they were f

anes in real-tim
and hook. DR
ludes: (1) Usin
different cases
and the RTLS

Sensor

ction (ISARC 2

gorithm. Figur
ent of the hoo
cut using filte

of the site set
he movement 
ure 6. Four sen
of the boom. 

C temperature
boom can ge

wer over Ether
nect the four s
from the othe

ags used in th
ed features: an
sh button to t
 at different lo

nce. Another o
iminary test: (1
and a magneti
facing up and 

me using an R
RRT algorithm
ng multiple set
 with various 
S.   

rs 

009) 

re 5 shows a 
ok is shown. T
ering. 

tting 
of the boom o

nsors are locat
The out-door

e. Four sensor
et line of sight 
rnet (PoE) sw
sensors. One 
er three. The 
e test are spec

n LED for eas
trigger events 
ocations. Two

out-door test i
1) Tags are 
ic mount coul
the reference 

RTLS. Prelimin
m is proposed 
ts of sensors t
sensor locatio

The 

 

of 
ted 
r test 

rs are 
to at 

witch. 

cially 
sy 
used 

o tags 

is 

ld be 
tag 

nary 
for 

to 
ons 



 

Acknowledg

We would
us the opport

References 

[1] Ali M.S.A
manipula
2, 182-19

[2] Arizono 
support 

[3] Brandt D
reconfigu
and Syst

[4] Chae, S.,
construc
Construc

[5] Crane A
[6] Cranima
[7] CSST (2

http://w
[8] Ferguson

Conferen
[9] Giretti, A

managem
and Rob

[10] GIS for 
[11] Gordon 

embedde
Broaden

[12] Kang, S.
processe

[13] Kuffner,
planning
April. 

[14] LiftPlann

gement  

d like to thank 
tunity to test t

A.D., Babu N
ators using ge
93. 
N., Shiota K.
system.” Res. 

D. (2006). “Co
uration planni
ems, October
, and Yoshida
ction site.” Pro
ction, ISARC,
ccident Statist

ation (2006). h
008). Commis

www.csst.qc.ca
n, D., Kalra, N
nce on Robot
A., Carbonari,
ment system f
botics in Const
Archaeology 
C., and Akinc

ed sensing for
ning Perspectiv
 and Miranda

es in construct
, J.J., and LaV
g.” Proc. IEEE

ner (2007). htt

Aut

Figure 8: T

Mr. Christian
the RTLS on a

N.R., and Vargh
enetic algorithm

., Uemura Y., 
 Dev., Vol. 43

omparison of A
ing.” Proc., th
r, China. 
a, T. (2008). “A
oc., the 25th I
, Vilnius, Lithu
tics. (2008). ht

http://www.cr
ssion de la san
a/portail/fr/ 
N., and Stentz
tics and Autom
, A., Naticchia
for constructio
truction, ISAR
(2008). www.e
ci B. (2005). “T
r construction
ves, San Diego
, E. (2006).Pla
tion, Automat

Valle, S.M. (200
E Internationa

tp://www.lift

tomation and Ro

4

Tags attached t

n Servais from
a crane; and o

hese K. (2005
m.” Journal o

Sasada T., Mo
3, No. 1, 47-50
A* and RRT-

he 2006 IEEE

A study of saf
International S
uania, 292-29
ttp://www.cr
ranimax.com
nté et de la séc

z, A. (2006). “R
mation, 1243-1
a, B., and Gras
on sites.” Proc
RC, Vilnius, L
esri.com/indu
Technology a

n quality contro
o, April. 
anning and vis
tion in Constr
00). “RRT-Co
al Conference

tplanner.net. 

obot Application

418 

     
to the boom a

m the GUAY C
ur colleges fo

5). “Collision f
f Computing i

orikawa Y., an
0. 
Connect moti

E/RSJ Internat

fety manageme
Symposium on
9. 
aneaccidents.c

curité du trava

Replanning wi
1248. 
ssi, M.D. (200
c., the 25th In
Lithuania, 300-
ustries/archae
and process as
ol.” Proc., Co

sualization for
ruction, Vol. 1
onnect: an  eff
e on Robotics 

Tags 

ns 

and the hook

Crane Compan
r helping in th

free path plann
in Civil Engin

nd Onoda M. 

ion planning t
tional Confere

ent using work
n Automation

com/stats.htm

ail du Québec,

ith RRTs.” Pr

08). “Advance
nternational Sy
-305. 
ology/busines
sessment of u

onstruction Re

r automated ro
5, 398 -414. 

ficient approac
and Automati

ny in Montrea
he test setting.

ning of coope
neering, ASCE

(1993). “Cran

techniques for
ence on Intelli

king area info
n and Robotics

m 

, 

roc., the IEEE

d real-time sa
ymposium on 

ss/modeling.h
using LADAR
esearch Congr

obotic crane e

ch to single-qu
ion, San Fran

 

al for providin
.   

erative crane 
E, Vol. 19, No

ne operation 

r self-
igent Robots 

ormation on 
s in 

E Internationa

fety 
Automation 

html 
R and 
ress 2005: 

erection 

uery path 
cisco, U.S., 

ng 

o. 

al 



26th International Symposium on Automation and Robotics in Construction (ISARC 2009) 

 

419 

[15] Lytle A.M., Katz I., and Saidi K.S. (2005). “Performance evaluation of a high-frame rate 3D range 
sensor for construction applications.” Proc., the 22nd International Symposium on Automation and 
Robotics in Construction, Italy, September, 2005.  

[16] Motion Strategy Library (2003). http://msl.cs.uiuc.edu/msl/ 
[17] Mailhot G., and Busuio S. (2006). “Application of long range 3D laser scanning for remote sensing and 

monitoring of complex bridge structure.” Proc., the 7th International Conference of Short & Medium 
Span Bridges, August, Montreal, Canada. 

[18] Navon R., Goldschmidt E., and Shpatnisky Y. (2004). “A concept proving prototype of automated 
earthmoving control.” Automation in Construction, Vol. 13, No. 2, 225-239.  

[19] NIOSH (2008). The National Institute for Occupational Safety and Health, 
http://www.cdc.gov/NIOSH/ 

[20] Photogrammetry (2008). http://www.photogrammetry.com/ 
[21] Price M., Kenney J., Eastman R.D., and Hong T. (2007). “Training and optimization of operating 

parameters for flash LADAR cameras.” Proc., the 2007 IEEE International Conference on Robotics 
and Automation, Roma, Italy, April, 3408-3413. 

[22] Saidi K., and Lytle A. (2008). “NIST Research in Crane Automation: 2007 Overview.” the 87th Annual 
Meeting, Transportation Research Board.  

[23] Sivakumar PL., Varghese K., and Babu N.R. (2003). “Automated path planning of cooperative crane 
lifts using heuristic search.”  Journal of Computing in Civil Engineering, ASCE, Vol. 17, No. 3, 197-
207. 

[24] Spong M.W., Lewis F.L., and Abdallah C.T. (1992). Robot Control – Dynamics, Motion Planning, and 
Analysis, IEEE Press, IEEE Control Systems Society. 

[25] Stentz, A. (1995). “The Focused D* Algorithm for Real-Time Replanning” Proc., the International 
Joint Conference on Artificial Intelligence (IJCAI’95), Montreal, Quebec. 

[26] Teizer J., Bosche F., Caldas C.H., and Hass C.T. (2006). “Real-time spatial detection and tracking of 
resources in a construction environment.”  Proc., the Joint International Conference on Computing and 
Decision Making in Civil and Building Engineering, June, Montreal, Canada, 494-502.  

[27] Teizer J., Lao D., and Sofer M. (2007). “Rapid automated monitoring of construction site activities 
using ultra-wideband.” Proc., the 24th International Symposium on Automation & Robotics in 
Construction, ISARC, September, India, 23-28.  

[28] UbiSense (2008). http://www.ubisense.net/index.php 
[29] WorkSafeBC (2008). http://worksafebc.com. 
[30] Zhang C., and Hammad, A. (2007). “ Collaborative agent-based system for multiple crane operation.” 

Proc., the 24th International Symposium on Automation & Robotics in Construction, ISARC, 
September, India. 

[31] Zhang C., Hammad, A., and AlBahnassi H. (2008). “Collaborative multi-agent systems for construction 
equipment based on real-time field data capturing.” Next Generation Construction IT: Technology 
Foresight, Future Studies, Roadmapping, and Scenario Planning (accepted). 

 
 
 
 




