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There is a need for a tool that facilitates safety decision-making in the academic environment. As this
environment is very different from that of industry or other public sectors, there is no information available on
the factors that influence the decision-making process when it concerns laboratory safety issues. Since most
processes are new and change frequently, there is no standard list of safety measures to be applied. Thus,
most processes require an initial risk assessment. This work aims to determine the factors that can be evaluated
during the risk assessment by the safety expert, which will influence the decision-making process. However,
this information is too specific for non-expert decision-makers. A decision aiding tool that provides decisionmakers with a list of the most optimal safety solutions is an effective way to quickly solve laboratory processes
safety problems. The results show that subjective optimization methods do not help to overcome the existing
contradictions between different decision-makers in the academic environment. Reference methods provide
higher reliability because they are more objective and based on existing information. Comparing the Pareto
Optimal approach with the two-reference method, the latter demonstrates higher reliability.

1. Introduction
Safety in academia was overlooked until 1991 (Commision Health and Safety, 1991) and can be considered as
not extensively researched. Universities and research laboratories are often perceived by society as being safer
than the industrial environment, which is not the case (Banholzer et al., 2013). Safety management in the
academic environment is challenging because of its low attractiveness to the various stakeholders, both in terms
of money and time. The high impact of human factors in the daily operation of the laboratory is a challenge for
safety management. The frequent turnover of staff, the overload of the risk portfolio in the same physical space,
the lack of formalization of rules, the flat organizational structure, and the difficulty of budgeting are just some
factors that make safety management a weak point in academia. While process automatization, standardization
of procedures, and planning are effective tools to reduce the negative impact of human factors on safety in
industry, this approach does not work in academic laboratories. The absolute need to maintain a highly creative
atmosphere with a high degree of freedom of work for members of academic laboratories shifts the role of the
employee from stakeholder to decision-maker. The whole safety decision-making process has different
mechanisms in industry and in academia. The hierarchical and organizational diversity of the academic world
makes the safety decision-making process similar to a negotiation that requires optimal and objective solutions.
The standard decision-making process consists of five main steps: 1) Identification of the problem, 2)
Identification of decision criteria, 3) Development of potential alternatives, 4) Analysis of alternatives, 5)
Selection among alternatives. While the first and third steps are the easiest and cause almost no conflict, the
second and fourth steps determine whether the proposed decision will solve the existing problem. To make
decisions quickly, the human brain applies different shortcuts (Payne et al., 1993). “These shortcuts,
approximations, or rules of thumb for searching through a space of possible solutions” (Hoffrage & Reimer,
2004) in cognitive psychology are usually referred to as heuristics. Although heuristics can be very useful,
especially when decisions have to be made quickly, such shortcuts can lead to various cognitive biases,
affecting the outcomes of decision making. Heuristics can be helpful for simple, everyday intuitive decisions
(Gigerenzer & Gaissmaier, 2011). It simplifies life, whereas with increasing complexity of systems failures
Paper Received: 17 January 2022; Revised: 13 March 2022; Accepted: 11 May 2022
Please cite this article as: Jung A., Meyer T., 2022, Safety Decision-Making for laboratory processes in Academia, Chemical Engineering
Transactions, 90, 721-726 DOI:10.3303/CET2290121

722

(Charles, 1994; Perrow, 1984) which are also caused by shortcuts of the mind, become inevitable. To reduce
the impact of the decision maker's heuristics and subjectivity, the scientific community has focused over the last
two decades on the creation and development of various decision support system (DSS), which help decisionmakers determine the most optimal solutions (Jousselme, A. et al., 2012; Raskob, 2008; Zhao & Liu, 2018).
Decision support tools are also essential as they are the only way to reduce decision-making time (Torretta et
al., 2017).
Different DSS has been developed for various industries to make strategic decisions during typical performance
and crisis management. They have also been developed for personal decision-making in healthcare (Cowie &
Burstein, 2018). While there is a wealth of literature on safety decision-making in industry, such tools are still
not available for academia.
The identification of key stakeholders, their needs, and their impact on the process is essential for developing
decision criteria. As process safety decision-making involves multiple stakeholders, their objectives and
therefore their preferences for the proposed solutions may often conflict.
A literature review, participant observations, interviews, and case studies were used (O’Hara et al., 2014). In
the outcome, three main factors were identified: a) the contribution to risk directly associated with a
hazard/activity, b) the financial factor and c) the factor related to the reliability of the proposed solution.
A reference-based approach (A. Wierzbicki, 2008) is proposed for ranking according to these factors evaluated
during the risk assessment. The use of this system can be extended beyond the academy environment,
providing SMEs and start-up laboratories with an effective safety management tool.

2. Methods
2.1 Qualitative methods
For triangulation purposes, the qualitative exploration of factors influencing decision-making process was
divided into two rounds. The first round of qualitative factor exploration combined participant observations of
various risk assessments and discussions with university safety experts. Several factors were developed:
•
Risk-related factors, which can be combined into a single risk index (Pluess et al., 2016).
•
Financial factors
•
Soft factors characterizing the effectiveness of the proposed safety solutions
During the second round, semi-structured interviews (Keeney, 1996) were conducted with three categories of
decision-makers: 1) University central OHS (Occupational Health and Safety), 2) University infrastructure
service, and 3) Head of the laboratory/PI (principal investigator). As decision-makers are also subject to bias,
the opportunity to generate objectives from multiple sources can diminish the bias' effect. The third decisionmakers were not safety experts. Therefore, the generation of objectives was essential for them.
Moreover, it is the only decision-maker for whom the safety of the process and, in general, any decision taken
as part of the risk assessment will not fall in the category of core objectives but will play the role of means
objective, thus less essential and sometimes even meaningless from the first glance. In the first step of the
objective generation process, to facilitate it, we will use the second type of approach proposed by Bond (Bond
et al., 2010) proposing decision-makers to generate their master-list based on the two categories of strategic
objectives: a)Safety and b)Research. Representatives of all decision-makers were interviewed separately.
Consequently, the structure for the alternative safety assessment is shown in Figure 1. The mathematical
formulation of the obtained risk index is described in the following paper (Kalugina & Meyer, 2021b), and will
not be discussed in this article.

Figure 1: Structure and composition factors for ranking safer alternatives.
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Two factors defining the efficiency of the risk reduction by the measure from the perspective of its interaction
with the human-measure or measure-environment interactions and calculation method are exemplified in
previous work (Kalugina & Meyer, 2021a).
2.2 Ranking
It is challenging to make a decision when several decision-makers with different preferences are involved in the
process. In most situations, the decision-maker needs a decision support tool to select a rational and optimal
alternative. This is even more important in the case of multiple decision-makers, as it will affect all parties
involved. Even if absolute objectivity is probably unreachable, some methods allow a ranking that is « as
objective as possible » (A. P. Wierzbicki, 2010). The reference point approach defined or established from the
available information allows an approximation of the decision-maker’s preferences (Ogryczak, 2006) and helps
to achieve the required intersubjectivity. The application and limitations of two reference-based approaches
𝑢𝑢𝑢𝑢
were tested. In the first step, lower and upper points 𝑞𝑞𝑖𝑖𝑙𝑙𝑙𝑙 and 𝑞𝑞𝑖𝑖 for the above mentioned factors in the Figure
1 are determined, not necessarily absolute minimum and maximum, but out of available data inside the
alternatives pool. Afterward, a partial achievement function is built:
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(1)

Where 0< 𝛼𝛼< 𝛽𝛽<10 denote the values of partial achievement function for qi=ri and qi=ai correspondingly, while
𝛼𝛼=3 and 𝛽𝛽=7 as in (A. Wierzbicki, 2008), where ri – reservation and ai – aspiration levels.
At the next step overall achievement function for all the criteria is calculated:
𝜎𝜎(𝑞𝑞, 𝑎𝑎, 𝑟𝑟) = min 𝜎𝜎𝑖𝑖 (𝑞𝑞𝑖𝑖 , 𝑎𝑎𝑖𝑖 , 𝑟𝑟𝑖𝑖 ) + 𝜀𝜀/𝑛𝑛 ∑𝑖𝑖𝑖𝑖𝑖𝑖 𝜎𝜎𝑖𝑖 (𝑞𝑞𝑖𝑖 , 𝑎𝑎𝑖𝑖 , 𝑟𝑟𝑖𝑖 )
𝑖𝑖𝑖𝑖𝑖𝑖

(2)

Where n – number of alternatives, q=(q1,q2,..,qn) vector of criteria values a=(a1,a2,..,an) and r=(r1,r2,..,rn) vectors
of aspiration and reservation levels, based on the available alternatives:
𝑞𝑞𝑖𝑖𝑎𝑎𝑎𝑎 = ∑𝑗𝑗𝑗𝑗𝑗𝑗

𝑞𝑞𝑖𝑖𝑖𝑖
𝑛𝑛

𝑢𝑢𝑢𝑢

; 𝑟𝑟𝑖𝑖 = 0.5(𝑞𝑞𝑖𝑖𝑙𝑙𝑙𝑙 + 𝑞𝑞𝑖𝑖𝑎𝑎𝑎𝑎 ) ; 𝑎𝑎𝑖𝑖 = 0.5(𝑞𝑞𝑖𝑖 + 𝑞𝑞𝑖𝑖𝑎𝑎𝑎𝑎 )

(3)

Using this method, a cost comparison is also possible, not discriminating against higher cost options. Another
benefit of this method is debiasing the decision-making process through proposing objective alternatives, thus
protecting the output from the Decoy (asymmetric dominance) effect, wishful thinking, and framing (Felfernig,
2014). In case when the decision-maker has primarily available constraints, either reference levels can be
modified or an intersubjective definition of essential factors for every criterion can be made (A. Wierzbicki et al.,
2007), thus modifying aspiration and reservation levels based not only on the information about available
alternatives.
This method was compared with the traditionally used Pareto optimal approach. At the first step, metric d is
introduced, so the distance between the points x ∈ X to ideal solution x* is quantified:
d : Rd × Rd → R, where min 𝑑𝑑(𝑓𝑓(𝑥𝑥), 𝑓𝑓(𝑥𝑥 ∗)) need to be solved.
𝑥𝑥∈𝑋𝑋

The l∞ distance between two vectors, x, y ∈ Rd is defined as ‖𝑥𝑥 − 𝑦𝑦‖∞ = max|𝑥𝑥𝑙𝑙 − 𝑦𝑦𝑙𝑙 |, and the weighted l∞
𝑙𝑙∈[𝑑𝑑]

𝜆𝜆𝑙𝑙 |𝑥𝑥𝑙𝑙 − 𝑦𝑦𝑙𝑙 |, where 𝜆𝜆 is a vector of weights (Bowman, 1976). In the discrete
distance is given by ‖𝑥𝑥 − 𝑦𝑦‖𝜆𝜆∞ = max
𝑙𝑙∈[𝑑𝑑]

case when number of decision options are limited use of weighted distance creates a risk of missing important
Pareto points, as they might be contained in the interior and not on the boundary of the convex cover of the set.
This risk is avoided using reference point approach (A. Wierzbicki, 2008).
The third method used for comparison is the Fuzzy Technique for Order of Preference by Similarity to Ideal
Solution (FTOPSIS) (Krohling & Pacheco, 2015). FTOPSIS is often used in decision making as quick
optimization of the results and their ranking representation based on the similarity of the alternative to the ideal
solution:
Ci=di-/( di-+ di+), i=1,2,…, m

(4)
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Where dij+=∑𝑛𝑛𝑗𝑗=1 𝑑𝑑�ṽ𝑖𝑖𝑖𝑖 − ṽ𝑗𝑗+ � with ṽij+=(9,9,9) and ṽij-(1,1,1) distances from the positive ideal solution A+. Distance
from the negative solution A- is calculated in the same way. Normalized decision matrix allows the use of
different scales, combining parameters of a different kind in the decision-making process (Shi & Yang, 2009):
𝐶𝐶1 … 𝐶𝐶𝑛𝑛
𝐴𝐴1
𝑥𝑥�11 ⋯ 𝑥𝑥�1𝑛𝑛
�
(5)
𝐷𝐷 =
⋮
⋱
⋮ �
� ⋮
𝐴𝐴𝑚𝑚
𝑥𝑥�𝑚𝑚1 ⋯ 𝑥𝑥�𝑚𝑚𝑚𝑚

Where x̄11=(lx̄11, mx̄11, ux̄11), while weights are obtained during the Fuzzy Analytical Hierarchy Process (FAHP)
process (Masmoudi & Dhiaf, 2018) :
ṽ=[ṽij]mxn, i=1,2,..m ; j=1,2,..,n

and

ṽij= rij̃ ⨂w̃j=(lrij̃ , mrij̃ , urij̃ ) ⨂ (lw̃j, mw̃j, uw̃j)

(6)

Although some authors claim that the combination of FAHP and FTOPSIS is sufficient to overcome the
drawbacks of traditional TOPSIS and AHP, such as uncertainty and ambiguity of information (Abd et al., 2017),
this method still relies heavily on the subjective preference of the decision-maker. This subjectivity can be a
serious problem and affect the reliability of the results (Madi et al., 2016) when some of the decision-makers do
not have sufficient expertise on the issue.

3. Results & Discussion
To test the validity of the proposed decision aiding model, the results of the case risk assessment were
compared with the Pareto optimal approach (Ehrgott, 2005). The results are compared to an actual selection
made by one of the decision-makers. The initial factors used for the ranking are the Risk Index, the Delta Risk
Index, Human Reliability, Technical Reliability, Implementation, and Running Cost. In the case of Pareto optimal
approach for Tchebycheff scalarization, relative weights of the factors were obtained using the Rank Ordering
Criteria method (Roszkowska, 2013). This leads to the following weights for the above factors (in the order they
appear in the text): λ = (0.41, 0.24, 0.16, 0.10, 0.06, 0.03).
The financial factors were defined as being the least important and therefore having the lowest weight.
Minimization was applied to the following factors: Risk Index, Implementation, and Running cost. The relative
weights of the above factors that were used for FTOPSIS are: 0.348, 0.224, 0.175, 0.104, 0.081 and 0.067.
Delta Risk, Human and Technical Reliability have almost the same weight as those obtained by the ROC
method. In the case of the two-reference method, no relative weights were used. However, several factors were
treated as having negative value: the Risk Index, Implementation, and Running Cost. For all methods, Risk
Index, Implementation, and Running cost, were considered negative from the decision-makers perspective, as
the expectations for these values were as low as possible. While expectations for Delta Risk Index, Human and
Technical Reliability were striving to the available for these factors’ maximum. The desired solution would be to
have a risk level as low possible with minimal financial investments.
We will take an actual example of the use of deuterium in a Tokamak-style fusion reactor to illustrate the results
obtained with the different approaches. Deuterium is a highly flammable gas and several safety measures must
be taken when working with it. The safety experts proposed the following safety measures after the risk
assessment:
A. Use warning signs in gas storage areas
B. Eliminate all ignition sources
C. Ensure gas equipment is in good operating order
D. Equip the lab with gas-specific detectors
E. Keep deuterium away from heat sources
F. Store large gas cylinders in explosion-proof cabinet
G. Use certified explosion-proof equipment
H. Use flashback arrestors
Comparing the results of the three different methods (see Table 1) with the decision-maker choice, it can be
seen that the two-reference method is the closest to the reasonable choice. All methods have their advantages
and limitations. In the case of Pareto, the optimal weights used are taken from the literature. Thus, the decisionmaker is only "allowed" to prioritize objectives. This, on the one hand, reduces the possible ambiguity in the
case of multiple preferences by several decision-makers. On the other hand, it might not be an accurate
representation of real priorities. However, the problem of agreement between decision-makers with different
priorities remains. The FTOPSIS method is too much based on the subjective preferences of the decisionmakers, and the results of FAHP will not be better than the simple average.
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Table 1. Comparison of three methods with decision-maker’s preferences.
Safety Measure
A
B
C
D
E
F
G
H

Pareto Optimal
1
5
3
6
4
8
7
2

FTOPSIS
3
4
2
1
7
8
6
5

Two-reference method
2
5
1
7
4
7
6
3

Decision-maker
2
4
1
6
5
8
3
7

The use of the two-reference level allows the decision-maker to be inconsistent with his preferences and thus
to learn during the interaction with the decision-making system. The use of two references still allows a certain
level of specificity to be maintained, and therefore necessarily when at least some of the constraints are known.
In the case of safety decision-making in academic environment, it is necessary to maintain some flexibility when
prioritizing factors. Firstly, as budget and planning are limited and safety projects appear as a daily problem, it
is sometimes complicated to set financial constraints. Secondly, the different nature of the laboratory’s activities
influences the level of acceptance of various factors, such as Risk Index, Human and Technical Reliability. In
addition, the presence of expert and non-expert decision-makers requires that both preferences be considered
without undervaluing the latter.

4. Conclusion
This work reveals various factors which are important when making decisions to improve the process safety in
each particular laboratory of a university. Three groups of factors were found to be essential for the decisionmaker. As these factors have different natures, a decision-support tool is helpful to avoid unnecessary heuristics.
It is also valuable because a non-expert decision-maker is involved in this process, for whom the issue of safety
is not a top priority. We demonstrated the use of different optimizations methods that are widely applicable in
decision-making. All tested methods assume rationality in decision-making, as we consider that safer
alternatives will be selected only on the basis of the factors included in the decision support tool. The comparison
of the three methods from a theoretical and practical perspectives suggests that the use of the two-reference
method in the case of safety decision-making in academia can lead to more effective and useful decision-aiding
than the other methods. It provides an objective ranking of the alternatives based on the available data and the
minimum expectations of decision-makers. However, it also creates a solid basis for further discussion among
them in case of new information or significant disagreements.
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