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Abstract | B E

Unsafe behaviors are one of the most critical leading indicators of construction accidents;
therefore, timely identification of unsafe behaviors, and understanding the rationale behind
them, facilitate rectification, which mitigates the probability of accidents. Unfortunately,
current inspection practices are heavily experience-driven and, thus, considered systematically
vulnerable. In this study, a process-oriented inspection checklist is proposed for navigation
purposes. An experiment was designed and conducted to validate this proposal. The results

of this experiment purported that this navigation tool enhances selective attention on
pre-determined critical risks without sacrificing overall inspection performance. Although
preliminary results looks promising, it is believed that network strategies should be utilized to
identify critical risks with regard to spacial-temporal characteristics, facilitating optimization of
inspection strategies.

Keywords: Behavior-Based Safety, Cognitive Phsychology, Construction
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Background

Construction has long been considered one
of the most dangerous industries globally. In
the U.S,, there are 6-10 accidents that occur
on jobsites every day (Lucker 1996). According
to statistics from the U.S. Bureau of Labor
Statistics in 2013, accidents in construction
led to 828 deaths, which ranked first place
among all industries. These accidents also
resulted in great direct and indirect economic
loss, which accounted for 8% of total costs of
construction projects (BLS 2013). In the UK,
workers in construction only took up 5% of
the employment nationwide, but accounted
for 31% of work-related casualties. Given

the severe situation of construction safety, a
variety of risk-controlling methods have been
taken to lower the rate of fatal accidents and
minimize both casualties and economic loss.
Although safety performance has improved
over the past decade (as shown in Figure 1),
it reached a plateau after 2010. Therefore,
zero accidents in construction requires a
breakthrough (Figure 1).
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Figure 1. TRIR (RIR) Rate, Aggregated Data, 1989-2013 (Cll 2014) (Source: Tsinghua University)
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Unsafe Behavior is the Key to Accidents

A mass of statistical analysis shows that
workplace accidents are closely related to
human errors, materials, and environmental
hazards (Chi et al. 2013). Heinrich's (1941)
causal chain theory reveals five steps from
heredity and social factors towards injuries
and deaths, among which the unsafe behavior
of people and unsafe state of objects is the
core link and is more susceptible to human
intervention than other links, like heredity
and social environment. Haslam et al. (2005)
thoroughly analyzed 100 diverse casualty
accidents which involve different construction
stages. After analyzing five hundred pieces of
construction accident records offered by the
British Safety and Health Executive, Suraji et al.
(2001) find that 88% of accidents are related
to workers'irregular operations. Analysis on
the causes of construction safety-related
accidents by these theories and studies show
that as a direct operator in construction
activities, a worker's unsafe behavior is the
most direct factor in the cause of an accident
(as shown in Figure 2) (Mitropoulos et al.
2005). In addition, Liao et al. (2016) asserted
that unsafe behaviors result from improper
environment settings. Therefore, detection of
unsafe behaviors and improper environmental
settings is considered the most effective and
direct approach to mitigate the probability of
safety-related accidents (Figure 2).

Knowledge and Practical Gaps of
Inspection

Inspection of environmental settings and
unsafe behaviors is the first step to risk
mitigation in the construction industry.
Nonetheless, operational states change
dynamically in construction projects, which
make behaviors hard to observe. According
to statistics of the OTIS Fatality Prevention
Audit (FPA) program, percentage of detected

BERF)

unsafe behaviors is significantly lower than
environmental settings across various areas
in China. Interpretation goes that hazardous
environmental settings can be more easily
detected than behaviors since they are
relatively steady; on the other hand, human
behaviors change occasionally, and thus are
difficult to observe.

Current practices of inspection heavily rely on
the principle of quality control (i.e, setting up
control points in the project and investigating
according to a risk checklist). In addition,
although rules of inspections were proposed,
safety inspections are heavily experience-
driven. This means unsafe behaviors can

be detected only if the occurrence is in the
presence of an inspector. Provided risks are
spatial-temporally associated, a navigation
tool should improve inspection

performance accordingly.

Now that most of the current safety
inspections intend to inspect in an arbitrary
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Figure 2. System dynamics of accident (Source: Tsinghua University)
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local space, in some time, inspectors would
make mistakes and miss some safety risks
during their observation due to the limitation
of time and attention, impairing the effect of
the safety inspection. First, Atkinson (1998)
thought that the mission of identifying
patent risks is one of the main factors causing
construction safety-related accidents. Saha’s
(2002) simulated experiments of safety
inspections on concrete column supported
this argument: the quality risk recognition rate
of inspectors even with the most abundant
experience, possessing 10-year working
experience, is lower than 80 percent. Duffuaa
etal. (2015) suggested that the factors
leading to observation missions should
include the characteristics of the inspected
object, inspection approaches and tools, and
the inspector’s capacity, etc. The existence

of these factors would inevitably trigger
inspection errors (risk mission). In addition,
there are often some indistinct expressions

in the risk list for inspection, increasing
inspectors’actual workload (Lind 2009).
Inspectors are required to consider different
projects during practical safety inspections, or
even to demand the worker to rectify issues
on the spot, which highlights the deficiency
of inspection time and the huge amount

of workload (Woodcock 2014). Despite the
overload of inspection tasks, the enterprise
manager’s universal lack of awareness in risk
association also leads to insufficient safety
inspection strategies and routes. Therefore,
inspectors could select their route to check
randomly, according to their own habit

and the site composition, increasing the
observation mission probability

(Marlow et al. 2012).

Therefore, Woodcock (2014) proposed a
rule-based inspection pattern for inspectors’
thoughts and judgments, which enable
different inspectors to reach appropriate
outcomes under different circumstances
depending on their individual preferences
and knowledge. However, such a model is still
in the theoretical stage and it needs a lot of
practice to improve and promote use.

Solutions: Revised FPA

A process-oriented inspection checklist was
proposed as a navigation tool, intended to
revise current FPA program in OTIS (as shown
in Figure 3 and Figure 4). The check items
(risks) were mapped with standard installation
steps according to the installation manual
and safety standards. Senior inspectors were
interviewed and this tool was cross-validated
with top management.

Why Short-List?

The high division of labor in construction
production and frequent alternate operation
leads to a high degree of location variety

of the occurrence of safety risks (Trucco

and Ward 2011). On the other hand, the
environment and construction workers
change as the construction project
progresses, which leads to a high degree of
time variety (Xenidis and Gkoumas 2014).

Different from quality risk management in the
manufacturing industry, the mechanism of
safety risk management in the construction
industry has to be process-oriented rather
than results-oriented, based on the two
characters above. The safety checklist is

the risk list based on the inspectors’own
experience, or their colleagues'in the same
company or area, to prevent probable
observation errors that inspectors would
make in the inspection site. However, to
ensure the checklist is comprehensive
enough, the list is always overly lengthy.
Therefore, most of the inspectors would rather
use the checklist as a content prompt before
checking, and a tool to examine after the
entire observation, than referring to it item by
item during their inspection.

The research by Woodcock (2014) showed
that safety inspectors needed resources

to judge whether scene features were
consistent with the standard features of
safety inspection. A mental model should

be established before security inspection,

but most of the safety inspection training
mainly introduced important checkpoints,
belonging to one-sided sporadic introduction.
Meanwhile, his findings confirmed what
Yangju Ren (2014) had proposed that safety
inspectors consumed the most resources

in the confirmation phase. Similarly, Seokho
(2014) indicated that there should be a strong
correlation between risks and the state of

the operation. He proposed an activity-

based inspection template that connected
the security risk checkpoints with real-time
operation and opened the security check
mode based on the project. In theory, by
using real-time safety tips, inspectors can
reduce acquisition of interference stimuli
(unrelated to construction status), and
increase the probability of capturing the
most relevant security risks associated with
the current state of construction. Hamzic
(2013) proposed that checking certain types
selectively, based on the classification result,
can reduce inspectors'workload and increase
inspection efficiency and accuracy in his study
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of quality inspection in the manufacturing
industry (Figures 3 & 4).

Generally, safety inspection is an important
approach to take precautions against risk and
reduce accidents in engineering. However,
the statistics on accident occurrences indicate
that the performance of safety inspections
remains to be improved. Consequently, this
study will try to explore the mechanism of
safety inspection. As inspectors mainly use
visual searches to find hazards, the current
focus will be on the most important process in
the cognitive process of a visual search using
cognitive psychology theory. Understanding
the mechanism of this cognitive process,
practical methods will be provided to improve
inspection accuracy.
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Figure 3. Short List of FPA Guidance 1 (Source: Tsinghua University)
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Figure 4. Short List of FPA Guidance 2 (Source: Tsinghua University)
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Validation for the Proposed Navigation
Tool

As revealed in a simulation experiment on
construction inspectors, subjects with higher
working age tended to have higher detection
rate of potential risks. Nevertheless, even
those with over ten years™ experience could
hardly identify 80% of all the inherent risks
within the test, which means there were up to
20% of risks missed by inspectors in the visual
observation. Thus, missing risks is much more
serious to the reliability of a safety inspection
for risk controlling and, therefore, requires
more attention from both researchers and
construction companies.

Cognitive Psychology believes that human
behavior is a direct product of cognitive
processes. It divides the cognitive process into
several stages. Experience and theories show
us that discovering information is the most
critical stage for inspection. If identification
rate of safety hazards can be improved, unsafe
behaviors can be radically prevented from
occurring. As mentioned before, inspectors
use visual search to identify hazards.
Therefore, probable solutions to improve

the performance of safety inspection will be
discussed from the angle of visual search and
other related theories.

Some researches in Scene and Scene
Perception consider that visual search requires
an extremely complicated attention selecting
system (Howard et al, 2011). Due to finite time
and space, inspectors have to select limited
information among a tremendous amount

of information at the construction site to
ensure that the limited cognitive resources
are utilized efficiently. This is called selective
attention. In this case, if inspectors can be
given some guidance to notice the most
critical things at the site, their misses can be
reduced. The following is a discussion of how
this can be achieved.

There are two stages in the attentional
capture of the Selective Attention System:
bottom-up salient feature stimuli as the early
period, and top-down cognitive control as
the late. The former emphasizes the Capture
Effect of attention while the latter emphasizes
the Inhibitory Effect. Among the several
influencing factors of selective attention,
working memory is the most important (Awh
et al. 2006). Working memory is a continuous
system formed by short memory. It can
guide selective attention in safety inspection
directly. Additionally, it is an important

factor to influence the performance of visual
searches (Horowitz and Wolfe 1998). Next,

it will be discussed how working memory
guides selective attention.

Scholars think that working memory

can affect both the early and late period

of selective attention. There are two
representative theories to separately interpret
the bottom-up and the top-down pattern. The
Bias Competition Model (BCM) considers that
the "visual search template,” which is stored in
working memory, activates the representation
of an object in long memory. This creates

a competitive edge for the target object,
helping to restrain the irrelevant objects when
searching for the relevant ones. This is one of
the bottom-up theories. A counterpart theory
is the Theory of Visual Attention (TVA) (Olivers
etal. 2011; Han and Kim 2009). According

to this theory, different characters are given
different attention weights, and weights of
non-target characters are very low or even
zero. This theory emphasizes that attention
distribution is not mechanically decided

by working memory but can be adjusted

by the person. The dispute of the effect of
working memory on selective attention

can be explained by the differences of their
experimental design. If working memory is
consistent with target preference, BCM can
be achieved. If not, TVA can be achieved. In
this paper, it is expected that the capture
effect of attention will be strengthened, so
the given working memory is consistent with
target preference in our research. In addition,
unlimited time will be offered to participants.
In this condition, working memory can affect
both periods (Carlisle and Woodman 2011).

In addition, recent research has found that
short-term working memory can capture
attention automatically, while long-term
memory may not. In this experiment,
proficient participants can store situational
awareness with the help of long-term
memory, while novices can just use short-
term working memory. So it can be inferred
that experience will also affect the result of
our working memory guidance.

The experiment is based on the Eye Tracker
tool (as shown in Figure 5) to verify the answer
to these two questions:

- Will experience influence the selective
attention to on-site safety risks?

« While strengthening the short-term
working memory, will selective
attention of different participants with
different experience be enhanced in the
same way (Figures 5)?

The superiority of Eye Tracker for studies in
cognition and behavior lead us to choose
itin our experiment. In the area of product
design, road traffic, medical practice, and
crime-detection, eye movement indices can
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Figure 5. Eye movement tracker (Source: Tsinghua
University)
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Figure 6. KPI (key performance index) of AOI area (Source:

Tsinghua University)
E6. ACIXIgX B TIET (R BEXRF)

detect the area of interest during participants’
observation, reflecting participants'factors of
discrimination and information processing
mode (Figure 6). If combined with other
experiment indices, products' usability
evaluation as well as behavior rationality
evaluation can be obtained.

The core working memory content is four
items according to previous research, which
has reached the cognitive load limit of
human beings. These four items are all from
the fourth procedure of Buffer Installation
according to the risk sorting of the items
(the risk order = occurrence probability *
consequence severity).

The purpose of the experiment is as follows:
first, to examine whether there are differences
between subjects with different experiences
in their selective attention when faced with a
batch of the same scene images; second, to
determine if inspectors’ selective attention can
be improved by strengthening memory of
the critical risk-items, and if the improvement
is equally significant for inspectors with
different experiences.

Thus, the two corresponding assumptions are
as follows:

« Inspectors with more experience will
find the target area in a faster way,
namely, the experienced inspectors
have better selective attention ability
than the less experienced.

- Strengthening the working memory will
quicken the speed of target finding and
interest information extraction (which
is the core selective attention ability) for
both experienced and less experienced
inspectors, while in different aspects.

Experiment Design

The subjects are 30 safety officers, inspectors,
debuggers and maintenance men from a
mechanical installation company. SM Headset
Eye Tracker, a software of |-View, Bagaze,
which can analyze the fixation attributes

and area of interest (AQI) attributes (as seen
in Figure 7), and SPSS, PowerPoint files for
practice and formal test, PowerPoint files of
FPA for both experimental and control group,
and PowerPoint files for experimental group
to strengthen their memory were used.

In this experiment, the pictures will be shown
ona 19-inch laptop, and directions will be
given to the subjects in words and recordings.
There will be only one subject in each room,
and three rooms are available at the same
time. For the experimental group, they will
have 10 minutes to look at all 90 check items,
then five minutes to get familiar with the four
critical items. They are called “subjects with
memory."“Subjects without memory” will
take all 15 minutes to look at the 90 items.
Experience value is determined by subjects’
working years and degree of familiarity

with the FPA items. Other variables like age,
educational background, and occupation

are all control variables with no significant
differences (Figure 7).

Procedure

Practice experiment (5 minutes) and
checklist learning (15 minutes): there is a
simple introduction to the experiment and
practice without Eye Tracker for five minutes,
followed by 15 minutes to get familiar with
the checklist. For the 15 minutes’ checklist

Figure 7. The fixation point with the change of time (Source: Tsinghua University)
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learning, experimental subjects will take 10
minutes to look at, listen to, and read all 90
check items, then 5 minutes to remember the
four critical items, while the control group will
spend the whole 15 minutes only to look at,
listen to, and read all 90 check items without
memory for all the items.

Formal experiment (10 min): the instruments
will be calibrated, then subjects do the scene
search, judge, and give an answer of no or yes.

Answering questions (20 min): the FPA list and
the paper photos in which they think there
are safety hazards (for which they gave answer
"yes”in the previous step) will be offered.
Subjects will write the number of the photos
next to the corresponding checklist.

Preliminary Results

The main indicators for measuring selective
attention performance are the fixation count
on the picture and average fixation time on
AQI (area of interest). Fixation count on the
picture is the index, recording frequencies

it takes the subject to lock onto the area of
interest, which can tell us the efficiency of
their search. Average fixation time on AOI
shows the degree of difficulty for subjects to
extract and process the information; the more
time-consuming the search, the greater the
difficulty in finding and understanding the
AOI message.

The less fixation counts in the picture, the
better search efficiency, as mentioned above.
Fixation number of the inexperienced subjects
decreased with additional experiments on
working memory of four critical inspection
items; the experienced, which was initially
lower, showed a slight increase (as plotted

in Figure 8). An analysis of variance (ANOVA),
with working memory (WM) and experience

as factors, was conducted on average fixation
times, confirming strong effects only in WM
(F=4.132, p=.043), yet no significant effects

in experience (F=2.236, p=0.136), and a
significant interaction between fixation
counts and experience (F=6.529, p=0.011).

Thus, providing experience does not correlate
significantly with fixation count, indicating
experience has little impact on locking ability.
However, when given additional working
memory of the four critical items, search
efficiency under low experience significantly
increased because of the reduction of fixation
count, while search under high experience
showed a slight deterioration (Figure 8).

The decrease of average fixation time means
that the subjects need less search time to
extract the useful information after locking
onto the targeted area. Average fixation time
of the experienced subjects decreased with
additional experiments on working memory
of the four critical inspection items (as plotted
in Figure 9). Additionally, the variation of
average fixation time under relatively low
experience was found to be considerably
slight, with an intercept difference of 53 ms
(26 ms under low experience; 79 ms under
high experience). An analysis of variance
(ANOVA), with WM and experience as
factors, was conducted on average fixation
time, confirming strong effects of both

WM (F=9.595, p=.002), and set experience
(F=9.553, p=.002), and significant interaction
of the two variables (average fixation time

& experience) considered simultaneously
(F=376, p=.037).

Thus, the more experience, the better
information extraction ability and search
efficiency, which confirms the first
assumption. Furthermore, when given
additional working memory of the four critical
items, search efficiency of the experienced
subjects significantly increased because of

Mean Value of Average Fixation Time in Picture
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Figure 8. Mean Value of Fixation count in Picture (Source: Tsinghua University)
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Figure 9. Mean Value of Average Fixation Time in Picture (Source: Tsinghua University)
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reduction of average fixation time, while
subjects with low experience have not shown
such significant improvement (Figure 9).

The above results support the assertion that
maintaining critical task-related working
memory load during search does impact
overall search efficiency, and does produce
considerable difference on inspectors who
have different experience levels.

There is a significant difference between
subjects with different experiences in their
selective attention during the step of scene
search and judgment. Experienced inspectors
do have better search efficiency and ability.
Meanwhile, experience and working memory
have a cross-impact on fixation count,
fixation times, and the post-searching stage.
The decrease of fixation count and average
fixation time, indicate the improvement of
visual search efficiency, or rather, the selective
attention efficiency. While strengthening

the working memory, the search efficiency

of inspectors both improved in different
ways; the less experienced by enhancing the
AQlI locking ability, and the experienced by
growing the information extraction ability. In
short, strengthening the critical inspection
items in working memory can help both
experienced and inexperienced inspectors

to better allocate the selective attention,
improving inspection efficiency.

Additional Information

Most of the studies assume the risks take
place independently. However, theories have
argued against such an assumption. Future
studies should prioritize risks, assuming their
associations to derive legitimate inspection
rules. It is believed that network techniques

facilitate visualization and exploration of
dependent characteristics of risks and,
therefore, risks can be prioritized and
inspected with their spatial-

temporal characteristics.

The mechanism of how environment and
design influence the behavior remains
unclear. Knowing how the working condition
creates the demand of workers adjusts

their behavior system by stimulating the
way they think about demand. Although
the construction industry research tries

to explain people’s unsafe behavior, the
existing model for human and environment
interaction effects is not detailed enough.

[t is recommended that human reliability
analysis (HRA) is employed to understand of
the influence of unstructured environment
on unsafe behaviors and proposed design
strategies that mitigate jobsite

unsafe behaviors.
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