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This article analyses, using Bayesian networks, the circumstances surrounding workplace tasks per-
formed using auxiliary equipment (ladders, scaffolding, etc.) that may result in falls. The information
source was a survey of employees working at a height. We were able to determine the usefulness of this
approach – innovative in the accident research field – in identifying the causes that have the greatest
bearing on accidents involving auxiliary equipment: in these cases, the adoption of incorrect postures
during work and a worker’s inadequate knowledge of safety regulations. Likewise, the duration of tasks
was also associated with both these variables, and therefore, with the accident rate. Bayesian networks
also enable dependency relationships to be established between the different causes of accidents. This
information – which is not usually furnished by conventional statistical methods applied in the field of
labour risk prevention – allow a causality model to be defined for workplace accidents in a more realistic
way. With this statistic tool, the expert is also provided with useful information that can be input to a
management model for labour risk prevention.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Techniques used to manage accident prevention in companies
include accident analyses, accident investigations, safety inspec-
tions and incident recall, etc. (Bird and Germain, 1990; Ley 31/
1995), which provide management with information on the causes
of accidents among particular groups of employees. Knowing the
circumstances and causes of accidents enables corrective and pre-
ventative measures to be implemented that exercise greater con-
trol over factors that may cause accidents.

Different informations sources are used in order to apply these
analysis tools. Fatality inspection records, which are completed after
the accident, have been used by some authors for their research
(Janicak, 1998). These records reflect the circumstances of the acci-
dents providing data, for example, on the job, type of activity, type
of injury, direct cause of the injury, etc. In Spain, fatality records are
the most widely used source of information for historical studies of
workplace accidents (Orden TAS/2926/2002; Begueria, 1988).
Other information sources – including risk reports (Bird and Ger-
main, 1990) and worker surveys (Gillen et al., 2002; Kines, 2003;
Paul and Maiti, 2007) – enrich the theories elaborated from the
usual sources of information and provide additional, mostly sub-
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jective, information (largely on the behaviour of the worker during
the risk activity).

Irrespective of the information source, the data is usually ana-
lysed using conventional descriptive statistics (Kines, 2003), facto-
rial analysis (Dedobbeleer and Beland, 1991), analysis of variance
(Janicak, 1998), and multiple regression (Gillen et al., 2002). The
conclusions obtained using these simple data processing tech-
niques – which form the basis for many management models – en-
able the relationship between the accident and each causal
variable to be analysed, but do not enable the interplay between
causes to be determined. These techniques fail to reflect, therefore,
the fact that an accident is usually the result of more than one fac-
tor – that is, the outcome may be greater than the sum of the parts
(Bird and Germain, 1990).

More effective approaches to defining the interplay between
variables have been developed by other authors, for example,
using structural equation models (Paul and Maiti, 2007). In the
present work we use an approach based on Bayesian networks
(BNs) to describe the circumstances (and relationship between
circumstances) associated with tasks performed at a height that
might result in personal injury or damage to property. BNs have
been applied in several knowledge areas, such as medicine (Antal
et al., 2007), ecology (Adriaenssens et al., 2004), environmental
assessment impact (Baran and Jantunen, 2004; Marcot et al.,
2001; Matías et al., 2006), business risk and product life-cycle
analysis (Zhu and Deshmukh, 2003), and more recently, to han-
dling data obtained as a result of prospection for minerals and
rk analysis of workplace accidents caused by falls from a height,
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rocks (Rivas et al., in press). In the workplace risk area, Galán
et al. (2007) applied a canonical probabilistic test (based on
Bayesian models) to the analysis of nuclear system safety and
Papazoglou and Ale (in press) and Papazoglou et al. (2006) ap-
plied functional block diagrams and event trees to quantify the
risk of falls. More specifically for construction and mining acci-
dents, Matías et al. (2008) compared the predictive capacity of
BNs with other expert systems, concluding that BNs, in addition
to their good predictive capacity, possess a satisfactory interpre-
tative capacity in regard to workplace accidents, given that: (1)
they enable different circumstances to be simulated and their ef-
fects on each of the variables in play to be probabilistically ana-
lysed; (2) they enable the use of discrete qualitative variables
(such as the many parameters that have a bearing on accidents);
and (3) they enable the causal dependency relationship between
variables to be mapped.

Using BNs, we analysed workplace accidents caused by falls
from a height in order to identify the most important causes of this
kind of accidents and, most of all, to determine the relationships
existing between these causes, which will allow the real circum-
stances of the unsafe work tasks performed at different heights
to be defined.

We focused on falls, from a height of more than 2 m above floor
level, of employees working in a standing position. In Spain, work-
place falls from a height are a major cause of workplace fatalities,
third only to accidents involving vehicles and heart attacks (Minis-
terio de Trabajo y Asuntos Sociales, 2006). These accidents, which
occur most frequently in the construction and mining sectors, have
been studied by several authors (Gillen et al., 2002; Janicak, 1998;
Kines, 2003; Hale et al., 2007). A secondary aim of our analysis was
to establish the need for reinforcing safety measures for this type
of work.

As an information source for the analysis, we implemented a
survey of workers who were interviewed as they performed a
range of work tasks at more than 2 m above floor level (on ladders,
structures, scaffolding or platforms). The use of information ob-
tained during or immediately after the risk activity in prompt/
no-delay interviews have enabled some authors to draw interest-
ing conclusions on the causes of falls from a height (Kines, 2003).
In our opinion, the use of information collected in the course of a
task allows the circumstances of immediate relevance to an acci-
dent to be better analysed. In general terms (Bird and Germain,
1990), the causes of accidents at work can be classified on imme-
diate causes (both substandard practices and substandard condi-
tions) and basic causes (both personal and job factors). In the
case of worker accidents caused by falls, the adoption of worker
unsafe behaviours contributes directly or indirectly to around
90% of incidents (Holnagel, 1993). This unsafe behaviour can be
directly related to substandard practices (using protective equip-
ment incorrectly or removing safety devices), but also to substan-
dard conditions (the existence of inadequate protection or
incorrect task location). Worker inexperience, lack of motivation
and fatigue are basic causes which often underlie immediate
causes. In the present work, the questions posed are specifically re-
lated to worker behaviour (how the task is performed, the reasons
for the application of alternative safety measures. . .) but also to
substandard conditions (difficulties in applying legislations) which
can condition the worker decisions.

Furthermore, issues in regard to immediate behaviour and deci-
sion-making – generally not recorded in accident reports – consti-
tute non-measurable and non-quantifiable variables that are better
modelled as categorical variables (or at least as ordinal variables).
Although categorical variables are difficult to incorporate in con-
ventional statistical techniques, they can be easily be analysed
using BNs.
Please cite this article in press as: Martín, J.E. et al., A Bayesian netwo
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2. Materials and methods

2.1. Information sources

The data used to build the BNs was obtained from question-
naires administered to 393 workers employed in 103 small and
medium enterprises in the construction, industrial and services
sectors. The companies were all located in the Vigo region (north-
western Spain), and the survey was conducted between 2003 and
2006. The following two kind of tasks were analysed:

2.1.1. Tasks performed using ladders
A total of 147 questionnaires were administered to workers on

ladders, generally working at a height of around 3.5 m above floor
level. These workers were questioned in regard to:

� The duration of the task.
� Experience in the job.
� Knowledge of the mandatory use of a safety harness and prob-

lems with safety harness use. (Spanish legislation requires
safety harness to be used by workers on ladders performing
tasks at heights of 3.5 m or more above floor level and by work-
ers required to apply effort or adopt positions that might place
them in danger [Real Decreto 1215/1997]).

� Specific training received on the risks associated with the use of
ladders.

� Degree of hazard perception.
� Previous incidents or accidents using ladders.

2.1.2. Tasks performed on structures, scaffolds, platforms and/or
auxiliary equipment

The 246 remaining questionnaires were administered to work-
ers using other kinds of auxiliary equipment, such as structures,
scaffolds or platforms. The height at which they were working at
the time they were surveyed was about 2 m above floor level.
Questions dealt with the following issues:

� The duration of the task.
� Experience in the job.
� Knowledge of the minimum height at which it is mandatory to

apply specific protective measures. (For these types of struc-
tures, the Spanish law requires collective protective measures
to be applied to workers performing tasks at heights above
2 m [Real Decreto 1627/1997; Real Decreto 486/1997]).

� Practical problems encountered in applying protective mea-
sures, according to the type of work being done and its duration.

� Specific training received on the risks associated with the use of
auxiliary equipment.

� Reasons for incorrect posture (in the event of observing a worker
adopting an incorrect posture while performing a task).

� Degree of hazard perception and perceived importance of adopt-
ing appropriate and safe postures.

� Previous incidents or accidents using this type of equipment.

2.2. Definition of the variables

The questions posed during the surveys enabled information to
be extracted on the circumstances surrounding work tasks that
could play a role in triggering an accident. Some circumstances
are related to personal factors considered to be a basic cause of
accidents (Bird and Germain, 1990), such as work experience or
inadequate training. Other circumstances reflected in the question-
naires responded to behaviour patterns that could act as immedi-
ate causes of accidents (substandard practices) and whose measure
rk analysis of workplace accidents caused by falls from a height,



Fig. 1. Example of a directed acyclic graph composed of four nodes/variables, with
arrows to symbolise the relationships between variables. T: training; IP: incorrect
posture; E: experience; and AI: accidents/incidents.
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and definition are highly subjective, for example, the worker’s per-
ception of danger or the decision to adopt an inappropriate pos-
ture. All the circumstances reflected in the questionnaires
constituted the variables used in the BN statistical analysis. These
variables are listed and discussed below. Indicated for each vari-
able are possible responses (reflecting different situations that
might occur in reality), representing the different states that can
be adopted in the BN.

2.2.1. Variables

� Experience (E): This variable was included so as to evaluate the
relationship between experience and the other factors in the
final outcome. Some authors (Hansen, 1989) have demonstrated
a direct relationship between experience and accident rates,
given that more experienced workers are usually given the most
dangerous tasks. Although familiarity with a task can enhance
the perception of risk, it can also have the opposite effect and
lead to careless and unsafe behaviour (Bird and Germain,
1990; Paul and Maiti, 2007). In our BNs, this variable was
defined in terms of one of three possible states: State 1 (workers
with >12 months’ experience in the company); State 2 (workers
with >2 months’ and <12 months’ experience in the company);
and State 3 (workers with <2 months’ experience in the
company).

� Task duration (TD): This variable was included because task
duration may affect the use and application of safety measures.
In our BNs it was defined by one of three possible states: State 1
(operations lasting >8 h, that is, a standard working day); State 2
(operations lasting >2 h and <8 h); and State 3 (operations last-
ing <2 h).

� Training (T): This parameter evaluates the kind of training given
to a worker by a company. Three states representing different
levels of training were defined for the BNs: State 1 reflects
task-specific training (applied and practical training of direct
relevance to the post); State 2 reflects generic training (theoret-
ical training on general risk prevention); and State 3 reflects the
fact that a worker has received no training on workplace risks.

� Knowledge of regulations (KR): This variable reflects a worker’s
level of knowledge of regulations applicable to ladders, struc-
tures, scaffolding, platforms and auxiliary equipment in general.
The worker’s knowledge is assessed by means of specific ques-
tions posed in the survey. In the BNs this parameter was defined
as one of three possible states: State 1 (excellent knowledge of
the regulations); State 2 (some knowledge of the regulations);
and State 3 (poor knowledge of the regulations).

� Hazard perception (HP): This variable reflects the degree of risk
perceived by the worker and associated with the task in hand.
Although this perception will to an extent depend on the char-
acter or personality of the worker, training and knowledge of
the corresponding regulations should theoretically have a bear-
ing on a worker’s capacity to perceive risk. In the BN, this vari-
able takes one of two possible states: State 1 – which reflects
clear perception of a real risk and State 2 – which reflects no per-
ception of risk.

� Safety harness use (SHU): This variable reflects worker willing-
ness to use a safety harness once informed that it is mandatory.
The following two states were defined: State 1 (the worker uses
a safety harness) and State 2 (the worker fails to use a safety
harness).

� Incorrect posture (IP): This variable defines the posture of a
worker performing a task at a height (just before the interview
was conducted). An incorrect posture is defined as any deviation
from normal work standards, including awkward postures,
whether or not they are risky. Two states were defined: State 1
(the worker complies with the regulations) and State 2 (the
Please cite this article in press as: Martín, J.E. et al., A Bayesian netwo
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worker fails to comply with the regulations).These last two vari-
ables refer to behaviours and decisions that may not necessarily
be dangerous (although they may reflect ignorance of regula-
tions) and/or that may be voluntary (risk-taking behaviour, as
defined in Paul and Maiti, 2007). In this last case, the worker’s
attitude may reflect the prioritisation of productivity or speed
over safety (Kines, 2003).

� Previous accidents or incidents (AI): In addition to the above
seven input variables, we also included an eighth variable as a
prediction (output) variable, namely whether a worker has had
previous accidents or incidents (AI). This was defined by one of
two possible states: YES (the worker has previously had an
accident/incident in similar conditions) and NO (the worker
has never previously had an accident/incident in similar
conditions).

2.3. Theoretical bayesian concepts

A Bayesian network is a random m-dimensional variable for
which a structure of relationships that are frequently causal has
been specified between its components (as also any missing rela-
tionships). Formally, therefore, a Bayesian network is a pair (X,G)
composed of a random m-dimensional variable X = (X1, . . . ,Xm)
and a directed acyclic graph (DAG). This acyclic graph is composed
in turn of a set of m vertices (associated with the random variables
Xi, i = 1, . . . ,m) and a set of arrows between these vertices that rep-
resents the relationships (generally causal) between these vari-
ables (Fig. 1).

If we denote as pi the set of random variables that are the imme-
diate predecessors of the variable Xi according to the DAG (the par-
ents of Xi), the conditional independence relationships defined by
G permit factorisation of the joint distribution via the following
equation:

PðxÞ ¼ Pðx1; . . . ; xmÞ ¼
Ym

i¼1

PðxijpiÞ ð1Þ

where xi is a realization of X. The expression of the joint distribution
P(x) in terms of conditional distributions requires factors whose
rk analysis of workplace accidents caused by falls from a height,
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number grows exponentially with the number of variables. The
property of conditional independence between variables expressed
in the DAG simplifies this calculation, reducing the number of fac-
tors to be included in the calculation.

For example, the relationships between variables established in
Fig. 1 implies that the joint distribution is calculated through
P(X1,X2,X3,X4) = P(X4jX3,X2) � P(X3jX1) � P(X2) � P(X1) instead of
through P(X1,X2,X3,X4) = P(X4jX3,X2,X1) � P(X3jX2,X1) � P(X2jX1) �
P(X1). The number of parameters to estimate is thus reduced from
(2 � 1) * 3 * 2 * 3 + (3 � 1) * 2 * 3 + (2 � 1) * 3 + (3 � 1) = 35 to
(2 � 1) * 3 * 2 + (3 � 1) * 3 + (2 � 1) + (3 � 1) = 15.

In order to construct a Bayesian network – in other words, in or-
der to establish the joint distribution of the random vector – it is
necessary to specify the conditional dependence (or independence)
relationships between variables (that is to say, the structure) and
the conditional probability distributions (i.e. the parameters of
the conditional distribution).

The structure may be defined a priori (this was the procedure
followed in this work) or by means of an estimate made from the
data (structure learning). The structure may even be determined
using a combined approach, by including some a priori informa-
tion in the learning algorithm that will restrict the relationships
permitted between the variables. The algorithms for learning
the structure of a Bayesian network can be classified as either
greedy search algorithms (e.g. Cooper and Herskovits’s K2 algo-
rithm in Cooper and Herskovits, 1992) which search all possible
structures compatible with the prior knowledge and select the
best according to a selection criterion, or algorithms which deter-
mine the conditioned independence relationships using statistical
independence tests, e.g. the PC algorithm (see Spirtes et al.,
2000).

Distribution parameters are trained by means of probability
maximisation using multinomial frequencies for the sample. Once
the structure and parameters have been determined from the
data, the Bayesian network is ready to draw inferences. Inference
is done by means of updates to the distribution of probabilities for
the nodes in the form of new evidence incorporated in the
network.
Fig. 2. Bayesian network structured to analyse ladder-based tasks. Abbreviations: TD = t
regulations; and HP = hazard perception) plus the response variable (AI = previous acciden

Please cite this article in press as: Martín, J.E. et al., A Bayesian netwo
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3. Results

As indicated above, the BNs presented in this work were con-
structed a priori. Two networks reflecting the two different work
contexts were created, namely, a BN for work performed on lad-
ders and a BN for work performed on scaffolding, platforms, struc-
tures, etc. (BN1 and BN2, respectively). The two networks are
described below in terms of structure and capacity for interpreting
the circumstances reflecting the work context and analysed
through inference operations.

3.1. BN1: ladder-based tasks

Fig. 2 depicts BN1, composed of seven variables – six causal vari-
ables (TD = task duration, T = training; E = experience; SHU = safety
harness use; KR = knowledge of regulations; and HP = hazard percep-
tion) plus the response variable (PA = previous accidents or incidents).

The structure of the network proposed for analysing ladder-
based tasks follows the logical structure for variables defined in a
loss causation model (Bird and Germain, 1990). For example, the
training and experience variables (see Fig. 2) may be considered
to be basic causes, which would explain unsafe behaviours or con-
ditions that are the immediate cause of an accident, such as for
example, incorrect posture or the decision not to use a safety har-
ness. The basic causes are logically located at the start of the mod-
el, and links from these go to the immediate causes. Applying a
similar criterion, it is quite possible that haste at work may lead
to a failure to correctly attach safety mechanisms (which require
time) and/or reduce a worker’s concentration and consequently
his/her capacity for recognising potential danger. For this reason
a link is established between the task duration variable and the
nodes for safety harness use and hazard perception.

Once the network has been structured and has learned the dis-
tribution parameters, it becomes a valuable tool for making esti-
mates. The first information provided, on the basis of the
probability distribution obtained for each variable, is data on the
most typical circumstances arising among the sample of workers
interviewed (Fig. 2).
ask duration; T = training; E = experience; SHU = safety harness use; KR = knowledge of
ts or incidents).

rk analysis of workplace accidents caused by falls from a height,
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It can be deduced that the most typical task duration is >2 h but
<8 h (State 2 = 67% in TD variable). The typical profile of the inter-
viewed workers is an operator who has been with the company for
more than 1 year (frequency of 56% for State 1 of the E variable),
with generic training in risk prevention (frequency of 59% for State
2 of the T variable) and with inadequate knowledge of the regula-
tions governing the use of ladders (frequency of 76% for State 3 of
the NK variable). This typical worker, furthermore, does not con-
sider him/herself to be in danger (frequency of 73% for State 2 of
the HP variable), and almost never uses a safety harness on ladders
(frequency of 81% for State 2 of the SHU variable). Of the respon-
dents, 54% previously had a workplace accident.

The capacity for drawing inferences is the great advantage of
this statistical tool. BNs are useful for estimating, in probabilistic
terms, changes in one or more variables in response to the intro-
duction of new evidence, i.e. when hypothetical situations are
posed via other variables. This makes BNs very useful when inter-
preting the circumstances surrounding particular workplace tasks.
Three illustrative examples follows:

(1) If all tasks lasted less than 2 h (100% for State 3 of the TD var-
iable, Fig. 3 top), it can be observed that 96% of the workers
would not use a safety harness. If, on the other hand, a task
lasted more than 8 h (100% for State 1, Fig. 3, bottom), the
number of workers using a safety harness would increase.
Shorter working days (or task duration) would appear to be
associated with a lower perception of risk, possibly because
haste leads to productivity taking priority over safety.

(2) Analysing the relationship between the training node and
the other variables, and comparing these relationships on
the basis of training received (Fig. 4), it can be observed that
the workers who received specific training (100% for State 1
of the T variable, top of the figure) are mostly workers (73%)
with more than one year experience, who are aware of the
regulations on the use of safety harness and who use a safety
harness in 43% of cases. On the contrary, in the group pf
Fig. 3. Detail of Bayesian network for analysing ladder-based tasks, focusing on the
variables TD (task duration), HP (hazard perception), and SHU (safety harness use). On
the top, the established condition is that the task will last less than 2 h (State
3 = 100%). On the bottom, the established condition is that the task will last more
than 8 h (State 1 = 100%).

Please cite this article in press as: Martín, J.E. et al., A Bayesian netwo
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workers who received no training (100% for State 3 of the
variable T, Fig. 4, bottom), the long experience at work is
reduced (from 73% to 53%) and also the use of safety harness
(from 43% to 22%).With respect to the hazard perception var-
iable, it can be observed that the non-perception of danger is
higher among workers who have not received training
(Fig. 4, bottom). The influence of the training node on the
occurrence of an incident or accident (i.e. the previous acci-
dents or incidents variable) is minimal.

(3) The variable knowledge of regulations (KR) has a bearing on
the degree to which a worker perceives danger (HP variable).
If this knowledge is insufficient (State 3 of KR vari-
able = 100%), the degree of danger perception is lower than
if this knowledge is excellent (State 1 = 100%), at 18% and
25%, respectively. It also happens that no knowledge of the
regulations coincides with a higher percentage of previous
accidents among workers.

The variables knowledge of regulations (KR) and safety harness
use (PPEPI) appear to be most associated with a worker having
experienced an accident previously. Hence, it can be deduced that
personal protective measures are associated with a reduction in
the accident rate among all the workers sampled.
3.2. BN2: other tasks

This network, which analyses tasks performed on scaffolding,
platforms, structures and other auxiliary equipment, is depicted
in Fig. 5. It is formed of seven variables, that is, the same variables
as for BN1, but including incorrect posture and excluding safety har-
ness use. The dependency relationships between the variables are
largely similar to those postulated for BN1. The experience and
training nodes take precedence over nodes that define behaviours
and which could reflect immediate causes (hazard perception and
incorrect posture). The task duration node heads up the model to-
gether with the experience node, which is related directly with
the hazard perception and incorrect posture nodes.

Bearing in mind the network probabilities distribution after
parameter learning, it can be observed that, as far as the knowledge
of regulations variable and hazard perception variable are con-
cerned, the typical surveyed worker has a deficient knowledge of
the regulations governing his/her work (Fig. 5) and has little per-
ception of the potential dangers associated with a task. The level
of training is, in general, also deficient (only 13% of the surveyed
workers had received specific training). As for task duration, more
than 50% of tasks lasted less than 8 h. The number of workers who
had previously experienced an accident or incident was slightly
higher than the number of those who had never had an accident.

The following observations are made in regard to information
deduced by means of inference:

(1) Comparing short-duration tasks and tasks lasting longer
than a working day (Fig. 6, TD State 3 = 100% vs. TD State
1 = 100%, respectively):
rk ana
� For short-duration tasks (TD State 3 = 100%), the number
of workers adopting incorrect postures is greater than for
long-duration tasks (TD State 1 = 100%).

� The number of previous accidents or incidents is slightly
higher among workers who perform short-duration tasks.

� The proportion workers who do not perceive potential
danger is slightly higher (88%) for short-duration tasks.
(2) As with BN1 (ladder-based task analysis), the experience var-
iable demonstrates a dependency relationship with the
training and knowledge of regulations variables. The percent-
age of workers who have received generic or no training is
lysis of workplace accidents caused by falls from a height,



Fig. 4. Detail of Bayesian network for analysing ladder-based tasks, focusing on the variables T (training), TD (task duration), HP (hazard perception), SHU (safety harness use),
KR (knowledge of regulations), E (experience) and AI (previous accidents or incidents). On the top, the established condition is that the worker has received specific training (State
1 = 100%). On the bottom, the worker has received no training (State 3 = 100%).
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higher in the least experienced worker group. Comparing
workers according to their experience (States 1 and 3), it
can be observed that workers who have received specific
training have a heightened perception of potential dangers
and are more careful with posture than workers who have
received general training.

(3) In Fig. 7, it can be seen that workers who have a heightened
sense of potential danger (State 1 = 100% of variable HP) also
have a good knowledge of the regulations and typically
adopt correct postures. The influence of the hazard percep-
tion variable on the accident/incident variable is, however,
minimal.

(4) Of all the variables, incorrect posture is the variable with the
greatest bearing on the probability of a fall from an auxiliary
item of equipment. Workers who adopt incorrect postures
Please cite this article in press as: Martín, J.E. et al., A Bayesian netwo
Safety Sci. (2008), doi:10.1016/j.ssci.2008.03.004
on auxiliary equipment (State 2 = 100% of variable IP) have
experienced an accident/incident in over 70% of the occa-
sions that they work in these conditions. This percentage
falls to 49% when they perform their task using a correct
posture (State 1 = 100% of variable IP).

4. Conclusions

In this research we used Bayesian networks to analyse the fac-
tors affecting the performance of tasks that involve a high risk of
falls from ladders or from other auxiliary equipment. This enabled
us to identify the circumstances that have the greatest bearing on
workplace accidents during both activities.

Task duration, as would be expected, seems to have a bearing
on worker behaviour. In the case of ladder-based tasks, workers
rk analysis of workplace accidents caused by falls from a height,



Fig. 5. Bayesian network analysing tasks performed on scaffolding, platforms, str-
uctures and other auxiliary equipment. Abbreviations: TD = task duration; T = train-
ing; E = experience; KR = knowledge of regulations; HP = hazard perception;
IP = incorrect posture; and AI = previous accidents or incidents.

Fig. 6. Detail of Bayesian network for analysing tasks performed on auxiliary eq-
uipment, focusing on the variables TD (task duration), HP (hazard perception), IP
(incorrect posture), and AI (previous accidents or incidents). On the top, the establi-
shed condition is that task duration is more than 8 h (State 1 = 100%). On the bot-
tom, the established condition is that task duration is less than 2 h (State 3 = 100%).
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tend not to wear a harness if the task is of short-duration. In the
case of scaffolding and similar equipment, haste is often the reason
for adopting incorrect postures – a variable which, in this context,
seems to be associated with a greater accident rate. In both situa-
tions, there appears to be a lower perception of potential danger in
jobs of a short-duration.

The level of hazard perception seems to be connected with the
training workers receive from their companies and with worker
experience in the job. The higher the level of training and experi-
ence, the higher the level of hazard perception. It would seem,
therefore, that experience has a bearing on accident rates in these
tasks, although the relationship appears to be an indirect one
(through its relationship with the level of training). This would
indicate that – as found in other studies (Paul and Maiti, 2007) –
although experience can help avoid risks, it is the immediate cause
related to behaviour that ultimately causes an accident.

In the case of work performed on scaffolding and similar
equipment, minimal or no training seems to lead to a higher fre-
quency of incorrect postures – which are directly linked to higher
accident rates. This fact is reflected in the majority of the compa-
nies within the group analysed; new or recently employed work-
ers received inadequate or no training, despite the fact that
Spanish legislation (Ley 31/1995) both requires workers to be
trained before taking up their posts and indicates that this train-
ing must be theoretical and practical, as well as sufficient and
suitable for the post.

In the groups analysed, immediate causes (following Bird and
Germain, 1990) such as unsafe behaviour (like incorrect postures)
and basic causes (e.g. lack of knowledge of regulations), respec-
tively, have the greatest bearing on accident rates in the case of
work carried out on scaffolding and similar equipment and in the
case of work performed using ladders. In the case of ladders, cor-
Please cite this article in press as: Martín, J.E. et al., A Bayesian netwo
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rective measures should be aimed at providing better training for
workers; in the case of work carried out on scaffolding and similar
equipment, unsafe behaviour could be avoided through task-spe-
cific training. The importance of training is undeniable, further-
more, in a sector in which employment is temporary and short-
term and the physical location varies. Both the Bayesian networks
presented in this work have shown that the level of training has an
important bearing on accident rates. From the results of other
works centred in the analysis of the causes of accidents by falls
from ladders and scaffolds, it can be also deduced the importance
of training in minimising the risks: in Papazoglou et al. (2006) and
Papazoglou and Ale (in press), the variables introduced in the func-
tional block diagrams are related to job factors and substandard
conditions (like the type of ladder and its placement), contrary to
the variables used in the present work, which are mainly related
to the user behaviour. Nevertheless, is undoubted that the correct
choice of the material needed for developing the work and also its
correct use are conditions which are only achieved following a
task-specific training. Furthermore, Hale et al. (2007) obtain a high
percentage of falls from ladders related to substandard practices
(i.e. the use of a ladder in situations in which this is not the
rk analysis of workplace accidents caused by falls from a height,



Fig. 7. Detail of Bayesian network for analysing tasks performed on auxiliary eq-
uipment, focusing on the variables HP (hazard perception), IP (incorrect posture), KR
(knowledge of regulations), and AI (previous accidents or incidents). On the top, the
established condition is that workers are aware of potential dangers (State 1 = 1-
00%). On the bottom, the established condition is that workers are unaware of
potential dangers (State 2 = 100%).
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appropriate equipment, the incorrect placement and use of the
ladder, etc.) and these practices can also be corrected through
training.

Training is the most effective way to minimise the risks that
arise from incorrect posture and other unsafe behaviours, but it
is only effective if long-term and if given in circumstances of per-
severance and control – above all in sectors such as construction
and mining, which have high levels of temporary employment.
Independently of whether long-term training is provided, our re-
sults lead us to believe that a short-term solution that could reduce
accident rates would be to lower the working height at which it is
mandatory to adopt protective measures (2 m in Spain). Other
authors have found that accidents happen at lower heights and
in situations perceived as non-hazardous (Kines, 2003). Although
adopting measures to correct inappropriate behaviour is crucial
to attaining greater integration of risk prevention in the manage-
ment of these kinds of tasks, the adoption of collective protection
measures would represent less effort and would ultimately be
more effective.

The results of this research indicate that Bayesian networks are
very useful in explaining the causes of falls. By identifying the
dependency relationships between different variables (and
Please cite this article in press as: Martín, J.E. et al., A Bayesian netwo
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expressing these relationships in probabilistic terms), Bayesian
networks offer a broad-based perspective on the circumstances
surrounding work performed at a height that will enable us to de-
fine a preventative strategy that reflects a particular reality. Bayes-
ian networks represent a statistical tool of huge potential in
investigating the causes of accidents in the workplace. As an expert
system, moreover, Bayesian networks allow us to build a knowl-
edge base that progressively and incrementally grows with the
inclusion of new data. In this research we have chosen to structure
the networks a priori, but in earlier research – in this field of
knowledge (Matías et al., 2008) as well as in others (Matías et al.,
2006; Rivas et al., in press) – we established that fully or partially
automated structuring (using algorithms that deduce the structure
directly from the data) can throw up causal relationships that es-
cape the attention of experts. In the case of data on the circum-
stances surrounding incidents in the workplace, automated
models would reflect the effectiveness of a company’s safety man-
agement and internal risk prevention procedures (this will be the
subject of future research).

However, using BNs has its limitations, the most obvious being
the use of discrete variables. If a large number of categories is se-
lected for each variable – which is desirable so as not to lose infor-
mation – then a large quantity of data that is representative of all
possible combinations is required. As far as discretization is con-
cerned, therefore, a compromise solution is required that does
not endanger computational capacity.

As regards the sources of information used, surveys of workers
have proved to be very useful in identifying causes other than
those which can be quantitatively measured and evaluated. The
inclusion of variables with high levels of subjectivity in problems
like that analysed in this article – in which the protagonists are hu-
man beings whose behaviour is the cause of workplace accidents –
offers a more realistic vision of a problem. In research into acci-
dents or reports on workplace accident rates, the combined use
of this source of information and Bayesian networks enables us
to establish hypotheses more in keeping with reality compared
to conventional techniques.
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