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ABSTRACT 

The integration of supply chains has become a global operations 
strategy for many organisations because it allows them to improve 
customer service, minimise operating costs, and synchronise 
channels across the supply chain. This paper presents the design and 
implementation of a fuzzy expert system for the integration of 
collaborative supply chains. A measurement instrument that was 
statistically validated and formulated using a mathematical model 
was designed to implement the fuzzy expert system. This instrument 
was applied in 44 small-, medium-, and large-sized Mexican 
enterprises to determine their integration level. Specific actions 
were proposed, based on the results, to improve the attained 
integration level. 

OPSOMMING 

Die integrasie van voorsieningskettings is deesdae ‘n omvattende 
strategie vir baie organisasies, omdat dit hulle toelaat om 
kliëntediens te verbeter. Die ontwerp en implementering van ‘n 
wasige ekspertstelsel word voorgehou. ‘n Statisties gevalideerde 
meetinstrument wat met ‘n wiskundige model geformuleer is, is 
ontwerp om die wasige ekspertstelsel te implementeer. Dié 
meetinstrument is in 44 klein, medium en groot Meksikaanse 
ondernemings toegepas om hulle integrasievlak te bepaal. Spesifieke 
aksies, gegrond op die resultate, is aanbeveel om die integrasievlak 
te verbeter. 

 

1 INTRODUCTION 

Organisations and business activities are comprised of supply chains (SC) that are necessary to 
design, manufacture, and deliver a product or service. Companies depend on their SC to stay in the 
market and prosper. Each business fits into one or more SC, and each SC plays a different role in 
every organisation [1]. 

 
The goal of integrating SC is to synchronise the customer’s requirements with the flow of materials 
from the suppliers, and to achieve efficiencies between customer service, inventory costs, and unit 
cost per product. The design and operation of an effective SC is essential for all organisations [2]. 

 
The integrated supply chain (ISC) deals with strategic issues, such as integrating internal and 
external business processes, developing solid links between members across various channels, and 
managing products and information. Within business and organisational boundaries, the ISC can also 
be a tactical tool applied to the management of operational activities. These activities can include 
customer service, control of the input and output flows of materials and information, and 
elimination of inefficiencies throughout channels and costs that extend from acquiring raw materials 
to manufacturing, distributing to the final consumer and, when necessary, product return through 
recycling or destroying [3]. 
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The tactical and operational functions of decision-making are integrated throughout the SC, and are 
frequently monitored using specific performance indicators. These are set by the key members of 
each SC to determine the proper operation and to provide process feedback based on the obtained 
results. 

 
The efficient management of a SC to meet the service level required by the customer is extremely 
difficult because there are diverse sources and complex interrelationships on different levels 
between the members. Furthermore, the design of a SC network is a difficult task because of the 
intrinsic complexity of the main subsystems of these networks and the several interactions between 
these subsystems. Uncertainty is found throughout the SC, and can arise from situations such as 
delays in deliveries from the suppliers, or because raw materials do not meet the specifications. 
Uncertainty also results from production processes and from ambiguous product demand because of 
inaccurate forecasts [4-7]. 

 
Theories, such as approaches and methodologies that use artificial intelligence tools to obtain 
reliable solutions that adapt with ease to changes in the parameters of inaccuracy, have arisen to 
solve management and administrative challenges found in the SC [8-14]. 

 
This article presents the design and implementation of an expert system that is based on fuzzy logic 
in 44 small-, medium-, and large-sized Mexican enterprises, and that allows the integration level in 
collaborative supply chains to be determined. The article is structured as follows: the introduction 
is presented in the first section, followed by a literature review in the second. The third section 
presents the materials and methods used, detailing the research methodology and the scientific 
tools. The fourth section describes and discusses the results. The last section concludes the study. 
Bibliographic references are also included. 

2 LITERATURE REVIEW 

2.1 Integration of supply chains 

Four main premises are required for an ISC: transparent information, collaboration for a common 
objective, collaborative planning, and automated financial transactions. Tools in the following five 
categories are needed: information management for the flow of materials managed in real-time;  
real-time sharing of documentation; collaborative forecasting; collaborative materials planning; and 
implementation of automated payments [15]. 

 
Some of the achievements gained from successfully integrating the SC are: a genuine collaboration 
between all members in the SC with transparent information and resources; lower costs due to 
leveraged operations; lower inventory levels; economies of scale; and elimination of non-value-
adding activities. Furthermore, performance is improved as a result of more precise forecasts, 
improved planning, a more efficient flow of materials, better customer service with shorter delivery 
times, more efficient deliveries, and greater customisation. Greater flexibility is also obtained by 
allowing organisations to react faster to changing conditions, standardising procedures, leveraging 
efforts among resources, and transparent information and planning, among others. Reliable quality 
is obtained with fewer inspections because of integrated quality management programmes [16]. 

 
From an economic perspective, an ISC requires the coordination of materials, information, and 
financial flows aimed at fulfilling the customers’ demands. The objective is to improve 
competitiveness and generate an integrated plan of the SC as a whole. Long-term planning is the 
strategic objective for the design of the SC, considering factors such as cooperation, facility 
location, production systems, and distribution routes. Mid-term planning tasks include purchasing, 
material requirements, demand forecasting, and inventory. Short-term planning considers 
transportation, distribution, and production scheduling [17]. 

 
The ISC consists of five stages, beginning with negotiation and ending with collaboration [18]. Market 
negotiations include discussions focused on pricing, and relationships between organisations and 
suppliers. The association stage establishes economic agreements. The cooperation stage seeks to 
establish long-term contracts with suppliers. The coordination stage takes place with the support of 
the information and communication technologies (TICs). The collaboration stage is where the 
integration of the SC is manifested, joint planning is created, and technology is shared [18, 19]. 
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Negotiations are essential in all channels throughout the SC, since merchandise and product 
movement is guaranteed. It is important to consider variables such as suppliers and customers in the 
different channels of the SC. In traditional SC, negotiation was considered a long and delicate 
process. This task has now been simplified with the use of information technologies, which have 
allowed for the development of informatics models that permit strategic management of the SC. 
There are different techniques and methods to solve the negotiation problem within the SC – for 
example, the multi-agents system. This system consists of multiple intelligent agents who interact 
with each other, and who can intervene, negotiate, and reach agreements. Service and the level of 
benefits are improved for the members of the SC [20-24]. 

 
The association stage between organisations represents a temporary link with special contracts, 
which introduces coordinated actions or tasks related to the behaviour of an economic group. Most 
of the associations between organisations are directly linked to the basic activities (purchasing to 
produce and sell), or are centred in the activities of the SC or sector to which they belong. The 
association is constituted to achieve more efficient construction, service, or supply development, 
making it possible to group either associations or corporations, as well as individual entrepreneurs 
[25]. 

 
The cooperation stage implies aligning the members of the SC toward a common goal and a shared 
purpose; cooperation does not, however, suggest a tight working relationship, but rather a positive 
attitude toward the rest of the members in the SC. Pushed by globalisation and the resulting 
increased competitiveness, the different organisations that integrate the SC have understood the 
importance of information interchange, joint decision-making, and cooperation. Consequently, this 
is a method of synchronising local activities through global processes, establishing a collaborative 
relationship in the SC, and identifying malfunctions in the cooperation process, especially when 
large and small organisations are involved [26-28]. 

 
In the coordination stage, methods of interrelating the different activities of the SC are identified. 
Coordination is based on a win-win situation for all involved members. A minimum level of 
coordination indicates autonomy and independence in all the activities, partly contradicting the 
nature of the global organisation. On the other hand, the level of coordination will increase as the 
level of globalisation of the organisation increases. The most common coordination models work 
under either centralised or decentralised schemes, activated by implicit or explicit coordination 
mechanisms. The coordination mechanisms are applied to minimise the total costs of the SC [29-
33]. 

 
Collaboration is based on the information, functions, knowledge, and exchange of business 
processes. The goal is to create a competitive advantage for all members involved in the SC, 
including employees, customers, suppliers, and associates [34]. Collaboration between the 
associates starts when they acknowledge that the success of each member depends on the rest of 
the members, and on how they ultimately succeed in satisfying the end customer [19, 35]. Faced 
with intensified global competitiveness, organisations make efforts to reach a greater collaboration 
in the SC by leveraging the resources and knowledge of the main suppliers and valuable customers 
(strategic members in the SC). This reduces the uncertainty, minimises operating costs, provides 
transparent information, creates opportunities for learning and knowledge, and improves 
competitive position [36-38]. 

 
Collaboration implies simultaneous coordination of the decisions made by the decision-making 
members of the same temporal level (spatial integration) [24]. Collaboration in the SC is a strategy 
that allows for improvements in the performance of organisations that, through joint actions, obtain 
synergies that reduce costs, improve customer satisfaction, and face competitive challenges to be 
successful in the current environment [19,39]. As the last stage of integrating the SC, collaboration 
is distinguished by the kinds of objects that are exchanged between the various domains where 
collaborative plans are established. Emphasis is placed on sharing information about joint business 
plans and strategies, objectives, contracts, suppliers, purchasing, inventory, demand forecasting, 
distribution, routes, customers, indicators, and any exceptions that could be presented in contracts 
[19,37,40]. 

 
In Table 1, the integration stages (based on the bibliographic review) are shown. These stages 
measure the level of the SC’s global integration, and are used to determine the inference rules for 
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the fuzzy expert system. The negotiation stage represents the lowest integration of the SC, while 
the collaboration stage represents the highest integration. 

Table 1: Integration stages of the SC 

Integration stage Characteristic 
Collaboration Joint planning 
Coordination Exchange with support from the TICs 
Cooperation Long-term contracts 
Association Short-term economic agreements 
Negotiation Pricing relationships 

2.2 Expert systems and fuzzy logic 

Expert systems emulate the behaviour of a human expert in solving a problem; they store concrete 
knowledge about a determined field through logical deduction of conclusions. Through the use of 
these expert systems, an improvement in the quality and response time is sought, giving rise to an 
increase in organisational productivity [41]. 

 
Each expert system has two main parts: the knowledge base, and the reasoning or inference motor. 
These systems can store new knowledge in relational databases and form new deductive learning 
rules [42]. 

 
Fuzzy logic originated in the fuzzy sets theory developed by Zadeh in the 1960s. This theory proposes 
that an element always belongs to a set to a certain degree, but also never completely belongs to 
the set. This allows for the establishment of an efficient way to work with uncertain data or 
subjective knowledge, and for preparing the knowledge in the form of linguistic rules towards a 
quantitative plane [43]. The most popular fuzzy logic systems are Mamdani and Takagi-Sugeno. 

 
Fuzzy logic has two principal components: membership functions and fuzzy rules. Using these, it is 
possible to represent linguistic expressions as mathematical models. This is useful when it is 
necessary to model an expert’s experience [44]. Membership functions indicate the extent to which 
every element of a given universe belongs to a set. That is, the membership function of a set F over 
a universe U will be in the form: µF:U → [0,1], where µF(u) = r, if r is the extent to which u belongs 
to F.  

 
The fuzzy set that acts over discrete universes is defined as: 

𝐹𝐹 =  ��𝑢𝑢, 𝜇𝜇𝐹𝐹(𝑢𝑢)�|𝑢𝑢 ∈ 𝑈𝑈� (1) 

The notation for the elements associated with a discrete fuzzy set is: 

𝐹𝐹 =
𝜇𝜇𝐹𝐹(𝑢𝑢1)
𝑢𝑢1

+
𝜇𝜇𝐹𝐹(𝑢𝑢2)
𝑢𝑢2

+ ⋯+
𝜇𝜇𝐹𝐹(𝑢𝑢𝑛𝑛)
𝑢𝑢𝑛𝑛

 (2) 

where 𝜇𝜇𝐹𝐹(𝑢𝑢) is the membership function of the fuzzy set F, so that it can be represented as: 

�
𝜇𝜇𝐹𝐹(𝑢𝑢)
𝑢𝑢

𝑢𝑢∈𝑈𝑈

 (3) 

To be applied in different environments, the membership functions can take different forms 
according to the designer’s experience and preference. In equation (4) the membership function for 
a triangular fuzzy set is shown: 

𝜇𝜇(𝑥𝑥) =  �

0,𝑥𝑥 ≤ 𝑎𝑎
(𝑥𝑥 − 𝑎𝑎)/(𝑚𝑚 − 𝑎𝑎), 𝑥𝑥 ∈ (𝑎𝑎,𝑚𝑚]
(𝑏𝑏 − 𝑥𝑥)/(𝑏𝑏 − 𝑚𝑚), 𝑥𝑥 ∈ (𝑚𝑚, 𝑏𝑏)

0,𝑥𝑥 ≥ 𝑏𝑏

 (4) 

 
At the time of determining a membership function, simple functions are usually selected so that 
calculations are not complicated. The triangular and trapezoidal functions are most commonly used. 
In Figure 1, the graph of a triangular membership function for a given fuzzy set is shown. 
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Figure 1: Triangular membership function for a fuzzy set 

The most common operations that can be performed over fuzzy sets are: 
 

• Complement: 
𝜇𝜇𝐴𝐴′(𝑥𝑥) = 1 − 𝜇𝜇𝐴𝐴(𝑥𝑥) (5) 

• Intersection: 
𝜇𝜇𝐴𝐴∩𝐵𝐵(𝑥𝑥) = min(𝜇𝜇𝐴𝐴(𝑥𝑥),𝜇𝜇𝐵𝐵(𝑥𝑥)) (6) 

• Union: 
𝜇𝜇𝐴𝐴∪𝐵𝐵(𝑥𝑥) = max(𝜇𝜇𝐴𝐴(𝑥𝑥), 𝜇𝜇𝐵𝐵(𝑥𝑥)) (7) 

 
The Mamdani type system (Figure 2) is formed by four blocks: 
 
1. Fuzzificator: 
The inputs of the Mamdani system are usually numerical values that come from some sort of sensor 
or are the results of a process. To be able to model this value, Mamdani systems translate the value 
into a ‘fuzzy‘ value that can be modelled by inference mechanisms. This translation is made by the 
fuzzificator, which converts the numerical values into fuzzy values that represent the membership 
level of the different system variables in every fuzzy set. 
 
2. Fuzzy rules base: 
This is how the fuzzy Mamdani sets represent the experience and the linguistic knowledge to solve 
a problem. A set of IF-THEN sentences contains two parts: antecedent and consequent (provided by 
linguistic expressions). 
 
3. Inference mechanism: 
Once the fuzzificator has translated the fuzzy values, these have to be processed to generate a fuzzy 
output. The task of the inference mechanism is to take fuzzy values and generate a fuzzy output 
using the fuzzy rules base. The inference mechanism uses the maximum-minimum criterion to 
calculate the output fuzzy value. First, the input values and the fuzzy rules base are considered to 
determine the set of rules that become active and the related conclusions (fuzzy sets of the output 
variable). To know the fuzzy value of the activated rule, the operations between fuzzy sets are 
employed. Equation 6 is used to determine the fuzzy value of an activated rule (inference 
mechanism input), and Equation 7 shows the union that is used to determine the fuzzy value of the 
set of activated rules (inference mechanism output). 
 
4. Defuzzification: 
The inference output of the system is a fuzzy output; therefore it cannot be interpreted by an 
external element that only operates numerical data. To make use of these data, the output is 
translated to a numerical format by the defuzzificator, using the gravity centre procedures 
(centroid) or averaged centres. 
 
The centroid method is calculated as follows: 
 
a) The fuzzy output is decomposed into regular figures, according to the membership degrees of 

two adjacent fuzzy sets (generating triangles and rectangles is used to ease the calculation of 
the areas). 

b) The area is calculated for every figure obtained in part a). 
c) The centroid is determined for each figure. 
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Figure 2: Mamdani type fuzzy logic system (Source: adapted from [16]) 

d) The total centroid (TC) is calculated according to the formula shown in equation (8). 
e) The linguistic expression is determined for the output variable according to the determined 

value of the centroid. 
 

𝑇𝑇𝑇𝑇 =  
∑ {[𝑆𝑆𝑢𝑢𝑆𝑆𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 (𝐴𝐴𝑖𝑖)][𝑇𝑇𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 (𝐴𝐴𝑖𝑖)]}𝐼𝐼
𝑖𝑖=1

∑ [𝑆𝑆𝑢𝑢𝑆𝑆𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 (𝐴𝐴𝑖𝑖)]𝐼𝐼
𝑖𝑖=1

 (8) 

Essentially, a fuzzy expert system is a structure based on knowledge, defined through a set of fuzzy 
rules of the IF-THEN format (antecedent and consequent), which contain a fuzzy logic quantification 
of the expert’s linguistic description. In this work, triangular memberships are used as functions due 
to the nature of the employed variables, considering that they are the functions that best adjust to 
the input and output data of the model. The Mamdani-type fuzzy logic system was used because 
both the antecedent and the consequent of the rules are given by linguistic expressions. 
 
The defuzzification process is used to convert the inference mechanism output into information that 
can be interpreted by any person. In this work, the gravity centre method (centroid) was employed. 

3 MATERIALS AND METHODS 

3.1 Methodology 

For this work, a review of the existing literature was performed, allowing the definition of the 
variables to be used for the integration of the collaborative supply chains model. Next, a fuzzy logic-
based expert system was designed, inference rules were devised with the collaboration of experts, 
and a measurement system was devised and validated in order to feed the model. Once validated, 
it was used in 44 Mexican enterprises for which the integration level was determined and 
improvement activities were suggested. 

3.2 Model design for the integration of collaborative supply chains 

From the bibliographic review, the variables to be used in the ISC model were defined as shown in 
Figure 3. The strategic integration considers the organisation’s strategy, information, plans, and 
contracts. The tactical integration considers demand forecasting, suppliers, purchasing, and 
inventory. The operational integration includes distribution and routes. Model feedback 
(performance measurement) includes the indicators and exceptions found in the contracts. 

 
Based on the scheme shown in Figure 3, a collaborative ISC model was formulated, formed by an 
input, a process, and an output (Figure 4). 
 
a. Input:  
The input considers the SC that will be evaluated, where there is a central organisation that seeks 
to integrate all the processes and members into its strategy, objectives, and plans. For this, it is 
necessary to make agreements, share information with the strategic members in the SC, and 
determine where the SC begins and ends, in order to define the total number of members and 
channels. A questionnaire is also included as an input that works as information to feed the model. 

 
 

 



240 

 

Figure 3: ISC model scheme 

b. Process: 
In this block, we define three levels of the integrating SC process: 
 
• Strategic level: This focuses on the long-term planning and considers the organisation’s 

strategy, business plan, and objectives, determining and regulating the flow of information, 
and defining the collaboration plans and the clauses of the contracts to be made with the 
strategic members of the SC. 

• Tactical level: This is fed by the strategic level, and considers mid-term planning. It includes 
demand forecasting, suppliers and their performance, and purchasing planning and its 
relationship with inventory levels. The output of this level feeds the operational level. 

• Operational level: This considers the distribution of merchandise and its traceability within 
the SC; it also considers vehicle routing. 

 
c. Output:  
The output shows the ISC level to determine whether the organisation is in the negotiation, 
association, cooperation, coordination, or collaboration stage. The output also provides information 
about the strategic indicators of the SC and the exceptions found in the established contracts. Model 
feedback and indicators are used to fix the tactical and operational level deviations, while the 
exceptions found are used to provide feedback to the strategic level. 
 
The application of this ISC model will allow organisations at a strategic level to: 
 
• Improve the joint business strategy and plan between the strategic members of the SC; 
• Define and optimise the flow of information; 
• Integrate and maintain updated plans and contracts. 
 
At a tactical level: 
 
• Improve the accuracy of demand forecasting; 
• Optimise purchasing process; 
• Reduce inventory; 
• Run faster re-position cycles; 
• Improve communication with and response to suppliers; 
• Reduce logistics costs. 
 
At an operational level: 
 
• Improve the distribution planning of merchandise; 
• Know the location of merchandise within the SC; 
• Optimise merchandise distribution routes; 
• Reduce delays when fulfilling orders. 
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Figure 4: Proposed ISC model 

3.3 Structuring and validation of the measurement instrument 

A measurement instrument in the form of a questionnaire was designed to evaluate the ISC level, 
which considers each of the variables used in the proposed model. Feedback on this instrument was 
given by academic experts in Mexico and Cuba with PhDs in logistics, SC, and industrial engineering, 
as well as by personnel from the logistics and SC departments of some of the surveyed enterprises. 

 
The measurement instrument was divided into three sections. The first section consisted of general 
information about the surveyed enterprise and those responsible for answering it. This revealed the 
sector in which the enterprise operated, the profile of the surveyed person, how long they had 
operated in this market, whether they had an established business plan, and whether they had 
contracts with customers and suppliers. 

 
In the second section, the questionnaire provided input for the ISC model through 18 multiple-choice 
questions using a five-level ordinal scale that allowed the surveyed person to locate their company 
quickly on an integration level for each specific variable. The third section allowed the surveyed 
person to provide comments that were used to improve the instrument. 

 
For the application, we designed a computational tool, programmed in Java, that sent the 
questionnaire to different enterprises by e-mail. The tool checked that the questions were answered 
and that the answers were automatically returned. 

 
In Mexico, there are 163,653 economic units of small-, medium-, and large-sized enterprises [45], 
from which a sample was taken to validate the input questionnaire for the ISC model. The calculated 
sample size was n = 35.759, which was rounded up to n = 36 enterprises being surveyed. The 
questionnaire was administered between the months of May and August 2014. Enterprises were 
contacted through the local chambers of commerce or through the link departments of different 
professional and higher education schools that provide logistics services to these organisations. The 
chosen enterprises were located in the Mexican states of Veracruz, Tamaulipas, San Luis Potosí, and 
Hidalgo. 

 
To determine its validity and reliability, the measurement instrument was evaluated with 
Cronbach’s alpha, followed by an evaluation through factor analysis. With these results, the 
questionnaire was restructured and modifications were made to the proposed ISC model [46]. 

 
Cronbach’s alpha coefficient method requires a single use of the measurement instrument, for which 
a coefficient is calculated. To create a reliable scale, it is desired that items are correlated with 
each other, with values greater than 0.75 being acceptable. Values over 0.9 are considered highly 
reliable [47,48]. 
The results are shown in Table 2. It can be seen that the instrument is reliable both in general and 
in each of the dimensions that constitute it. 
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Table 2: Calculated Cronbach’s alpha coefficient 

Applied to: # of elements Items Alpha 
Entire instrument 18 All 0.970 
Strategic integration level 5 1, 2, 3, 4, 5 0.880 
Tactical integration level 6 6, 7, 8, 9, 10, 11 0.901 
Operational integration level 3 12, 13, 14 0.846 
Feedback 4 15, 16, 17, 18 0.917 

 
The validity of the instrument was determined through a factor analysis that indicates how many 
dimensions integrate a variable, and which items conform to each dimension. Factor analysis is a 
data reduction technique that is used to find homogeneous groups of variables from numerous sets 
of variables. Test items that do not belong to a dimension (which means that they are ‘isolated’ and 
that their measure is not the same as the rest) must therefore be eliminated [47,48]. 

 
To analyse the validity of the instrument (factor analysis), calculations were performed with the 
SPSS ver. 20.0 software. Two statistics evaluate the adaptation or adjustment goodness of the 
analysed data to a factor model: Kaiser-Meyer-Olkin’s sample adaptation measure (KMO) and 
Bartlett’s sphericity test. 

 
In Table 3, the results of both tests are shown. Values greater than 0.6 in KMO and less than 0.05 in 
Bartlett justify performing a factor analysis [46]. Having analysed the results, it could be concluded 
that the factor analysis could be properly applied. 

Table 3: KMO and Bartlett tests results 

Test Result 
KMO adaptation measure 0.855 

 
Bartlett’s sphericity test 

Approximate Chi-square 621.327 
Gl 153 
Sig. 0.000 

 
When applying a factor analysis, the principal components method can be used because the 
objective is to condense most of the original information into a number of factors for prediction 
purposes. The factors to extract are those that have auto-values greater than 1 [46]. The 18 variables 
of the designed instrument were analysed, obtaining the results shown in Table 4, where it can be 
observed that two factors obtain values greater than 1. This is the number of factors that will be 
removed. 

Table 4: Total variance explained 

 
Factor 

Initial auto-values Saturations sum 
Total % var. % accu. Total % var. % accu. 

1 12.046 66.924 66.924 12.046 66.924 66.924 
2 1.045 5.808 72.732 1.045 5.808 72.732 
3 0.916 5.092 77.824    
4 0.626 3.476 81.299    
5 0.564 3.134 84.434    
6 0.481 2.674 87.108    
7 0.393 2.183 89.291    
8 0.372 2.066 91.357    
9 0.306 1.702 93.059    
10 0.268 1.488 94.548    
11 0.241 1.338 95.885    
12 0.193 1.074 96.960    
13 0.152 0.844 97.804    
14 0.138 0.765 98.569    
15 0.095 0.527 99.096    
16 0.083 0.461 99.557    
17 0.051 0.285 99.842    
18 0.028 0.158 100.000    
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In Table 5, the factor solution obtained is shown. The table contains the correlations between the 
original variables and each of the factors. It can be seen that, excluding question P03, the rest of 
the questions saturate factor 1 within the correlations matrix (values greater than 0.71). Question 
P03 is the only item that presents a significant value (0.74) in factor 2. 
 
After analysing the results shown in Table 5, it was decided to work with only one variable, to be 
named ‘global integration level’. To determine whether question P03 could be removed from the 
questionnaire, its information was excluded and the extraction process was repeated. The results 
(Table 6) showed load levels greater than 0.71 for every factor considered excessive [46]; for this 
reason, we determined to use all the questions (except for P03, which was eliminated) to feed the 
designed ISC model. 

 
Considering the load factor of each question in Table 6 and regrouping them, we obtained new 
values for Cronbach’s alpha coefficient for the different dimensions of the ISC model. Question P07, 
originally considered part of the tactical level, was regrouped with the strategic level due to the 
load factor it represented. 
 
Table 7 shows the new distribution of questions that fed the model, and the corresponding 
Cronbach’s alpha coefficients obtained. 

 
With the results obtained from the analysis, the validity and reliability of the measurement 
instrument was confirmed. 

Table 5: Factor solution found 

Test item Factor 
1 2 

P15 0.904 0.060 
P18 0.874 -0.002 
P17 0.867 -0.062 
P16 0.866 -0.272 
P07 0.865 0.038 
P05 0.860 -0.026 
P01 0.833 -0.253 
P02 0.831 -0.095 
P04 0.831 0.074 
P09 0.827 0.265 
P06 0.827 0.282 
P11 0.818 0.061 
P10 0.811 -0.391 
P08 0.808 -0.221 
P14 0.780 -0.094 
P12 0.745 0.155 
P13 0.740 -0.006 
P03 0.583 0.704 

Table 6: Recalculated load factors 

Items Load factor Items Load factor 
P15 0.903 P10 0.824 
P16 0.875 P09 0.821 
P18 0.872 P06 0.820 
P17 0.866 P11 0.818 
P05 0.862 P08 0.815 
P07 0.861 P14 0.782 
P02 0.836 P12 0.743 
P01 0.836 P13 0.735 
P04 0.831   

Table 7: ISC model restructuring 

Applied to: # of elements Items Alpha 
The entire instrument 17 All except P03 0.971 
Strategic integration 5 1, 2, 4, 5, 7 0.914 
Tactical integration 5 6, 8, 9, 10, 11 0.905 
Operational integration 3 12, 13, 14 0.758 
Feedback 4 15, 16, 17, 18 0.931 
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Figure 5: Fuzzification stage of the input variables 

3.4 Implementation of the fuzzy expert system 

The fuzzification stage of the ISC model is shown in the block diagram in Figure 5. It can be seen 
that the strategic integration is provided by the combination of the strategy, information, plans, 
and contracts variables that in turn are fed by the results of the questionnaire applied to the 
enterprises. Likewise, the tactical and operational integration levels and corresponding model 
feedback are defined. 

 
The global integration level of the supply chain is shown in Figure 6. It is formed by the fuzzy outputs 
from the strategic, tactical and operational integration and the feedback, resulting in a fuzzy value 
that is converted into a linguistic value (defuzzification), indicating whether the SC is in the 
negotiation, association, cooperation, coordination, or collaboration stage, according to the specific 
valuation. 

 

 

Figure 6: Defuzzification stage at the output of the ISC model 

To illustrate the calculation process, the calculation of the operational integration level for one of 
the evaluated enterprises is shown below. 

 
1. Fuzzification stage: 
From the results of the application of our questionnaire to one of the studied enterprises, a value 
of 2.85 was obtained for the distribution variable and 3.25 for the routes variable. The application 
of equation (4) allows us to determine the membership degree for each fuzzy set, where x = 
distribution. 

 
In Figure 7 we can see the intersection of the two fuzzy sets for the distribution variable and its 
respective membership degrees.  
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Figure 7: Fuzzification stage for the distribution variable 

Analogously, the calculations were made for the routes variable obtaining the results shown in Table 
8.  

Table 8: Values obtained from fuzzification 

Variable: Distribution Variable: Routes 
Input value 2.850 Input value 3.250 
 
 
Fuzzy value 

NE 0.000  
 
Fuzzy value 

NE 0.000 
AS 0.150 AS 0.000 
CP 0.850 CP 0.750 
CR 0.000 CR 0.250 
CL 0.000 CL 0.000 

 
2. Fuzzy rules base: 
These rules were defined with the help of experts. They were a way of representing appropriate 
strategies or techniques when knowledge comes from experience or intuition. They were composed 
of linguistic variables that form the premise of the condition and a conclusion. They were written 
as antecedents-consequents IF-THEN sentence pairs, and saved in tabular form. The combination of 
the linguistic tags of the fuzzy variables forms the fuzzy rules base. 

 
The values in the cells from Table 9 represent the consequent that describes each combination and 
corresponds to the linguistic categories or tags from the fuzzy subsets of the output variable. Thus 
NE corresponds to the negotiation stage, AS to the association stage, CP to the cooperation stage, 
CR to the coordination stage, and CL to the collaboration stage.  

Table 9: Inference rules for the operational integration stage 

  Variable: Routes 
  NE AS CP CR CL 
 

Variable: 
Distribution 

NE NE NE NE AS CP 
AS NE AS AS CP CP 
CP NE AS CP CR CR 
CR AS CP CR CR CL 
CL CP CP CR CL CL 

 
For example, if the distribution variable was in NE and the routes variable was in CP, then the 
activated inference rule would be number 3 (AS). If the distribution variable was in CP and the 
routes variable in CR, then the activated rule would be 14 (CR). For the development of the expert 
system, 275 inference rules were defined to determine the relationship between the different input 
variables; all the possible input combinations were considered, and a conclusion was assigned to 
each of them. 

 
3. Inference mechanism: 
To determine the inference rules that become active with the fuzzy inputs, equation (6) was applied 
to the 25 defined rules, taking into account the input combinations. The activated rules were the 
ones that generated values greater than 0. 

 
In Table 10, the values generated from the application of equation (4) for every input combination 
can be seen. The output of the inference mechanism was obtained by applying equation (7) to the 
inference rules according to the values from Table 9: 
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Table 10: Values obtained from the inference mechanism 

Rule 
# 

Activated 
rule 

Fuzzy 
value 

Rule 
# 

Activated 
rule 

Fuzzy 
value 

1  0.000 14 CR 0.250 
2  0.000 15  0.000 
3  0.000 16  0.000 
4  0.000 17  0.000 
5  0.000 18  0.000 
6  0.000 19  0.000 
7  0.000 20  0.000 
8 AS 0.150 21  0.000 
9 CP 0.150 22  0.000 
10  0.000 23  0.000 
11  0.000 24  0.000 
12  0.000 25  0.000 
13 CP 0.750    

 
4. Defuzzification: To find the defuzzification value and determine the integration level, we applied 
equation (8) using the following procedure: 
 
The fuzzy output was decomposed into regular figures, according to the membership degrees of two 
adjacent fuzzy sets, as shown in Figure 8 (generating triangles and rectangles to ease the calculation 
of the areas was sought). 

 

 

Figure 8: Decomposition of the area into regular shapes 

The total centroid (TC) was calculated according to equation (8), obtaining a value of 3.0972 which 
corresponded to the linguistic variable CP.  

 
Globally, the expert system indicated the variables that needed to be improved so that the 
enterprises could improve the integration level of their supply chains. 

4 RESULTS AND DISCUSSION 

Once the measurement instrument had been validated, the expert system for the integration of 
collaborative SC was fed with the answers to the questionnaire from the different enterprises, with 
the results shown in Table 11. From the 44 surveyed enterprises, 12 were found to be in the 
negotiation stage, 11 in association, 10 in cooperation, nine in coordination, and two in 
collaboration. It can be seen that most of the enterprises were found to be in the central integration 
stages (AS, CP and CR), while the collaboration stage was the most difficult to reach for these 
enterprises. 

Table 11: Integration stages obtained by the enterprises 

Integration stage # of enterprises per integration stage 
NE 12 
AS 11 
CP 10 
CR 9 
CL 2 
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Analysing the strategic, tactical, and operational levels, and the feedback (measurement of the 
performance through indicators and exceptions) separately, the results shown in Table 12 were 
obtained. It can be seen that, at a strategic level, most of the surveyed enterprises were found to 
be in the lower stages of the integration process (34 enterprises in the NE, AS, and CP stages), while 
at a tactical and operational level, in measuring their performance they were found in the medium 
stages of the integration process (AS, CP, and CR with a total of 32, 32, and 28 enterprises 
respectively). 

 
Although the maximum global integration stage (collaboration) was reached by only two enterprises, 
Table 12 shows that in the CL stage three enterprises were found at a strategic level, two enterprises 
at a tactical level, one enterprise at the operational level, and two in the measurement of the 
performance and exceptions. 

Table 12: Strategic, tactical, and operational integration levels 

 
Stage 

Integration 
Strategic Tactical Operational Feedback 

NE 13 10 11 14 
AS 16 11 13 11 
CP 5 15 12 11 
CR 7 6 7 6 
CL 3 2 1 2 

 
Below are the recommendations that the expert system produced for the enterprises to improve. 
 
At a strategic integration level, it is recommended: 
 
1. Design the strategy (business plan) of the enterprise, taking into account the global 

functionality of the SC and each member’s strategies. 
2. Define and agree on the information that must be exchanged with the strategic members of 

the SC. 
3. Design the global planning of the SC as a whole with all the strategic members, considering 

their individual business plans. 
4. Design the contracts, taking into account the criteria of the strategic members of the SC, 

considering information security clauses, rewards, and penalties. 
 
At a tactical level, it is recommended: 
 
1. Have an information system between the strategic members of the SC that allows them to know 

the real sales and forecasting adjustments in real-time throughout all the channels of the SC. 
2. Standardise the criteria to select suppliers and to guide the objectives and plans of the 

organisation. 
3. Have certified and reliable suppliers, and evaluate them at established times. 
4. Perform purchasing according to the policies, norms, and procedures established between the 

organisation and its suppliers, based on the production plan; make adjustments in real-time as 
needed. 

5. Have real-time information on warehouse inventory, security, in-transit, and purchase orders 
not yet supplied, that will help to determine when to purchase. 

6. Have an information system that allows the products, amount and inventory costs to be known 
for real-time control, allowing decisions to be made between suppliers and customers. 

 
In an operational level, it recommended: 
 
1. Have a real-time information system that permits planning, controlling, managing, and 

coordinating the distribution of merchandise for every member within the SC, when needed. 
2. Have an information system that allows all the members in the SC to trace the final product 

with its origin and the processes where it has been involved. 
3. Have an information system that allows planning and sharing of the most appropriate routes 

between members in the SC, according to parameters such as distance, delivery times, transit 
flows, and restrictions. 

 
For the performance measurement (feedback), it is recommended: 
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1. Standardise the performance indicators that allow comparative evaluations with competitors, 

and share them with the strategic members in the SC. 
2. Know the strategic indicators of all members in the SC in real-time, allowing immediate 

detection of deviations. 
3. Have a real-time information system through which members of the SC communicate the 

irregularities or deviations as detected, and propose and agree on joint solutions. 
4. Document the irregularities or deviations detected by the members of the SC, and negotiate 

the inclusions in the contracts made between the strategic members of the SC. 

5 CONCLUSIONS 

The integration of collaborative SC must be approached with strategic implications for enterprises 
beyond integral logistics. Its success will depend on its ability to satisfy the customers’ demands 
efficiently. An ISC is the most effective method to eliminate the whip effect, simultaneously 
reaching inventory stability and high levels of customer satisfaction. 
 
This article has proposed the measurement of the integration level in collaborative SC through the 
design and implementation of an integration model that considers the strategic, tactical and 
operational levels.  
 
The theoretical conceptualisation of the model was based on the analysis of scientific articles 
published in high impact journals, written by various authors who have worked on SC integration 
topics. It has attempted to establish the conceptual elements that allowed us to define a model for 
the integration of collaborative SC at strategic, tactical, and operational levels. In the same way, 
the characteristics that determine the integration stages as output of the model and their joint 
interaction were defined. 

 
The measurement instrument was statistically validated with information provided from 36 small-, 
medium-, and large-sized enterprises The results indicated that the model could be applied to any 
enterprise that wished to measure and improve the integration level of the SC. 

 
For the solution of the expert system, fuzzy logic – an artificial intelligence technique that allows 
linguistic expressions to be modelled as mathematical models – was employed. Experts define the 
relationship between the variables on a quantitative plane; furthermore, fuzzy logic adapts with 
ease to the uncertainty associated with the variables used. 

 
As a result of the application of the expert system, it was determined that most of the enterprises 
were found to be below the average (cooperation level) in their integration level; and that they 
should implement actions, mostly at a strategic level (the lowest integration stage of the surveyed 
enterprises as a whole). The actions should be implemented together with the strategic members of 
the SC, and focus on improving their joint business strategy and plan, agreeing upon and optimising 
the flow of information, and integrating and keeping plans and contracts updated according to the 
indicators and operational exceptions found in the contracts. 
 
Because of the implementation model, the enterprises studied here have identified strategic 
members of their SC, and have begun to define joint actions that will presumably improve their 
integration levels, allowing them to respond quickly to the demands of current markets. 

 
In future work, the expert system will be applied to enterprises of specific productive sectors, to 
verify that the developed model can be implemented in those sectors. Additionally, a computational 
application will be developed, with the expert system embedded, that will allow the enterprises to 
monitor their integration level in real-time, and that will present them with the indicators that 
require attention to improve their current integration level. 
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