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In recent years, information and sensing technologies have been applied to the construction industry to
collect and provide rich information to facilitate decision making processes. One of the applications is
using location data to support autonomous crane safety monitoring (e.g., collision avoidance and danger-
ous areas control). Several location-aware wireless technologies such as GPS (Global Positioning System),
RFID (Radio-frequency identification), and Ultra-Wide Band sensors, have been proposed to provide
location information for autonomous safety monitoring. However, previous studies indicated that imper-
fections (errors, uncertainty, and inconsistency) exist in the data collected from those sensors and the
data imperfections have great impacts on autonomous safety monitoring system performance. This paper
explores five computationally light-weight approaches to deal with the data imperfections, aiming to
improve the system performance. The authors built a scaled autonomous crane safety monitoring testbed
with a mounted localization system to collect location data and developed five representative test cases
based on a live construction jobsite. Seven hundred and sixty location readings were collected at
thirty-eight test points from the sensors. Those location data was fed into the reasoning mechanisms
with five approaches to generate the safety decisions at those thirty-eight test points and evaluate system
performance in terms of precision, recall and accuracy. The results indicate that system performance can
be improved if at least ten position readings from sensors can be collected at small intervals at any loca-
tion along the moving path. However, by including additional data such as velocity and acceleration that
may be read from devices mounted on workers, localization error may be significantly reduced. These
findings represent a path forward to improve localization accuracy by mixing imperfect data from the
sensed environment with supplemental input.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

This paper reports the results of using five computationally
lightweight approaches to improve system performance with
imperfect data from location-aware sensors. The analysis indicates
that promising results can be obtained using simple approaches,
suggesting that viable systems may be developed to remedy
common imperfections in data monitoring and support robust
applications. The approaches detailed in this paper build from
the literature detailing the inaccuracy of sensed data; however,
they do not require prior calibration of the sensor network to
support flexible deployment.

The motivating context for this research is autonomous job-site
safety monitoring – crane safety, in particular. Cranes can perform
a great variety of tasks on construction jobsites to increase
efficiency and productivity of the construction sites. However, a
crane can be very dangerous piece of equipment. CPWR [25] has
examined crane-related deaths in construction from 1992 to
2006 and identified there were total 632 crane-related deaths, an
average of 42 deaths per year. The study also showed that cranes
not only pose risks to construction workers but also to the public
since there were approximately 7% of the total crane-related
deaths were innocent bystanders. CPWR’s findings do not only
show the magnitude of the problem but also analyze the possible
explanations for the causes of crane-related deaths and injuries,
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for example lack of safety training, inspections, safety plans and
traffic control. In addition, OSHA’s study identified boom/crane
contact with the energized power line (nearly 45% of crane-related
accident) and dropped crane loads as some of the major causes of
crane accidents [17]. Although there are a large number of safety
procedures designed and safety management systems developed
for reducing crane-related accidents, the number of injured rate
remains high, which further clearly indicated that the existing
safety procedures and safety management systems are not
effective enough in preventing accidents. Recent advances in
sensing and computing technologies offer a potential solution to
automate the crane safety monitoring process. Our research
envisions an autonomous crane safety monitoring system, which
utilizes location data and other information from various sources
(e.g., location-aware wireless sensors, accelerometers, building
information models). According to CPWR’s studies, there were four
main types of cranes associated with crane-related fatalities,
mobile or truck crane, overhead or gantry crane, tower crane and
floating or barge crane, our research will focus on developing tower
crane safety monitoring system. The research is divided into three
phases: (1) knowledge elicitation, which is a process of extracting
safety knowledge and information requirements to serve as a foun-
dation for autonomous safety monitoring system development; (2)
development and deployment of the autonomous safety monitor-
ing system in a distributed computing environment; and (3)
exploring the impacts of data imperfections situations (e.g., erro-
neous or missing data) on the safety monitoring system together
with approaches to reduce the impacts of the imperfections on
the safety system. Prior research has reported on the first two
phases [6,12,13,16]. The authors’ recent paper [14] has reported
the impacts of data imperfections on autonomous jobsite safety
monitoring. The working paper indicates that the autonomous job-
site safety monitoring system based on the raw data collected from
location-aware sensors is not satisfactory and approaches to deal
with imperfect data should be investigated.

The paper is organized as follows: Section 2 summarizes
current approaches to autonomous crane safety monitoring and
the impacts of data imperfections on such systems; Section 3
describes the implemented autonomous crane safety monitoring
system, the scaled testbed, the process of data collection and pro-
cessing, and the metrics to evaluate the crane safety monitoring
system’s performance; Section 4 describes the modeling
approaches to improve the system performance; Section 5 reports
the results of what improvement can be achieved with those
approaches; and Section 6 summarized the results and proposed
the future research directions.
2. Research background

Tower crane safety monitoring is important on construction
jobsites for preventing serious injuries and fatalities. To overcome
limitations of manual systems, sensing technologies have been
proposed for autonomous crane safety monitoring. One of the most
important pieces of information used for construction safety
applications is location data. There have been several different
technologies available to obtain location information, including
GPS, Radio Frequency (RF) sensors, Ultra Wideband (UWB), Ultra-
sonic, LADAR, laser scanner, Infrared, and video/image-based
tracking [24]. For example, Yang [27] used image processing
techniques on video streams from surveillance cameras to track
if a crane enters predetermined blind lifting areas. Electric field
monitoring sensor [18] was also used to monitor if the crane com-
ponent is getting too close to the power line but it required calibra-
tion and the environment might affect the system’s performance.
Among the techniques mentioned above for the safety alert sys-
tem, RF-based technology is one of the most promising applica-
tions for construction safety. Different RFID technologies have
been used to prevent blind lifting for crane operators [10,22] and
prevent workers from getting to close to a stationary mobile crane
[23] or under the crane [7], and crane collisions [5,28].

The applications demonstrate promising benefits of introducing
sensing technologies for autonomous safety monitoring; however,
the applications were developed under the assumption that the
collected information is perfect, which is not true due to the imper-
fect nature of sensing devices. Previous studies [1,15,20,21] indi-
cated that imperfect (missing, erroneous, and uncertain) data is
common and the imperfect data collected from sensors adversely
impacts safety monitoring system performance.

In the authors’ recent paper [14], imperfect information in the
autonomous safety monitoring system was studied and the results
show that imperfect information results in unsatisfactory system
performance in terms of precision and recall to the point where
commercial implementation is likely non-viable without improve-
ment. The authors’ working paper indicates that future research
should be conducted to explore potential approaches to deal with
imperfect data for improving the safety monitoring system’s per-
formance in a realistic world.

Razavi and Haas [20] have recognized that the acquire date
from sensing devices are imperfect and found there are five major
frameworks to deal with imperfect data: probabilistic, evidential
belief reasoning, soft computing, optimization-based, and hybrid
methods. They modified a data fusion model based on the JDL
model with the integration of the five major farmworkers for track-
ing onsite materials among multi fusion levels (low for location
detection, high for relocation detection and meta-process for
project state). Since safety management requires near real time
decision making based on sensed data, dealing with imperfect data
for safety monitoring in this paper focuses at the low level (loca-
tion detection) based on Razavi and Hass’s work. In machine learn-
ing-based approach, the number of training set data points used for
localization is usually very large and the computing time would be
large even based on linear computing complexity. To reduce the
burden to the system and speed safety decision making, the com-
puting complexity issue needs to be addressed. In this paper, the
authors use Bayesian approach based on few data points for safety
situation decision making to reduce the processing burden of the
system. Besides location information, this paper includes
non-location information (velocity, and acceleration) to assist loca-
tion prediction modeling. Both soft computing and evidential belief
reasoning are adopted for improving the system’s performance
with imperfect data.
3. Autonomous crane safety monitoring system testbed and
data collection

In the autonomous crane safety monitoring system, the danger-
ous areas under a crane load are divided into three areas based on
different risk levels, arranging from the high risk to low risk: the
red zone, the yellow zone and the green zone [13]. The target is
considered to be in dangerous situations when falling in the red
zone, to be close to the dangerous situation when falling in the yel-
low zone and safe in the green zone. Based on the three types of
control areas, the autonomous crane safety monitoring system
has two derivatives: (I) Red–Yellow–Green (R/Y/G) system, which
contains both warnings and alerts and (II) Yellow–Green (Y/G)
system, which only contains warnings. In system I, an alert is trig-
gered if the target is in the red zone and a warning is triggered if
the target is in the yellow zone. In system II, a warning is triggered
if the target is in the yellow zone or the red zone. The purpose of a
Yellow–Green system is to place emphasis on entering a warning
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zone (avoid any entry into a red zone) while potentially reducing
the likelihood of false alarms.

To prevent workers being exposed under the risk, the authors
built a scaled testbed (Fig. 1) to simulate the real-world conditions
and allow exploring approaches to deal with data errors for
improving the autonomous safety monitoring system performance
under different scenarios. The authors went to an office building
construction jobsite in Austin, with two 6-floors buildings and
observed the activities on the jobsite. Based on the observation
at framework construction phase, five representative construction
operation activities were selected to develop the five test cases to
study the different approaches to deal with imperfect data.
Although there are few techniques (e.g., differential GPS, Ultra
Wideband) with higher accuracy at higher cost, lower-cost non-
differential GPS and Wi-Fi-based localization systems are more
feasible and mature for safety applications in construction due to
their lower investment in initial cost as well as setup and opera-
tion. Previous studies [26] indicated that the localization error of
GPS is usually in the range of 1–13 m and the error of Wi-Fi-based
technologies can be reduced down to 1 m [3]. This range guides the
choice of a cricket system for use in the testbed to provide location
information because other studies [15,19,29] indicated that the
localization error of the cricket system ranges from 1 to 10 cm.
The scale between the GPS/Wi-Fi-based technologies’ error and
cricket system’s error is similar to the scale between the dimension
of real-world jobsite and our scaled testbed. The testbed was built
based on the aforementioned jobsite using LEGO bricks in a labora-
tory environment. The LEGO model tower crane (City Set #7905)
was used as the basic of scaled tower crane in the testbed. Lego
Mindstorms NXT was also deployed in on the scaled tower crane
as the controller control the servo motors for crane load’s move-
ment at three degrees of freedom. Using three servo motors, the
model crane’s boom can rotate 360� clockwise and anticlockwise,
the trolley on the crane boom can move forward and backward
along the track under the crane boom, and the hook can rise up
and down vertically. The Cricket Development Kit [19], based on
ultrasonic and radiofrequency, was deployed to track the location
information of the crane load. The beacon nodes of the cricket sys-
tem were mounted at fixed locations on the ceiling and floor with
pre-determined locations. Another cricket node was mounted on
the tower crane’s load and the worker to continuously send/receive
radio frequency and ultrasonic packages to/from the beacon nodes
and time difference and transmission speed information were used
to calculate the crane load and the worker’s location information
and sent to the autonomous safety monitoring system. The crane
hook’s location information and crane load’s size are used to
Fig. 1. Model crane in the lab environment.
generate the red and yellow zones based on the extracted safety
knowledge [13]. As the crane load and the worker move, the
dangerous area would change and the worker’s safety situation
would also change in real time.

Five test cases (details can be found in [11] were developed
based on five representative construction tower crane operations
observed on the jobsite to explore various approaches to deal with
imperfect data in the autonomous safety monitoring system. Each
test case represented a tower crane operation and the moving path
of a nearby worker. Fig. 2 shows test case #2 as an example. In this
representative crane operation scenario test case #2 derived from,
the tower crane is lowering a steel beam for frame work assembly
near the north side of the building under construction while a
worker is traveling along the north edge on the roof of the same
building. Six discrete points along the worker’s travel path and
the crane load’s vertical lifting path were taken. Based on the scale
of the testbed, the corresponding points were first marked in the
testbed as the ground truth positions. For each test case, the time
interval between each point is 0.5 s and twenty readings were
obtained using cricket localization system using a sampling
frequency of 200 Hz at each ground truth positions. Since the sam-
pling interval of data at each ground truth is small and the work-
er’s/crane load’s positions are considered to stay the same for the
20 readings (young pedestrian’s average walking speed is
150 cm/s [9] and therefore the possible movement at each sam-
pling interval would be less than 150/200 = 0.75 cm). The same
data collection process was repeated for the other four test cases.
The location data collected from the cricket sensors indicated that
the average location error ranges from 1.48 cm to 10.06 cm with an
average error of 4.77 cm.

At each test point in the five test cases, the ground truth safety
situation was calculated based on the ground true location
information and the measured safety situation was calculated
based on the measured location. By comparing the measure safety
situation and the ground true safety situation, the calculated safety
situation can fall into one type within true positive, true negative,
false positive and false negative [14]. To evaluate the performance
of the autonomous crane safety monitoring system, three metrics
were used: precision, recall and accuracy.

Precision is the ratio of True Positive to the sum of True Positive
and False Positive. It measures the percentage of actual alerts and
warnings that are triggered by the system.
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Fig. 2. Test case #2.
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Precision ¼ True Positive
True Positiveþ False Positive

ð1Þ

Recall is the ratio of True Positive to the sum of True positive and
False Negative. It measures the percentage of actual dangerous sit-
uations that are reported (when an alert or alarm is triggered by the
system).

Precision ¼ True Positive
True Positiveþ False Negative

ð2Þ

Accuracy: the accuracy is the percentage of true results in the
population.

Accuracy

¼ number of true positivesþnumber of true negatives
number of true positivesþ true negativesþ false positivesþ false negatives

ð3Þ
4. Approaches used to improve localization information with
imperfect data

To aid robust implementation, ideally approaches to improve
prediction of localization information under imperfect data will
be lightweight in terms of computational speed and associated
power usage of the distributed sensor and computing network.
We introduce five approaches below, including a base case.

4.1. Decision making based on raw data without considering data
imperfection (base case)

The raw location data was fed into the autonomous safety mon-
itoring system assuming that the data has no error. The system’s
performance was calculated based on the raw data and served as
the base for performance benchmarking.

The worker’s position at time Tn in each test case, based on the
kth sample/reading is Pw;Tn ;kth

*

.
The crane load’s position at time Tn in each test case, based on

the kth sample/reading is Pl;Tn ;kth

*

.
Therefore, the distance between the crane load and the worker

DTn ;kth at Tn in each test case can be calculated as:

DTn ;kth ¼
missing ðif either Pw;Tn ;kth

*

or Pl;Tn ;kth

*

is missingÞ

jPw;Tn ;kth

*

� Pl;Tn ;kth

*

jðif neither Pw;Tn ;kth

*

nor Pl;Tn ;kth

*

is missingÞ

8<:
ð4Þ

Using the calculated distance between the crane load and the
worker at time Tn in each test case, based on the kth sample/read-
ing, the worker’s safety situation can be determined as:

Safety Tn; k
th

� �
¼ f DTn ;kth
� �

ð5Þ
4.2. Simple averaging

The approach uses multiple location data readings collected in a
short period of time (near simultaneously) at the same location to
calculate the average and use it to determine the safety situation.
By changing the N value, the performance varies and a number
of samples required at each test point can be suggested.

The worker’s average position at time Tn in each test case, using
the first k samples/readings is

g
Pw;Tn ;k

*

¼
Xk

j¼1

P
*

w;Tn

,
k ð6Þ

The crane load’s average position at time Tn in each test case, using
the first k samples/readings is
g
Pl;Tn ;k

*

¼
Xk

j¼1

P
*

l;Tn

,
k ð7Þ

Based on the average position using k samples, the distance
between the crane load and the worker at Tn in each test case can
be calculated as

Daver;Tn ;k ¼
g

Pw;Tn ;k

*

�
g

Pl;Tn ;k

*

�����
����� ð8Þ

Therefore, the worker’s safety situation at Tn in each test case can be
determined by

SafetyðTn; kÞ ¼ f ðDaver;Tn ;kÞ ð9Þ
4.3. Prediction using location readings of the previous two points and a
vector for prediction

The approach uses location data at the previous two points to
calculate the vector of the traveling distance and uses this vector
to predict the possible location at the next time stamp. Then the
safety monitoring system would use the predicted location to
determine the system’s performance.

For each test case,
The worker’s location Ppw;Tn ;k

*

at Tn (for n > 2) can be predicted
based on the previous two sensed locations as:

Ppw;Tn ;k

*

¼
g

Pw;Tn�1 ;k

*

þ
g

Pw;Tn�1 ;k

*

�
g

Pw;Tn�2 ;k

*
 !

¼ 2 �
g

Pw;Tn�1 ;k

*

�
g

Pw;Tn�2 ;k

*

ð10Þ

The crane load’s location Ppl;Tn ;k

*

at Tn (for n > 2) in each test
case can be predicted based on the previous two predicted loca-
tions as:

Ppl;Tn ;k

*

¼
g

Pl;Tn�1 ;k

*

þ
g

Pl;Tn�1 ;k

*

�
g

Pl;Tn�2 ;k

*
 !

¼ 2 �
g

Pl;Tn�1 ;k

*

�
g

Pl;Tn�2 ;k

*

ð11Þ

Based on the average position using k samples, the distance
between the crane load and the worker at Tn (n > 2) in each test
case can be calculated as

Dpred;Tn ;k ¼ Ppw;Tn ;k

*

� Ppl;Tn ;k

*
���� ���� ð12Þ

Therefore, the worker’s safety situation at Tn (n > 2) in each test
case can be determined by

SafetyðTn; kÞ ¼ f ðDpred;Tn ;kÞ ð13Þ
4.4. Prediction using predicted location data at the previous point with
velocity and acceleration

The approach uses the velocity and acceleration collected at the
previous point to calculate the traveling distance between the pre-
vious timestamp and current time. The location at current point
can be predicted by adding the traveling distance on the top of
the location at the previous point. Then the safety monitoring sys-
tem would use the predicted location to determine the system’s
performance.

In a general situation, an object’s location at Ti can be predicted
based on its predicted location, velocity and acceleration at Ti�1

using the equation below:

PTi

*

¼ PTi�1

*

þvTi�1

*
�ðTi � Ti�1Þ þ 0:5 � aTi�1

*
�ðTi � Ti�1Þ2 ð14Þ
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In the author’s testbed, only location information is collected in
this phase. Based on the observation on jobsite, the worker’s veloc-
ity value and the crane load’s angular velocity are approximately
constant in the middle of certain activities. Therefore, the author
assumes that the value of the worker’s linear velocity and the value
of the crane load’s angular velocity are constant; the worker’s lin-
ear acceleration and the crane load’s angular acceleration are zero.
The direction of the simulated velocity reading is set with the value
of the previous two sensed locations. Therefore,

The worker’s location Ppw;Tn ;k

*

at Tn (for n > 2) can be predicted
based on the previous sensed locations as

Ppw;Tn ;k

*

¼ PTn�1

*

þvTn�1

*
�T ð15Þ

where T is the timer interval between Tn and Tn�1 (0.5 s in our test
cases)

vTn�1

*
¼ � PTn�1

*

� PTn�2

*
� �	

PTn�1

*

� PTn�2

*
���� ���� ð16Þ

The crane load’s location Ppl;Tn ;k

*

at Tn (for n > 2) can be pre-
dicted based on the previous sensed locations as

Ppl;Tn ;k

*

¼ PTn�1

*

þvTn�1

*
�T ¼ PTn�1

*

þxTn�1

*
� j rTn�1

*
j2

rTn�1

* � T ð17Þ

where T is the timer interval between Tn and Tn�1 (0.5 s in our test
cases).

Based on the average position using k samples, the distance
between the crane load and the worker at Tn (n > 2) in each test
case can be calculated as

Dpred;Tn ;k ¼ Ppw;Tn ;k

*

� Ppl;Tn ;k

*
���� ���� ð18Þ

Therefore, the worker’s safety situation at Tn (n > 2) in each test case
can be determined by

Safety Tn; kð Þ ¼ f Dpred;Tn ;k
� �

ð19Þ
4.5. Bayesian approach with velocity and acceleration

Bayesian conditional probability [2] is well known and widely
applied in almost every field of science. In the crane safety sce-
nario, the hazard state of the worker can be categorized and her
probability of being in any of these states can be described. The
three variables describing the worker’s safety conditions are:

1. In the green zone.
2. In the yellow zone.
3. In the red zone.

The alarm (if the worker is in the red zone) or warning (if the
worker is in the yellow zone) triggering is based on the probability
P(a) of the worker being in the safety condition. If P(a) is larger
than a threshold £ where £ 2 ½0;1� (in our test, 50% was chosen
as the threshold), a signal would be sent to the worker for notifying
her safety situations. In practice, P(a) can be estimated by updating
the probability of being in a hazardous situation. P(a|E) condition-
ally on observations (E) made of the worker’s position relative to
the hazard.

The Bayesian approach consists of defining and continuously
updating the probability P(a|E) in a Bayesian manner, based on
the worker’s monitored behaviors. The position, velocity and
acceleration of both the worker and the crane load are monitored
at a frequency f 1

T

� �
. Based on the captured data, three quantities

can be obtained at any time step i: the worker’s distance to the
dangerous area’s center (Dw,i), the worker’s velocity towards the
dangerous area’s center (vw,i), and the worker’s acceleration
towards the dangerous area’s center (aw,i). Defining P(a|E) based
on these three quantities allows the transient characteristics of
a worker’s behavior to be included. For instance, if someone is
working close to the red zone and is conscious of the danger,
no alarm or signal should be given. In another case, if a worker
is still relatively far from the red zone, but walking at constant
speed towards it with no sign of slowing down, an alarm should
be triggered. This heuristic knowledge is encapsulated in a
likelihood function P(E|a) = g(Dw,i, vw,i, aw,i) and is used to update
previous knowledge about the hazard state P(a|E). Based on
the theory of experimental design [4,8] a set of 45 events
x = [x1, x2, . . . , x45]T where xn = [Dw,n, vw,n, aw,n] for n 2 ½1;45� are
defined in a central-composite-design arrangement. The
probability of being in an imminent hazardous situation P(a|E)
has to be quantified for each point based on a mutual agreement.

The probability Pn(E|a) has to be evaluated for each point n in
order to define a second-order polynomial function that can return
P(a|E) in the entire domain using Eq. (20).

P
!ðEjaÞ ¼ b0 þ

X3

i¼1

bixi þ
X3

i¼1;j¼1

b3iþj�1xixj þ �n ð20Þ

Eq. (21) is the matrix representation of Eq. (20) where bi are param-
eters determined using Eq. (23).~b is a vector containing the param-
eters bi that minimizes the approximation error �n.

P1ðEjaÞ
P2ðEjaÞ

..

.

P45ðEjaÞ

266664
377775 ¼

1 x1;1 x1;2 � � � x2
1;3

1 x2;1 x2;2 � � � x2
2;3

..

. ..
. ..

. ..
.

1 x45;1 x45;2 � � � x2
45;3

2666664

3777775
b0

b1

..

.

b9

266664
377775þ

�0

�1

..

.

�45

266664
377775 ð21Þ

P
!ðEjaÞ ¼ X~bþ �r

! ð22Þ

~b ¼ ðXT XÞ�1
XT P
!ðEjaÞ ð23Þ

The probability of being in an imminent hazardous situation at a
time i, P(a|E)|t=i can be obtained by updating the previous state of
knowledge PðajEÞjt¼i�1

t¼i�n obtained in the last n (n 2 N) iterations with
the likelihood function P(E|a)|t=i computed from monitored data
obtained at time i. n can either be defined deterministically or it
can be updated recursively using the state of P(a|E)|t=i�1 as shown
in Eq. (24). In this equation, j (j 2 N) is weighted by P(a|E)|t=i�1.
When the hazard is low, it is useful to include a large number of
previous points in order to avoid potentially misleading outliers.
When the hazard is high, the window size should be reduced in
order to adapt quickly to changing situations.

n ¼ bj=PðajEÞjt¼i�1c ð24Þ

The Eq. (6) presents the Bayesian updating procedure where previ-
ous knowledge is updated using the likelihood function (Eq. (20))
translating the relative position, speed and acceleration of a worker
into a probability of being in a hazardous state. In this equation, P(E)
is a normalization constant itself evaluated in Eq. (26).

PðajEÞjt¼i ¼
PðEjaÞPðajEÞjt¼i�1

t¼i�n

PðEÞ ¼ 1
PðEÞ

Yi

j¼i�n

PðEjaÞjt¼j ð25Þ

PðEÞ ¼
Yi

j¼i�n

1� PðEjaÞjt¼j

 !
þ
Yi

j¼i�n

PðEjaÞjt¼j

 !�1

ð26Þ
5. Results

Using each individual approach, the safety situation at each test
point can be calculated and used to evaluate the autonomous
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Fig. 3. Performance of simple averaging with number of used samples changing.

Table 1
Performance comparison of various approaches to deal with imperfect data.

R/Y/G system Y/G system

Precision
(%)

Recall
(%)

Accuracy
(%)

Precision
(%)

Recall
(%)

Accuracy
(%)

Raw location data 87.6 53.0 49.3 94.9 62.7 60.7
Simple averaging using 10 location readings 92.0 63.9 60.5 96.3 70.3 68.4
Prediction using location reading of the previous two points and a vector for

prediction
100.0 35.7 35.7 100.0 39.3 39.3

Bayesian approaches with velocity and acceleration 76.7 74.2 60.5 93.5 80.6 76.3
Prediction using predicted location data at previous point with velocity and

acceleration
93.8 96.8 90.9 100.0 97.0 97.0
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safety monitoring system performance. Fig. 3 shows the number of
samples used to obtain the average location data for safety
situation calculation. By increasing the number of samples used
for averaging, the performances of both systems get improved.
Based on the figure, when a number between 10 and 13 is chosen
as the number of samples used for averaging, the performance
reaches a flat platform.

The performances of various approaches are summarized in
Table 1 and Fig. 4. Because the localization error is large based
on the data I collected, as well as the relative path of the worker
might not be a straight line, the approach of simple prediction
using the vector based on the previous two sensed location does
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Fig. 4. Performance compariso
not reach a better performance than simple used the raw data
without any data processing approach. Simple averaging using
the first ten readings also averages the localization error down.
Therefore, the simple averaging using the first ten readings gets a
little better performance than just using raw data for decision
making. If additional information (e.g., velocity and acceleration)
other than location can be obtained and used to support decision
making, the performances of both systems get improved and both
systems have performance metrics with value of over 80%.

Fig. 5 shows the detailed safety decisions made with the
Bayesian approach in the R/Y/G system and the Y/G system. In both
systems, the calculated safety situations at points in the green zone
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Fig. 5. Safety situation along the worker’s moving path in test case #2 made by bayesian approach.

Table 2
Systems performance of Y/G system and R/Y/G system in green zone.

Applied approach Y/G system and R/Y/G system

Precision
(%)

Recall
(%)

Accuracy
(%)

Raw location data 86.1 100.0 86.1
Simple averaging using

10 location readings
88.9 100.0 88.9

Prediction using location reading
of the previous two points and
a vector for prediction

100.0 100.0 100.0

Bayesian approaches with velocity
and acceleration

77.8 100.0 77.8

Prediction using predicted location
data at previous point with
velocity and acceleration

100.0 100.0 100.0
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are the same. The performance would be the same for the same
approach at the points in the green zone. False alarms would be
raised at some points (e.g., P6) in this area and we want to keep
the false alarm rate as low as possible. In this way, the worker’s
would trust the system and would not turn the system off. In test
case #2, the Bayesian approach achieved 100% accuracy at points
inside for the yellow zone for the Y/G system (Fig. 5b) and only
one occurrence (at P9) of false alarm is observed in the R/Y/G system
(Fig. 5a). At P9 in the R/Y/G system, the system exaggerates the
worker’s dangerous situations. It is more acceptable than failing to
give any warning to the worker and telling her that she is in a safe
situation. The result indicates that switching the system from the
R/Y/G system to the Y/G system improves the autonomous safety
monitoring system’s performance.

Table 2 and Fig. 6 show the performance for both systems based
on data I collected from the testbed for points in the green zone.
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Table 3
Systems performance of Y/G system and R/Y/G system in yellow zone.

Applied approach Y/G system R/Y/G system

Precision
(%)

Recall
(%)

Accuracy
(%)

Precision
(%)

Recall
(%)

Accuracy
(%)

Raw location data 100.0 43.9 43.9 85.5 40.1 37.5
Simple averaging using

10 location readings
100.0 54.6 54.6 91.7 52.4 50.0

Prediction using
location reading of
the previous two
points and a vector
for prediction

100.0 25.0 25.0 100.0 25.0 25.0

Bayesian approaches
with velocity and
acceleration

100.0 72.7 72.7 68.8 64.7 50.0

Prediction using
predicted location
data at previous
point with velocity
and acceleration

100.0 95.0 95.0 89.5 94.4 85.0
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Both the Y/G and R/Y/G systems have the same performance in this
green zone. For the points in the green zone, the decision making
based on raw data reach nearly 86% accuracy and precision, which
means the calculated safety situation is also green. The prediction
using simple vector and the prediction using predicted data and
additional information reach accuracies and precisions of 100%,
in which cases all the points have been correctly identified in green
zone. For all the other three approaches other than those two with
100% accuracies, although the system incorrectly identifies some
points, the decisions are not so bad since no points have been
incorrectly identified to be in the red zone. The recall rates of all
the approaches are 100% because all the safe situations were
reported. Based on the results, the system might get better
performance when applying the approach of prediction with
simple vector and the approach of prediction using predicted
location and additional information on the sensed data. The other
two approaches and decision making with raw data also get an
acceptable performance.

Table 3 and Fig. 7 show the performance for both systems based
on data I collected from the testbed for points in the yellow zone.
The results are quite consistent with the overall result when
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Fig. 7. Systems performance of Y/G syste
considering all the points in different zones as a whole set. For
the points in the green zone, the prediction using predicted
location data and additional information has the best perfor-
mances for both the Y/G and R/Y/G systems in terms of precision,
recall and accuracy. The Bayesian approach has the 2nd best
performance. The results indicate that by introducing additional
information (e.g., acceleration and velocity) to support decision
making, the performances of both systems get improved and most
of the performance metrics have values of over 70%.

Table 4 and Fig. 8 show the system’s performance (in terms of
percentage of points considering to be in a specific safety situation)
based on data I collected from the testbed for points in the red
zone. For the R/Y/G system, both the simple averaging approach
and the approach of prediction using predicted location with veloc-
ity and acceleration have the best performance. The Bayesian
approach has a similar performance as decision making simply
using raw data from the sensors. For the Y/G system, the approach
of prediction using predicted location with velocity and accelera-
tion also has the best performance and the Bayesian approach
has the 2nd best performance. The prediction approach using
simple vector had the worst performance for both systems.

6. Discussion

The simple averaging approach used to feed location for safety
situation calculation provides a more stable system’s performance
as the location errors fluctuate less. The system’s performance
tended to be more stable if more sample location data were used
to calculate the average location. Ten to thirteen would be a satis-
factory number to use as the sample size of location data that
should be collected at a specific location along the moving path
in a short period of time (in this paper, we used 50–65 ms). This
approach was a simple and effective way to improve the system’s
performance for a little bit without a need to deploy extra sensors
for other types of data.

Deploying extra sensors to collect velocity and acceleration data
can greatly improve the system’s performance. Both the Bayesian
approach and the prediction using predicate location data, velocity
& acceleration utilize that information to provide a more accurate
safety situation of the workers. The predication approach using
velocity and acceleration in addition to location data achieved
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Table 4
Systems performance of Y/G system and R/Y/G system in red zone.

Applied approach Y/G system R/Y/G system

Precision
(%)

Recall
(%)

Accuracy
(%)

Precision
(%)

Recall
(%)

Accuracy
(%)

Raw location data 100.0 80.7 80.7 100.0 39.3 39.3
Simple averaging using

10 location readings
100.0 100. 0 100.0 100.0 57.1 57.1

Prediction using
location reading of
the previous two
points and a vector
for prediction

100.0 28.6 28.6 100.0 14.3 14.3

Bayesian Approaches
with velocity and
acceleration

100.0 85.7 85.7 100.0 71.4 71.4

Prediction using
predicted location
data at previous
point with velocity
and acceleration

100.0 100.0 100.0 100.0 100.0 100.0
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the best performance in the test cases used in this paper. The
performance was dependent on the path of worker and crane load.
In the test cases described in this paper, the worker was walking in
straight line and the crane load was moving along a circle. This
simple pattern of the worker and the crane load’s moving path
was a possible explanation of why this approach had a very high
accuracy in deciding the worker’s safety situations. The system’s
performance might degrade if the worker and crane load’s moving
path did not have such a clear pattern. Future study would include
some test cases with irregular moving paths to test this approach’s
performance.

The Bayesian approach had the 2nd best performance in the test
cases described in this paper. The Bayesian approach was
dependent on its prior knowledge, the size of time windows use
to collect prior knowledge for updating, the confidence level used
as probability threshold. Therefore, the Bayesian approach
approach’s performance was variable based on all these factors.
An appropriate set of prior knowledge and time windows can
improve the autonomous safety monitoring system’s performance
using the Bayesian approach.
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7. Conclusions

Localization through sensed data is a goal of many research and
development efforts. The level of error in the sensed environment
on construction sites is relatively high, calling into question the
suitability of many technologies for location awareness that
requires precision beyond very coarse location accuracy. This
paper provides a path forward where basic approaches are used
to improve accuracy, from simple averaging of multiple readings
to the use of supplemental velocity and acceleration data. All of
these approaches show some improvement over use of raw data.
Supplemental data in particular appears to show very promising
results, whether using a Bayesian approach to update beliefs about
location or by simple prediction from prior sensed location. Impor-
tantly, all the approaches work without detailed calibration and
setup of the sensor network, and, as such, can be applied to net-
works where the error is unstable due to environmental conditions
or transient placement of sensors.

The authors believe their work takes an important step to move
the research literature away from analysis of error to development
of approaches that actively improve the information available from
the sensed environment. However, the work is but a first step.
Future research should investigate other approaches and further
refine the approaches presented above, particularly in different
environmental contexts and conditions. Another next step of the
research would include mounting the localization sensors on tower
cranes and deploying the autonomous safety monitoring system in
a real jobsite with the proposed approaches to test the system per-
formance in a full-scale environment. The research discussed in
this paper was implemented on a scaled-down testbed, which
might not achieve the same performance as in a full-scale and
real-world environment. Companion research would also better
specify accuracy requirements for different applications. Ideally,
research would then provide developers and practitioners robust
technologies with known errors and the appropriate applications
for use.
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