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SUMMARY

Decision making on hazard surveillance in livestock product chains is a multi-hazard, multi-
stakeholder, and multi-criteria process that includes a variety of decision alternatives. The multi-
hazard aspect means that the allocation of the scarce resource for surveillance should be
optimized from the point of view of a surveillance portfolio (SP) rather than a single hazard. In
this paper, we present a novel conceptual approach for economic optimization of a SP to address
the resource allocation problem for a surveillance organization from a theoretical perspective.
This approach uses multi-criteria techniques to evaluate the performances of different settings of
a SP, taking cost-benefit aspects of surveillance and stakeholders’ preferences into account. The
credibility of the approach has also been checked for conceptual validity, data needs and
operational validity; the application potentials of the approach are also discussed.

Key words: Conceptual framework, economic analysis, hazard surveillance, surveillance portfolio
optimization.

INTRODUCTION

A surveillance organization, which is responsible for
animal health surveillance in a livestock production
chain, such as a food safety authority (FSA), could
have multiple hazards to survey with limited surveil-
lance resources (i.e. budget). Therefore, the allocation
of the scarce surveillance resource should be optimized
from the perspective of a surveillance portfolio rather
than a single hazard. To avoid terminology ambiguity,
we present the following terms that have been defined
in [1] at the beginning of this paper:

. Single-hazard surveillance system (SHSS): a surveil-
lance system that aims to detect a single micro-
biological or chemical hazard in a livestock
production chain (detection used in a broad sense
also includes prevalence estimation), such as classic-
al swine fever (CSF) or Salmonella surveillance.

. Surveillance system component (SSC): a specific
surveillance activity within a SHSS; for example,
clinical diagnosis and routine serological tests in
slaughterhouses. Hence, each SHSS consists of
one or more SSCs.

. Surveillance set-up of a SHSS is the combination of
SSCs with their respective levels of intensity, e.g.
sampling frequency and size.

. Surveillance portfolio (SP): the collection of a group
of SHSSs coordinated by one single organization,
e.g. a FSA or a private slaughterhouse.
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The terminologies defined in this framework, take the
terminologies from the Pre-International Conference
onAnimalHealth Surveillance (Pre-ICAHS)Workshop
2012 into account and adapt them to fit the aim of this
research. For example, since our research especially
wants to distinguish the situations of surveillance for
a single hazard and surveillance for multiple hazards,
we use the terms ‘single hazard surveillance system’

and ‘surveillance portfolio’. The term ‘single hazard
surveillance’ has some similarity to the term ‘hazard-
specific surveillance’ and the term ‘surveillance port-
folio’ is similar to the term ‘portfolio’ described by
the Pre-ICAHS Workshop 2012.

Many studies have been conducted to analyse the
performance of SHSSs (e.g. [2–9]). By contrast, only
two studies on SPs are available (i.e. [10, 11]). These
studies presented an approach of risk-based resource
allocation for surveillance on exotic livestock diseases
in New Zealand. The authors demonstrated the poten-
tial of portfolio theory for prioritizing between various
surveillance options and optimizing resource allocation
between these options. They also identified issues for
further research, such as the risk attitude of decision
makers, weighting of risks and impacts, and the prob-
lem of increasing the complexity of decision support
with increased portfolios. However, they did not offer
a suggestion for how these issues should be tackled in
a consistent way. Moreover, the authors restricted
their attention to exotic livestock diseases only, not in-
cluding other types of hazards (e.g. endemic diseases,
chemical hazards). To the best of our knowledge,
there is no other literature on economics of SPs.

The aim of this paper is to build further on
Prattley’s studies [10, 11] and present a conceptual ap-
proach for SP optimization that provides a consistent
conceptual basis for the development of quantitative
tools for decision support, aimed at the economic op-
timization of a SP. The end users of this conceptual
framework are all different types of surveillance orga-
nizations that are responsible for multiple livestock
surveillance ranging from public bodies (e.g. FSAs)
to private utilities (e.g. food companies).

The SHSS framework that has been elaborated in
[1] serves as the basis of the SP optimization frame-
work: the analytical results of each SHSS are used
as the inputs of the SP optimization model. The
SHSS framework includes a Monto-Carlo simulation
model that mimics the hazard development within
the animal population as well as the surveillance activ-
ities to investigate the cost-effectiveness of the SHSS.
It also includes a multi-criteria analysis model that

incorporates stakeholders’ preferences to conduct
cost-benefit analysis of the surveillance system.

The remainder of the paper is organized as follows:
The next section briefly puts the role of surveillance
organizations into perspective, and is followed by a
description of hazard categorization. This is followed
by elaborations for the framework of SP optimization
and finally, a Discussion.

SURVEILLANCE OPTIMIZATION AS A MULTI-
CRITERIA, MULTI-STAKEHOLDER PROBLEM

The primary role of a public surveillance organization is
to allocate resources to surveillance activities which pro-
vide information on health status in the animal popula-
tion to facilitate follow-up intervention strategies. Since
the aim of hazard intervention is to maximize social wel-
fare or minimize lack of social welfare, in this sense sur-
veillance also indirectly contributes to social welfare
optimization. The private surveillance organizations
have their social responsibilities which are beyond
profit maximization especially with respect to the highly
socially relevant livestock hazard surveillance.
Trade-offs can exist between public and private resources
(e.g. when the public body monitors the surveillance ac-
tivities of the private organization instead of directly con-
ducting surveillance) and can also exist in an asymmetric
distribution of these resources between stakeholders. The
latter is even more prominent when the benefits of
improved surveillance are concerned. For example, a
reduced impact of an avian influenza (AI) epidemic be-
cause of ‘early detection of the virus’ includes mitigated
human health burden, fewer animals being culled, a
reduced impact on animal welfare and socio-ethics,
and less disruption of social life [12, 13]. All of these cri-
teria are evaluated by the stakeholders involved [14].
Hence, there is a large asymmetry between stakeholders
regarding both resources (i.e. costs) and benefits, which
could cause conflicts of interest. The prime decision-
making role of a surveillance organization is to allocate
the surveillance resources to achieve collective welfare
optimization given practical constraints.

HAZARD CATEGORIZATION

Surveillance organizations operate SHSSs for various
hazards, all of which have specific features with regard
to hazard types, surveillance objectives and occurrence
possibilities. Figure 1 presents an overview of a hazard
categorization.
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Starting with all hazards that can, in principle, be
surveyed, an initial distinction can be made between
biological (viruses, bacteria, prions, etc.) and chemical
(contaminants, toxins, etc.) hazards. The main reason
for this distinction is the different dynamics of these
hazards in an animal population. Biological hazards
in principle multiply and spread between infected ani-
mals, resulting in an increasing number of affected
animals over time. Most chemical hazards dilute
after entering the livestock production chains (assum-
ing only one entrance, such as a contaminated batch
of feed): once entered, the concentration will reduce
due to growth of the animal and/or through vertical
dilution (e.g. dioxin from a sow to its offspring).

A subsequent categorization feature is prevalence.
Biological hazards can be either absent in normal con-
ditions (i.e. epidemic or zero-prevalence hazards such
as CSF and foot-and-mouth disease), while prevalence
cannot be excluded but is extremely low (i.e.
close-to-zero prevalence hazards, such as bovine
spongiform encephalopathy; BSE) or have a higher
prevalence (e.g. endemic hazards such as

Salmonella). For chemical hazards, higher prevalence
is assumed to be non-hazardous and hence disre-
garded, leaving zero-prevalence (i.e. not allowed,
such as added hormones) and low-prevalence (i.e.
having a very low threshold, such as residuals of pes-
ticides) hazards. However, it is noteworthy that this
difference is partially artificial, caused by the current
technical inability to detect.

From the prevalence situation, the ultimate surveil-
lance objective can be derived, together with the asso-
ciated technical surveillance performance indicator
(TSPI) (the TSPI values are designated technical sur-
veillance performance parameters; TSPPs). The aim
of zero-prevalence hazard surveillance is to detect
hazards such as CSF or foot-and-mouth disease as
soon as possible from the moment of introduction
in the population. This is reflected by minimizing
the so-called high-risk period (HRP). Therefore, im-
portant TSPIs are the length of the HRP and the
number of infected farms at the end of this HRP (as
a measure for disease spread during the HRP). For
close-to-zero hazards, detection of all existing cases

Fig. 1. Single hazard surveillance system categorization scheme. HRP, High-risk period.
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before they pose a danger to the general public or
cause significant losses for the industry (e.g. BSE) is
the main objective; hence, the detection probability
is an important TSPI. Higher-prevalence hazards
are and will be endemic for some time. Therefore, re-
liable trend monitoring could be a main goal, e.g. to
monitor the impact of control and reduction mea-
sures. Hence, the time lag until detection of important
changes in prevalence levels and trends in this area, as
well as the reliability and accuracy of this detection (i.
e. sensitivity and specificity of the surveillance sys-
tem), are important TSPIs. Similar objectives and
TSPIs can be defined for both zero- and low-
prevalence chemical hazards.

A CONCEPTUAL FRAMEWORK FOR
ECONOMIC OPTIMIZATION

Surveillance organizations operate various SHSSs
with limited resources. The (economically) optimal
SP includes (1) those SHSSs with (2) their respective
set-ups that combine to achieve maximum surveillance
performance as well as the economic values of surveil-
lance with limited resources and other constraints.
Hence, a surveillance organization must make choices
at two levels: (1) between SHSSs and (2) between sur-
veillance set-ups of a SHSS. Figure 2 illustrates this
decision problem. Including a SHSS in the SP auto-
matically implies that a particular set-up, either exist-
ing or potential, must be chosen.

This choice of a certain surveillance set-up for each
SHSS results in the TSPP. Given a certain TSPP
(ensured by the selected surveillance set-up), the con-
sequential impacts of the hazard (under a given inter-
vention strategy) can be calculated by the hazard
impact simulation model or estimated by relevant
experts (if the impact simulation model is missing).
These impacts can be of various types (e.g. economic
losses, animal welfare impacts, human health impacts,
etc.) which are captured by different hazard impact
indicators (HIIs). For example, for the epidemic dis-
ease AI, based on the TSPP ‘the duration of the
HRP’ (under a given intervention strategy), the eco-
nomic losses and annual human infections because
of the AI outbreak can be estimated. The same also
applies to other types of hazards. After obtaining
the TSPP ‘detection probability’ for the close-to-zero
disease BSE in The Netherlands, annual human
deaths because of BSE infections and the level of pub-
lic unease can also be calculated.

Of course, hazard impacts are not only determined
by the quality of surveillance but also by the quality
of intervention [15], and therefore from a comprehen-
sive point of view, a joint analysis of surveillance and
intervention is preferred [16]. However, this research’s
focus is on the surveillance component (i.e. we want to
conduct cost-benefit analysis on surveillance only) and
addressing surveillance from a portfolio perspective
has already been very complex. Hence, we assume
the intervention strategy is fixed (i.e. taking the default

Fig. 2. The conceptual framework for surveillance portfolio optimization. SHSS. Single hazard surveillance system.
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intervention strategy as given). Thus, all the differences
of the avoided losses are caused by the surveillance
systems, which allow us to focus on our key concern.

Moreover, surveillance costs are incurred from ap-
plying this set-up. Similarly, other hazards (i.e.
SHSS) must be considered, as well as the subjective
valuation by the stakeholders.

In order to elaborate the optimization problem, the
following problems must be solved:

. the various impacts each hazard has must be made
comparable and additive;

. differences in valuation of stakeholders of different
impacts must be allowed, as well as interest differ-
ences between stakeholders.

Below, an attempt has been made to solve this prob-
lem in a conceptual manner in order to enable eco-
nomic optimization of a SP.

Step 1. Each SP consists of a set of SHSSs, so a list of
potential hazards and associated SHSSs must first be
identified. Next, for each SHSS the efficient set of sur-
veillance set-ups must be identified (details presented
in [1]. Thereafter, for each HII i, the standardized
portfolio performance should be calculated using
equation (1):

vi = 100×
∑H

h=1 P0
h,i − Ph,i,s

( )

∑H
h=1 P0

h,i − Pmax
h,i

( ) for all i, (1)

where only one or no surveillance set-up for each
hazard h is implemented;vi denotes the standardized
portfolio performance (SPP) on HII i, which is actu-
ally the performance deviation on HII i, compared to
the performance of the maximum portfolio perform-
ance on HII i; Ph,i,s denotes the impact parameter
(e.g. disease costs, number of human deaths) for haz-
ard h, on HII i, for implementing surveillance set-up
s; P0

h,i denotes the baseline performance for hazard
h, on HII i; Pmax

h,i denotes the maximum performance
technically possible (or artificially set by the relevant
expert) for hazard h on HII i;

∑H
h=1(P0

h,i − Pmax
h,i )

denotes the theoretical maximum portfolio perform-
ance on HII i.

Step 2. Having obtained the overall performance of
the entire SP for each HII i, two subjective weightings
must be performed: (1) the differences in preference
between the stakeholders involved, and (2) the differ-
ences in importance of the various stakeholders
viewed by the final decision maker. This ‘double

weighting’, as well as the final optimization statement,
is expressed in equations (2)–(5):

Max PV = w1 · · · wG
( )

×
w1,1 · · · w1,I

..

. . .
. ..

.

wG,1 · · · wG,I

⎛
⎜⎝

⎞
⎟⎠

×
v1 X( )

..

.

vI X( )

⎛
⎜⎝

⎞
⎟⎠,

(2)
s.t. various constraints, such as
∑Sh

s=1
xh,s ≤ 1 for all h, (3)

∑H

h=1

∑Sh

s=1
cg,h,sxh,s ≤ Bg for all g, (4)

xh,s [ (0, 1) for all h, s, (5)
where PV is the overall weighted portfolio perform-
ance (OWPP); (w1 ··· wG) is the weights the decision
maker places on the various stakeholders 1 to G;

w1,1 · · · w1,I

..

. . .
. ..

.

wG,1 · · · wG,I

⎛
⎜⎝

⎞
⎟⎠ are the preference weights stake-

holders 1 to G place on HII 1 to I.

v1 X( )
..
.

vI X( )

⎛
⎜⎝

⎞
⎟⎠ is the SPP on each HII from equation (1);

X is the decision variable matrix of xh,s. xh,s denotes
the binary decision variable to judge whether, for hazard
h, surveillance set-up s is selected to compose the SP.
Sh denotes the number of the alternative surveillance
set-ups for hazard h. Bg denotes the total annual bud-
get available for stakeholder group, g (g = 0, 1, . . ., G),
to carry out the surveillance activities (to simplify the
formulation, the decision maker (the surveillance or-
ganization, e.g. FSA) is treated as a stakeholder
group, g= 0). cg,h,s is the annual surveillance costs
for stakeholder group g, when, for hazard h, surveil-
lance set-up s is implemented.

The set of constraints [equation (3)] ensures that a
maximum of one surveillance set-up for each hazard
will be included in the SP; constraints [equation (4)]
ensure that the total annual surveillance costs for
stakeholder group g cannot exceed the annual avail-
able surveillance budget available; and definitions
[equation (5)] define xh,s as binary variables.
Additional constraints can be included to establish
more complex models according to the specific
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situation; such as the minimum required surveillance
performance for some hazards.

To derive the weight matrix that reflects share-
holders’ preferences, a stakeholder panel, analogous
to the consumer panel in marketing (e.g. [17–19]) is
established to elicit stakeholder preference.

Quantitative elaboration of the concept of SP
optimization

To illustrate the concept of optimization of a SP, we
use a hypothetical numerical example. Three different
hazards were selected as potential surveillance targets
within the portfolio: CSF, AI, and Salmonella. Impact
parameters for Dutch conditions were assumed refer-
ring to previous studies (AI [20, 21], and Salmonella

[22]). These impact parameters, which mimic the
results of SHSS analysis, are presented in Table 1.

Four surveillance set-ups are included for each haz-
ard. For each, respective surveillance costs for an FSA
and the impact on disease costs and human health are
listed according to the framework in Figure 2. Table 1
lists the weights for each HII and for farmers and citi-
zens. The impact parameters on each HII are fictively
generated, given the aim of this research is simply to
demonstrate the rationale of the framework. Some of
the data refer to [20–22] which are assumed to reflect
some impacts of the default surveillance situation. In
this way, we try to make the whole data fall in a rela-
tively reasonable range. For example, the costs due to
a CSF outbreak in the default situation (i.e. surveil-
lance set-up 1) are according to [23] (see also the appen-
dix of [1]). The information we use from [20, 21] is that

Table 1. Impact parameters, Phis, for hazard h, on indicator i, for implementing surveillance setup s, as well as
weights for inidcators and stakeholders

All possible surveillance set-ups for each
hazard h

Total annual
losses for
farmers
(k€), i = 1

Total annual
losses for
society
(k€), i= 2

Total annual
cases of human
infections,
i = 3

Total
annual human
cases,
i = 4

Annual
surveillance
costs for FSA
(k€), ChsHazard impact indicators Phis

h= 1 (Classical swine fever)
s= 1 P1,i,1 =P1

0 12 000 118 000 0 0 200
s= 2 P1,i,2 10 000 100 000 0 0 5800
s= 3 P1,i,3 1000 10 000 0 0 9500
s= 4 P1,i,4 =P1

max 800 8000 0 0 28 100

h= 2 (Avian influenza)
s= 1 P2,i,1 =P2

0 6200 62 000 10 0·1 200
s= 2 P2,i,2 6100 61 000 7 0·08 3000
s= 3 P2,i,3 5800 58 000 6 0·05 10 000
s= 4 P2,i,4 =P2

max 5000 50 000 4 0·03 80 000

h= 3 (Salmonella)
s= 1 P3,i,1 =P3

0 0 10 000 50 000 50 0
s= 2 P3,i,2 0 7000 35 000 39 2000
s= 3 P3,i,3 0 5500 20 000 20 30 000
s= 4 P3,i,4 =P3

max 0 5000 18 000 15 50 000

Weights on indicators
assigned by stakeholders
Farmers w11 = 0·4 w12 = 0·2 w13 = 0·1 w14 = 0·3
Citizens w21 = 0·1 w22 = 0·1 w23 = 0·2 w24 = 0·6

Weights on stakeholders
assigned by the decision
maker

Scenario 1 Scenario 2 Scenario 3

Farmers: citizens w1:w2 = 0:1 w1:w2 = 1:0 w1:w2 = 0·4:0·6

FSA, Food safety authority.
Impact parameters are fictively generated referring to the works of Backer et al. [20], Koopmans et al. [21], Mangen et al. [23],
and Valkenburgh et al. [22] under the non-vaccination and pre-slaughter control strategy.
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there is one human death caused by AI since 2003, and
therefore the annual death rate is approximately 0·1.
The information we use from [22] is that in 2004 the
number of human salmonellosis cases was 35000, and
an estimate that 39 people eventually died. The
cost-of-illness because of human salmonellosis was esti-
mated as €7 million per year.

Step 1. Table 2 lists the SPPs, vi, of the possible SPs. It
is assumed here that one surveillance set-up must be
selected for each hazard, which means there are a
total of 64 SPs available. For ease of demonstration,
only four of these SPs are explicitly shown in Table 2.

Step 2. Through the ‘double weighting’ on vi, the
OWPP for all 64 possible SPs are obtained and graph-
ically depicted in Figure 3.

The horizontal axis represents the annual surveil-
lance costs for Dutch FSAs to operate the SP and the
vertical axis represents the OWPP. Each SP is defined
by (1) the annual surveillance costs and (2) the
OWPP. Clearly, there is no proportional relationship
between the OWPPs and the costs, which articulates
the need for economic optimization of surveillance
resource allocation. Figure 3(a–c) present the results
with three different settings of decision makers’ weights
on farmers and citizens. Two levels of budget con-
straints (X1 = €36 million or X2= €100 million) are
considered and only the SPs that expend less than the
budget are feasible options. Similarly, two minimum
performance constraints (Y1 = 60% or Y2= 90%) are
also considered to ensure an acceptable level of
OWPP; in other words, only those SPs that guarantee
the minimum OWPP are feasible.

Figure 3a shows the results solely from a citizen’s
point of view, where the decision makers’ weights on
farmers and citizens are 0 and 1 under the budget con-
straint. In terms of cost-effectiveness, and taking into
account only the preference of the citizens, SP-a is to

be preferred if case budget constraint X1 is consid-
ered. An increase of this budget to X2 results in a
switch in preference to SP-b. A subsequent step
could be to treat the cost-effective SPs (i.e. SP-a and
SP-b) as a starting point for cost-efficient analysis.
For budget constraint X1, from the cost-efficient per-
spective, SP-d can also be an attractive option because
it delivers slightly lower overall OWPPs than SP-a but
saves on surveillance costs. For budget constraint X2,
SP-c is even more attractive than SP-b because it saves
almost one-third on surveillance costs but still ensures
almost the same OWPPs as SP-b. Such an analysis
has practical implications for decision makers to
efficiently allocate surveillance budgets. Another ap-
proach could be to take the minimum performance
as a constraint. For example, if the minimum required
OWPP is Y1, SP-d is the cheapest choice to fulfil the
requirement, while if the minimum required OWPP
increases to Y2, the least expensive SP to fulfil that re-
quirement becomes SP-c.

Conducting the same analysis purely from a farmer’s
standpoint (Fig. 3b) produces different results.
Considering budget constraint X1, SP-e is preferred
over SP-a. Moreover, the OWPP under SP-a becomes
smaller, indicating that farmers have a lower overall
preference for this surveillance set-up. Similarly, with
constraint Y1, SP-f rather than SP-d is the cheapest
SP for ensuring the minimum performance, while
with Y2, SP-g rather than SP-c is the cheapest SP.
Only with budget constraint X2 do both farmers
and citizens prefer SP-b.

Figure 3c shows the results from a simultaneous
viewpoint of both stakeholder groups based on the
level of importance judged by the decision makers.
The preferred SP-a and SP-b under budget constraints
X1 and X2 are the same as in Figure 3a because the
decision maker assigns a larger weight on citizens,
which means that their preference is relatively domin-
ant. Moreover, the cheapest SP under minimum

Table 2. Standardized portfolio performance per indicator

Standardized
portfolio

Total annual
losses for
farmers

Total annual
losses for
society

Total annual cases of
human infections

Total annual
human cases

Total annual surveillance
costs for Dutch FSA (k€)

(1, 1, 1) 0·0 0·0 0·0 0·0 400
(1, 1, 2) 0·0 2·4 46·9 31·4 2400
(1, 1, 3) 0·0 3·5 93·7 85·5 30 400
··· ··· ··· ··· ··· ···
(4, 4, 4) 100·0 100·0 100·0 100·0 158 100

FSA, Food safety authority.
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performance constraint Y1 is SP-a, which is different
from its counterparts in Figure 3a (SP-d) and
Figure 3b (SP-g). As in Figure 3a, SP-c is the cheapest
option for satisfying constraint Y2. This compromise-

based result provides the scientific basis for decision
makers to arrive at their decisions.

For surveillance organizations such as a FSA, it
should be realized that the complexity of the SP

Fig. 3. Overall weighted portfolio performances (OWPPs) with three different sets of decision makers’ weights on two
stakeholder groups. FSA, Food safety authority.
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optimization problem increases with (1) the number of
hazards, (2) the level of surveillance set-ups for each
hazard, and (3) the number of stakeholder groups
involved.

DISCUSSION

Decision making on hazard surveillance in livestock pro-
duction chains is a multi-hazard, multi-stakeholder, and
therefore multi-criteria problem between different sur-
veillance alternatives. Therefore, the resource allocation
should be tackled from a SP point of view. Currently, a
suitable conceptual basis for such a SP is not available.
Hence, this paper presents such a conceptual approach
for the economic optimization of a SP. The approach
was elaborated from a purely theoretical point of view,
with the intention of addressing the resource allocation
problem for a surveillance organization.

In order to judge whether this approach is a credible
tool for economic optimization of a SP, two issues
should be addressed: (1) the scientific credibility of
the concept, and (2) the practical use of the approach.

The scientific credibility of the concept

Conceptual validity

As presented in Figure 2, the concept builds further on
SHSS analysis [1] with the aim of tackling the multiple
hazards surveillance problem. Using the SHSS analysis
approach, for each SHSS in the SP, an efficient set of
surveillance set-ups can be obtained, accompanied by
the corresponding TSPP, surveillance costs, and the
impact parameters on a list of HIIs. The surveillance
costs and impact parameters are used as the inputs of
a multi-criteria portfolio optimization model described
in equation (2) to derive the optimal SP that maximizes
the OWPP. The multi-criteria optimization model has
been widely applied in the area of resource allocation
optimization (e.g. [24–27]).

Hence, the concept synchronizes the SHSS analysis
approach [1] and the existing multi-criteria portfolio
optimization model. Furthermore, experts† in this
field were consulted to validate the concept, and con-
cluded it to be relevant and reasonable.

Data needs

The proposed approach requires different types of
data, particularly: (1) data for each SHSS analysis
(i.e. the data for hazard spread and expression and
the data for impact parameters) and (2) the data for
weighting different HIIs. The way to derive the data
for SHSS analysis has been described in [1]. In gen-
eral, such kind of data are difficult to derive, especially
for the emerging hazards where little information
about the hazards themselves and the population
they affect are available. However, for some well-
studied hazards, the difficulty level of obtaining the
data is lower. Obtaining stakeholders’ preferences to
weight the HIIs is important. The stakeholder panel
method could be used to elicit stakeholders’ prefer-
ences. This method can refer to the consumer panel
approach, which is predominantly used in the market-
ing field to analyse consumer preference (e.g. [17–19]).
Compared to the single-interview approach, the con-
sumer panel approach has two advantages: (1) it pro-
vides a more accurate measure and (2) it lowers the
probability of omitting relevant information from
analysis [28]. Hence, although laborious, varied and
valuable data can be obtained using the stakeholder
panel approach to parameterize the models.

Operational validity

An illustrative example was elaborated to reveal the
operational validity of the approach. Because there is
no published research for comparing results, we can
only justify the operational validity of the approach
based on rational reasoning on the observed results in
the illustrative example. The example shows that the
proposed approach can discriminate the cost-
effectiveness of different SPs based on the mitigated
impacts and the corresponding surveillance costs, sub-
ject to various practical constraints. Moreover, it has
also been shown that different stakeholders can have
different preferences on the same SP, which fulfils the
intended purpose of the approach; namely, to show
the impact of stakeholders’ subjectivity on SP selection.

The practical use of the approach

To apply the proposed approach (i.e. build the decision
support models upon the concept), it is essential to
have two types of data available. First, the data for
the inputs of the SHSS simulation models and for the
impact parameters on HIIs are required and can be
obtained using the SHSS analysis approach [1]. Such

† Experts from the Dutch FSAs [Netherlands Food and Consumer
Product Safety Authority (NVWA) and Dutch Product Boards for
Livestock, Meat and Eggs (PVE)], the food company VION, and
Central Veterinary Institute (CVI) were consulted.
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data are available for some well-studied hazards (e.g.
CSF, AI, Salmonella); however, they are difficult to ob-
tain for some less studied hazards. Second, the data for
stakeholders’ preferences is required as the inputs of
the multi-criteria SP optimization model. As men-
tioned above, the second type of data can be derived
using the stakeholder panel approach.

Depending on the availability of these data, the ap-
proach can be applied on three levels accordingly.
First, if all required data are available for the hazards
in the SP, the full model can be completely formulated
to optimize the SP in a quantitative way. Second, if
part or all of the data is missing for some hazards in
the SP, expert knowledge can be used to estimate
the missing data so that the approach can still be
used in a semi-quantitative way. Third, in case the
SP consists of so many hazards for which the two
types of data are missing, the concept of the approach
can still be used as a guideline for qualitative reason-
ing or applied to a certain subset of the portfolio. The
SP needs to be reassessed when new hazards are
included, new surveillance technologies are available
and when the preferences of the stakeholders have
changed a lot. We realize the difficulty of obtaining
such data could be great due to the lack of relevant
biological and epidemiological research that can pro-
vide the data for many less well-known hazards.
Therefore, surveillance organizations must invest
more resources in conducting such research to collect
the necessary data to apply our approach.

In addition to data availability, applying the approach
requires extensive use of operations research techniques.
First, the Monte Carlo simulation technique will be ap-
plied to derive the TSPPs of different surveillance setups
in various SHSSs. Second, to elicit the stakeholders’ pre-
ferences, the analytical hierarchyprocess [29] and conjoint
analysis techniques (e.g. [30]) are required. Third, solving
the SP optimization problem with the proposed model
requires the application of optimization techniques. As
shown here, for the reasonably small numerical example
as presented, it is already laborious to obtain the results
through a numeration approach (Fig. 3). As the number
of hazards involved and the associated levels of surveil-
lance set-ups increases, finding the optimal SP could
become computationally complex. Therefore, optimi-
zation techniques such as linear programming should be
applied to solve the problem.

Finally, in practice, decision makers may not want
to express their real preferences regarding different
stakeholder groups for political reasons, which could
have a huge impact on the final selection of a SP

(see Fig. 3). This implies that one must carefully use
the obtained decision maker’s weights on stake-
holders, and sensitivity analysis may be necessary to
test the sensitivity of the results corresponding to the
decision maker’s weights.

Future extension

First, although the framework is intended to be gener-
ically applicable, currently, it only considers the
hazards with a limited number of surveillance objec-
tives. Hence, a direction for future extension is to
make the framework also applicable to hazards with
other surveillance objectives other than those consid-
ered in this research. Since the major modules that
mimic the hazard dynamics (the three-dimensional
population matrix) and surveillance set-ups (the sam-
pling on the three-dimensional population matrix) are
quite generic, the adaption of the framework to other
surveillance objectives should be feasible.

Second, the framework developed in this paper uses
the Dutch livestock production chain as the starting
point; however, it has the potential to be extended
to other situations. Since the framework is developed
for any surveillance organization which is responsible
for multiple livestock hazard surveillance, it should
first be used in the area of livestock hazard surveil-
lance. For example, applying the framework to opti-
mize the livestock hazard SP of FSAs in different
countries or applying the framework to livestock haz-
ard SPs of various food companies. Then the frame-
work can be further extended to analyse the
surveillance system for companion animals or sports
animals. In addition, although the framework is tar-
geted at livestock hazard surveillance (therefore, ani-
mal health related), it also has the potential to be
applied in areas such as human health surveillance.

Third, another limitation of this research is that in
order to focus on elaborating the main objective of
this paper, i.e. addressing the economics of hazard
surveillance in livestock production chains from the
SP perspective, we took the intervention strategy as
given to allow us to investigate the effects of surveil-
lance only. This assumption implies that we neglected
the possible effects of differences in intervention on
hazard impact mitigations when comparing different
surveillance scenarios. It was pointed out by [4] and
[15] that the mitigated impacts caused by the hazard
do not only depend on the quality of surveillance
but also on the quality of intervention. In other
words, surveillance and intervention should be
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considered simultaneously. However, as shown by the
research, only addressing the aspects of surveillance
per se (by assuming a fixed default intervention strat-
egy) has already made the study very complicated; it is
not feasible to investigate the joint effects of surveil-
lance and intervention in this paper. Hence, one pos-
sible extension of the current research in the future
is to relax the assumption of the fixed intervention
strategy (i.e. treat the intervention strategy as a deci-
sion variable).

Concluding remarks

This paper presents a novel approach to improve
multi-hazard surveillance assessment. It investigates
all relevant aspects that must be taken into account
when addressing the food hazard surveillance problem
at the SP level. Although its practicability is more
restricted by data availability, compared to existing
approaches (e.g. [4, 11]), the proposed approach
makes the following important improvements: (1) it
makes conceptual contributions to SP optimization,
and (2) it provides a credible basis for quantitative
modelling.

APPENDIX

The impact parameters (Table 1) on each HII are ficti-
vely generated, given the aim of this research is simply
to demonstrate the rationale of the framework. Some
of the numbers refer to previous studies [20–23] which
are assumed to reflect some impacts of the default sur-
veillance situation. In this way, we attempted to make
the whole data fall in a relatively reasonable range.

The costs due to the CSF outbreak in the default situ-
ation (i.e. surveillance set-up 1) are according toMangen
et al. [23] and Guo et al. [1]. The annual costs for farmers
and society under the default surveillance set-up are esti-
mated as follows: first, according to Mangen et al. [23],
the costs for farmers (including the preventive slaughter
costs and consequential costs for farmers) is €120 million
per epidemic. We assume the annual introduction prob-
ability of CSF to The Netherlands is 0·1. Therefore, the
annual costs for farmers due to CSF are 120 × 0·1 =
€12 million. Second, according to Mangen et al. [23],
the total direct costs and direct consequential costs are
€590 million per epidemic. Moreover, there are also the
costs caused by the trade ban due to CSF. Hence, we as-
sume the same amount of trade-loss costs (€590 million
per epidemic) are incurred. Therefore, the annual costs

because of CSF for society are about €118 million
[(590 + 590) × 0·1].

The information we used from Backer et al. [20]
and Koopmans et al. [21] is that there was one
human death caused by AI since 2003, and therefore
the annual death rate is ∼0·1. The information we
used from Valkenburgh et al. [22] is that in 2004 the
number of human salmonellosis cases was 35 000,
and an estimate of 39 people who eventually died.
The cost-of-illness because of human salmonellosis
was estimated as €7 million per year.
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