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The selection of safety measures to be applied in an industrial plant to reduce risk to an acceptable level is
a critical task for safety engineers. However, to select a portfolio of safety measures is quite hard as a
number of different hazards have to be counteracted simultaneously and a wide range of preventive or
protective measures can be chosen, including either technical, administrative and managerial actions,
within the constraints of a given budget. In this paper a multi-criteria ‘‘knapsack’’ model is described
to help safety analysts in selecting the most cost-effective safety measures to be adopted. The problem
is formulated as that of maximizing the utility of the portfolio of safety measures subject to a number
of constraints including a maximum allowable budget. In the paper at first the problem formulation is
given as a knapsack model, then the approach to compute the utility level of a given portfolio of safety
measure is described utilizing a multi-criteria method. Finally, an application example is presented
and the advantages and disadvantages of the method are discussed.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple hazards occur simultaneously in industrial plants. In
such cases the safety manager has the responsibility of identifying
the most critical hazards and properly select safety measures (SMs)
in order to obtain the highest risk reduction while complying with
enforced regulations and the available safety budget. This may be
quite a hard task as a wide range of preventive or protective SMs
exist to counteract any given hazard including either technical,
administrative and managerial actions. In this context the large
number of competing alternatives requires a methodology for pri-
oritizing the candidate SM, so that the benefit within a limited
budget is maximized. The choice is made harder by the fact that
when multiple SMs exist for a given hazard, a dominant SM may
not be easily discernible. In fact, each SM might imply a different
overall cost (including capital and operating expenses) but also a
different risk reduction potential which even leads to a different
expected monetary loss from an accident. This also asks for a mul-
ti-criteria analysis and a trade-off evaluation in order to define the
most cost-effective portfolio of SMs to be adopted. However, the
technical literature is lacking of formalized methods to assist in
the selection of safety measures while from the mathematical
standpoint this may be considered as a hard to solve combinatorial
ll rights reserved.
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optimization problem. In practice, it is not possible a thorough
enumeration and review of all possible combinations of SMs and
usually only one SM at a time is evaluated resorting to a simple
cost/benefit analysis. This merely allows to find an economic
justification to the candidate SM (Antes et al., 2001). Nevertheless
this subjective trial and error approach does not guarantee an opti-
mal choice. Moreover, the safety engineer may not even be sure of
having identified the proper set of candidate solutions before
carrying out any comparative analysis of the available SMs. There-
fore, the SM selection process can be quite inefficient and time
consuming.

In the attempt of providing effective methods to assist in this
decision making process, a research effort has been undertaken
and several possible approaches have been already presented. In
a previous paper of the same authors (Caputo et al., 2011) a some-
what advanced computer method for the minimization of total
safety-related costs, i.e. the sum of adopted SMs cost and accident
cost, was presented. The mix of SMs, able to attain the optimal risk
level corresponding to the minimum overall cost, was found by
solving the related combinatorial optimization problem resorting
to a genetic algorithm. However, although that method proved to
be quite powerful, it requires the development of proper stochastic
optimization software, which might be unfeasible for the average
safety analyst, and relies on fairly detailed knowledge about the
characteristics of the hazards and the candidate SMs. Such quanti-
tative information might not always be readily available and re-
quire considerable preparatory work to be gathered.
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To provide an easier to use method for selecting SMs, an alter-
native approach based on a set of rating indices was instead pro-
posed in (Caputo, 2008) allowing a rapid screening of potential
SMs. The methodology was based on the use of a novel set of
easy-to-compute rating indices which allow the analyst to rank
the competing safety measures on a cost-effectiveness basis while
considering a number of relevant factors which are neglected by
traditional cost/benefit analyses. In particular, efficiency, effective-
ness, applicability range, the criticality of the affected hazards were
also factored in. This allows the safety analyst to adopt a multiple-
criteria approach in order to easily define a portfolio of preferred
alternatives for direct application or any subsequent more detailed
investigation. In fact, the method can assist plant safety practitio-
ners in the practical identification of possible dominant SMs thus
solving the implied trade-off conflicts when an adoption decision
has to be made.

In this work, instead, the problem of choosing a set of safety
measures is framed again in terms of combinatorial optimization,
and a mathematical linear programming approach is adopted
where the choice of SMs to be adopted is determined by solving a
0–1 linear programming model formulated as a knapsack problem.

In determining the ‘‘goodness’’ of each safety measure the con-
cept of ‘‘utility’’ is adopted which lends itself to a multiple-criteria
decision making (MCDM) also allowing the assessment of both
qualitative and quantitative performances of the candidate SM.

With reference to the selection of a portfolio of interventions to
optimize a performance measure subject to a set of constraint it
should be noted that mathematical programming methods have
been proposed in the field of civil engineering and buildings reno-
vation, although this approach seems to be new in the field of
industrial plant safety.

As an example Brown (1980) utilized a dynamic programming
approach to select highway improvement projects, while Farid
et al. (1994) utilized an incremental benefit-cost analysis in a sim-
ilar context. Basing on the multiple choice knapsack problem (Sin-
ha and Zoltners, 1979), Sinha et al. (1981) utilized binary variables
to represent various highway improvement alternatives and solved
an integer optimization model to select a portfolio of interventions,
adopting the total crash rate as the objective function to be mini-
mized. Pal and Sinha (1998) extended this model to consider the
effectiveness of the various projects in future years by factoring
in the expected growth in traffic. Melachronoudis and Kozanidis
(2002) proposed a mixed integer knapsack model to allocate a gi-
ven budget to highway safety improvements by including either
discrete interventions at specific points and continuous improve-
ments over variable lengths of a highway. Gustafsson (1998) uti-
lized a mixed integer linear programming method to select
actions in building retrofits. Alanne (2004), finally, adopted a knap-
sack model to select renovation actions for building retrofit and
refurbishment also including multi-criteria rating of alternatives.

The paper is organized as follows. Firstly the methodology is de-
scribed. Then an application example is presented and the advanta-
ges and disadvantages of this decision support method are
discussed. Finally, some directions for future research are suggested.

It is believed that this approach can help safety engineers to se-
lect the most feasible and cost effective portfolio of safety mea-
sures for risk reduction in industrial plants and represents a
further valuable tool for the safety analyst who is in charge of risk
reduction in industrial plants.
2. The knapsack optimization model

In this work we assume an industrial plant where a set of
hazards exist and consider a set of candidate safety measures
(i.e. a set of single actions expected to reduce risk) to be possibly
implemented. The problem is that of allocating an available budget
among these safety measures in order to optimize a safety-related
measure of effectiveness broadly defined in terms of utility, which
results from a multi-criteria assessment of the safety measures ef-
fects. In this respect the problem at hand can be included in the
broader area of portfolio optimization.

We adopt an additive knapsack formulation were the objective
function to be maximized is expressed in the context of the utility
theory as follows

Max
Xn

i¼1

xiUi ð1Þ

where xi (x1, x2, . . .xn) are the decision variables representing the
candidate safety measures, with xi = 1 if the i-th safety measure is
selected, else xi = 0, and Ui being the utility score achieved by select-
ing the safety measure xi.

The problem is subject to the basic constraints
xi 2 f0;1g ð2Þ

Xn

i¼1

xiCi 6 CMAX ð3Þ

where Ci is the cost of safety measure xi and CMAX is the maximum
available budget.

Apart from these general constraints, some additional case-spe-
cific constraints can be added. In particular when facing safety-re-
lated problems the following constraints may be relevant.

� Compatibility constraints, i.e. avoid selecting incompatible
safety measures (as an example a water sprinkler and a CO2 fire
fighting system owing to the solubility of carbon dioxide in
water) or safety measures acting on the same hazards and hav-
ing non-additive effects.
� Case-based constraints, i.e. necessary actions dictated by laws

and regulations or by case-specific situations.
� User defined constraints, i.e. minimum required risk reduction.

However, no general expression can be given for such con-
straints as they have to be expressed depending on the specific
case at hand. A discussion about the possible formulation of such
constraints is given in a subsequent section.

By computing the utility Ui of a safety measure we provide a
means to quantitatively express the value that can be expected
by a decision maker when paying a certain amount of money to
implement that safety measure (Alanne, 2004).

To compute the utility we at first define a set of Evaluation Cri-
teria according to which the Attributes of a given safety measure
will be ranked by assigning a score Sj. Then the overall utility score
of a safety measure is computed by aggregating the distinct evalu-
ation criteria scores through a simple additive weighted average.

Ui ¼
Xm

j¼1

wjSj ð4Þ

being

Xm

j¼1

wj ¼ 1 ð5Þ

In (Eqs. (4) and (5)) m is the number of Evaluation Criteria adopted,
wj is the normalized weight associated to evaluation criterion j, and
Sj is the score number corresponding to criterion j which describes
the utility associated to the attributes of the considered safety mea-
sure respect the evaluation criterion j. To assign the single utility
score values Sj in a homogenous manner respect the various evalu-
ation criteria, the procedure suggested by Alanne (2004) is adopted
here where



Table 1
Utility values scoring scale.

Score Utility definition

10 Huge improvement compared with situation before intervention
8 Great improvement. . .

6 Fair improvement. . .

4 Moderate improvement. . .

2 Slight improvement. . .

0 No improvement compared with situation before intervention
�2 Slight drawback. . .

�4 Moderate drawback. . .

�6 Fair drawback. . .

�8 Great drawback. . .

�10 Huge drawback compared with situation before intervention

Table 3
Annual cost of safety measures.

C Meaning

5 Very high
4 Relevant
3 Average
2 Low
1 Negligible
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Sj ¼
Pj

RPj
RUVj ð6Þ

being Pj the value of the performance measure possessed by the
safety measure respect criterion j according to a predefined ranking
scale, RPj is an arbitrary reference value of that performance mea-
sure expressed in the same ranking scale, and RUVj is the utility va-
lue corresponding to the reference value RPj chosen for criterion j.
The values of RUVj can be assigned following Table 1 on a �10 to
+10 scale (Alanne, 2004).

3. Evaluation criteria

In this study is proposed that each candidate safety measure is
assessed according to the following evaluation criteria, partly
adapted from (Caputo, 2008)

� Effectiveness (Score S1)
� Cost (Score S2)
� Efficiency (Score S3)
� Range (Score S4)
� Applicability (Score S5)
� Functionality (Score S6)

The procedure for assigning a score for the six considered eval-
uation criteria is described in the following.

Effectiveness, i.e whether the SM is able to significantly reduce
the risk associated to an hazard (by reducing accident probability
and/or the magnitude of consequences).

If we conventionally define the risk level associated to an haz-
ard as the probability of accident p times the magnitude of the con-
sequences M

R ¼ pM ð7Þ

and we express p and M according to an empirical scoring scale as
shown in Table 2 we find that risk can be quantified as a number in
the 1–25 range.

Then the effectiveness of a safety measure can be assumed to be
proportional to the obtainable reduction of risk scores, i.e. to the
difference of risk level before and after the adoption of the safety
measure.

DR ¼ RBEFORE � RAFTER ð8Þ
Table 2
Example of risk ranking parameters.

Likelihood ranking(p) Level Reference occurrence frequency (yr

5 Frequent >10�1

4 Probable 10�1–10�2

3 Occasional 10�2–10�3

2 Remote 10�3–10�4

1 Improbable <10�5
In case the safety measure can affect multiple hazard the DR va-
lue can be averaged. Otherwise, for instance, the value correspond-
ing to the highest risk hazard among those affected by the SM can
be utilized, according to the analyst’s preference. Finally, the Effec-
tiveness score can be computed according to (Eq. (6)) by assuming
that a huge improvement (RUV = 10) is obtained when we have the
maximum risk reduction (i.e. DRMAX = 24). This means that

S1 ¼
DR
24

10 ð9Þ

As an example, if the current risk level is characterized by p = 3 and
M = 4, which gives RBEFORE = 12, and by adopting the candidate
safety measure we obtain p = 2 and M = 2, which gives RAFTER = 4,
we have DR = 12 � 4 = 8. Thus

S1 ¼
8

24
10 ¼ þ3:3 ð10Þ

Obviously, since any safety measure cannot increase the risk le-
vel but only reduce it or, at worst, can be not effective, one can only
have positive values for S1.

Cost, i.e. the capability of the SM of being implemented with low
capital and operating expenses while maintaining effectiveness
and efficiency.

The cost C of a safety measure is to be intended as an equivalent
annual cost and can be conventionally evaluated assuming the val-
ues of Table 3.

Alternatively, in case that actual cost estimates for the SM are
readily available one can also quantify C as

C ¼ CINV Maxsþ CE Max ð11Þ

In (Eq. (11)) CINV Max is the maximum capital investment required to
apply the SM, while CE Max is the maximum annual operating cost
and s is the capital recovery factor with T being the safety equip-
ment life span (years) and s the interest rate (%/year).

s ¼ sð1þ sÞT

ð1þ sÞT � 1
ð12Þ

Again, according to (Eq. (6)) one can express a Cost score S2 by
preliminarily defining a reference cost value and the corresponding
utility score. However, it should be noted that since any cost is a
drawback for a safety measure, then the expected utility score will
be negative.

As an example, let us assume that the candidate safety measure
has a cost which is considered ‘‘relevant’’ (i.e. score 4 according to
Table 3) and that a measure with a ‘‘very high cost’’ (score 5) would
–1) Severity ranking (M) Level Reference loss value

5 Catastrophic >10 fatalities
4 Critical 1 or more fatalities
3 Relevant Occasional fatality
2 Marginal Major injuries
1 Negligible Minor injuries



Table 5
Range ranking of safety measures.

RNG Meaning

5 The SM affects virtually all hazards existing in the facility
4 The SM affects most hazards existing in the facility
3 The SM affects multiple hazards existing in the facility
2 The SM affects only a few hazards existing in the facility
1 The SM is focused on a single hazard existing in the facility

A.C. Caputo et al. / Safety Science 51 (2013) 354–360 357
be considered as a ‘‘huge drawback’’ (utility = �10) then the Cost
score would be

S2 ¼
4
5
ð�10Þ ¼ �8 ð13Þ

In case, instead, of a quantitative evaluation, provided that the
maximum allowable cost for a safety measure is set at 10,000 €

and that the considered safety measure has a cost of 2000 €, then
the score would be

S2 ¼
2000

10;000
ð�10Þ ¼ �2 ð14Þ

Efficiency, i.e. whether the SM is able to affect the most critical
hazards.

Let us assume that a preliminary analysis enabled to identify a
set of hazards existing in an industrial plant. After computing the
risk value Rk for the k-th hazard, it is straightforward to identify
the most critical hazard as the one having the highest risk ranking

RMAX ¼ MaxðpkMkÞ ð15Þ

A relative criticality ranking of the k-th hazard may be then ob-
tained by computing the Hazard Criticality Ranking HCRk relating
Rk to the risk level of the most critical hazard

HCRk ¼
Rk

RMAX
ð16Þ

This allows to easily identify the most critical hazards.
The Efficiency of a safety measure can be then conventionally

evaluated assuming the values of Table 4.
Finally, the Efficiency score S3 can be computed according to (Eq.

(6)) by assuming that a huge improvement (RUV = 10) is obtained
when we have a SM affecting mainly the most critical hazards
(i.e. E = 5). This means that

S3 ¼
E
5

10 ð17Þ

Given that a SM even if impacting only on a negligible hazard
cannot be considered as a drawback, then the expected utility
score will be positive.

Range, i.e. the capability of the SM to act on a wide range of dif-
ferent hazards simultaneously.

Similarly to the Efficiency and Cost scores the Range of a SM can
be conventionally evaluated assuming the values of Table 5.

The Range score S4 can be computed according to (Eq. (6)) by
assuming that a huge improvement (RUV = 10) is obtained when
we have a SM affecting virtually all hazards existing in the facility
(i.e. RNG = 5). This means that

S4 ¼
RNG

5
10 ð18Þ

Given that a SM even if impacting only on a single hazard can-
not be considered as a drawback, then the expected utility score
will be positive.

Applicability, i.e. an overall judgment about the ease of imple-
menting the safety measure, including possible disruption of pro-
ductive activities, space requirements, requirements for specific
know how, adaptability to existing structures and equipment.
Table 4
Efficiency ranking of safety measures.

E Meaning

5 The SM affects mainly the most critical hazards
4 The SM affects mainly some relevant hazards
3 The SM affects mainly hazards having average criticality
2 The SM affects mainly hazards having low criticality
1 The SM affects mainly hazards having negligible criticality
Functionality, i.e an overall judgment about the reliability,
usability and acceptance by workers including any negative inter-
action with productive activities, possibility of expanding/upgrad-
ing/updating the safety measure.

Both the Applicability and the Functionality judgments can be gi-
ven in a qualitative manner and the corresponding utility score can
be assigned by referring directly to Table 1 values. Scores S5 and S6

can have both positive or negative values.
After having assigned scores S1–S6 to the safety measures and

weights w1–w6 to the evaluation criteria, it is straightforward to
calculate the overall utility score of the safety measure resorting
to (Eq. (4)). As an example let us imagine that a candidate SM
has obtained the following scores: S1 = 7, S2 = �4, S3 = 2, S4 = 3,
S5 = �5, S6 = 6, and that the analyst is mainly concerned with risk
reduction, cost and functionality so that he assigns the following
weights: w1 = 0.3, w2 = 0.3, w3 = 0.05, w4 = 0.05, w5 = 0.1, w6 = 0.2.
The utility of the candidate safety measure would be computes
as U = (0.5 � 7) + [0.3 � (�4)] + (0.05 � 2) + (0.05 � 3) + [0.1 �
(�5)] + (0.2 � 6) = 3.5 � 1.2 + 0.1 + 0.15 � 0.5 + 1.2 = 3.25.

4. Additional constraints

In this model the decision variables are assumed to be binary,
i.e. a safety measure is applied or not. However, in many cases a gi-
ven type of safety measure can be applied to a variable extent in-
stead of simply as ‘‘yes’’ or ‘‘no’’. As an example if one plans to
install a sprinkler system for fire extinguishing then this can be ap-
plied into a single department, into several departments or in the
entire plant. If one plans to introduce an emergency squad this
can be composed of a variable number of operators. To handle such
cases one should introduce continuous decision variables as well.
While this is certainly possible resorting to mixed integer linear
programming techniques, in the present model it is made the posi-
tion that alternative manners of applying the same safety measure
at different degrees of intensity are considered as distinct candi-
date safety measures.

However, being alternative ways of implementing the same
measure incompatible, a further constraint is required in the mod-
el so that no more that one implementation option of a similar
measure is allowed (i.e. we cannot choose to install a sprinkler sys-
tem in a single department AND in the entire facility).

If we assume that S is a subset of mutually exclusive safety mea-
sures composed by alternative ways of applying the same type of
measure at different degrees, then the following constraint holds
X

k2S

xk 6 1 ð19Þ

A similar constraint can be included in the model to avoid
simultaneous selection of other kinds of mutually exclusive safety
measure such as distinct but non-additive measures aimed at
obtaining the same effect, technically incompatible measures (i.e.
CO2 and water sprinkler fire extinguishers in the same room) or
conceptually meaningless measures (i.e. switching to an inherently
safer ambient pressure process occurring inside an explosion resis-
tant vessels). In this case we can define an n � n compatibility ma-
trix CM where the generic element cmij (with i and j = 1–n) is



Table 6
Utility values computation table.

SM1 SM2 SM3 SM4 SM5 SM6 SM7 SM8 SM9 SM10

DR 8 4 10 8 20 13 3 6 5 18
Effectiveness (S1) 3.33 1.67 4.17 3.33 8.33 5.42 1.25 2.50 2.08 7.50
CINV Max (€) 24,000 14,000 10,000 12,000 32,000 26,000 14,000 2400 32,000 22,000
CE Max (€/yr) 1000 800 800 1000 2200 500 300 300 2000 1800
C (€/yr) 4905.9 3078.4 2427.5 2952.9 7407.9 4731.4 2578.4 690.6 7207.9 5380.4
Cost (S2) �5.45 �3.42 �2.70 �3.28 �8.23 �5.26 �2.86 �0.77 �8.01 �5.98
E 3 3 2 1 2 2 1 3 2 1
Efficiency (S3) 6 6 4 2 4 4 2 6 4 2
RNG 3 3 2 1 4 4 3 4 1 2
Range (S4) 4.3 4.3 2.9 1.4 5.7 5.7 4.3 5.7 1.4 2.9
Applicability (S5) �2 2 �4 �6 5 �2 �1 8 9 �5
Functionality (S6) 9 �2 6 3 �3 4 �5 0 2 8
U 1.82 0.33 1.45 �0.08 1.74 1.46 �1.08 2.78 1.49 1.90
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cmij = 0 when measure i is compatible with measure j otherwise
cmij = 1. Obviously cmii = 0. Then, for each safety measure i a check
has to be made that no other incompatible measure j has been se-
lected, as represented by the constraint
Xn

j¼1

xj cmij < 1;8i ð20Þ

When introducing the compatibility matrix CM approach, con-
straint (20) can absorb constraint (19).

If a safety measure i is a precondition to apply another safety
measure j then this condition can be expressed by the constraint

xi � xj ð21Þ

A similar constraint would represent the situation when mea-
sure i is required in case measure j has been already applied.

Finally, if a safety measure i is compulsory according to existing
regulations, the following constraint applies

xi ¼ 1 ð22Þ
5. Application example

In order to demonstrate the practical application of the pro-
posed method a fictitious example is described here.

Let us assume that to rate the candidate safety measures the
following values are assumed, RP1 = 24, RP2 = 9000, RP3 = 5,
RP4 = 7, RUV1 = 10, RUV2 = �10, RUV3 = 10, RUV4 = 10, w1 = 0.3,
w2 = 0.2, w3 = 0.05, w4 = 0.05, w5 = 0.2, w6 = 0.2. The values of RP5,
RP6, RUV5, RUV6 are withheld because an utility value will be di-
rectly assigned for those scores based on the analyst’s judgment.

Based on the evaluation of the characteristics of safety mea-
sures, with reference to the hazards existing in the considered fic-
titious plant, their ranking scores and corresponding utility values
are computed as shown in Table 6, where cost data are evaluated
assuming s = 10%/yr; T = 10 yrs; s = 0.16. In Table 6 the bold num-
bers are final scores and utility computed according to the model,
Table 7
Sensitivity analysis.

Budget (€/yr) U SM Ctot DU/DC

4000 4.24 3,8 3118 0
5000 4.24 3,8 3118 0
6000 4.61 1,8 5596 0.037
7000 4.68 8,10 6071 0.007
8000 5.69 3,6,8 7849.4 0.101
9000 6.13 3,8,10 8498.4 0.044
10,000 6.13 3,8,10 8498.4 0
11,000 6.5 1,8,10 10,977 0.037
12,000 7.5 1,8,10 10,978 0.1
13,000 7.52 1,3,6,8 12,755 0.002
14,000 7.96 1,3,8,10 13,404 0.044
while the other numerical values are input data, values assigned by
the analyst or intermediate computations. A sensitivity analysis
has been then carried out by changing the annual budget available
for safety measures. Table 7 shows the optimal set of safety mea-
sures for each budget level and the corresponding overall utility
value obtained.

The table also shows the actual cost of selected safety measures
(which is obviously within the budget) and the ratio of incremental
utility to the incremental cost. This latter information is also plot-
ted in Fig. 1 along with the graph of incremental utility to the
incremental budget.

Finally, Fig. 2 shows the trend of utility/cost ratio with increas-
ing budget. All of the above information apart from indicating the
optimal set of safety measures to be selected for any given avail-
able budget, also allow the decision maker to determine the most
cost-effective budget level to be allocated to risk reduction in the
considered plant.
6. Discussion of the model

The selection of safety measures in industrial plants is typically
an iterative process where designers manually generate alterna-
tives which are then evaluated one at a time to be accepted or re-
jected and the process is repeated until a satisfactory, although not
necessarily optimal, overall solution is obtained. The adoption of
the proposed optimization model with a personal computer allows
to ‘‘fully automate’’ either the generation and the evaluation of
alternatives and allows an optimal portfolio of interventions to
be determined by evaluating a large number of mutually compat-
ible or non-compatible solutions also accounting for conflicting
preferences and evaluation criteria. This supports the human deci-
sion making process by providing rapid assessment of solutions
which otherwise would have not been considered, especially in
case of conflicting criteria and constraints.

In the proposed method at first the candidate solutions are eval-
uated resorting to a multi-criteria approach. Then the results are
Budget (€/yr) U SM Ctot DU/DC

15,000 7.96 1,3,8,10 13,404 0
16,000 7.96 1,6,8,10 15,708 0
17,000 8.29 1,2,3,8,10 16,483 0.033
18,000 8.29 1,2,3,8,10 16,484 0
19,000 9.42 1,3,6,8,10 18,136 0.113
20,000 9.42 1,3,6,8,10 18,137 0
21,000 9.69 1,3,5,8,10 20,812 0.027
22,000 9.75 1,2,3,6,8,10 21,214 0.006
23,000 9.75 1,2,3,6,8,10 21,214 0
24,000 10.02 1,2,3,5,8,10 23,891 0.027
25,000 10.02 1,2,3,5,8,10 23,891 0



Fig. 2. Trend of specific utility (UC) vs annual cost.

Fig. 1. Trend of utility vs annual cost or annual budget.
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used as inputs to the knapsack model which maximizes the sum of
utilities brought by single options into a portfolio subject to given
maximum allowable cost. Obviously this benefit is fully gained
when there are a large number of solutions to be examined. In case,
instead, of a limited number of possible portfolios then a simple
multi-criteria analysis or the utilization of an index-based method
(Caputo, 2008) would suffice.

Another advantage of the method is that it can be easily utilized
resorting to common office automation software. In fact, the knap-
sack model can be solved using, for instance, the Solver function of
MS Excel. In general knapsack problems can be rapidly solved with
Branch and Bound techniques which are based on progressive
elimination of dominated solutions. However, the passage to a
nonlinear model, required to account for the non-additive features
may make the approach more computationally intensive so that
efficient solution methods should be developed.

The method is inherently additive. This means, at first, that a
simple additive weighting model is applied to aggregate scores to
get a single score representing the utility of an option, and then
that the utility score of a safety measure is merely added to the
scores of the other selected safety measures in order to compute
the overall utility. While this can be appropriate in most cases, it
may happen, especially when multiple safety measure affect the
same hazards, that the effects of safety measures are not additive.
In this case a non-linear utility model accounting for mutual inter-
actions among safety measures would be required. However, this
would make the model much more complex. An easy solution to
this problem is to add incompatibility constraint, as shown above,
which prevent choosing safety measures which interact negatively
or in a non-linear manner. Moreover, while some quantitative
performance measures can be additive, the same cannot be gener-
ally said for qualitative contributions to the overall utility. Another
problem may arise if the set of criteria has been defined so that
overlapping evaluations become possible. Care should be given,
therefore in the proper selection of evaluation criteria. The additive
model is also compensatory, meaning that strengths of an option
respect one criterion may compensate for weaknesses respect an-
other criterion. For instance, a safety measure having the maxi-
mum risk reduction potential but also the maximum cost would
have a null utility score if both evaluation criteria adopt the same
weight. Additional studies are therefore required to fully explore
the implications of additivity hypothesis and to manage the cases
of non-additivity.

The method is particularly flexible, as the analyst has freedom
to modify the existing evaluation criteria as he wishes and also
can add any other criterion he considers to be relevant in a specific
application. Moreover, in order to keep the model easy to use, a
simplified expression of Sj scores has been adopted in this paper.
Nevertheless, the analyst can choose any other more detailed
expression. As an example, the rating indexes proposed by (Caputo,
2008), which are fairly more elaborate, can be adopted as well.

Another degree of freedom comes from the possibility of chang-
ing the values of weights wj to account for different attitudes or
interests of the decision maker.

Finally, it should be pointed out that the method lends itself to
be fully utilized in the framework of a sensitivity analysis to assess
the robustness of the solution to changes in the maximum allowed
budget or in the weights assigned to the evaluation scores. This
would also allow to evaluate the marginal utility variation when
progressively increasing the allowed budget, in order to define
the most cost-effective budget level.

7. Conclusions

Plant safety is a major concern for industrial activities consider-
ing the involvement of human lives and the risk of relevant eco-
nomic losses. Plant managers are thus asked to develop a
portfolio of safety measures able to significantly reduce risk in a
cost-effective manner. However, this is a complex task given the
large number of hazards occurring on the workplace and the very
large number of safety measures available, spanning from manage-
rial interventions to technology-based options. This gives rise to a
combinatory explosion in the number of possible portfolios of
safety measures to be evaluated. In the paper a multi-criteria linear
programming knapsack model has been developed to assist the
safety manager in the ranking and selection of safety measures
portfolios to mitigate a given set of hazards in industrial plants
subject to budget constraints. The model is easy to apply and rapid
to solve on a personal computer. Moreover, it allows to account for
conflicting preferences and evaluation criteria, while the simple
structure enables to implement additional constraints to manage
non-compatibility issues. The model is easy to apply because de-
tailed quantitative knowledge about risk levels and safety mea-
sures costs or performances is not strictly required. Another
benefit implied by the method is that an attempt to formalize
the rating and selection process of safety measures has been pro-
vided within a framework offering guidance to the analyst. This
would eliminate much of the guess-work allowing the analyst to
make more informed decisions. The possible limitations of the
method appear the degree of subjectivity still implied in the mul-
ti-criteria evaluation as well as the additivity hypothesis underly-
ing the model. However, the first can be mitigated by asking a
panel of experts to perform the multi-criteria analysis so that a
consensus can be obtained, while the proper formulation of solu-
tion alternatives and the adoption of proper constraints can help
in reducing the non-additivity concerns. It is believed that the
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safety practitioner can utilize the presented approach to better fo-
cus the safety measure selection process while reducing cost and
time spent in the analysis.
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