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Earthwork equipment accounts for a large proportion of the fatalities on construction sites. According to
the U.S. Bureau of Labor Statistics, in the period between 1992 and 2002, struck by vehicles and struck by
objects (e.g., vehicle parts, vehicle loads, or falling vehicles) were identified as the causes of 30% and 24%
of fatal equipment-related accidents on excavations sites, respectively. It is therefore of a paramount
importance to improve the safety of construction sites by increasing the peripheral awareness of the
operators of earthwork equipment. Several research works have investigated numerous collision avoid-
ance systems that exploit real-time location systems and proximity measurements to mitigate the risk of
accidents on excavation sites. However, these systems often detect collisions based on using the work-
spaces that only account for the geometry and the degrees of freedom of the equipment, and thus disre-
gard the state-dependent characteristics of equipment. This results in reserving a large space for every
piece of equipment, which reduces the applicability of these systems in congested sites. Therefore, this
paper proposes a novel method for generating dynamic equipment workspaces based on the continuous
monitoring of a spectrum of equipment-related information, i.e., the current pose/state of the equipment,
and the speed characteristics of each movement. This method uses the required operation stoppage time
to determine how much space needs to be reserved for each piece of equipment. A case study is con-
ducted to validate the proposed method. It is shown that the proposed method has a strong potential
in capturing the hazardous areas around the equipment and triggering warnings in view of the impend-
ing movements of various pieces of equipment. Also, the proposed method proved to have potential
applications in actual projects in congested sites where space is limited.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction between 1995 and 2008 [53]. In the U.K., of the total number of
With only less than 5% of the U.S. work force, the construction
industry claims around 20% of fatalities and injuries in workplaces
[30]. In the U.K., in addition to 25,000–30,000 injured, approxi-
mately 1500 people are losing their lives on construction sites in
a typical decade [15]. Earthwork equipment accounts for a large
share of injuries on construction sites. According to Hinze and
Teizer [25], one-fourth of construction fatalities are due to equip-
ment-related incidents. 52.6% of reported deaths in the excavation
work between 1992 and 2002 involved vehicles [34]. Equipment-
related incidents are usually categorized into struck-by and
caught-in/between accidents [24]. In the U.S., 428 equipment-re-
lated struck-by and caught-in/between accidents were reported
fatalities in a period of 7 years (1996–2003), 14% were identified
to have been caused by being struck by a moving vehicle [26].
According to McCann [34], the reports from Bureau of Labor
Statistics indicate that in the period between 1992 and 2002, the
causes of 30%, 24% and 12% of fatal equipment-related accidents
on excavations sites were identified to be struck by vehicles, struck
by objects (e.g., vehicle parts, vehicle loads, or falling vehicles), and
caught in/between, respectively. Among various types of equip-
ment involved in struck-by accidents, truck and excavators are
the most prevalent, together accounting for more than 50% of
reported struck-by accidents between 1997 and 2000 [24].
Among those who fell victim to equipment-related fatal accidents
in excavation work, 52% and 34% were the operators and workers
on foot, respectively [34].

These statistics suggest that earthwork operations are in need
of enhanced safety to avoid damages, injuries and fatalities. With
this need in mind, many researchers have explored a wide range
of solutions to mitigate the risk of accidents on excavation sites

http://crossmark.crossref.org/dialog/?doi=10.1016/j.aei.2015.03.002&domain=pdf
http://dx.doi.org/10.1016/j.aei.2015.03.002
mailto:f_vahdat@encs.concordia.ca
mailto:hammad@ciise.concordia.ca
mailto:hammad@ciise.concordia.ca
http://dx.doi.org/10.1016/j.aei.2015.03.002
http://www.sciencedirect.com/science/journal/14740346
http://www.elsevier.com/locate/aei


(a) (b)

r

b

Fig. 1. (a) Cylindrical workspace, and (b) buffer workspace (the model of excavator
is obtained from Google 3D Warehouse [21]).
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through reducing the possibility of collisions between equipment
through a proper planning method [9,33,43,23,35]. These methods
identify the spaces required for the safe completion of different
activities, i.e., activity workspaces, and try to reduce the overlap
between them.

Despite the effectiveness of these methods in reducing the
possibility of collisions between different teams of equipment at
a macro level, they are not fully capable of averting safety risks
emanating from human errors and unforeseen circumstances.
Additionally, space is a limited resource that many of earthwork
projects do not have. These methods are not able to effectively
improve the safety in congested sites, given that activity work-
spaces may overlap in many instances.

While there could be various different root causes behind the
equipment-related fatalities, e.g., loss of attention, unsafe driving
habits, distractions, visibility and blind spots, etc. [25], the majority
of equipment-related accidents can be avoided if the dangerous
areas around the equipment are monitored in real time and the
operators are warned against any intrusions into these areas. As
a result, it is of a paramount importance to devise a complemen-
tary real-time mechanism to reduce safety risks based on the cur-
rent pose and state of the equipment. To this end, researchers
considered systems that generate warning against dangerous
proximities using radar-based proximity sensors [39,13],
vision-based tracking [12], and Real-time Location Systems
(RTLSs) such as the Global Positioning System (GPS), Radio
Frequency Identification (RFID), and Ultra Wideband (UWB)
[5,8,45,6,54,22,52,55]. These methods are applied at the monitor-
ing phase with the intention to ensure that different pieces of
equipment do not collide with one another. Similar to the methods
used at the planning phase, these methods consider the space
around the equipment that should not be trespassed by other
equipment to avoid potential collision in the immediate future.
Because these spaces are applied to equipment, as opposed to
the activities, and their shapes are dynamically changing based
on the current pose of the equipment, they are referred to as
Dynamic Equipment Workspaces (DEWs) in this paper. The
correlation between the two types of workspace is that an activity
workspace must be the envelope that contains all the DEWs gener-
ated by the fleet assigned to that activity over the scheduled per-
iod. Although DEWs are alternatively termed in the literature as
‘‘safety envelopes’’ [5,55] or ‘‘safety zones’’ [40], the authors
believe that, given the above correlation, it is preferable to use
the unified term ‘‘workspaces’’ for both activity and equipment.

Nevertheless, to the best of the authors’ knowledge, the existing
methods for generating DEWs do not take full advantage of the
combination of valuable pose, state, geometry, and speed charac-
teristics of the equipment to accurately estimate the shape of
DEWs. Consequently, the present research aims to leverage a set
of information regarding the geometry, pose, state, and speed char-
acteristics of the equipment to determine the shape and size of the
workspace based on the required stoppage time of the equipment
so as to secure the early identification of potential collisions while
making a more economic use of space.

The structure of the paper is as follows. First, the previous rele-
vant studies are presented. Then, the DEW generation method is
elaborated. Next, a case study is elucidated as a means to validate
the proposed method. Finally, the conclusions and future work are
presented.

2. Literature review

2.1. DEWs related research

Two approaches can be found in the research addressing the
generation of DEWs. While some researchers use only the
equipment geometry and pose for the generation of DEWs, others
also consider the speed characteristics of the equipment.

2.1.1. DEWs based on the equipment geometry and pose
Several methods have been developed to generate DEWs based

on the application of different types of RTLSs. Generally, the meth-
ods of generating DEWs based on the proximity measurements can
be categorized into two groups. Some methods are totally indepen-
dent of the pose, state and speed data; and therefore they
over-conservatively reserve the space within a radius (r) of the
equipment (called here cylindrical workspace, Fig. 1(a)). For
instance, CRC Mining [14] developed the Shovel Load Assist
System that uses the combined data from a laser scanner, GPS
and pulse radio to locate the trucks and dozers in the vicinity of
the shovel to avoid the potential collision with them. There are
many examples of cylindrical workspaces in previously proposed
systems for collision avoidance on construction sites
[7,45,11,32,31,37,29]. Other methods detect the shortest distance
between the two pieces of equipment and use a minimum accept-
able threshold for generating the warnings, which is equivalent to
considering only the pose of the equipment and creating a buffer of
width (b) around the equipment (called here buffer workspace,
Fig. 1(b)). For instance, Kim et al. [28] proposed a method for
real-time collision avoidance systems that uses laser range finders
to model the obstacles on the site and then calculates the shortest
distance of the equipment to various surrounding obstacles. If a
threshold distance is violated, the warning is generated. A GPS-
based collision avoidance system was developed by Wu et al.
[52], with the central objective to assist crane operators with han-
dling concrete buckets in a dam construction project. Talmaki and
Kamat [42] proposed the application of hybrid virtuality for the
simulation of the actual jobsite and detecting hazardous proximi-
ties between various objects using a combination of 3D CAD mod-
els, terrain models, GPS and sensory data, and input from a
Geographic Information System (GIS). This method uses proximity
measurements as the basis for the collision detection. Zolynski
et al. [55] developed a two-layer safety mechanism for autono-
mous excavators that generates a safety buffer around the equip-
ment based on the present pose of the equipment and avoids
collisions with the surrounding objects using a laser scanner.
Another instance of the methods that use buffer workspace is
developed by Guenther and Salow [22].

However, as stated in Section 1, the cylindrical workspace
reserves a large space for the safe performance of the equipment,
considerably diminishing its effectiveness for the application in a
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congested site. On the other hand, while performing better in
terms of economic use of space, the buffer workspace takes more
time to detect potential collisions compared to the cylindrical
workspace. In both cases, the shape of DEWs generated through
these methods is determined by the Degrees of Freedom (DOFs)
and the geometry of the equipment. Ignoring the movement char-
acteristics of the equipment, i.e., the magnitude and direction of
the instantaneous speed, results in reserving a large space around
the equipment. However, a portion of this space can be safely used
by other equipment if the workspace is defined more efficiently
through considering the movement characteristics of the
equipment.

2.1.2. DEWs based on the equipment geometry, pose, and speed
characteristics

Other researchers have deployed the information pertinent to
the equipment movement characteristics to enhance the proximity
measurement with a degree of prediction about the possible states
of the equipment in the near future. These methods do not only
rely on the proximity between various equipment and objects as
the indication of imminent hazards, but also use the movement
characteristics of the equipment to foresee if the equipment is
likely to engage in potentially risky situations if it follows its cur-
rent trajectory. For instance, Burns [5] proposed a method for the
generation of workspaces around autonomous equipment based
on a set of characteristics such as the current position, trajectory
vector, speed, and system tolerances.

Oloufa et al. [36] proposed a GPS-based collision avoidance sys-
tem which is based on the simulation of potential collision through
the analysis of equipment’s motion vectors. A probabilistic
approach was proposed by Worrall and Nebot [50] that uses the
speed profiles of the equipment to account for the properties of
the road network when detecting the impending vehicle intersec-
tion. Hukkeri [27] proposed a safety mechanism using intention
mapping techniques in which every piece of equipment speculates
the potential path of other mobile objects on the site and tries to
avoid collisions. Zhang and Hammad [54] used UWB to track the
movement of equipment, and further used the location data to cre-
ate a buffer around the equipment based on its speed, which is in
turn used to identify the potential collision between different
pieces of equipment. Cheng [10] proposed to use the pose and
speed data for the generation of the DEW. However, the proposed
method does not consider the equipment state as a means to
economize the use of space around the equipment and does not
cover the equipment with rotary movements, e.g., excavators. In
another instance, a GPS and Radio Frequency (RF) based collision
avoidance system was developed by SAFEmine [40], where the
speed characteristics and the pose of the equipment are used to
generate the dynamic workspace of the equipment and generate
warnings when workspaces of different pieces of equipment col-
lide with one another. In a more recent work, Wang and Razavi
[49] suggested considering the breaking distance, the reaction
time, the equipment heading, and speed to create a workspace
with a lower false alarm rate. Despite making a distinction
between moving and static equipment, the method does not fully
exploit the equipment state information (e.g., the mobile excavator
can be in swinging or traversal states). Additionally, the adapted
approach in this research treats equipment as a single point and
disregards the geometry of the equipment.

In general, the existing methods do not distinguish between dif-
ferent states of the equipment when generating the workspaces.
The valuable information about the state of the equipment can
help better determine the size of the DEW in view of the potential
dangers that may emanate not solely from the speed characteris-
tics of the equipment but also from the nature of the equipment’s
current state. Therefore, it could be argued that if the combination
of equipment geometry, current pose, state, and speed characteris-
tics are properly leveraged, it is possible to economize the space
usage without sacrificing the effectiveness of the collision
detection.
2.2. Operation stoppage time

In order to determine the shape of DEWs based on the current
pose, state and speed characteristics, the required stoppage time
(ts) of the operation is of a significant value. ts can be used to deter-
mine how much of the space in the moving direction of the equip-
ment is unsafe after the operator becomes aware of a potential
collision. According to the definition presented by AASHTO [18],
ts has two main components, namely reaction time and braking
time. The reaction time pertains to the human factors and denotes
the time from the perception of the warning to the application of
the break, during which the equipment continues travelling with
its current speed and acceleration/deceleration. The research of
reaction time is a long-standing trend for urban vehicles in traffic
engineering [2,44,3]. For instance, Gazis et al. [20] and Wortman
and Matthias [51] specify 1.14 s and 1.30 s, respectively, as the
mean reaction time for an unalerted driver. The breaking time,
on the other hand, is the time required for the equipment to come
to a complete halt after the breaks are applied, during which time
the speed of the equipment declines to zero from its current value.
This component of ts is more pertinent to the mechanics of the
equipment and road conditions. Nevertheless, the research about
the stoppage time is scarce for construction equipment where mul-
tiple DOFs should be considered. Guenther and Salow [22] sug-
gested a value between 0.7 s to 1.5 s as a suitable stoppage time
for mining excavation equipment. In another study, Stentz et al.
[41] proposed a value between 2 s to 3 s as a value that is empiri-
cally found suitable for ts for excavators. In this research, the value
of ts is considered to be 2 s.

In summary, the reviewed studies highlight the importance of
considering the full scope of equipment related real-time informa-
tion, including the pose, state and speed characteristics of the
equipment, to generate the DEW considering the space limitations
and the effective time window required to avoid potential
collisions.
3. Proposed method

DEWs aim to use the pose, state, geometry, and speed character-
istics of the equipment to generate a space around the equipment
that would allow the prevention of immediate collisions with
workers on-foot, other pieces of equipment or obstacles on site,
considering ts. Although according to the definition of ts presented
in Section 2.2, this value includes a period of moving with the cur-
rent speed and a period of deceleration, in order to simplify the
calculation process, this research conservatively assumes that the
equipment continues to travel with its current speed and accelera-
tion. Another assumption of the proposed method is that all pieces
of equipment are equipped with an RTLS so that their poses and
states can be calculated accurately. The update rate of DEWs is
equal to the update rate of the corrected pose data (dt) coming
from the RTLS used in the equipment. A rule-based system is used
to identify the states of different equipment with a high accuracy
by leveraging a set of equipment proximity and motion rules that
determine the states of the equipment [47]. Also, a robust
optimization-based method that uses geometric and operational
characteristics of the equipment is used to improve the quality of
the pose estimation (Vahdatikhaki et al., 2015).

Furthermore, in addition to the DEWs of equipment, workers
on-foot and semi-dynamic obstacles (e.g., temporary structures),
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Fig. 2. (a) Symmetric workspace, and (b) proposed workspace.
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also need to be tracked by means of RTLS and to be represented by
their own corresponding safety zones to enable effective collision
avoidance.

In this research, two types of equipment, namely excavators
and trucks, are used as the main types of equipment that are typi-
cally used in earthwork operations. Excavators represent equip-
ment that has articulated mechanism with rotational DOFs,
whereas other types of equipment, e.g., trucks and rollers, are
represented by trucks. However, at the abstract level of the discus-
sion, DEWs of excavators are used as an example because they are
more complicated than those of trucks due to their large number of
DOFs.

Fig. 2 shows instances of a workspace that, unlike the DEWs
shown in Fig. 1, consider the pose, state, geometry, and speed char-
acteristics of the equipment. In such a workspace, depending on
the state of the excavator, different shapes are used. Fig. 2(a) shows
the DEW of an excavator in the swinging state that uses the mag-
nitude of the rotation speed to determine the angle (a). However,
ignoring the moving direction of the equipment may result in an
uneconomic usage of the space that can be very valuable in a con-
gested site. Therefore, it is recommended to consider the swinging
direction of the equipment to differentiate between parts of the
space to which the equipment is approaching and parts from
which it is moving away. Fig. 2(b) shows the proposed workspace
of an excavator in the swinging state where the direction of rota-
tion is considered to differentiate between the angles of workspace
on the rotation direction (a) and the opposite direction (b). The
rationale behind the asymmetric shape of the workspace is that
the risk of collision along the direction of movement is much
greater than along the opposite direction. Thus, a greater accent
should be placed upon the space at the moving direction of the
equipment. This research proposes asymmetric workspaces that
consider the moving direction of a piece of equipment in each state
as explained in the following sections. This arrangement better
captures the potentially hazardous space around the equipment
while using the space frugally, rendering this type of workspace
very suitable for congested sites.

For the DEWs to be effectively used for the purpose of collision
detection and avoidance, every piece of equipment needs to be
able to generate its own DEW and have near-real-time information
about the DEWs of other equipment and the workers’ workspaces.
Fig. 3(a) shows the sequence diagram [4] of the communication
between different pieces of equipment that enables the near-
real-time exchange of DEWs and the subsequent collision detec-
tion. To avoid redundant computation, the equipment can perform
pairwise comparisons only with the pieces of equipment that are
in its vicinity. To determine the equipment in vicinity, the multi-
layer workspace concept [7] (Luo et al., 2014) [29] can be applied.
In this method the distance between every two pieces of equip-
ment is calculated and if the distance is less than a specific thresh-
old, then the collision detection between their DEWs is performed.
In order to further reduce the computation efforts and avoid
redundant calculations, the priorities of the different equipment
can be used to delegate the calculation to the equipment with
the lower priority. If a collision is detected between two pieces
of equipment, the equipment with the lower priority will stop
and send a warning to the other equipment. If both pieces of equip-
ment have the same priority, then both should perform the colli-
sion detection and if a collision is detected they should both stop.

Similarly, Fig. 3(b) shows the sequence diagram of the commu-
nication between a piece of equipment and a worker on-foot. It
should be clarified that given the workers vulnerability, they
always have a higher priority over the equipment. As shown in
Fig. 3(b), every piece of equipment receives the location of the
worker and checks for the potential collision between its DEW
and the cylindrical workspace of the worker. If a collision is
detected, the equipment stops and sends a warning to the workers
to clear out the dangerous zone. While it is indispensable to
account for workers on-foot in addition to the equipment and
semi-dynamic structures for effective collision avoidance on a con-
struction site, the current paper focuses only on the collision
between equipment. This is because, given the size of the equip-
ment and their inherently more complex kinematics, the interac-
tion between equipment is more complex and more difficult to
monitor. Nevertheless, the proposed method can be easily applied
to consider the workers as simple cylindrical workspace to avoid
all types of collisions on a site.

Fig. 4(a) and (b) shows the flowchart for the generation of the
proposed DEWs for excavator and trucks. In both flowcharts, with
the 3D model of the equipment and its pose and state information
available, the method proceeds to determine the linear and angular
speeds of the equipment. For instance, as shown in Fig. 5(a), an
excavator can travel on its tracks with the linear speed of ~v , move

its bucket with the linear speed of vb
!

, or swing with the angular

speed of x1
!

. Fig. 5(b) shows the speeds corresponding to the con-
trollable DOFs of a truck. The calculation of different speed and
acceleration elements of the equipment is based on considering
the changes in the pose of the equipment over two consecutive
pose estimation data. The authors have previously showed how
the pose estimation method can be used to accurately determine
the 3D pose of the equipment, which includes the corrected loca-
tion of the equipment and the orientation of the multiple parts
of the equipment [48]. The linear speed elements can be calculated
using the difference in the equipment location data over the time
between two updates of the pose data (dt). Similarly, the angular
speed can be calculated using the difference in the orientations
of the different parts of the equipment over dt. The relevant
acceleration elements can also be derived from these speed
elements.

It should be emphasized that the pose estimation method
applies the required corrections to the location data to remove
the RTLS error up to an acceptable level (e.g., 20 cm) [48], but there
is always a certain degree of residual error in the estimated pose
that will propagate through the speed and acceleration calculation.
However, as long as the amount of the residual error is within the
acceptable level, the calculated speed and acceleration elements
are considered reliable.

Upon the determination of the speed vectors, the DEW can be
generated based on the type of the equipment and the equipment
state as explained in the following sections. It should be empha-
sized that this method determines the shape of DEWs based on
the assumption that the equipment is going to remain in its
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present state. Accordingly, the boundary situations, where the
equipment is transiting between one state to another are not con-
sidered. However, this is tolerable in view of the high update rate
of the DEWs. The types of the DEWs and the parameters that deter-
mine their shape are introduced in the following sections. Then, as
explained above, the equipment with the lower priority (or both
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Fig. 5. Speed vectors corresponding to controllable DOFs for (a) an excavator, and (b) a truck (models of truck and excavator are obtained from Google 3D Warehouse [21]).
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pieces of equipment if they have similar priorities) applies the col-
lisions detection between DEWs of equipment in the neighbor-
hood. If the collision is detected, warning is sent to the operators
of the involved equipment with a lower or similar priority to stop.

It is also noteworthy that the generation of DEWs can be simpli-
fied by first calculating its projected shape in the x–y plane and
then extruding it along the vertical axis so that the entire range
of movement of the DOFs along the vertical axis is covered.
However, a full 3D DEW will be investigated in the future.
3.1. DEW of excavators

Two distinct types of states can be identified for an excavator,
namely stationary states (swinging, loading, dumping, and wait-
ing) and traversal states (relocating, maneuvering). Usually an
excavator can only engage in one of the two types at a time.

As shown in Fig. 5(a), a typical excavator can be controlled
through five controllable DOFs resulting in the speed vectors x1

�!,
x2
�!, x3

�!, x4
�!, and ~v . However, since the workspace calculation is

done in the x–y plane, three of the above-mentioned DOFs (x2
�!,

x3
�!, x4

�!) can be combined at any point in time to generate the
instantaneous linear speed vector at the tip of the bucket ð vb

�!Þ.
This reduces the number of the speed vectors to three
(x1
�!, ~v , vb

�!).
3.1.1. DEW of excavator in stationary states
When an excavator performs stationary operations, it only

moves along either or both of x1
�! and vb

�!. This is because a skillful
operator is able to control multiple DOFs along vb

�! while swing-
ing. The shape of the DEW is defined based on the identified cur-
rent stationary state of the excavator (swinging, loading,
dumping, and waiting). Additionally, since the tracks of the excava-
tor are not moving during the stationary states, DEW is defined
only for the upper body of the excavator in these states.

(1) Excavator in swinging state: As shown in Fig. 6, if an excava-
tor is identified to be in the swinging state with the angular speed
of x1
�! and the linear speed of vb

�!, the DEW is determined by the
corresponding values of a, b and vbx

�!,where a represents the angle
along the direction of rotation, b represents the angle in the oppo-
site direction that is reserved for the possible change of swinging
direction instigated by unforeseen circumstances, and vbx

�! accounts
for the combined movements of the boom, stick, and bucket in the
vertical plane containing the axes of the boom and the stick.

For the simplicity of the calculation, each part of the equipment
can be represented by a tight-fitting bounding box, as shown in
Fig. 6(a). The DEW can be generated through the determination
of the rotation radius for each bounding box (R1, R2, R3, R4, R5), a
buffer (b), ts, the rotation angles a and b, and the bucket motion
clearance (bc), as shown in Fig. 6(b).
R1 is a variable that is defined as the distance from the excava-
tor’s center of rotation to the furthest point on the boom, stick, and
bucket axis in the x–y plane at the current time. R2 to R5 are fixed
parameters that are dictated by the equipment geometry and cor-
respond to the distances from the excavator’s center of rotation to
the front and rear corners of the upper body of the excavator. b is
also a fixed parameter used in order to define DEW with a degree of
conservativeness. b is proportionate to the size of equipment and
can be defined as a percentage of the maximum dimension of the
equipment, for example 1% of the length of the equipment, and
is applied along the radii Ri. Other factors that may have impact
on the value of b are the update rate and the accuracy of the
applied RTLS. Another buffer (b) is added to the bounding box that
contains the boom, stick and the bucket, as shown in Fig. 6(b).

The angle b represents the amount of swing the excavator will
do over ts if the operator stops the swinging in its current direction
and swings in the opposite direction for any reasons. With this def-
inition, b is a function of x1, ts, and the swinging acceleration/
deceleration ðssÞ, assuming that they are equal. ss is a predefined
value due to the fact that it pertains to the acceleration and
deceleration that are expected to happen in case of swing direction
shift. Eq. (1) can be derived from basic kinematic equations [19] for
the calculation of b.

b ¼ 1
2
ss ts �

x1

ss

� �2

� x1

2ss

2
ð1Þ

The angle a, on the other hand, denotes the amount of swing the
excavator will be doing in the current direction provided it contin-
ues with its current speed ðx1

�!Þ and acceleration/deceleration ðsaÞ.
Unlike ss, sa is a value measured in real time because it considers
the current actual acceleration. Nevertheless, sa will be zero during
most of the swinging operation since most excavators tend to
reach to the steady state swinging speed quickly and then continue
with that speed. Similarly, when the swinging is completed, the
excavator decelerates to a complete halt quickly. Based on this def-
inition, a is a function of ss, x1, and ts, as shown in Eq. (2).

a ¼ 1
2
sa � t2

s þx1 � ts ð2Þ

bc represents the clearance buffer for the movement of the
bucket along the boom, stick, and bucket axis when the skilled
operator is combining the swinging motion with boom/stick/bucket
movement away from the excavator [38]. It is determined by vbx

�!
(the projection of vb

�! on the horizontal plane), its corresponding
measured acceleration (sbx ), and ts, as given in Eq. (3). To generate
DEW conservatively, bc is defined based only on the outward tilting
of the combination of bucket/stick/boom movement and it ignores
the inward tilting.

bc ¼ 1
2
sbx � t2

s þ vbx � ts ð3Þ
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Fig. 6. Schematic (a) 2D and (b) 3D and (c) simplified 2D representations of DEW of an excavator in swinging state.
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Although the accurate representation of the DEW for the swinging
state is as shown in Fig. 6(a) and (b), a conservative simplification
can be made to the geometry of the DEW by connecting the corners
of the pie shapes resulting from the rotations of each corner of the
bounding boxes, as shown in Fig. 6(c).

(2) Excavator in loading/dumping states: Fig. 7 shows the work-
space when the excavator is in the loading/dumping states. Since
the excavator’s upper body is not swinging in these states, it is
enough to reserve space for the movement of the boom/stick/
bucket using a buffer. The shape presented in Fig. 7 is the natural
result of the excavator workspace in the swinging state, shown
in Fig. 6(c), when x1 and ss are zero, and thus a and b are zero.
Accordingly, the workspace in these states is determined mainly
by b and bc, where the calculation of bc is done similar to the case
of the swinging state through Eq. (3).

(3) Excavators in waiting state: The excavator workspace during
the waiting state resembles that of Fig. 7, with the difference that
since the excavator is not engaged in any operations, the value of
bc is zero.
3.1.2. DEW of excavator in traversal states
Whereas Figs. 6 and 7 illustrate the basic principle behind the

generation of DEW for an excavator in stationary states, Fig. 8
depicts the ruling parameters in forming the DEW when the
excavator is performing traversal operations (i.e., relocating or
maneuvering along ~v). The workspace in this case is a box whose
dimensions are regulated by (1) the dimensions of a bounding
box representing the entire excavator (Le, We) at a given pose,
where Le and We are the instantaneous length and width of the
equipment, a buffer (b), and the excavator motion clearance (ec).
Unlike the workspace in stationary states, where the tracks were
disregarded from the DEW, in traversal states, the tracks need be
incorporated in the workspace. This is because the tracks are not
stationary and can be a source of collision risks. Given that the
DEW is an instantaneous workspace generated solely based on
the pose and the speed characteristics of the equipment, it is
defined linearly along ~v , even if the equipment is actually moving
on a curved path. However, if the construction site has a road net-
work, then the location data of the equipment can be integrated
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Fig. 7. Schematic representation of DEW of an excavator in loading and dumping
states.
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Fig. 8. Schematic representation of DEW of an excavator in traversal states.
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with the road data to ensure that the workspace is following the
road alignment. This integration is not currently considered in this
research but will be addressed in the future.

The rationale behind b is similar to the one explained earlier in
Section 3.1.1. ec represents the clearance buffer for the movement
of the excavator when it moves on its tracks along the speed vector
~v . It is therefore a function of v , measured st , and ts as given in Eq.
(4).

ec ¼ 1
2
st � t2

s þ v � ts ð4Þ
(a)

tcbtLt

bt

Wt

bt

bt

Fig. 9. Schematic representations of DEW of a truck
3.2. DEW of trucks

Similar to excavators, truck can be also engaged in two distinct
types of states, namely stationary states (loading, dumping, and
waiting.) and traversal states (hauling, returning, and
maneuvering).
3.2.1. DEW of truck in stationary states
The stationary states for the truck are loading, dumping and

waiting. Due to the simple geometry of trucks, the DEW for the
truck is basically represented by a box whose dimensions follow
the dimensions of the equipment (Lt, Wt) with an additional buffer
(bt). Fig. 9(a) represents the DEW for the truck in stationary states.
Note that in the dumping state, an additional buffer should be
added to the rear of the truck based on the speed at which the
material is being spread, which is a function of the type of soil
and the rotating angle of the bed of the truck. However, the present
paper does not cover the details of this case.
3.2.2. DEW of truck in traversal states
The truck is in a traversal state when it is hauling the material

to the dumping area, returning to the excavation area, or maneu-
vering at the loading or dumping areas. The DEW of a truck in these
states is determined by the equipment dimensions (Lt, Wt), a buffer
(bt) and a truck motion clearance (tc). tc is calculated using an
equation similar to Eq. (4). Fig. 9(b) represents the DEW for the
truck in traversal states. It should be noted that when the truck
is maneuvering, it may be moving backward. In such scenarios, tc
is applied at the rear of the equipment.

Once the DEWs of all pieces of equipment are generated, it is
possible to identify the potential conflicts between them and take
the required corrective measures, e.g., alerting the operator or
stopping the equipment.
3.3. An example of the application of DEW

Fig. 10 shows a scenario in which a truck enters a site, maneu-
vers to the loading area where an excavator is digging a trench,
gets loaded by the excavator and departs from the site. As shown
in Fig. 10, the orientation and size of the truck’s DEW change
according to its varying direction and magnitude of its speed vec-
tors ð~v iÞ, respectively. It is worth mentioning that not all types of
collisions among workspaces and safety zones are actually a safety
threat. For instance, as shown in Fig. 10, while the collision
between the workspaces of the truck and the excavator may lead
to a safety hazard, an overlap between their workspaces is inevita-
ble as part of the regular excavation work cycle. This limitation is
because of the simplified shape of DEW along the vertical axis
resulting in seemingly overlapping workspaces. However, in future
a full 3D DEW that accounts for the geometry and kinematics of
excavators along the vertical axis will be developed to address this
shortcoming.
(b)

btLt

bt

Wt

bt

bt

⃗

in (a) stationary states, and (b) traversal states.



Fig. 10. Schematic representation of safety analysis based on DEWs.
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3.4. Analysis of congestion level

In addition to benefiting the safety of site by preempting the
potential collisions between different pieces of equipment, DEWs
can also serve to calculate an index of the congestion level on
the site in preparing site reports. Two approaches are presented
in the literature for the quantification of congestion level on the
site. Dawood and Mallasti [16] calculated the congestion level
through an index named space criticality, which is the result of
dividing the summation of DEWs sizes by the size of the site.
Nevertheless, this index does not capture the temporal aspect of
the used space. In another approached proposed by Andayesh
and Sadeghpour [1], the congestion level is represented through
the space requirement index, which is the result of the summation
of the multiplication of DEWs sizes by their corresponding dura-
tions. Unlike the previous approach, this approach ignores the vol-
ume of the site. Therefore, in this research it is proposed to
integrate the two approaches to capture both the temporal dimen-
sion of the DEWs and the space availability, i.e., the size of the site.
For this purpose, if a precise record of DEWs for different pieces of
equipment and the number of hours they have been working on
the site are available, the multiplication of the average volume of
DEW (Vi) and the equipment working hours (Hi) would indicate
how much space the equipment required to perform its work over
its working hours. The summation of these values for all the equip-
ment divided by the multiplication of the site area (As) and the
overall working hours for which the congestion is being calculated
Dumping Zone

Hauling Zone

Loading Zone 

Excavation Zone

Crane Zone

Stockpile 2

UWB

Fig. 11. Schematic layout of simu
(H0) would present an index that indicates how much space has
been used on the site and for how long. The congestion index
(CI) can be calculated as shown in Eq. (5). The greater the conges-
tion index, the more space has been used over the analysis
duration.

CI ¼
Pn

i¼1Hi � Vi

As � H0
ð5Þ

where n is the number of equipment.
4. Implementation and case study

A case study was conducted to verify and validate the proposed
method for generating DEWs. The data from a previously con-
ducted lab test [47] were used to demonstrate the generation of
DEW and its ability to effectively preempt potential collisions
between equipment. As shown in Fig. 11, three pieces of remotely
controlled scaled equipment were employed to simulate an earth-
work operation where an excavator is dumping a hypothetical load
to a dump truck, which in turn hauls the material to a dumping
zone, dumps it, and then returns to the loading spot for the next
load.

Ubisense’s Ultra Wideband (UWB) technology [46] was used to
track the equipment. State and pose identification methods pro-
posed in the authors’ previous works (Vahdatikhaki et al., 2015)
Stockpile 1

 tags

UWB tags

UWB tags

lated site in the case study.
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[48] have been deployed to provide the required input data. The
update rate of the corrected pose base on the UWB data (dt) is 1 Hz.

In the simulated operation, three pieces of remotely controlled
scaled equipment were used to replicate a typical earthmoving
operation. The number and location of tags attached to different
pieces of equipment are shown in Fig. 11. As shown in this figure,
in this operation, the truck travels from the dumping zone to the
loading zone, get loaded by the excavator, and then hauls the
material to the dumping zone. This cycle was repeated four times.
The excavator, on the other hand, obtains a load from the stockpile
and dumps it on the truck when the truck is waiting in the loading
zone. During the first two cycles, the excavator worked near the
stockpile 1 and then relocated to the other side of the excavation
zone to work near the stockpile 2 for the next two cycles of the
operation. With the intention to create a congested site, a crane
was placed near the excavator without actively engaging in the
simulated operation. Also, upon the completion of the fourth load-
ing cycle, the excavator was intentionally steered to collide with
the crane, to evaluate the effectiveness of DEW in preempting the
potential collision.

The proposed method for the generation of DEWs was imple-
mented using Microsoft Excel. The implementation at the present
stage does not incorporate the equipment communication struc-
ture explained in Section 3, and generates the DEWs and controls
the collisions using a centralized method, where the central plat-
form performs all the computations. The recorded UWB coordi-
nates, the corrected pose, and the states of different pieces of
equipment are imported into an Excel sheet as the input. The gov-
erning equations that generate DEWs were developed in Excel, as
explained in Section 3.1. At every time step, the relevant speeds
and accelerations/decelerations of the equipment are measured,
and the corresponding DEW is generated. For the collision detec-
tion between DEWs, an automated method was used based on
the line segment intersection algorithm [17]. In this method, all
edges of the two DEWs are checked against one another for poten-
tial intersection using many-to-many relationship. The arc part of
the DEW is approximated by two segments. A collision is detected
when a pair of edges is found intersecting. In this case study, which
was implemented using a personal computer with an Intel Core
i7-2600 CPU (3.40 GHz), the calculation time for the generation
of the DEWs and the collision detection were measured. The aver-
age calculation time and its standard deviation were found to be
23.10 ms and 1.2 ms, respectively.
Table 1
List of different parameters used for the generation of DEW.

Excavator-swing Excavator-relocation

w

Lmax

b

b

b+bc

b

Parameter Value Parameter Value

R1 Variable w 20 cm
R2, R4 20 cm Lmax 68 cm
R3, R5 25 cm
In the generation of DEW, the values of ts, b, and ss were set to
2 s, 5 cm, and 2 deg

s2 , respectively. The parameters used for different
pieces of equipment are shown in Table 1.

Fig. 12 illustrates several snapshots of the generated DEWs at
different stages of the simulated operation. Fig. 12(a) shows the
equipment at the inception of the operation. The locations of
attached tags on the equipment are indicated by the cross symbols.
The DEWs of different pieces of equipment are shown using the
dotted lines surrounding the equipment. The front of the truck is
distinguished by the locations of the tags attached to the front of
the bed.

Fig. 12(b) shows the hauling truck and its corresponding DEW.
The length of the DEW ahead of the truck is determined by the
instantaneous speed of the truck at that point in time. Fig. 12(c)
depicts the excavator at the beginning of the swinging state. The
excavator DEW in the relocation state is shown in Fig. 12(d).
Fig. 12(e) shows a part of the operation when the truck was moving
backward to adjust itself for loading. In this case, the extension of
the DEW takes place at the rear of the equipment, representing the
potential area of collision. Finally, Fig. 12(f) shows the last phase of
the operation where the excavator was intentionally steered
towards a collision with the crane. As shown in this figure, the
DEWs could be used to successfully identify and warning against
the impending collision 4 s before the actual collision.

In order to demonstrate the effectiveness of the DEWs, a com-
parison was made between the proposed method and the alterna-
tive types of workspaces shown in Figs. 1 and 2. The R for the
cylindrical workspace and b for the buffer workspace were set to
50 cm and 5 cm, respectively. Table 2 shows the results of the com-
parison, where different methods were analyzed in terms of the
average size (the area reserved by the generated workspace in dif-
ferent states), the number of triggered warnings, the number of
false warnings (false positive), the number of missed warnings
(false negative), and the average time between the warning and
the actual collision (collision detection clearance time).

The workspace area is measured in terms of the averaged area
and its standard deviation, based on the simplification that the
height is the same for all the workspaces. The space saving was cal-
culated through comparing the averaged areas of every method
with the area of cylindrical workspace, which is the worst case in
terms of the space economy. Regarding the number of warned col-
lisions, the values represent the number of instances (out of the
total 366) where the collision between two workspaces generated
Truck-traversal state Crane-stationary state

w

L

b+bc

b
b

b w

L

b
b

b

b

Parameter Value Parameter Value

w 20 cm w 14 cm
L 42 cm L 91 cm
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Fig. 12. Results of generated DEWs of the case study.

Table 2
Comparison of different types of workspaces.

Parameter Method

Proposed workspace Symmetric workspace Buffer workspace Cylindrical workspace

Swing workspace area [l and r] (m2) [0.22, 0.03] [0.25, 0.06] N/A N/A
Loading/dumping workspace area [l and r] (m2) [0.24, 0.02] [0.24, 0.02] N/A N/A
Relocation workspace area [l and r] (m2) [0.49, 0.06] [0.49, 0.06] N/A N/A
Overall averaged workspace area [l] (m2) 0.25 0.27 0.22 0.78
Space savings (compared to cylindrical workspace) (%) 67.95 65.38 71.80 0
False positive warnings (%) 24.53 25.00 29.24 68.81
False negative warnings (%) 0 0 0 0
Collision detection clearance time [l and r] (s) [4.28, 1.16] [4.43, 1.05] [3.28, 1.58] [5.0, 0]
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warnings. A collision is defined as any instances where the distance
between the pair of equipment was less than 5 cm. The false posi-
tive warning is defined as any warnings that did not entail actual
collisions within the next 5 s. The false negative warning, on the
other hand, is the count of unwarned collisions. Finally, the colli-
sion detection clearance time is computed by finding the earliest
warnings prior to a collision.

It can be discerned that the proposed workspace takes less
space than the symmetric workspace, with the space saving of
67.95%, and the least false positive, i.e., 24.53%, which represents
the reliability of the workspace. Another interesting observation
is that both the proposed and the symmetric workspaces perform
efficiently by successfully warning against every collision within
the average of more than 4 s, only 1 s less than the best case that
belongs to the cylindrical workspace. In the observed clearance
times, no instance with a clearance time less than the stoppage
time was recorded for the proposed, symmetric and cylindrical
workspaces. Only in the case of the buffer workspace, one instance
with the clearance time of 1 s was observed. Therefore, the pro-
posed workspace always provided enough clearance for collision
avoidance.

While the cylindrical workspace provides the best collision
detection clearance, it occupies more than 3 times space than that
of the proposed workspace and tends to trigger a considerable
number of false warnings. The buffer workspace outperforms other
types of workspaces in terms of the space economy, but has the
least clearance time. Although the improvement of the space sav-
ing in the proposed workspace is not significantly more than the
symmetric workspace, the difference is determined mainly by
the length of the stoppage time. In this case study, the stoppage
time was set at 2 s, but should the stoppage time be increased,
the difference in the space saving is expected to rise noticeably.

In all types of workspaces, no false negative is observed. This
phenomenon can be explained in the view of the nature of the



Table 3
Values used for the calculation of the congestion index.

Parameter Equipment

Excavator Truck Crane

Working hours (hour) 0.10 0.10 0.10
Average volume of DEW (m3) 0.125 0.053 0.162
Overall occupied space (m3 � hour) 0.013 0.005 0.016
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workspaces, which is to create a safety buffer around the equip-
ment. As such, the collision between workspaces always happens
prior to the actual collision. However, false negatives can happen
if the communication network between the equipment is dis-
rupted or the update rate of the corrected pose data is less than
the stoppage time. In the case study, none of these cases happened,
and the proposed method assumes that the robust infrastructure is
available for the generation of DEWs.

Given that the operation took nearly 6 min, the overall area of
the site was 18 m2, and all pieces of the equipment have been pre-
sent on the site during this time, the required data for the calcula-
tion of the congestion index can be collected as shown in Table 3.
Using Eq. (5), the overall space usage and the congestion index are
calculated as 0.034 (m3 � hours) and 0.019 ðm3�hours

m2�hoursÞ, respectively.
Although the presented case study is a good indication of the

efficiency of the proposed method in terms of reducing the number
of false alarms and more effective use of space compared to other
types of the existing workspaces, the scale of the equipment used
in the case study posed some limitations. First, the effect of the
residual error on the accurate pose estimation of the scaled equip-
ment is relatively larger than the case of the actual equipment, due
to the small size of the equipment. Second, although it was tried to
introduce some noise to the UWB tracking system in the laboratory
by partially obstructing the direct line of sight between sensors
and tags, there is a need to test the tracking system under the con-
ditions of actual construction sites. However, applying such a test
will require careful considerations of some technical and logistical
difficulties that might influence the performance of the UWB sys-
tem, including the proper calibration of the UWB system under
the pressure of the actual construction work, the setting of the
UWB cables, and the smooth collaboration with the contractors.

5. Discussion

The main contribution of the presented method for the genera-
tion of DEWs is the use of equipment’s state, speed, geometry and
pose data to economically mark the safety workspace around dif-
ferent pieces of equipment. It is shown in the case study that the
proposed method is capable of warning against all potentially haz-
ardous proximity without using the space over-conservatively or
generating too many false alarms. Nevertheless, there is a positive
correlation between the level of congestion and the rate of false
positive alarms generated by the DEWs. However, this is coming
from the nature of the problem rather than the characteristics of
the proposed method. Although the rate of false positive rises with
the increase in the congestion level, the rate would still remain
lower than the rate of false positive alarms generated by the con-
ventional methods, e.g., cylindrical workspace. Also, it should be
highlighted that generally with the increase in the congestion
level, the average speed by which the equipment travels on site
will also decreases, resulting in a smaller average DEW area, which
in turn results in a smaller chance of false alarms.

6. Conclusions and future work

This paper proposed a novel method for the generation of real-
time dynamic equipment workspaces considering the pose, state,
geometry, and the speed characteristics of the equipment. This
method is built on the previous work of the authors, where robust
methods for the calculation of pose and state of different pieces of
equipment based on RTLS data were presented. The present
method considers the required operator stoppage time to deter-
mine how much space needs to be reserved in order to ensure that
the equipment will not collide with other pieces of equipment in
the immediate future. Excavators and trucks were used as the
representatives of different types of equipment used in an earth-
work project. The appropriate DEWs and their calculation process
for all possible states of the equipment were presented. Finally,
the application of DEWs for the calculation of congestion index
was discussed.

In view of the results of the case study, it can be concluded that:
(1) the proposed method is providing a balance between economic
use of space and the ability to warn against potential collisions in
an effective manner using the pose, state, geometry, and speed
characteristics of the equipment, (2) the flexibility of the method
in using more than one speed vector in the calculation of DEWs
enabled effective capturing of the operation of skilled operators
where multiple DOFs can be used simultaneously.

Finally, some false warnings resulted from capturing the move-
ment along various DOFs only in 2D. Therefore, the future efforts of
the authors are dedicated to avoiding this problem by considering
the details of the movement in the third dimension in the genera-
tion of DEWs. Also, the authors plan to conduct a test on a con-
struction site where the UWB system can be tested under the
actual site conditions.
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