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Abstract
Minimally processed vegetables have recently undergone a significant increase in consumer demand because of their healthy
image and convenience of use. Some of these products can be contaminated by microbial pathogens, as some have been
implicated in an increasing number of outbreaks of foodborne illnesses. The aim of the present paper was the development of a
Decision Support System (DSS) using the theory of Fuzzy Cognitive Maps (FCMs), in order to diagnose the importance of critical
control points (concepts) for the food safety and hygiene during the production of salad vegetables (lettuce). The methodology
described, extracts the knowledge from experts with different scientific background and exploits their experience on the process of
lettuce production. The results of this study show that software tools like Food Science Support Systems using theories of FCMs
can be explored and problems that can arise during the food production chain can be prevented if the importance of some critical
control points during the food production is previously indicated.

Keywords: Decision support system experts; Food safety; Fuzzy
cognitive maps; Lettuce production chain; Software tool

Introduction
Today’s society is characterized by an increasing health
consciousness and growing interest in the role of food for maintaining
and improving human well-being and consumer health [1,2].
Vegetables and fruits are fully recognized for their beneﬁts towards
healthy living [3], thanks to their protective function against cancer
and other chronic degenerative diseases [4,5]. At present Europe is the
largest importer and exporter of food products in the world, the safety
of which is managed by the EU food policy, developed to support the
consumer’s confidence in food safety [6].
However, food-borne outbreaks happen quite often. The most
common outbreaks caused by food-borne pathogens of fresh produce are
mainly Cryptosporidium parvum, Listeria monocytogenes, Escherichia
coli O157:H7, Salmonella spp., Clostridium botulinum, Shigella spp.,
Cyclospora spp., and Noroviruses [7,8]. These pathogens can cause
infection and illness by the fecal-oral route of food contamination
[9,10]. In 2006, E. coli O157:H7 infected bagged spinach causing three
deaths and 102 hospitalizations [11]. In 2008, Alaska experienced a
Campylobacter outbreak from peas contaminated by crane droppings,
causing 99 illnesses [12]. In 2010 and 2011, Salmonella infected alfalfa
sprouts, causing 125 illnesses (CDC, 2011). Escherichia coli outbreaks
with lettuce occurred in 2010 and 2011 (CDC, 2010; CDC, 2011).
Surprisingly, most pathogens do not originate from the food they
contaminate but are transported to produce through other means,
including household cross contamination [13]. Quality assurance
and control measures must be in place in different stages of the fresh
produce chain (from farm to fork).
The lettuce/leafy greens industry recognizes that once lettuce/
leafy greens are contaminated, removing or inactivate pathogens is
difficult. Therefore, prevention of microbial contamination at all steps
from production to distribution is strongly favored over treatments
to eliminate contamination after it has occurred. Thus, lettuce/leafy
greens food safety programs should pay special attention to controlling,
reducing and eliminating potential fecal contamination. Lettuce/leafy
greens may be harvested mechanically or by hand and are almost always
consumed uncooked or raw. In addition, lettuces are characterized by
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high water activity levels, which make them more vulnerable to crosscontamination. In a processing operation, the basic principles of Good
Manufacture Practices (GMPs), HACCP, sanitation and documented
operating procedures are commonly employed to ensure production
of the safest products possible. The complexity of food systems and the
large number of “critical points” in food production chain impose the
necessity of the development of mathematical models for the prediction
of food safety as well as the prevention of contamination. New practices,
predictive models, methods and valuable tools have been emerging as
complements to decisions taken in Food Science problems.
Several types of models are used ranging from qualitative (e.g.,
tree structure) to quantitative (e.g., microbial growth models) [14].
Prototype dynamic models which describe the growth and inactivation
of a microbial population as a function of time and temperature have
already been presented by Baranyi et al. and Van Impe et al. [15,16].
Predictive models (PM) can be produced within a few days, which can
be augmented or modified ensuring that PM becomes a timely tool for
product development [17]. A computerized food design support system
already exists for the simulation of developing and optimizing food
products [18]. On the other hand, it is difficult to develop a classical
automated approach due in part to: (1) many dimensions that must
be taken into account in parallel, and (2) non-linearity and coupling
between the variables involved in the system.
Meanwhile, Decision Support Systems (DSS) in the field of Food
Science require flexibility, autonomy, intelligence, reliability but above
all should be trusted by people related to Food Science. To fulfil all these
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diverse and difficult requirements, food scientists in close collaboration
with scientists and engineers investigate new models and techniques
that will integrate and combine known advanced theories and new
techniques that will be the core of these sophisticated systems [19]. A
Decision Support System (DSS) is defined as any interactive computer
- based support system for making decisions in any complex system,
when individuals or a team of people are trying to solve unstructured
problems on an uncertain environment. DSS are especially valuable in
situations in which the amount of “scientific data’’ is prohibitive for the
“human decision maker’’ to precede in solving difficult problems [20].
Advanced DSS can aid human cognitive deficiencies by integrating
various methodologies and tools utilizing a number of different
information sources in order to reach “acceptable decisions’’. The
benefits in using DSS are that they increase efficiency, productivity,
competitiveness, and offer cost effectiveness and high reliability. This
could give to a food science business a comparative advantage over
other competitors [21].
Fuzzy Cognitive Maps are a combination of methods of fuzzy
logic (FL) and neural networks. Fuzzy logic develops multi-valued,
non-numeric linguistic variables for modelling human reasoning in
an imprecise environment. FL has been applied in solving problems in
crop management, soil and water, food quality and safety, animal health
and behaviour, agricultural vehicle control, precision agriculture,
greenhouse control, agricultural machinery, food processing, air
quality and pollution, agricultural facilities, agricultural robotics,
chemical application, and others such as natural resources management
and agricultural product design [22]. Artificial Neural Networks
(ANNs) provide a way to emulate biological neurons to solve complex
problems in the same manner as the human brain. ANNs have the
largest body of applications in agricultural and biological engineering
when compared with other soft computing techniques. ANNs have
been applied in solving problems in food quality and safety, crop, soil
and water, precision agriculture, animal management, post-harvest,
food processing, greenhouse control, agricultural vehicle control and
agricultural machinery.
The purpose of this paper was to focus on the construction and the
use of FCM in modelling a fit-for-purpose Decision Support System
which diagnoses the possibility of the cross-contamination of lettuce
from production to the point of sale in a vertical production company
of vegetables.

Material and Methods
Selection of critical points
Nine critical points were selected from three (3) experts, with
different scientific background, as they play a crucial role throughout
the lettuce production procedure (Figure 1). The selection of critical
points was based on background information questionnaires, based on
HACCP audit principles, which were completed for the premise during
the European FP7 project VITAL (Integrated Monitoring and Control
of Foodborne Viruses in European Food Supply Chains) aimed to
gather data on virus contamination with the aim of providing a basis
for subsequent quantitative viral risk assessment and recommendation
of control measures. These critical points were selected among others
as the most important ones to be taken seriously into consideration,
in order to be able to estimate the infection risk for humans through
consumption of the leafy vegetables.
Labour, Manpower: Vegetable production is a very labour intensive
work which requires both dedication and skill to effectively undertake
J Food Process Technol
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C1. Labor, Manpower
C2. Quality and Safety of Food
Systems
C9. Point of Sale

C3. Location-Surroundings of
the growing field

C8. Transportation

C4. Lettuce Nursery

C7. Postharvest Processing

C5. Produce Land

C6. Harvesting the crop

Figure 1: Flow Chart of Lettuce/Leafy Greens Production.

it. Basic training in agronomic principles or experience in the same
field is very crucial. Moreover, hygiene training is of great importance.
Lettuce/leafy greens may be harvested mechanically or by hand and are
almost always consumed uncooked or raw. Because lettuce/leafy greens
may be hand-harvested and hand-sorted for quality, there are numerous
“touch points” early in the supply chain and a similar number of “touch
points” later in the supply chain as the products are used in foodservice
or retail operations. Each of these “touch points” represents a potential
opportunity for cross-contamination. Emphasis in hand washing
where there is risk of contamination (e.g. before starting work, after
using the bathroom, etc.) must be given. Workers with any notifiable
infectious disease must be excluded from work. Harvesting equipment
(knifes) should be cleaned and/or sanitised daily. Suitable protective
clothing has to be worn by food workers, except for disposable gloves.
Quality and safety of food systems: The existence of Good
Agricultural Practices (Global, GAP) is a necessity in a vegetable
company. Internal and external auditing must be in place. Quality
systems, i.e. ISO 22000, Sanitation Standard Operating Procedures
(SSOPs) must be present throughout the food supply chain. HACCP
guidelines are also important so as to ensure the safe production
and handling of lettuce/leafy greens products from field to fork. The
Recommended International Code of Practice General Principles
of Food Hygiene [23] indicates that “Prior to application of HACCP
to any sector of the food chain, that sector should have in place
prerequisite programs such as good hygienic practices according to the
Codex General Principles of Food Hygiene, the appropriate Codes of
Practice, and appropriate food safety requirements” [24].
Location-surroundings of the growing field: Caution must be
given with domestic animals which in primary production must not
have access or presence on the premises. Moreover, emphasis must be
given to the place of storage of raw manure and to the existence or not
of any industrial, and/or farming activity adjacent to the field. Fields
that contain animal manure are more likely to be contaminated with
enteric pathogens because of their ability to survive in soils for months
or years. Faeces may naturally contain between 102 and 105 CFU/g E.
coli and between 102 and 107 CFU/g Salmonella spp. [25].
Lettuce nursery: The quality of lettuce nursery is of great importance.
Melotto et al. [26] reported that phytopathogen infections, which occur
frequently during field cultivation, could affect the interaction between
human pathogens and plants [27]. Microbial and chemical testing of
products can be carried out in accredited laboratories on a scheduled
base and the results must be satisfactory. A labelling and traceability
system as well as a recall system must be in place.
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Produce land: Lettuce grows best in fields that are level and well
drained. Lettuce is highly sensitive to salinity. High salinity causes
one of the most widespread types of abiotic stress worldwide, severely
limiting crop productivity [28]. Thus, the choice of soil with an
appropriate electrical conductivity is highly desirable. Land used for
lettuce is often pre-irrigated before land preparation is completed to
facilitate salt leaching. The variety and seed selection as well as the
seed handling are very important. The irrigation and the cultivation
procedure are key elements in the production of lettuce [29].
Harvesting the crop: The handling technique that will be followed
is important during the harvesting. Because most lettuce undergoes
little processing, great emphasis is placed on producing a high quality
product. It is essential that the product be free of pest damage and
contamination at harvest. Lettuce is open to contamination from a
wide variety of sources that includes manure amended soil, irrigation
water, insects and wild animals [30]. A wash step is applied in fresh-cut
processing in an attempt to remove ﬁeld acquired contamination or
at least prevent cross-contamination between batches [31-33]. Lettuce
trimming and coring-in-field (CIF) are relatively recent industry
developments designed to increase processing plant production. This
process significantly reduces shipping and waste disposal costs while
maintaining the market quality of lettuce [34]. However, core removal
requires additional human handling per head in the field and exposes
the internal leaf tissues, increasing the risk of direct contamination,
which is already high in field environments [35]. Cut leaf tissues,
such as those resulting from coring, provide a moist, nutrient rich
environment especially conducive to direct and rapid infiltration, and
pathogen attachment, growth and survival [36,37].
Postharvest processing: Field packaged lettuce can be packed
"naked" in the carton, film-wrapped in perforated or non-perforated
cellophane; or bagged in perforated plastic bags. After harvest, the
lettuce is transported to a cooling shed and distribution centre where
it is stored at low temperatures and it must be shipped with 48 hours.
Cross contamination combined with the growth of pathogens during
storage are fundamental risk factors for listeriosis [38,39].
Transportation: The transport of fresh fruit and vegetables is
a complicated topic. The equipment should be maintained in good
condition, and the cleaning frequency must be documented and verified.
The storage/carriage conditions afforded the produce should be such
that excessive water loss does not occur. Optimum transit temperature
is around 0°C, container temperature 1-2°C, and relative humidity 9095%. Fast transportation with minimum damage during shipment is
vey important in successful marketing of perishable. Although optimal
storage temperature (0-2°C) is very useful for prolonging the shelf-life
of vegetables, the recommended temperature is not always maintained
during postharvest storage and normal temperature is usually found
during the transportation of lettuce from farm to retails since some of
the transportation equipment are open air vehicles [40].
Point of sale: The lettuce packaging should be designed to preserve
the content as fresh and safe as possible. Its second function is to make
the product look attractive to customers, using colourful prints. In
addition, cross contamination might be occurred during the period of
transport or storage in the market, restaurant and home. Moreover,
the final packing containers must be properly handled in order to
prevent cross-contamination and be kept covered. The premises must
be regularly cleaned according to a documented cleaning plan.
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Decision Making Support System in lettuce’s safety using
fuzzy cognitive maps
The concepts that were selected to be tested during the lettuce
production procedure were extracted from questionnaires that were
filled from experts. The methodology described extracts the knowledge
from experts and exploits their experience of the process. Each expert
based on his/her experience knows the main factors that contribute
to the decision. Experts describe the existing relationship firstly as
“negative” or “positive” and secondly, as a degree of influence using a
linguistic variable, such as “low”, “medium”, “high” etc.
More specifically, the causal interrelationships among concepts are
declared using the variable influence which is interpreted as a linguistic
variable taking values in the universe of discourse U=[-1, 1]. Its term set
T (influence) is suggested to be comprised of nine variables. Using nine
linguistic variables, an expert can describe the influence of one concept
on another in detail and can discern it between different degrees. The
nine variables used here are: T (influence) = {negatively very strong,
negatively strong, negatively medium, negatively weak, zero, positively
weak, positively medium, positively strong, positively very strong}. The
corresponding membership functions for these terms are shown in
Figure 2 and they are μnvs, μns, μnm, μnw, μz, μpw, μpm, μps and μpvs.
With this method the purpose is to diagnose and predict the
effect of different factors during the lettuce production chain in their
contribution to a final safe fresh lettuce.

Theory/calculation
FCMs are a combination of methods of fuzzy logic and neural
networks. It is a flexible computational method, which is able to
consider situations in which human reasoning process includes fuzzy
and uncertain descriptions. FCMs are fuzzy-graph structures for
representing causal reasoning. Their fuzziness allows hazy degrees
of causality between causal objects (concepts). The effect and the
interrelationships between the nodes should be calculated, in order to
create a FCM. Each node is a concept, a main feature of the system.
Each interrelationship between the nodes represents a cause-effect
relationship that exists between concepts and determines the manner
that one concept influences on the value of the interconnected concepts.
The Figure 2 shows the representation of FCMs. Wij are the weights
among concepts and they take their values in the universe of discourse
U=[-1, 1]. Each expert describes the interconnections using linguistic
variables, which with a defuzzification method are transformed to a
numerical weight Wij, belonging to the interval [-1, 1].
•

Wij>0 positive causality, which means that when the value

Figure 2: The FCM Model.
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of concept Ci is increased the value of the concept Cj is also
increased.
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Generally, the value of each concept at every simulation step is
calculated, computing the influence of the interconnected concepts to
the specific concept, by applying the following calculation rule:
( k +1)

=
Ai
f (k2 Ai

(k )

N

+ k1 ∑ Aj W ji ) 			
(k )

j ≠i
j =1

(1)

where Ai(k+1) is the value of the concept Ci at the iteration step k+1,
Ai is the value of the concept Cj at the iteration step k, Wjj is the weight
of interconnection from concept Ci to concept Cj and f is the sigmoid
function. “k1” expresses the influence of the interconnected concepts in
the configuration of the new value of the concept Ai and k2 represents
the proportion of the contribution of the previous value of the concept
in the computation of the new value.
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Table 1: First Expert.

(k)

The sigmoid function f belongs to the family of squeezing functions,
and the following function is usually used to describe it:

1
f =
1 + e−λ x

				

(2)

This is the unipolar sigmoid function, in which λ>0 determines the
steepness of the continuous function f(x).

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10
(OUTPUT)

C1

-

VS

-

-W

-

VS

VS

-M

W

-VS

C2

VS

-

-

W

-

S

S

M

M

S

C3

-M

W

-

-

-S

-

-

-

-M

-M

C4

-

-

-

-

-

-

-

-

-W

-

C5

-W

W

-S

-

-

-

-

-

-S

-M

C6

-

-

-

-

W

-

M

M

-S

-M

C7

-

-

-

-

-

M

-

W

S

-M

C8

-

-

-

-

-

M

W

-

-M

-W

C9

-

-

-

-

-

-

M

-M

-

-W

C10
(OUTPUT)

-

-

-

-

-

-

-

-

-

-

Table 2: Second Expert.

Results and Discussion
In the present study, a computerised food decision support
system is described. Soft computing is a set of computing techniques,
such as Fuzzy Logic (FL), Artificial Neural Networks (ANNs), and
Genetic Algorithms (GAs). These computing techniques, unlike hard
computing, which refers to a huge set of conventional techniques
such as stochastic and statistical methods, offer somewhat “inexact”
solutions of very complex problems through modelling and analysis
with a tolerance of imprecision, uncertainty, partial truth, and
approximation.
In our study, FCMs were used, which are a combination of
methods of fuzzy logic and neural networks. FL is a form of multivalued logic derived from fuzzy set theory to deal with reasoning
that is approximate, rather than precise. In contrast to yes/no or 0/1
binary logic (crisp), FL provides a set of membership values inclusively
between 0 and 1 to indicate the degree of truth (fuzzy). ANNs provide
a way to emulate biological neurons to solve complex problems in the
same manner as the human brain.
The computation of the weights is undertaken by experts and their
cooperation will decide the weights. In the specific case there are three
experts who assess and evaluate the relationships between each critical
control point by using linguistic variables (Tables 1-3).
Experts participated in the European FP7 project VITAL.
During the project (3,5 years period) the experts filled in background
information questionnaires from a vertical production enterprise
located in Western Peloponnesus, which produces lettuces for the
Greek market and also exports to a few EU countries, performed fact
finding missions, and participated in monthly sampling campaigns.
Thus, the data used to feed the presenting model were “real-world”
data.
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where W: Weak, M: Medium, S: Strong, VS: Very Strong
Table 3: Third Expert.

As mentioned above, each expert estimates each weight Wij
between nodes i and j, according to his/her experience. In order to be
sure about experts’ reliability, an algorithm is used to calculate both
the weights of each interconnection and the credibility of experts.
Each expert constructs his/her own weight matrix. Each weight Wij is
collected and then they are compared according to the algorithm that
follows. First of all, if the number of the weights with the same sign
is less than pi*N, where N is the number of experts (N=3), then it is
not clear if there is positive or negative causality between the nodes
and the experts should redefine their weights. Otherwise, the process
continues and the proposed weights are used to decide the weight
eventually. Every expert who defines a weight that abstains from the
average weight that the rest of experts have proposed will be penalized,
and his reliability will be reduced. Moreover, his specific weight will not
be taken into consideration. The same procedure is followed for each
one element in the matrix separately. The use of this algorithm gives
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credence to our method. The experts should be sure for their decisions
in order to retain their level of confidence high.
The above variables will be converted into numerical values with
a defuzzification method. The Center of Area (COA) defuzzification
method is one of the most commonly used defuzzification techniques.
In this method, the fuzzy logic controller first calculates the area under
the scaled membership functions and within the range of the output
variable. The fuzzy logic controller then uses the following equation to
calculate the geometric center of this area.

∫y

⋅µ(y t )

A(0)=[1 1 1 0.75 1 1 1 0.75 0.75]
The iterative procedure is being terminated when the values of
concepts Ci have no difference between the latest two iterations.
Considering λ=1 for the unipolar sigmoid function and after N=9
iteration steps the system reaches an equilibrium point, where the
values do not change any more from their previous ones (Figure 5).
We observe that the calculated value of the decision concept is
C10=0.951, which corresponds to the 95.1% of the output. Consequently
the lettuce is safe for consumption.

(3)

In the 2nd Case, the second expert decided as initial values of the
inputs the following: C1, C2, C3, C5, C6, C7: strong, C4, C8: medium,
C9:weak

where S is the support set of the membership function of the output μ(y).

The representation of the concepts till their convergence illustrated
in Figure 6.

y coA =

s

t

∫ µ(y )

				

t

s

After COA defuzzification method the final weight matrix is
illustrated in Figure 3.
It is considered that k1=k2=1 and λ=1.
The initial Fuzzy Cognitive Map with the first values of concepts is
represented in Figure 4.
In the 1st Case, the expert decided as initial values of the inputs the
following: C1, C2, C3, C5, C6, C7: very strong, C4, C8, C9: strong
We considered initial values for the concepts after COA
defuzzyfication method:
W=

Figure 3: The Final Weight Matrix.

The value of the decision concept is C10=0,818 which corresponds
to the 81.8% of the output. It needed 10 iteration steps in order to reach
to an equilibrium point. We conclude that the lettuce is also safe in
this case.
In the 3rd Case, the third expert decided as initial values of the
inputs the following: C1, C3, C4: medium, C5, C6, C7: strong, C2, C8:
weak, C9: zero
The output is C10=0.43, which corresponds to the 43% of the output
(Figure 7). This means that we could not guarantee for the lettuce’s
health.
Computer-aided engineering (CAE) tools, where physical reality
is replaced by its equivalent computer model, and which allows
implementation of ‘‘what if’’ scenarios more quickly, can go a long
way to increasing the efficiency and competitiveness of food product,
process and equipment design. However, CAE tools that are customized
to food processing and integrate several disciplines (e.g. engineering,
food science, food technology, etc.) need to be appropriately developed.
CAE tools can improve safety and quality, reduce costs and decrease
‘‘time to market’’.
Perrot et al., used the fuzzy symbolic approach for an application
to a support system at a symbolic level to help the operators to evaluate
the degree of cheese ripening during manufacturing on the basis of
sensory measurements achieved on-line by the operators.
In the present study, nine concepts were selected as the most
important ones concerning the lettuce production. Experts can
quantify the risks associated with the practices of lettuce production
from ‘farm-to-fork’. The present model should be able to accurately
describe the process by which contamination occurs and the impact to
the endpoint of interest: human health.

Figure 4: Fuzzy Cognitive Map.
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Currently, uncertainty and ignorance about the hygienic effects of
the individual operations during production, processing, and handling
limit the applicability of a Decision Support System to specify HACCP
criteria in a quantitative manner. The usefulness of the DSS is expected to
be more significant with continuous improvement from collaboration
of experts with different scientific background. Increased efficiency,
productivity, and competitiveness are among the benefits of the use of
the mathematical model. Moreover, it can offer cost effectiveness and
high reliability. This could give to a vegetable business a comparative
advantage over other competitors [41]. One of the biggest challenges
for DSS is the ex-ante availability of real, relevant and representative
data to base the decisions on complex problems that can arise during
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Figure 5: Subsequent values of concepts till convergence of 1st case.

Figure 6: Subsequent values of concepts till convergence of 2nd case.

Figure 7: Subsequent values of concepts till convergence of 3rd case.
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the food production. Thus DSS can be a valuable and easy tool that
could be used on a daily basis not only from the industry itself but also
from food authorities that can easily control the quality standards that
must be met by foods provided for consumption in order to protect
public health and to prevent consumers from fraudulent practises. It is
suggested that all companies involved in the lettuce/leafy supply chains
consider the recommendations contained within HACCP guidelines
to ensure the safe production and handling of lettuce/ leafy greens
products from field to fork. However, the use of software tools like
Food Science Decision Support Systems (DSS) using theories of Fuzzy
Cognitive Maps, which have not been yet widely used in Food Science,
can be further explored and problems that can arise during the food
production chain can be studied in order to indicate the importance
of some critical control points during the food production in real time.
Microbiological and molecular analyses can support quality
management of food product chains. However, the results of these
analyses are time-consuming (microbiological analyses) and costconsuming (molecular assays). Moreover, the results depend on the
accuracy and calibration of the equipments. The proposed model
provides the quality and product managers of a vegetable company
with a total new approach which is clear, simple, user friendly, realtime, easily accessible, fast, reliable, and of low-cost. In addition,
the aforementioned software tool can support the Food Authorities
to have on their desk a first evaluation of the products that they are
going to inspect. The present model may be extended to other food
commodities and the research team is currently working towards its
commercialization.

Highlights
•

Decision Support Systems (DSS) can make decisions in any
complex system in the field of Food Science.

•

Fuzzy Cognitive Maps (FCMs) are a combination of methods
of fuzzy logic and neural networks.
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