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Objective function

n where x; (X1, X2,...X,) are the decision variables representing the
Maxe,-U,' candidate safety measures, with x;= 1 if the i-th safety measure is
i=1 selected, else x; = 0, and U; being the utility score achieved by select-

ing the safety measure x;.

ZX'C' <C where C; is the cost of safety measure x; and Cyax Is the maximum
L A available budget.
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Objective function

being P; the value of the performance measure possessed by the
safety measure respect criterion j according to a predefined ranking

P; scale, RP; is an arbitrary reference value of that performance mea-
Sj ==L RUV; : . S : o
RP; sure expressed in the same ranking scale, and RUV; is the utility va-
lue corresponding to the reference value RP; chosen for criterion j.
The values of RUV; can be assigned following Table 1 on a —10 to
+10 scale (Alanne, 2004).
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
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Objective function: effectiveness

e Effectiveness (Score S;)
e Cost (Score S3)

e Efficiency (Score S5) Effectiveness, i.e whether the SM is able to significantly reduce
e Range (Score S4) the risk associated to an hazard (by reducing accident probability
o Applicability (Score Ss) and/or the magnitude of consequences).

e Functionality (Score Sg)

Table 2
Example of risk ranking parameters.

Likelihood ranking(p) Level Reference occurrence frequency (yr—') Severity ranking (M) Level Reference loss value
5 Frequent >107! 5 Catastrophic >10 fatalities

4 Probable 107'-1072 4 Critical 1 or more fatalities
3 Occasional 102-10"* 3 Relevant Occasional fatality

2 Remote 10*-10"* 2 Marginal Major injuries

1 Improbable <1077 1 Negligible Minor injuries

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.

AR = Rggrore — Rarrer (8)
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As an example, if the current risk level is characterized by p= 3 and
M =4, which gives Rpgrore=12, and by adopting the candidate
safety measure we obtain p=2 and M =2, which gives Rarer =4,
we have AR=12 — 4=8. Thus

8

S]:ﬂ

10 =+3.3 (10)
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Objective function: cost

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

Table 3

Annual cost of safety measures.
C Meaning
5 Very high
4 Relevant
3 Average
2 Low
1 Negligible

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

be considered as a “huge drawback” (utility = —10) then the Cost
score would be
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Objective function: efficiency

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

Table 4
Efficiency ranking of safety measures.

Meaning

The SM affects mainly the most critical hazards

The SM affects mainly some relevant hazards

The SM affects mainly hazards having average criticality
The SM affects mainly hazards having low criticality

The SM affects mainly hazards having negligible criticality
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Objective function: applicability, functionality

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.

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 Ss and Sg
can have both positive or negative values.
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Objective function: range

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

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
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Safety measure Utility, U

After having assigned scores S;-S¢ to the safety measures and
weights wi-wg 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: S, =7, S = -4, S3=2, S4=3,
Ss=-5, S¢ =6, and that the analyst is mainly concerned with risk
reduction, cost and functionality so that he assigns the following
weights: wy;=0.3, wy =0.3, w3 =0.05, ws=0.05, ws=0.1, wg=0.2.
The utility of the candidate safety measure would be computes
as U=(05x7)+][0.3x(—4)]+(0.05 x2)+(0.05x%x 3)+[0.1 x
(=5)]+(0.2x6)=35-12+0.1+0.15-05+1.2=325.
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Application example

Table 6
Utility values computation table.
SM1 SMz2 SM3 SM4 SM5 SM6 SM7 SM8 SM9 SM10

AR 8 4 10 8 20 13 3 6 5 18
Effectiveness (5;) 3.33 1.67 417 3.33 8.33 5.42 1.25 2.50 2.08 7.50
Conv wax (€) 24,000 14,000 10,000 12,000 32,000 26,000 14,000 2400 32,000 22,000
Cr max (€/YT) 1000 800 800 1000 2200 500 300 300 2000 1800
C (€]yr) 4905.9 3078.4 24275 29529 7407.9 47314 25784 690.6 72079 53804
Cost (S52) —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 (5a) 6 6 4 2 4 4 2 6 4 2
RNG 3 3 2 1 4 4 3 4 1 2
Range (5,) 43 43 29 14 5.7 5.7 43 5.7 14 29
Applicability (Ss) ) 2 4 6 5 2 1 8 9 -5
Functionality (Sg) 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

Table 7

Sensitivity analysis.
Budget (€/yr) u SM Ceot AUJAC Budget (€/yr) u SM Ciot AUJAC
4000 424 38 3118 0 15,000 7.96 1,38,10 13,404 0
5000 4.24 38 3118 0 16,000 7.96 1,6,8,10 15,708 0
6000 4.61 1,8 5596 0.037 17,000 8.29 1,23,8,10 16,483 0.033
7000 4.68 8,10 6071 0.007 18,000 8.29 1,23,8,10 16,484 0
8000 5.69 36,8 78494 0.101 19,000 942 1,3,6,8,10 18,136 D.113
9000 6.13 38,10 8498.4 0.044 20,000 942 1,3,6,8,10 18,137 0
10,000 6.13 38,10 84984 0 21,000 9.69 1,35,8,10 20,812 0.027
11,000 6.5 1,8,10 10977 0.037 22,000 9.75 1,23,6,8,10 21,214 0.006
12,000 75 1,8,10 10978 0.1 23,000 9.75 1,23,6,8,10 21,214 0
13,000 7.52 13,68 12,755 0.002 24,000 10.02 1,23,58,10 23,891 0.027
14,000 7.96 13,810 13,404 0.044 25,000 10.02 1,23,58,10 23,891 0
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