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Abstract 
The field of solid modeling has created numerous techniques for unambiguous computer repre- 
sentations of three-dimensional objects. Its data structures and algorithms have been used in a 
broad range of applications: Computer-Aided Design and Computer-Aided Manufacturing (CAD/ 
CAM), robotics, computer vision, computer graphics and visualization, virtual reality, etc. This re- 
search paper is used to generate process plan from feature-based modeling, based on an inte- 
grated geometric modeling system that supports both feature-based modeling and information 
storage. Present system is developed only for milling components and limited to selective ma- 
chining features for prismatic components and further implemented for more machining features 
to develop algorithms for modeling the components through the input of machining features. As a 
result, feature information is directly available to downstream activities, and feature extraction is 
no longer needed. The various systematic steps involved in this approach are study of Design, 
identification of Features, selection of Processes, Tools and Machines, Machining and Inspection 
[DFPTMMI]. Machining features generated in the design stage are recognized and stored under the 
Visual Basic control of CATIA software ActiveX interface. Algorithms are developed for individual 
features and these algorithms are embedded in Visual Basic forms. This system is discussed and 
suited for 2.5 Dimensional part approach, however, that can be extended to 3 dimensional pris-
matic part and complex features machining. Finally a process planning chart has been presented 
as a model process planning. 
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1. Introduction 
CAPP is usually considered to be part of Computer-Aided Manufacturing (CAM) [1]. However, this tends to 
imply that CAM is a stand-alone system. In fact, a synergy results when CAM is combined with computer-aided 
design to create a CAD/CAM system [2]. In such a system, CAPP becomes the direct connection between de- 
sign and manufacturing [3]. Process planning includes identification of the processes, machine tools, cutting 
tools, setups and fixtures to produce the desired product, along with geometric information [4]. Even today, the 
activities of process planning are partially based on the skill of experienced process planners, which results in 
time-consuming procedures [5]. As process planning is very complex, it would be desirable to use computer- 
aided approaches to relieve the process planner from routine activities and reduce the time and cost of the task 
[6]. Because of the need to respond quickly to highly variable market demands, the development of computer- 
aided process planning (CAPP) systems is necessary. To achieve this computer integrated manufacturing (CIM) 
system, information about machining component is must. In terms of integrating CAPP systems [7], the fea- 
ture-based approaches have been recognized as essential tools for eventually integrating process planning and 
design [8]. Feature-based approaches are divided into two groups, namely, feature recognition and design by 
feature [9]. The feature recognition approach examines the topology and geometry of a part and matches them 
with the appropriate definition of predefined features [10]. 

The researchers have found that the feature recognition processor first translates the design feature model of a 
part into an intermediate manufacturing feature tree by handling design features and then final manufacturing 
tree is updated with some interpretations [11]. They proposed algorithms based on progressive Z-maps for re- 
cognizing the machining features and feature topologies by analyzing NC programs [12]. Researchers presented 
a new approach to extracting machining features from a feature-based design model, which supports both fea- 
ture-based modeling and feature recognition [13]. Feature recognition is achieved through an incremental fea- 
ture converter [14]. The scientist has given a novel feature finder, which automatically generates a part interpre- 
tation in terms of machining features, by utilizing information from a variety of sources such as nominal geome- 
try, tolerances and attributes, and design features [15]. They presented system architecture for feature-based 
modeling which is founded on integration that is obtained through the definition of a common feature library 
and an intermediate model, which plays the role of communication link between the geometric model and the 
feature-based model [16]. 

2. Process Planning 
The preparation and execution of a manufacture of products carried out by process planning including the selec- 
tion, defining a process to get optimum result. The actual transformation of rugged raw structure to end user is not 
as simply as say, obviously involves various complex approaches includes, the study and understanding of product 
model design. According to which bifurcation of features, selection of related machine tools milling, turning and 
drilling etc., determination of number of set ups, fixture design, methods of machining and sequences, tool path 
trajectory, cutting tool control conditions, preparation of CNC programming ,capacity and inspection planning. 
The process planning is much more important particularly in the job-shop type of manufacturing industries (See 
Figure 1). 

The production facilities are subjected to relatively small changes over time, which includes processes, machine 
tools, cutting tools, and measuring machines etc. are not mostly subjected to great changes over time. Therefore, 
designers must take into account these manufacturing constraints. The main of promoting the Computer Aided 
Process Planning (CAPP) in mass production, large numbers of small batches put a great burden on process 
planning departments where skilled workforce is scarce. As diverse process planners make dissimilar process 
plans for the product of same geometrical structure, many companies have different process plans for the same 
part, resulting in inconsistencies and extra paper work CAPP systems which lead wastage of time, process and 
cost. However, the CAPP system reduces the demand on the skilled planner, the process planning, and manu-
facturing cost, creates consistent plans, produces accurate plans and increases productivity. 

Now, more advanced CAPP systems take a CAD based product model as input. At best, this is a 3D solid model 
on which the CAPP system can perform automatic feature recognition. However, some CAPP systems exist that 
take 2.5D models as an input and on which the process planner has to identify the manufacturing features either 
manually or automatically. So many researchers worked on the process planning contain tolerance and material 
information. Some CAPP systems allow for adding this information to the product model manually in order to 
allow automatic reasoning.  



V. M. Pedagopu, M. Kumar 
 

 
185 

 
Figure 1. The flow chart for process planning.                                    

3. Feature-Based Modeling Technique a Proposed Approach 
In this paper, new approach to include machining features from a feature-based solid modeling, based on an in- 
tegrated geometric modeling system that supports both feature-based modeling and feature recognition is pro- 
posed. Three modules are integrated viz. design module, information storage module and process plan genera- 
tion model. Design module consists of feature based modeling system, which is developed using visual basic in 
integration with CATIA software for milling components. This feature-based solid modeling based on an inte- 
grated geometric modeling system that supports both feature-based modeling and feature identification. Infor- 
mation storage module stores the information available in the design stage and connects both design module and 
process plan module. The information of the machining features available in storage module is used in process 
plan generation of the components. The proposed feature based modeling system provides a graphical environ- 
ment for solid modeling with the help of catia software. In the proposed system, design module provides inbuilt 
features such as plane cylinder, taper cylinder, through hole, blind hole and groove to generate the model. Algo- 
rithms are developed for individual features and these algorithms are embedded in Visual Basic forms. Required 
dimensions of the selected feature are specified by the user in the user interactive mode. The algorithm for mod- 
eling and cylindrical prismatic part based on the dimensions entered by the manipulator is represented below. 

The model created and is shown in Figure 2. 
1. In the ZX plane the length and radius of cylindrical prism is well-thought-out and stored in the DATA base. 

and the identical is recollected when and where is required. The Z axis is always in negative value. 
2. For the first feature machining the referenced point always be ZX plane and then for the next feature the 

coordinates of the center point of the previous machining feature is considered as starting point for the pre- 
sent one. 

3. The starting point of the feature is computed from the origin of the model, if the previous history is null then 
start from reference point.  

4. Knots indicating the starting point of the feature, radius, and length of the feature machining are created in 
the information storage module.  

5. Dimensions of the machining feature like length, radius, and reference point are stored in database. 
The model then fragmented in accordance with machine features as shown in Figure 3. 

3.1 Algorithm for through Hole 
The following algorithm gives information about modeling and storing the feature data of a through hole. The 
model created and feature list stored is shown in Figure 4. 
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Figure 2. Cylindrical prismatic component. 

 

 
Figure 3. Extraction of features for machining.              

 

 
Figure 4. Prismatic part of cylindrical final shape. 

 
1. The depth of the hole from the first end point to second end point of the hole is specified and distance be- 

tween these two points should be always greater than the total length of the component due to through hole. 
2. Radius of the hole is quantified and the Hole is specified with dimensions and the feature information radius 

and length of the hole. 

3.2. Algorithm for Blind Hole 
The algorithm for a blind hole is explained with the help of Figure 5(a) and Figure 5(b). 
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(a) 

 
(b) 

Figure 5. Blind hole with its feature list.             
 

1. Starting point and ending point of the hole is specified and distance between these two points should be al- 
ways less than the total length or height of the component and the depth of the drill is equal to the length of 
the hole. 

2. Radius of the hole is specified. 
Blind hole is created with specified dimensions and the feature information radius and length of the hole are 

stored and displayed in the feature list window using nodes or knots. 

4. Process Plan Generation 
Existing CAD systems commonly represent geometric models in terms of elementary geometric entities such as 
lines, arcs, surfaces, cubes and cylinders. While generating process plan it is necessary to convert the CAD data 
into design oriented geometric entities, into manufacturing related features such as plane cylinders, taper cylind- 
ers, holes, slots, pockets. This process is tedious and time taking. Ideal CAD/CAM integration requires machin- 
ing processes and sequence of operations should be generated automatically. In the research work, automatic 
process plan module convert the design data from the modeling module into manufacturing information using 
the knowledge based database. The entire flow of process in terms of algorithms is explained in Figure 6. 

The CAPP system developed is composed of different activities. 
1. Machining features generated in the design stage are recognized and stored under the Visual Basic control 

of CATIA. 
Software Active X interface. 
2. The feature list recognized and stored is utilized to develop the process plan by linking with main source 

file. Based on the part body recognized from the feature list, respective knowledge base is used for the respec- 
tive features such as plane cylinder, through hole and blind hole. 

3. Determination of the machining operations for the identified features and considers the constraints asso- 
ciated with the dimensions. 

4. Determination of the machining sequence for fixturing the part according to its number of set ups.  
5. Determination of the cutting tools considering the machine-tool, dimensions and tool geometry.  
6. Determination of the cutting conditions considering the tool parameters, machining features material, ma- 

chine capacity.  
7. Then the process planning has been generated as shown in Table 1. 
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Figure 6. Flow chart for proposed methodology.                                       

 
Table1. Process planning.                                                                                       

Operation Machine Tool Z-start Depth Speed (m/min) 

Integrated  
Rough/Finish Milling VMC-400 M Ball-nose 0% to 2% L 2% length in total length of  

cylindrical prismatic part [L] 38.48 

Center Drill through hole VMC-400 M Drill two flute 0 to L Equal to height length of  
cylindrical prismatic part 18.03 

Blind Hole VMC-400 M Drill one/two flute 0 to l Equal to the height of blind hole feature 18.33 

5. Conclusion 
This work attempts to develop algorithms for modeling the components through the input of machining features. 
As a result, feature information is directly available to downstream activities, and feature extraction is no longer 
needed. Hence, it is economical in terms of time and cost compared to available feature based techniques. The 
feature based approach described is capable to perform process plan generation for the milling components 
based on the input features given in modeling. The system enables a reduction of overall lead time and improves 
the efficiency of the machined components. Machining features generated in the design stage are recognized and 
stored under the Visual Basic control of CATIA software ActiveX interface. Algorithms are developed for indi- 
vidual features and these algorithms are embedded in Visual Basic forms. This system was discussed for 2.5 
Dimensional part approach and best suited for 2.5D parts. However, that can be extended to 3 dimensional pris- 
matic part and complex features machining. Finally a process planning chart has been presented as a model 
process planning. In the present study takes up only few machining features, and can be extended for more fea- 
tures to arrive at a complete process plan for any real time component. This approach saves the time of machin- 
ing and easy understanding of process planning to everyone. On the other hand the total cost of manufacturing a 
product can be reduced without compromising in its specified quality. 
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Abstract 
The paper describes the necessity of application of intelligent technologies to support decisions of 
more objective problems in human resource management. In this paper, we describe the metho- 
dology for personnel selection problem for the vacancy with regard to the importance and none- 
quivalence of numerous indicators characterizing the alternatives. The specific features of the se- 
lection problem are highlighted, immersing the problem into a fuzzy environment. A fuzzy multi- 
criterial model of the personnel selection problem is proposed. A technique of order preference 
by similarity to ideal solition (TOPSIS), was applied for evaluation and regulation of alternatives. 
This technique is based on criteria of qualitative character, which are hierarchically structured by 
multiple experts to intellectually support decisions made in personnel selection problem. Using 
TOPSIS method and generated criteria system an experiment was conducted for evaluation of the 
candidates during solution of hiring problems. The obtained and reviewed results were compared 
with results obtained using in reality. 

 
Keywords 
Support Decision, Human Resource Management, Personnel Selection Problem, Fuzzy  
Multicriterial Model, Criteria Coefficients, Fuzzy Number, TOPSIS Method 

 
 

1. Introduction 
In the transition to knowledge-based economy, ensuring effective performance and competitiveness of the or- 
ganization (enterprises, companies, firms, etc.) requires increased attention to the personnel, i.e. human factor. 
Employees of the organizations are considered as the main strategic resource, ensuring its performance and 
achievements of its objectives. According to this concept, the staff becomes one of the main resources of the or- 
ganization and the necessary funds must be invested to ensure its proper management and optimal conditions for 
its development [1]. 
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The concept basis of personnel management constitutes an increasing role of the worker’s individuality, his 
knowledge of motivational attitudes, and his ability to shape and direct them in accordance with the challenges 
facing the organization. Intelligent capital occupies a special position among other assets and requires specific 
approaches to the management perspective [2]. Evaluation of intelligent capital of the organization is needed to 
determine its effectiveness and growth factors, as well as to make decisions on the advisability of investment in 
this resource. 

Objectives of human resource management (HRM) are the basis of personnel policy. The correct solution to 
these problems, making objective and transparent decisions on HRM allows the organization to achieve its 
global goals [3] [4]. In general, today, an effective HRM becomes the strategy of the company. In this case, the 
funds invested in the development of human resources, transform into an investment, not expenditure [5]. The 
changes, occurred in the labor market, require major changes in the relationship with employees, in the policy of 
their recruitment, retention and motivation. In this regard, human resource management at the professional level 
has become a strong modern means used in HR. Fundamentally new attitude towards the personnel as valuable 
resource of the organization actualizes the importance of developing new conceptual approaches and technolo- 
gies for HRM. Therefore, in recent years, computer technology is increasingly used for the HRM problem solu- 
tions. 

Thus, to make more objective decisions regarding personnel planning, selection, recruitment, adaptation, fir- 
ing, promotion, development, training and motivation of personnel the decision-maker (DM) must evaluate and 
take into account the information in each case, that characterizes the applicant, his interests, potential impacts 
and results. Essential factor for the quality of personnel management is its assessment using competencies. The 
problems solved in the field of HRM are complex and varied. They are united by the fact that the finite number 
of evaluated objects is used as the raw data, and these objects are characterized by a set of diverse features, i.e. 
these tasks are multicriterial, and many factors should be taken into account, many influences, preferences, in- 
terests and consequences, characterizing alternatives should be evaluated [6]-[8]. 

Volume, quantitative and qualitative nature, complexity and contradictions of the information flow to be 
reached to the decision-makers, as well as the need to address the interrelationship of numerous factors, dynamic 
situation created difficulties in decision-making on human resource management. To overcome these difficulties, 
and consequently, more effective HRM of the organization the application of intelligent decision support tech- 
nologies seems appropriate [7]-[9]. 

The following problems belong to the HRM problems that are most frequently met in practice [4] [10]: selec- 
tion of applicant on a vacant position; compliance of workers to requirements of a workplace, a position; forma- 
tion of a personnel reserve and planning of vocational advancement, career; selection of people on key positions 
in operation of business; awarding, compensation of employees etc. 

In this paper, we describe the methodology for personnel selection problem for the vacancy with regard to the 
importance and nonequivalence of numerous indicators characterizing the alternatives (candidates applying for 
the position). 

2. Personnel Selection Problem 
Personnel selection often acts the most important role for controlling the human source and quality in HRM [4] 
[11] [12]. Effective employee selection is a critical component of a successful organization. Personnel selection 
is the process of collecting and evaluating information about individuals and choosing those who match the qua- 
lifications needed to perform a predefined job in the best way [13]. This process plays a determining role in 
HRM and is crucial to the success of an organization. 

References [14] and [15] reviewed the personnel selection studies and found that the several main factors in- 
cluding change in organizations, change in work, change in personnel, change in the society, change of laws, 
and change in marketing have influenced personnel selection. In literature, there are a number of studies which 
use heuristic methods for employee selection. A fuzzy MCDM framework based on the concepts of ideal and 
anti-ideal solutions for the most appropriate candidate is presented in [16]. Also, a fuzzy number ranking me- 
thod by metric distance for personnel selection problem was proposed in [17] and a personnel selection system 
based on fuzzy AHP was developed in [18]. 

In addition, researchers used fuzzy technique for order preference by similarity to ideal solition (TOPSIS) 
based on the veto threshold for ranking job applicants [19]-[22]. 
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Recently, owing to the advancements in information technology, researchers have developed decision support 
systems and expert systems to improve the outcomes of HRM [23] [24]. 

A model to design an expert system for effective selection and appointment of the job applicants is developed 
in [25]. The applications of expert system or decision support systems on personnel selection and recruitment 
are increasing [11] [12] [26]. In this paper, the description of fuzzy decision-making support method in the solu- 
tion of employment problems is given, and comparison of the results obtained by this method application and 
the results obtained by real use of approach are presented hereunder. 

Therefore, the goal of personnel selection is applying a valid and effective method to reduce the risks of hir- 
ing an unsuitable employee, and increase the opportunities to find an eligible employee who can enhance the 
productivity of the organization [4] [27]. In other words, businesses find eligible employees meet the require- 
ments of organization and occupation from mass job applicants through effective personnel selection methods. 

The technique for the personnel selection proposed by the authors in this paper has the following advantages: 
1) allows the use of both qualitative and quantitative data; 2) removes the limit on the number of criteria and the 
number of experts; 3) takes into account the hierarchical structure of criteria. The main advantage of the article 
is to carry out the step calculation and allowing the comparison of experimental results with real data. 

3. Conceptual Model of the Personnel Selection Problem 
3.1. The Specific Features of the Personnel Selection Problem 
The problem of personnel selection for the position is classified as semi-structured tasks, which is traditionally 
reduced to decision-making [7] [9] [19]-[24]. The attitude of the decision-maker and preferences (experience, 
knowledge and intuition) of the experts play an important role in the implementation of such tasks. Intelligence 
support policy of choice (selection of experts), in this case, is defined by a specific manager—DM, experts in- 
volved in the evaluation process of alternatives for set of attributes forming the level of satisfaction of alterna- 
tives criteria and preference relations for each of them, and the estimating problem of the applicants for the posi- 
tion can be reduced to the adjustment of alternatives in fuzzy initial information. 

Before shifting to the methods of candidates’ selection, it is important to formalize requirements for the posi- 
tion or workplace of the future employee, based on the development strategy of the organization and characte- 
ristics of its corporate culture. For selecting the employee, it is necessary to determine the presence or absence 
of a candidate’s competence, which is needed for the effective performance, i.e. a set of knowledge, skills, abili- 
ties, social and personal characteristics and behavior of employees, defined with the objectives of the organiza- 
tion and set for specific situation. Approach based on competences allows one to link a whole HRM: in recruit- 
ment, career planning, assessment of performance and development in the promising coming years [2]. For se- 
lecting the candidates, their competence is assessed and compared with the “portrait of an ideal employee”, 
conveyed by a set of corporate performance at a given workplace [4] [7] [19]-[24] [28] [29]. Note that the com- 
petence of a person is characterized by a number of factors and indicators, and depending on the fields of pro- 
fessional activity, profession and profile of the organization, these figures have different relative weights of im- 
portance [7] [19]-[22] [30] [31]. 

Recently, a new trend in the selection of personnel has been observed, which is expressed in individual re- 
quirements of the employers for applicants for a certain position, which involves an assessment of the latter one 
from the standpoint of obligation, desirability and the lack of demand characterizing the indicators with respect 
to the proposed position. Hence, the figure, which is mandatory according to the preference of one employer for 
the purposes and needs of another one, may be desirable or even unnecessary [32]. 

Accordingly, as semistructured, the problem of personnel selection is characterized by the following features: 
- multifactorial and multicriteriality; 
- criteria and indicators of qualitative and quantitative nature; 
- the need to consider the views in the evaluation process; 
- hierarchy rate criteria characterizing evaluated object, expressed in the fact that each top-level individual 

criterion is based on the aggregation of partial criteria. 
These features “immerse” the task of hiring into a fuzzy environment, i.e. into the “medium-Zade”, and cause 

decision making on the selection of the most suitable candidate for the position in poorly defined fuzzy situation 
[33] [34]. 

Thus, an evaluation model referring to fuzzy formalism for development of an intellectual system supporting 
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decision making person for realization and reflecting expert knowledge must be proposed (desirability, obliga- 
tion and unimportance of criteria indicators). 

So, the following must be known for solution of evaluation issue in solution of staff management issues re- 
quiring intelligent support: 
• Set of evaluated alternatives: { } { }1 2, , , , 1,n iX x x x x i n= = = ; 

• Set of criteria characterizing alternatives: { } { }1 2, , , , 1,m jK K K K K j m= = = ; 

• Set of evaluable indicators characterizing each criteria: { } { }1 2, , , , 1,j j j jT jtK k k k k t T= = = ; 

• Value range of each evaluable indicator— Y ; 
• Expert group participating in evaluation (decision making process)— E ; 
• Relations in X , K  and E sets— P ; 
• Linguistic expressions reflecting the level of relevance and relation of alternatives to criteria indicators— L . 
• Relative relations in same-group indicators and criteria sets—W . 

Listed components of selection are united in below relative-set model: ( ),  ,  ,  ,  ,  ,  Ms X K Y E P L W= . 
Solution of evaluation and selection issue based on this model requires development of a relevant method, 

which refers to solution methods of multi-criteria issues using fuzzy mathematical formalism for this purpose 
[33] [35]. 

Current article reviews the application issue of TOPSIS method for evaluation and regulation of alternatives 
(selected, regulated) evaluated for intellectual support of decisions made in personnel selection issues based on 
hierarchically structured criteria of qualitative character by multiple experts. 

3.2. TOPSIS Method 
For the realization of selection issue, the level of relevance and relation of alternatives to criteria indicators, 
based on conversion of linguistic expressions of quality of our natural language to a fuzzy number (triangle or 
trapeze) based on proximity to an ideal solution and remoteness from an extremely bad solution traditional are 
carried out using TOPSIS method allowing discovery of the best solution and ranging of alternatives. In the re- 
viewed case, trapeze fuzzy number has been used. 

Definition 1. Trapeze fuzzy number membership function is a fuzzy set depicted as below (Figure 1). 
Trapeze fuzzy number is indicated as ( )1 2 3 4, , ,n n n n  quadruple and here 1 2 3 4,  ,  ,  n n n n —are real numbers. 
Fuzzification of trapeze fuzzy number is defined as below: 

( )

1

1
1 2

2 1

2 3

4
3 4

3 4

4

0, ,

, ,

1, ,

, .

0, .

x n
x n n x n
n n

x n x n
x n n x n
n n

x n

µ

<
 − ≤ ≤
 −
= ≤ ≤
 − ≤ ≤

−
 >

                                 (1) 

 

 
Figure 1. Trapeze fuzzy number.              



M. Mammadova, Z. Jabrayilova 
 

 
194 

If 2 3n n=  in ( )1 2 3 4, , ,n n n n n=  trapeze fuzzy number, then it converts into a n  triangle fuzzy number. 
While using TOPSIS method, some operations on fuzzy numbers must be paid attention to. Let’s assume that 

we are given two trapeze fuzzy numbers ( )1 2 3 4, , ,n n n n n=  and ( )1 2 3 4, , ,m m m m m= . 
Following extensibility principal must be met for their fuzzy sum, difference and multiplication: 

[ ]
[ ]
[ ]
[ ]

1 1 2 2 3 3 4 4

1 4 2 3 3 2 4 1

1 1 2 2 3 3 4 4

1 2 3 4

, , , ,

, , , ,

, , , ,

, , , .

n m n m n m n m n m

n m n m n m n m n m

n m n m n m n m n m

n r n r n r n r n r

⊕ = + + + +

− = − − − −

⊗ ≅

⊗ =

                         (2) 

Definition 2. Let’s assume that two ( )1 2 3 4, , ,n n n n n=  and ( )1 2 3 4, , ,m m m m m=  trapeze fuzzy numbers are 
given. The distance between them is calculated as following [28] [36]. 

( ) ( ) ( ) ( ) ( )( )22 2 2
1 1 2 2 3 3 4 4

1,
4cd n m n m n m n m n m= − + − + − + −                 (3) 

If n  and m  are similar (same) fuzzy numbers, then ( ), 0cd n m = . 
In order to apply this method, unit quality measuring scale is accepted [7]-[9], each evaluable criterion indi- 

cator is graduated in accordance with 7 level quality evaluation degrees and their trapeze fuzzy number conver- 
sion principal is referred to (Figure 2). 

Trapeze fuzzy evaluation table of linguistic quality degrees is as following. Based on Table 1, a fuzzy number 
can be found for each linguistic expression. 

For example, the fuzzy number of “medium good” linguistic expression is defined as (5, 6, 7, 8) out of 10 
point rating. Then the fuzzification of “medium good” can be demonstrated as following: 

 

 
Figure 2. Conversion of linguistic expression to fuzzy number based on rating.              

 
Table 1. Conversion of linguistic expression to fuzzy number based on rating.                              

Linguistic expression Fuzzy number 

Very poor (0, 0, 1, 2) 
Poor (1, 2, 2, 3) 

Medium poor (2, 3, 4, 5) 

Fair (4, 5, 5, 6) 

Medium good (5, 6, 7, 8) 

Good (7, 8, 8, 9) 

Very good (8, 9, 10, 10) 

0           1            2             3              4           5              6            7           8               9 10                    x

          

poor fair good
Very 
poor

Medium
poor

Medium
good Very

good

φ(x)

1
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( )medium good

0, 5,
5 , 5 6,

6 5
1, 6 7,

8 , 7 8,
7 8
1, 8.

x
x x

x x
x x

x

ϕ

<
 − ≤ ≤

−
= ≤ ≤
 − ≤ ≤

−
 >

                               (4) 

4. TOPSIS Method in Solution of Personnel Selection Problem 
4.1. Problem Statement 
To provide correctness and objectiveness of decisions made in relation with staff management in the organiza- 
tion, decision options in relevance with each problem statement are defined and evaluation objects—alternatives 
and characterizing criteria, indicator system defining these criteria is formed, they are evaluated by finding the 
relevance degree of alternatives to these indicators and depending on this value, decision option related to them 
(alternatives) is selected. Thus, let’s assume that: 

1. { }, 1,iX x i n= = —is a set of evaluated alternatives and the best alternative must be chosen, for example, 

candidates to be hired in the hiring issue; 
2. { }, 1,jK k j m= = —is a set of criteria with different weights relevant to criteria (for example criteria cha- 

racterizing hired people) and these criteria are also defined based on multiple indicators with different weights; 
3. { }, 1,j jt jk k t s= = —evaluable criteria indicators with different weights; 

4. { }, 1,lE e l g= = —set of experts evaluating the relevance of alternatives to criteria indicators. 

Objective: evaluation and regulation of alternatives based on linguistic expressions of quality used by the ex- 
perts reflecting the relevance of alternatives to criteria indicators with different weights. 

4.2. Solution of the Problem 
Headings, or heads, are organizational devices that guide the reader through your paper. There are two types: 
component heads and text heads. 

1st Step. Referring to methods described in [30] [37], importance coefficient jw
1

1
m

j
j

w
=

 
= 

 
∑  and importance  

coefficients jtw , 1, jt s= , 1,j m=  are defined. Later, by referring to hierarchic analysis method, weight-  
weight coefficient of each jtk , 1,j m= , 1,t s=  criteria indicator in generalizing { }, 1,jK k j m= =  criteria  

is defined. 
K

z jt jt jw w w w= = ⋅ .                                    (5) 

Here: 

1 0,   1, ,   1, ,   0    and    1,j jz s t j m t s s z Z−= + = = = = .                       (6) 

Z —is the general number of criteria indicators. 
2nd Step. Relevance level of alternatives to criteria indicators are expressed in accordance with seven quality 

levels of our language (very poor, poor, medium poor, fair, medium good, good, very good). Each such expres- 
sion is a quality level forming relevance— ( ){ }kz ixφ

 
of zk  evaluable criteria indicator of ix  alternative, and 

is expressed in relevant trapeze ( ) ( ), , ,l l l l l l
iz iz iz iz izR r a b c d= =  with a fuzzy number. For example, if relevance of  

ix  alternative to any zk  criteria is evaluated by expert l  as “good”, then, its conversion to a fuzzy number in 
trapeze is expressed as “good” ( )7,8,8,9l

izr = , and if evaluated as “very good” is expressed as, “veru good”; 
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( )8,9,10,10l
izr = . 

Linguistic expression of relevance of alternatives to criteria indicators by experts result in l
iz i z l

R r
× ×

 =    ma- 
trix with i z l× ×  dimensions. 

3rd Step. Based on individual evaluation of experts— { }, 1,lE e l g= = , single-generalized matrix referring to  

g  number of matrixes defined by trapeze fuzzy numbers expressing relevance of ix  alternative to zk  crite- 
ria is defined, i.e.: 

{ } [ ] { },   1, , , , ,   1, , , ,l l l l l l
iz iz iz iz iz iz iz iz iz iz izR r l g a b c d l g R r a b c d = = ⇔ = ⇔ = ⇔                (7) 

Here: 

{ }

{ }

1

1

min , 1, ;

1 ;

1 ;

max , 1, .

l
iz iz

g
l

iz iz
l

g
l

iz iz
l

l
iz iz

a a l g

b b
g

c c
g

d d l g

=

=

= =

=

=

= =

∑

∑
                                     (8) 

As a result we obtain a i z×  dimensional [ ]iz izR r=  matrix. 
4th Step. [ ] { }, , ,iz iz iz iz iz izR r a b c d= ⇔

 
fuzzy number matrix is normalized. For this, values with different  

dimensions in [ ]0,1  interval are converted into fuzzy numbers using Hsu and Chen method [38]. Based on this 
method, max ,  1,z izd d i n+ = =  is defined, elements of normalized matrix are defined using following formulas: 

{ }, , , , , , .n n n n n n iz iz iz iz
iz iz iz iz iz ijz

z z z z

a b c d
R r a b c d

d d d d+ + + +

 
 = ⇔ ⇔   

 
                        (9) 

5th Step. All elements of normalized { }, , ,n n n n n n
iz iz iz iz iz izR r a b c d = ⇔   matrix are multiplied by weights of crite- 

ria indicators. For this, [ ]1 2 3 4, , ,n r n r n r n r n r⊗ ≅  phrase from condition (1) is used. Let’s define fuzzy number  
matrix by consideration of weight coefficients of criteria indicators: [ ] { }, , ,iz iz iz iz iz izR r a b c d= ⇔ . 

Here: 

;

;

;

.

iz ij z

iz ij z

iz ij z

iz ij z

a a w

b b w

c c w

d d w

= ⋅

= ⋅

= ⋅

= ⋅

                                         (10) 

6th Step. On grounds of existing alternatives, trapeze fuzzy numbers of X ∗ —ideal solution option (ISO) in  
accordance with each criteria indicator is calculated. For this, each { }max , 1,p izd d i n∗ = =

 
is selected based on 

{ }, , ,iz iz iz izr a b c d=  fuzzy number in accordance with ,  1,zk z Z=  criteria indicator of each ix  alternative  

and as a result, following single matrix based on fuzzy number relevant to criteria indicators of ideal solution 
option is determined: 

( ) ( )1 1 1 1, , , , , , , ,z Z Z Z ZX d d d d d d d d d∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗  = =    .                       (11) 

7th Step. On grounds of existing alternatives, trapeze fuzzy numbers of X − —extremely bad solution (EBS) in  
accordance with each criteria indicator is calculated. For this, { }min , 1,p iza a i n− = =

 
based on ( ), , ,iz iz iz iz izr a b c d=  

—fuzzy number in accordance with ,  1,zk z Z=  criteria indicator of each ix  alternative is found and follow- 
ing single matrix is developed: 
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( ) ( )1 1 1 1, , , , , , , ,Z Z Z Z ZX a a a a a a a a a− − − − − − − − − −  = =    .                       (12) 

8th Step. At this stage, fuzzy number matrix reflecting proximity of alternatives to ideal solution option is de- 
veloped. 

( ), , ,i iz iz iz iz izx r a b c d= =  of each ix  alternative is defined based on fuzzy number (2) formula reflecting  

proximity of any jtk  criteria indicator to ISO as following:  

( ) ( ) ( ) ( ) ( )( )2 2 2 21,
4z i iz z iz z iz z iz zD x X a d b d c d d d∗ ∗ ∗ ∗ ∗ ∗= − + − + − + −                (13) 

D∗    ISO proximity matrix with i j×  dimensions reflecting obtained results is developed. 

9th Step. Fuzzy number reflecting remoteness of alternatives to EBS is found.  

( ) ( ) ( ) ( ) ( )( )2 2 2 21,
4z i iz z iz z iz z iz zD x X a a b a c a d a− − − − − −= − + − + − + −                 (14) 

D−    EBS remoteness matrix with i j×  dimensions reflecting obtained results is developed. 

10th Step. Proximity of each alternative of all criteria to ISO is calculated with following formula: 

( ) ( )( )2

1
,

Z

i z i
z

D x D x X∗ ∗ ∗

=

= ∑                                   (15) 

11th Step. Remoteness of each alternative from EPS in accordance with all criteria is calculated with follow- 
ing formula: 

( ) ( )( )2

1
,

Z

i z i
z

D x D x X− − ∗

=

= ∑                                    (16) 

12th Step. Based on values of proximity of alternatives to ISO and their remoteness from EBS, numerical 
value of their relevance to ideal solution is calculated and normalized.   

( ) ( ) ( ) ( ) ( )
( )

,     .i
i i i K i

i

D x
D x D x D x x

D x
ϕ

−
∗ −= + =                          (17) 

Regulated order of obtained results from maximum to minimum (or vice versa) is relevant to regulated order 
of alternatives from good to bad (or vice versa).  

5. Application of TOPSIS Method for Decision-Making in Personnel  
Selection Problem 

Referring to fuzzy logic formalism, fuzzy TOPSIS method was used for evaluation and selection of alternatives 
in realization of decision making support system in hiring issues of candidates. For realization of the system, 
primarily a general criteria system is formed in order to evaluate hired employees to the plant. This system con- 
tains criteria and characterizing indicators allowing evaluating candidates hiring to any department or position at 
the plant. 

Candidate evaluation issue for hiring to HRM department of the plant has been reviewed during conducted 
experiment. For this purpose, following criteria and criteria indicators were determined from the general criteria 
system with participation of experts for appointment to the position: 

1K —science and education criteria and indicators characterizing it: 
11k —relevance of completed education to corresponding job; 
12k —character of investigator. 

2K —behavior and appearance criteria and indicators characterizing it: 
21k —balanced; 
22k —well-conducted and polite. 
3K —personal psychological criteria and indicators characterizing it: 
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31k —hardworking, industrious; 
32k —creative; 
33k —loyal; 
34k —high intelligence. 

4K —functional activity criteria and indicators characterizing it: 
41k —work capability; 
42k —learning capability. 
5K —medical criteria and indicators characterizing it: 

51k —physical health; 
52k —spiritual and psychological health. 

Results obtained from evaluation of these indicators—will define the value of chance— K -hiring chance of 
the candidate. 

Result to be obtained based on fuzzy TOPSIS method- ( )K ixϕ , will express the hiring chance of ix  candi- 
date as a value defined in [ ]0,1  interval. Depending on this value, experts pre-form following hiring decision 
options:  

1. If ( ) [ )0,0.25K ixϕ ∈ , then this candidate decidedly cannot be hired; 

2. If ( ) [ )0.25,0.45K ixϕ ∈ , hiring of this candidate carries great risk; 

3. If ( ) [ )0.45,0.62K ixϕ ∈ , hiring of this candidate carries a bit of risk; 

4. If ( ) [ )0.62,0.8K ixϕ ∈ , this candidate can be hired; 

5. If ( ) [ ]0.8,1K ixϕ ∈ , this candidate is unconditionally hired. 
In the next stage, importance coefficients of these criteria and their characterizing indicators relatively to each 

other are defined, for this objective paired comparison method is referred to, detection of contradictions in ex- 
perts’ evaluation is reviewed [30] [37]. Based on obtained results, weight coefficients of criteria indicators have 
been defined in accordance with hierarchic analysis method (Table 2). 

Relevance of hiring of 3 candidates to listed criteria indicators has been evaluated in accordance with Table 3 
with participation of 4 experts. 

Based on Formula (3), single trapeze matrix is developed based on individual evaluation of experts. Results of 
single trapeze fuzzy matrix in accordance with 11k  and 12k  criteria indicators are provided below (Table 4). 

 
Table 2. Weight coefficient of criteria indicators.                                                     

Criteria Importance  
coefficients of criteria Criteria indicator Importance coefficients  

of criteria indicators 
Weight coefficients  
of criteria indicators 

1K  0.11 
11k  0.54 0.06 

12k  0.46 0.05 

2K  0.08 
21k  0.47 0.04 

22k  0.53 0.04 

3K  0.4 

31k  0.2 0.08 

32k  0.22 0.13 

33k  0.26 0.10 

34k  0.32 0.09 

4K  0.1 
41k  0.63 0.06 

42k  0.37 0.04 

5K  0.31 
51k  0.35 0.11 

52k  0.65 0.20 
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Table 3. Evaluation of criteria indicators.                                                           

Criteria indicators Alternatives Expert 1 Expert 2 Expert 3 Expert 4 

11k  

1x  good good good good 

2x  good very good fair medium good 

3x  good good very good good 

12k  

1x  very good very good good very good 

2x  medium good good very good medium good 

3x  good very good very good medium 

21k  

1x  good good fair medium good 

2x  good very good very good good 

3x  very good good good very good 

22k  

1x  medium good good very good good 

2x  very good very good very good very good 

3x  good very good good good 

31k  

1x  good medium  good very good good 

2x  very good good good very good 

3x  good very good very good good 

32k  

1x  good good very good good 

2x  very good medium good good very good 

3x  medium good good very good medium good 

33k  

1x  very good very good very good very good 

2x  good very good good good 

3x  good good fair medium good 

34k  

1x  good very good very good fair 

2x  good very good good good 

3x  medium good good very good good 

41k  

1x  very good good good very good 

2x  good good very good good 

3x  very good medium good good very good 

42k  

1x  medium good good very good medium good 

2x  good very good very good fair 

3x  good very good Good good 

51k  

1x  very good good Good good 

2x  medium good good very good good 

3x  very good very good very good very good 

52k  

1x  good very good Good good 

2x  good good Fair medium good 

3x  good very good very good good 
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Table 4. Single trapeze fuzzy matrix in accordance with 11k  and 12k  criteria indicators.                     

Criteria 
indicators Alternatives Expert 1 Expert 2 Expert 3 Expert 4 Generalized single  

trapeze fuzzy number 

11k  

1x  (7, 8, 8, 9) (7, 8, 8, 9) (7, 8, 8, 9) (7, 8, 8, 9) (7, 8, 8, 9) 

2x  (7, 8, 8, 9) (8, 9, 10, 10) (4, 5, 5, 6) (5, 6, 7, 8) (4, 7, 7.5, 10) 

3x  (7, 8, 8, 9) (7, 8, 8, 9) (8, 9, 10, 10) (7, 8, 8, 9) (7, 8.3, 9, 10) 

12k  

1x  (8, 9, 10, 10) (8, 9, 10, 10) (7, 8, 8, 9) (8, 9, 10, 10) (7, 8.8, 9.5, 10) 

2x  (5, 6, 7, 8) (7, 8, 8, 9) (8, 9, 10, 10) (5, 6, 7, 8) (5, 7.3, 8, 10) 

3x  (7, 8, 8, 9) (8, 9, 10, 10) (8, 9, 10, 10) (4, 5, 5, 6) (4, 7.8, 8.3, 10) 

 
Based on (4) formula, single trapeze matrix is formed and all its elements are multiplied by weight coeffi- 

cients of criteria in accordance with Formula (5) and resultants are given in Table 5. 
ISO and EBS single matrixes are developed on existing grounds of alternatives. ISO proximity matrix D∗  

with i j×  dimensions reflecting the obtained results is given in Table 6. 
EBS remoteness proximity D−    with i j×  dimensions reflecting remoteness of alternatives from EBS is  

as following and resultants are given in Table 7. 
Numerical value of proximity to ISO, remoteness from EXP and relevance to ideal solution of each alterna- 

tive in accordance with all criteria is calculated resultants are given in Table 8. 
Based on obtained results, the best solution option is 3x  alternative and the value of its hiring chance is 
( )3 0.63K xϕ = . In accordance with decision options of the experts: this candidate can be hired. In accordance 

with next listing, 2x  alternative is ( )2 0.58K xϕ = . And 1x  alternatives equal to ( )1 0.55K xϕ =  and their 
hiring chance value matches the identical decision option: hiring of this candidate can carry a bit of risk. 

6. Results 
The proposed approach was foreseen for realization of support system applied to decision-making issues in the 
employment of applicants within SOCAREF20131 grant project. It should be noted that at the moment SOCAR 
department of human resourses management for applicants evaluation in the enployment issues realization bases 
on their precise report indexes, expert assessment defined on the bases of quality competition and final results 
are determined by point system. In order to ground benefits of the approach proposed in the article the results of 
approach application have been compared with the results of point system application herewith. 

With this purpose let’s look through alternatives decision formation given in Table 3 that was compiled on 
the basis of expert evaluation with references to point system. 

For alternatives evaluation on the basis of points system “very good” equals 10 points, “good”—8 points, 
“medium good”—6 points and “fair”—4 points. 

Table 9 given below is being compiled on the basis of statistic results of evaluation by considered three alter- 
natives criteria indexes according to Table 3. 

According to the statistic results obtained on the basis of point system the correspondence degree of each 
alternative to the ideal solution (480 points) is defined. In this case the highest point alternative 3x  is very good, 
next is 1 x  and the last is 2x  alternative. 

The decision per each alternative is made according to its ideal sulution correspondence estimate: 

1 x  alternative ( )( )1 0.833K xϕ = —this candidate is unconditionally hired. 

2x  alternative ( )( )2 0.825K xϕ = —this candidate is unconditionally hired. 

3x  alternative ( )( )3 0.846K xϕ = —this candidate is unconditionally hired. 

The results obtained according to the proposed method are compared with the results of application of point 
system approach in Table 10 herein: 

 

 

1SOCAREF2013—Development of problem-solving mechanism of human resources efficient management by application of intelligent in-
formation technologies for SOCAR. 
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Table 5. Normalized fuzzy number of relevance of alternatives to indicators of criteria.                       

Criteria indicators Alternatives Normalized single  
trapeze fuzzy number 

Weight coefficients  
of jtk  

Normalized fuzzy number  
of relevance of alternatives 

11k  

1x  (0.7, 0.8, 0.8, 0.9) 
 

0.06 

0.042, 0.048, 0.048, 0.054 

2x  (0.4, 0.7, 0.75, 1) 0.024, 0.042, 0.045, 0.06 

3x  (0.7, 0.83, 0.9, 1) 0.042, 0.05, 0.054, 0.06 

12k  

1x  (0.7, 0.88, 0.95, 1) 

0.05 

0.035, 0.044, 0.098, 0.05 

2x  (0.5, 0.73, 0.8, 1) 0.025, 0.037, 0.04, 0.05 

3x  (0.4, 0.78, 0.83, 1) 0.02, 0.039, 0.042, 0.05 

 
Table 6. ISO proximity matrix D∗   .                                                              

Criteria indicators ( )1D x X ∗  ( )2D x X ∗  ( )3D x X ∗  

11k  0.45 0.51 0.4 

12k  0.34 0.49 0.49 

21k  0.57 0.36 0.4 

22k  0.67 0.27 0.35 

31k  0.48 0.37 0.37 

32k  0.56 0.49 0.43 

33k  0.37 0.4 0.47 

34k  0.5 0.39 0.37 

41k  0.37 0.39 0.29 

42k  0.49 0.49 0.39 

51k  0.39 0.47 0.27 

52k  0.4 0.6 0.33 

 
Table 7. EBS remoteness proximity D∗   .                                                         

Criteria indicators ( )1D x X −  ( )2D x X −  ( )3D x X −  

11k  0.55 0.56 0.68 

12k  0.7 0.6 0.6 

21k  0.52 0.68 0.66 

22k  0.53 0.65 0.71 

31k  0.52 0.51 0.6 

32k  0.52 0.53 0.67 

33k  0.63 0.66 0.62 

34k  0.59 0.67 0.62 

41k  0.51 0.59 0.64 

42k  0.6 0.6 0.67 

51k  0.59 0.52 0.51 

52k  0.74 0.51 0.64 
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Table 8. Normalized relevance to ideal solution of each alternative.                                       

 X ∗  X −  X X∗ −+  ( )K ixϕ  

( )1D x X −  5.59 7.02 12.61 0.55 

( )2D x X −  5.23 7.08 12.31 0.58 

( )3D x X −  4.56 7.76 12.32 0.63 

 
Table 9. Final results according to point system of alternatives.                                           

Alternatives Very good Good Medium good Fair Sum Correspondence of alternatives to ideal solution 

1x  17 24 5 2 400 0.833 

2x  18 21 6 3 396 0.825 

3x  19 22 6 1 406 0.846 

 
Table 10. Comparision of the results.                                                               

Alternatives FDMSM Results of point system 

1x  Hiring of this candidate can carry a bit of risk. This candidate is unconditionally hired. 

2x  Hiring of this candidate can carry a bit of risk. This candidate is unconditionally hired. 

3x  This candidate can be hired. This candidate is unconditionally hired. 

 
As it is seen the results of point system application in the solution of applicant employment problem differs 

from the results of proposed FDMSM application and this method supports the employment of “unconditionally 
hired” employee rather than “risk-carrying” as appointed by point system. 

7. Conclusions 
Traditional methods of multi-criteria assessment and ordering cannot effectively solve the problem of the group 
(collective) decision making under imprecise and linguistic information. Basing on the proposed model and me- 
thod, the key features of more objective and transparent management decisions of the personnel are as follows: 
 The number of criteria and criteria indicators characterizing the issue are not restricted; 
 The quality of criteria indicators characterizing the issue, the importance and advantage of criteria and crite- 

ria indicators in relation to each other are taken into account, and the conflict is determined; 
 Subjectivity of decision-maker in the decision-making process are reduced, more objective and transparent 

decisions are made. 
The proposed method for multi-criteria assessment and ranking can be applied for solving the problems of 

Personnel Management, as well as for other problems arising from the human activity. 
However, the criteria, assessment indicators characterizing assessed objects should be formed previously and 

their importance coefficients should be determined using appropriate methods. Quite difficult and time-con- 
suming procedure for implementing the above steps is a weak point of the proposed approach. 

One of the advantages of this approach is possibility of taking into consideration the competence of the par- 
ticipating experts in appropriate subject domain. Thus, Decision-Maker do not always consider these experts’ 
competency equal in appropriate subject and their competence is considered only within decision-making pro- 
cess. That’s why we are planning to consider this parameter also in our future researches. 
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Abstract 
This paper presents an easy method to control the speed of DC motor by sending SMS message 
from mobile phone. This system is designed to bring convenience to the user to control the motor 
speed from anywhere by using SMS application. Siemens TC35 GSM module has been used as a SMS 
receiver and is connected with MCU PIC16F877A to process the SMS. MCU is connected to dual 
H-bridge Motor Driver L293D IC in order to control the speed of the motor where PWM method is 
used. The hardware is developed and practically the process is successfully achieved. 

 
Keywords 
DC Motor, GSM Module, MCU, PWM 

 
 

1. Introduction 
Motors are normally used for industrial control, automation and home electrical appliance. It spans everything 
from residential washing machines, fans, hand-held power tools, automotive window lift, traction control system, 
industrial drives and many more. Motor application is not completed without a control system. The inventions of 
microprocessor and microcontroller make the control system become easier. This control system is basically 
controlling the switch, speed, and direction of motor. Control signal is generated by a switch that is connected 
directly to the control circuit. In order to control and monitor the motor, user need to be at the place where the 
switch is located. In this system, mobile phone is used as a control switch. By sending text message using short 
message service (SMS) which is a part of the Global System for Mobile Communications (GSM), control signal 
is sent wirelessly to the control circuit. By implementing GSM module on the control circuit of motor, it can 
enable the user to send text message that contain command from any mobile phone to that GSM module. The 
GSM module will receive the text command and send it to the microcontroller to be processed and converted 
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http://dx.doi.org/10.4236/ica.2014.54022
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into desired control signal. Controlling motor using SMS is really convenient and give mobility as the user is 
able to control and monitor the motor from anywhere as long as the places have coverage. Moreover, sending 
text message is considered very low cost and most of people have their own mobile phones and it already be- 
comes one of the basic needs in life. 

2. Related Work 
With the popularity of GSM network, GSM terminal equipment is not only used in traditional voice communi- 
cations, but also be applied in control area more and more widely. It shows some typical GSM-based applica- 
tions and Siemens’s cellular engine TC35 are introduced. SMS-based remote control systems are discussed tho- 
roughly in [1], as well as the hardware and software. The developed system makes use of advanced MCU and 
GSM technique but the cost is low. It can be used in remote access-control and security with a good value of ap- 
plications. 

One of GSM-based applications is to control the climate perimeter of a greenhouse [2]. The main purpose of 
the system conception is to control of the climatic parameters that influence the production in greenhouse, such 
as temperature, relative humidity of air and soil moisture. In their system, with a simple message, all farmers can 
control their greenhouses from a distance. They can monitor the status of their greenhouse climate at any time 
for temperature and humidity reading and can control actuators to adjust certain parameters such as fan, heater 
and vent. 

GSM SMS remote appliance control system based on Field-Programmable Gate Array (FPGA) has been de- 
veloped by [3]. It mainly designs a remote appliance control system using the GSM SMS to finally achieve the 
dual-mode control of phone and SMS control, which makes the remote appliance control system more perfect. 
As the control core, FPGA enables the system to be nimble to dispose and have an extended function. The main 
work completed in [3] include hardware module design (GSM SMS module, RS232 interface module, and the 
temperature monitor module), FPGA logic design, and system board-level verification. The testing result indi- 
cates that the designed long-distance electrical control system meets the designing goal and has application po- 
tential software for the local acquisition, monitoring with PC and storage of all data through the card PCL- 
812PG. 

A system to control and monitor electric circuitry through SMS using a microcontroller has also been devel- 
oped by [4]. This system used PIC 16F877A microcontroller remotely which perform all functions of the system. 
Standard Attention Commands are used to control the operation on SMS in the mobile phone. SMS is produced 
using the concept of Protocol Data Unit. [4] suggests that the system can be used for many applications such as 
remote sensing of meteorological information and vehicle security system with location finder. 

A system based on GSM network was introduced where the power earth lines status can be reliably monitor 
[5]. Using SMS resource of grip GSM, monitor network is achieved of data remote transmission. That system is 
composed of monitor center with intelligent power earth lines instruments. Data transmission theory and SMS of 
GSM being analysis, the design of intelligent earth line monitor instrument was discussed in detail. The instru- 
ment consists of hardware design and software design. Hardware design is composed of microcontroller 89- 
C2051 system, GSM data transmission mode, earth line status monitor circuit, read card unit of IC (identifica- 
tion card) and memory card. By using serial communication control G100A SMS mode, data wireless transmis- 
sion can be performed. Software design includes communication protocol and the design of transmission and 
receiving program. The result and application shows that the design of the system can meet the user require- 
ments. [5] claim that the system will be widely applied in many fields and has a huge economic value. 

A cost effective but yet flexible, adaptable, and secure home automation has been developed by [6]. The de- 
sign and prototype implementation of a basic home automation system is based on SMS technology. The pro- 
posed system consists of two main components: First is the GSM modem which is the communication interface 
between the home automation system and the user. GSM modem uses SMS technology to exchange data, and 
signaling between users and home automation system; The second module is the microcontroller which is the 
core of the home automation system, and acts as the bridge between the GSM network (the user) and sensors 
and actuators of home automation system. Sensors and actuators are directly connected to hardware microcon- 
troller through appropriate interface. The system that developed supports a wide range of home automation de- 
vices; power management components, security, multimedia applications, and telecommunication devices. The 
system security is based on user authentication of each SMS being exchange, as each SMS contains user name 
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and password. [6] claim that user can easily configure home automation system setting through RS232 protocol 
using a user friendly interface. 

Remote monitoring system based on SMS of GSM is presented by [7]. Based on the total design of the system, 
the hardware and software of the system have been designed. GSM network is a medium for transmitting the 
remote signal. It includes two parts which are the monitoring center and the remote monitoring station. The 
monitoring center consists of a computer and a TC35 communication module of GSM. The computer and TC35 
are connected by RS232. The remote monitoring station includes a TC35 communication module of GSM, a 
MSP430F149 MCU, a display unit, various sensors, data gathering and processing unit. The software of the 
monitoring center and the remote monitoring station are designed by using VB. The result of [7] demonstration 
shows that the system can monitor and control the remote communication between the monitoring center and the 
remote monitoring station, while the remote monitoring function is realized. 

An automobile remote alarm system based on GSM communication network is introduced by [8]. The TC35 
GSM module and microcontroller are combined with the system vibration sensor and speed sensor which are 
used to achieve short message service (SMS) alarm and dual theft-proof of automobile. The shortcoming of tra- 
ditional systems including low security and small alarming range is overcome and the cost of system is cut 
down. 

2.1. DC Motor Speed Control 
Generally the rotational speed of DC motor is proportional to the applied voltage, and the torque is proportional 
to the current. Speed control can be achieved by variable voltage source, resistors or electronic controls. The di- 
rection of a wound field DC motor can be changed by reversing either the field or armature connections but not 
both. This is commonly done with a special set of contactors (direction contactors). 

Effective voltage can be varied by inserting a series resistor or by an electronically-controlled switching de- 
vice made of thyristors, transistors, or, historically, mercury arc rectifiers. In a circuit known as a chopper, the 
average voltage applied to the motor is varied by switching the supply voltage very rapidly. As the “on” to “off” 
ratio is varied to alter the average applied voltage, the speed of the motor varies. 

2.2. AT Command 
AT commands are instructions used to control a modem. AT is the abbreviation of attention. Every command 
line starts with “AT” or “at” is the prefix that informs the modem about the start of a command line. That’s why 
modem commands are called AT commands. The exact usage of the term AT command set slightly varies be- 
tween manufacturers, often subject to marketing blurbs. In general, it can be assumed that a modem with an AT 
command set uses commands mostly starting with AT, uses the original Hayes way of separating data and 
commands, and supports the original Hayes commands and register settings as a subset. Figure 1 and Figure 2 
show the simulation of sending and receiving SMS. 

 

 
Figure 1. Hyperterminal send message simulation.                   



N. Barsoum, I. F. B. Moidi 
 

 
208 

 
Figure 2. Hyperterminal receive message simulation.                      

 
 Line 1: AT is send to GSM Module to test connection. GSM will reply OK (Line 2) if connection is suc- 

cessful. 
 Line 3: AT + CMGF = 1 is send to set the GSM in SMS text mode. GSM will reply OK if it support SMS 

text mode. 
 Line 5: AT + CSCA = +60,193,900,000 is command to set the network provider service center number. 

GSM will reply OK (Line 6) to indicate that the service center number is stored. 
 Line 7: AT + CMGS = +60,195,309,718 is command to set the recipient number. GSM will reply > and we 

can start typing message with ending by pressing CTRL + Z (➜) from keyboard. GSM will reply OK (Line 
8) to indicate message is sent. 

 Line 1: AT is send to GSM Module to test connection. GSM will reply OK (Line 2) if connection is suc- 
cessful. 

 Line 3: AT + CMGF = 1 is send to set the GSM in SMS text mode. GSM will reply OK if it support SMS 
text mode.  

 Line 5: AT + CMGF = 1 is a command to check the SMS in SIM at Location 1. GSM will reply with the 
message and OK (Line 7). 

3. System Design Explanation 
In this paper, user will send an SMS of desired motor speed in rotations per minute RPM format to the GSM 
Module. The GSM module will receive the SMS. MCU PIC16F877A will request the data from the GSM Mod- 
ule and process the speed. The speed send by user will be process and convert to suitable duty cycle for PWM 
pulse so that the output voltage of 12 V power supply can produce the desired motor speed. When switch is 
turned on the DC motor will run on 50% of duty cycle. The MCU is programmed to continue send an AT com- 
mand to the GSM Module to check for message in the SIM every 5 second in the Location 1. If message is re- 
ceived, the program will go to the next step. The next step is MCU will receive the SMS, extract the speed and 
change it to a suitable duty cycle for the PWM. After that PWM pulse that produced will control the motor drive 
L293D to produce suitable voltage to be supplied to the motor so that desired speed is achieved. After complet- 
ing this step, the MCU will send an AT command to delete the message in the Location 1 of the GSM Module 
and loop back to the first step. Figure 3 shows the flow chart of the program. 

4. Hardware 
4.1. Siemens TC35 GSM Module 
By using TC35 GSM module, as the SMS receiver, AT command is used to control the function of this GSM 
module. Logic Converter LC04A is used to connect TC35 with MCU. 
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Figure 3. Programm flow chart.               

4.2. MCU PIC16F877A 
The GSM module will be interfaced using PIC16F877A. This MCU will process the SMS received from the 
GSM module and convert it to suitable duty cycle for PWM pulse to control the speed of the DC motor. 

4.3. Motor Driver 
Dual H-bridge Motor Driver L293D IC will be used as a motor driver to control the DC motor speed and direc- 
tion. 

5. Simulation Result 
Simulation is done by Proteus to test the functionality of the GSM module. The circuit is designed on Proteus 
for simulation GSM module was connected to laptop using RS232 serial to USB cable. Proteus has component 
called COM Port Physical Interface Model (COMPIM) where user can simulate the COM port. It enables the 
“physical” serial port of laptop to be available for simulation within Proteus. With this component it can connect 
any of the “virtual” components found in Proteus with laptop Serial port. In other word this model connects with 
physical world (GSM Module) with the Proteus-Virtual-World. 

Simulation is done to test the receiving of SMS command and converting it to control signal where in this si- 
mulation the GSM module will receive SMS command from user to control an LED. User will send either ON 
or OFF. LED will switch on when user send SMS with content ON to the GSM and will turn off when users 
send SMS with content OFF. The MCU first initialize the GSM. After that MCU will start to send AT command 
to check SMS on the GSM module every 5 seconds. Figure 4 and Figure 5 illustrate the process of MCU signal 
to the motor. 

From Figure 4 and Figure 5 the function of the code is tested. Desired RPM value is sent to the GSM and 
processed by the MCU. By typing (-) in SMS the motor reverse its direction, and forward and reverse mode can 
be seen by altering IN1 and IN2 (pin 2 and 7). 
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Figure 4. RPM send to GSM in forward mode.                                                      

 

 
Figure 5. RPM send to GSM in reverse mode.                                                      

Experiment on Duty Cycle and RPM Value Relationship 
The relationship between duty cycle and RPM is experimented on SK40C development board. Table 1 shows 
the result of the experiment. The significant of this experiment is to check the value of duty cycle for particular 
RPM. The duty cycle will be used in the code in order to send the correct signal to the motor to run on desired 
speed. 

The duty cycle are described in 10-bit in the microcontroller. In the coding it is written in decimal which is 0 
to 1023. 50 percent duty cycle will be equal to 512 in the code and 100 percent duty cycle will be equal to 1023. 

The speed that can be requested by user to the system is based on the speed that has been pre-set. In this paper 
the speed is set from 1200 RPM until 2340 RPM. Code of Figure 6 shows how the RPM is set. RPM sent by 
user will be compared with the pre-set RPM and the duty cycle for that particular speed which is taken from the 
experiment is set to get the suitable PWM output. Figure 6 shows the schematic diagram and the complete 
hardware circuit of the system. 
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Figure 6. The complete hardware circuit.                         

 
Table 1. Relationship between RPM and duty cycle.                                   

RPM Duty Cycle % Duty Cycle 
1200 436 42.6 
1260 440 43 
1320 448 43.8 
1380 452 44.2 
1440 460 45 
1500 468 45.7 
1560 476 46.5 
1620 480 46.9 
1680 492 48.1 
1740 500 48.9 
1800 512 50 
1860 520 50.8 
1920 528 51.6 
1980 544 53.2 
2040 560 54.7 
2100 588 57.5 
2160 684 66.9 
2220 708 69.2 
2280 724 70.8 
2340 738 72.1 

if (memcmp("1800", & gsm response, 4) == 0)
{
IN2 = 0;
IN1 = 1;
setPWMdutycycle (512);
uart_putstr ("AT+CMGD = 1\r");
}
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6. Conclusions 
It is seen that controlling a motor using SMS gives user many advantages. Controlling the speed of a motor by 
giving instruction to the MCU will reduce the manual work. This technology will also save the cost of wiring. 

Implementation of the system is very easy as long as particular motor is controlled by PWM which can be 
modified with dual H Bridge driver and coding the duty cycle to accept the desired speed that keyed by the SMS. 
This system is also suitable for implementation in industries and homes. 

It is thus a promise that this method is very useful to control the speed of DC motor wirelessly from far dis- 
tance. 
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Abstract 
Reluctance linear actuator, which has a unique property of small volume, low current and can 
produce great force, is a very promising actuator for the fine stage of the next-generation litho- 
graphic scanner. But the strong nonlinearities including the hysteresis, between the current and 
output force limits the reluctance linear actuator applications in nanometer positioning. In this 
paper, a new nonlinear control method is proposed for the stage having paired reluctance linear 
actuator with hysteresis using the direct adaptive neural network, which is used as a learning 
machine of nonlinearity. The feature of this method lies in that the nonlinear compensator in 
conventional methods, which computed the current reference from that of the input and output 
force is not used. This naturally overcomes the robustness issue with respect to parameter un- 
certainty. Simulation results show that the proposed method is effective in overcoming the non- 
linearity between the input current and output force and promising in precision stage control. 

 
Keywords 
Direct Adaptive MNN, Reluctance Linear Actuator, Hysteresis 

 
 

1. Introduction 
In integrated circuit (IC) manufacturing, lithographic scanner uses reticle and wafer stage based on a two layer 
coarse and fine structure [1] to achieve high acceleration and high precision during quick synchronous scanning. 
The coarse stage moves in long stroke with high acceleration to realize micrometer level positioning precision 
while fine stage moves in a short stroke to realize nanometer-level positioning precision. Therefore, the fine 
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stage is playing the key role in lithography. 
The more functionality is packed into each IC, the smaller feature size indicative of the smallest component 

that can be manufactured in one IC is required. Today, this minimum feature size is about [2], and in a fore- 
seeable future it will be smaller. And the chip manufacturers continually increase the productivity in such de- 
manding nanoprecision conditions. The high speed, high acceleration and nanopositioning precision require- 
ments make the lithographic scanner challenging from a position control perspective. Due to its low efficiency 
and high power dissipation, the voice coil actuator is no longer the best choice as the main driving actuator for 
the next-generation fine stage [3]. 

Since the reluctance linear actuator can provide a greater force with a small volume and low power gain than 
the voice coil actuators, it can provide a solution for driving the fine stage [4]. However, the reluctance linear 
actuator has a strong nonlinearity between the input current and output force, so we need to study the control 
method to obtain a predictable force for the requirements in nanopositioning accuracy. Conventionally, the 
positioning control design of a stage falls into two parts: 1) the actuator dynamics is omitted and the force is 
designed; 2) the current reference is computed from the designed force based on their static nonlinear relation 
[5]. But it does not consider the effect of hysteresis and parameter uncertainty [6] on the force accuracy. For the 
hysteresis compensation, using the inverse hysteresis model [7] is the most noticeable. Reference [8] proposed 
an inverse hysteresis model and obtained a good performance for the reluctance linear actuator. However, the 
above methods both need precise hysteresis model, which is generally complex and hardly to obtain. 

Owing to its online self-learning ability, the neural network provides a good solution for solving nonlinear 
problems. Especially, the multi-layer neural network (MNN) is effectively used in nonlinear discrete-time sys- 
tem identification and control [9] [10]. Although a lot of researches have been done on the neural network ap- 
plication to the hysteresis [11] [12], there is few hysteresis compensation algorithms for the reluctance actuator 
from the available information. A hysteresis compensation configuration for the current-driven reluctance ac- 
tuator with hysteresis using adaptive MNN has been proposed in paper [13] by the authors, but this method has 
to use the reluctance actuator model. 

In this paper, a new and direct adaptive MNN [10] controller is proposed for the current-driven reluctance 
linear actuator with hysteresis. The main advantage of the proposed adaptive MNN controller is that the reluc- 
tance linear actuator model and the inverse hysteresis model are not required. Then, a control configuration is 
proposed for stages having paired E/I core actuator with hysteresis using the proposed adaptive MNN controller. 
Simulations are conducted on a stage having paired reluctance actuator with hysteresis and the results show that 
the adaptive MNN controller is effective in overcoming the nonlinearity and parameter uncertainty of the reluc- 
tance linear actuator. 

2. Parametric Hysteresis Operator 
Hysteresis is a typical nonlinearity encountered over a wide range of applications. The hysteresis can be briefly 
defined as a loop in the input-output map. In this section, the parametric hysteresis operator [8] is reviewed, 
which is defined in the discrete time domain for the ease of implementation. 

Definition 1. Let ( ) ( ),  r k y k  be bounded, 1 2,  0λ λ > . Then the parametric hysteresis operator 

( ) ( ) 1 2, ,hysy k H r k λ λ=                                       (1) 

is defined as follows: when ( ) ( )1 0r k r k+ − ≥ ,  

( ) ( ) ( )( )( )2 0
0 0 2

2

1 e m r k ry k r k y r m W m λλ
λ

+ −= + − + − ⋅                         (2) 

when ( ) ( )1 0r k r k+ − < ,  

( ) ( ) ( )( )( )2 0
0 0 2

2

1 e n r k ry k r k y r n W n λλ
λ

− += + − − + ⋅                         (3) 

where 1 0 0m r yλ= + −  and 1 0 0n r yλ= − + , ( )0r r k∗=  and ( )0y y k∗= . The indicator k∗  denotes the last  

time instant before k  when the difference of r  changed sign, i.e. an extremum occurred, which corresponds 
to a corner point of the y r−  curve in Figure 1. The parameter 1λ  represents the amount of hysteresis around 
the straight line ( ) ( )r k y k=  and defines the asymptotes, while the parameter 1λ  defines the smoothness of  
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Figure 1. Input ( )r k  (left) and the corresponding output ( )y k  map (right) 
trajectories of the parametric hysteresis operator.                              

 
the hysteresis loops, i.e. the rate of convergence towards the left or right asymptote. W is the principal branch of 
the Lambert W function [14]. 

3. Reluctance Actuator Models 
Reluctance linear actuator is a type of electric motor that induces non-permanent magnetic poles on the fer- 
romagnetic rotor and produces temporary magnetic. The reluctance actuator is named as such because it uses 
magnetic reluctance to generate force, which can be called reluctance force. The E/I core actuator is a most basic 
linear reluctance linear actuator [15]. As shown in Figure 2, the actuator includes a generally Cobalt-Iron E 
shaped electromagnet and an I shaped target. The electromagnet has an electrical coil wound around the center 
section. Current flowing through the coil generates a magnetic flux and this flux creates a reluctance force on the 
target. The amount of current determines the amount of reluctance force. The reluctance force F  acting on the 
I target is described by [15]:  

2

2
g

iF
x

η=                                           (4) 

where 
2

0

4
N Aµ

η =  is the electromagnetic constant, 0µ  is the permeability of air, N  is the number of turns  

in coil on the center leg of the E-core and A  is the area of the air gap. It is a lumped model which disregards 
unmodeled effects such as hysteresis leakage, fringing and saturation. 

However, the E-core coil uses the soft magnetic material, which has magnetic hysteresis [6] between the 
magnetic field H  and the bulk magnetic flux density B . It is shown that the hysteretic B-H can be modeled 
[9] by the parametric hysteresis operator Equation (1). Then we get a reluctance linear actuator model with 
hysteresis as:  

( ) 2
1 2

2

, ,hys

g

H i
F

x

λ λ
η
  =                                   (5) 

This model contains both the hysteresis and the quadratic relation between the input current i  and output 
force F . 

4. Nonlinear Control Using Adaptive Neural Network 
Figure 3 shows a typical feedback control loop for a current-driven reluctance linear actuator, in which “C” 
denotes a linear position controller. The position controller uses the air gap gx  measured by a position sensor 
to generate the force command dF . The power amplifier supplies the current for the reluctance linear actuator. 
From Equation (4), the current command is obtained [5] as: 

2
d g

d
d

F x
i s

η
⋅

=                                      (6) 
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Figure 2. Sketches of the E-core actuator.      

 

 
Figure 3. Shapes of an input current and the corresponding output 
force based on the reluctance actuator model with hysteresis.          

 
where dη  is the estimate of real constant η . But the current compensator Equation (6) does not consider the 
hysteresis in the reluctance force and is highly sensitive to the parameter dη . However, hysteresis effect must 
be considered for high-precision motion control. In the following, a direct hysteresis compensator for the reluc- 
tance actuator based on the adaptive MNN is proposed. 

It is well known that in control engineering, artificial NN can be used as a universal function emulator. MNN 
is a static feed-forward network that consists of a number of layers, each layer having of number of McCulloch- 
Pitts neurons. Due to its hidden layers, the MNN can approximate any continuous nonlinear function. Once the 
hidden layers have been selected, only the adjustable weights have to be determined to specify the networks 
completely. When the weights are updated online, the network is called adaptive MNN. 

A nonlinear controller using the adaptive MNN [10] for the current-driven reluctance actuator is proposed as 
shown in Figure 4. This structure has the advantages is that study the nonlinearity between the force command 

dF  and the output force F  and overcomes the robustness issue with respect to parameter uncertainty. The 
feedback force F  can be estimated from the relation F ma= , with m  the stage mass and a  the actual ac- 
celeration. The actual acceleration a  can be measured by an accelerometer or computed from the measured 
gap position gx  by a digital double differentiator. The double differentiation may introduce a noise. However, 
when using a filter such as the least-square method and considering the noise level, it makes double differ- 
entiation acceptable as a method to calculate the stage acceleration [16]. In this article, the acceleration a  is 
measured by the accelerometer. The detail of the adaptive MNN is as follows. 

At instant k , the command current ( )di k  is given by:  

( ) ( ) ( ) ( )( )T
di k k k kξ= TW V p                                (7) 

where ( ) [ ] 1
1 1, , l

lt w w +
+= ∈W R  and ( ) [ ] ( )1

1, , n l
lt v v + ×= ∈V R

 are weighting matrices, l  is the number 

of hidden-layer neurons, select ( ) ( ) ( ) ( ) ( )1 , , 1 ,d dk F k F k F k F k= + +  p , then ( ) ( ) T
,1k k=   p p  denotes 

the neural network input, ( )( ) ( )( ) ( )( ) TT T T
1 , , ,1lk v k v kξ ξ ξ =  V p p p  with ( ) ( )1 1 e ppξ −= + . The force 

tracking error is: 

( ) ( ) ( )1 dk F k F kε + = −                                   (8) 

The neural network weights are updated online based on the adaptive laws using the force tracking error 
Equation (8). The adaptive update laws are chosen as 
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Figure 4. Direct adaptive MNN control for reluctance linear actuator.   

 

( ) ( ) ( ) ( )ˆ1 Proj 1wWk k k kξ ε+ = − Γ +  W W                           (9) 

( ) ( ) ( ) ( ) ( )T1 Proj 1v lk k k k kξ ε ′+ = − Γ + VV V z W                      (10) 

where wγ  and vγ  are the positive learning rates, ( ) ( ) ( ){ }1diag , , lk k kξ ξ ξ= 
 with ( ) ( )( )T

i ik v kξ ξ= p , 

( )
T

1 , ,1 1l l l = = z z  is a vector compatible with ( )kV . ( ) ( ) ( ){ }1diag , , lk k kξ ξ ξ′ ′ ′= 
 is a diagonal 

matrix with ( ) ( )( )T
1 ik v kξ ξ′ ′= p . Since the output of the hidden layer neural network is directly related to the 

input of the output weight, so the output weight W  is introduced in Equation (10). Define the projection func- 
tion ( ) ( ){ }Proj Proj jkθ θ∗ = ∗ , whose element in the j -th row and k -th column is: 

( )
,max

,min

   and   0
if

    and   0,Proj

otherwise

jk

jk

jk jk

jk
jk jkjk

jk

θ

θθ

θ ρ

θ ρ

 = ∗ <−∗  = ∗ >∗ =  

∗

                     (11) 

where ∗  is either a vector or matrix with its element being jk∗ , ,minjkθρ  and ,maxjkθρ  are presumed upper  

and lower boundaries of ijθ , and θ  denotes W  and V . However, due to the fact that those bounds may not 
be known a prior, certain fictitious large enough bounds can be used [17]. It is just need to limit the output 
amplitude of the output of adaptive MNN Equation (7), e.g. corresponding the power amplifier input limit 

10v± . 

5. Application to 1-DOF Stage Having Paired Reluctance Linear Actuator 
Due to the nature of reluctance force, an E/I core actuator can only generate a unidirectional attractive force. To 
generate an active force in the opposite direction, a second actuator needs to be placed on the opposite side. 
Figure 5 illustrates a simplified a stage [4] having electromagnetic actuators E-core 1 and E-core 2. The gaps 
between the E-core 1, 2 and stage are 1gx  and 2gx , which can be measured by suitable sensors such as cap- 
acitor sensor. The force 1F  and 2F  are nonnegative, while the difference between 1F  and 2F  can take any 
value and direction. In the initial state, the gaps are 1 0g gx x=  and 2 0g gx x= , where 0gx  is the initial gap. In 
Figure 5, we define the right as the positive direction. Furthermore, when the stage moves to the positive 
direction, the gaps become 1 0g gx x x= −  and 2 0g gx x x= +  respectively where x  is the global placement 
and can be measured by position sensor such as a laser interferometer [4]. A control loop for one degree of 
freedom stage having paired E/I core actuator using adaptive MNN is shown in Figure 6. Since two reluctance 
actuators are used, we need two adaptive MNN controllers to compute the desired current for each of them. 

In Figure 6, the controller C uses the position error between the set-point and the measured position to 
determine the desired force dF  which should be exerted to reach desired stage position. The force distributor 
distributes the desired force to each E/I actuator as follows:  

1 0 2d dF F F= +                                      (12) 

2 0 2d dF F F= +                                      (13) 
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Figure 5. Paired E/I core actuator.                  

 

 
Figure 6. Nonlinear control structure for stage having paired E/I core actuator using adaptive MNN.         

 
where 0F  is the bias force generated by paired E/I actuator respectively in the opposite direction, which 
provides a zero net force on the stage, thus maintaining the position of the stage. In this paper, 0F  is de- 
termined as 0 max 2F F= , in which maxF  is the maximum force corresponding the maximum acceleration. 
More details about how to select the bias force 0F  can be found in patent [6]. The feedback force 1F  and 2F  
are defined as follows:  

1 0 2
maF F= +                                      (14) 

2 0 2
maF F= −                                      (15) 

Following Equation (8), the force tracking errors are defined as follows:  

( ) ( ) ( )1 1 11 dk F k F kε + = −                                (16) 

( ) ( ) ( )2 2 21 dk F k F kε + = −                               (17) 

The currents 1i  and 2i  with adaptive MNN controller are computed from Equation (6) and the corres- 
ponding network weights Equation (9) and Equation (10), which are updated by the force tracking errors Equa- 
tion (16) and Equation (17). Then the desired currents 1di  and 2di  are obtained as follows:  

1 1 0di i i= +                                       (18) 

2 2 0di i i= +                                       (19) 
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where current 0i  corresponds to the bias force 0F  and can be determined experimentally.  
The real net force F̂  acting on the stage is the difference between the real forces 1̂F  and 2̂F :  

1 2
ˆ ˆ ˆF F F= −                                      (20) 

6. Simulations 
Example 1: A simulation for the current-driven reluctance linear actuator is conducted to verify the performance 
of the proposed adaptive MNN control configuration shown in Figure 4. For comparison the nonlinear com- 
pensator Equation (6) is selected. 

In this simulation, since the linear power amplifier has a high bandwidth and rapid response, it is ignored. A 
force command dF  is imposed without a counter balance force, the I-target would be pulled to the E-core. For 
this reason, it is assumed that the I-target is fixed, so that we may investigate the force tracing performance. The 
reluctance linear actuator with hysteresis is modeled by Equation (5), which parameters are chosen as in the 
patent [15] the maximum force is about 200 N , the maximum gap gx  between the E-core and I-target is 
0.4 mm  and the constant 67.73 10k −= × . Here, the hysteresis operator parameters are chosen as 1 0.02 λ =  
and 2 10λ = . 

The control objectives is to make the system output F  to follow the reference force dF . The adaptive MNN 
controller Equation (7) is designed to reduce the influence of the nonlinearity including the hysteresis. Pa- 
rameters of the adaptive MNN are determined as follows: the hidden-layer neurons are 40l = , the initialization 
neural network weighting matrices are ( )0 0=W  and ( )0 0=V . Equation (9) and Equation 10 are used to 
update the neural network weights, and the learning rate are selected as 0.00085wγ =  and 0.01vγ = . 

The force tracking error between the input dF  and output F  with nonlinear controller Equation (6) is 
shown in Figure 7. When dη η= , the force tracking error is about 4 N± ; when 0.95dη η= , force tracking 
error is about from 12.5 N−  to 0.5 N ; when 1.05dη η= , force tracking error is about from 0.5 N−  to 
11 N . It can be seen that the force error increases with the error of dη  increases quickly. The force tracking 
error with adaptive MNN controller Equation (6) is shown in Figure 8. The force tracking error is about 

0.25 N±  even if the E/I model parameter η  varies up 20%± . The reason is that the current command di  is 
determined independent of the force model Equation (4). Furthermore, Figure 9 shows that the ratio between 
the output force and its command is very close to 1 with adaptive controller. For comparison the nonlinear com- 
pensator Equation (6) with parameter dη η=  is selected. From the simulation results, it can be seen that the 
force with adaptive MNN control has a better tracking performance and robustness against parameter un- 
certainty than with nonlinear controller. This paper also provides a technical solution in other precision ma- 
chine tools and related equipment with hysteresis. 

Example 2: In order to verify whether the proposed hysteresis compensation using adaptive MNN controller 
Equation (7) can be applied in high-precision systems, we do the following simulation on the one degree of 
freedom stage as shown in Figure 10. For comparison the nonlinear compensator Equation (6) is used. 

 

 
Figure 7. Force error with nonlinear compensator.            
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Figure 8. Force error with adaptive MNN controller.          

 

 
Figure 9. Comparison of the force hysteresis loop between 
nonlinear compensator and adaptive controller.              

 

 
Figure 10. Force command.                              

 
The stage mass is 10 kg  and the bias force is 0 15 NF = , which is applied on both EI actuators. The gaps 
1gx  and 2gx  between the E-core 1, 2 and the stage are in the range of 0 μm  to 400 μm  and the initial gap 

is 0 400 μmgx = . The E-core electromagnetic constant and parameters of hysteresis operator are set as in 
Example 1. The adaptive MNN parameters for the two E/I actuators are the same as in Example 1. The control 
objective is to make the stage position x  follow the reference position. The reference trajectory is determined 
by the 3rd order trajectory planning method [18]. The position and velocity are shown in Figure 11. The largest 
displacement is 350 μm  and the maximum velocity is 10 mm/s . The maximum acceleration is 21 m/s  and 
the jerk is 3200 m/s . 

The position tracking errors of control with nonlinear compensator Equation 6 and with adaptive MNN 
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controller Equation (7) are shown in Figure 12. We define the constant velocity settling time and the stop time 
as the time instants after which the position tracking error is less than 1 μm . From the constant velocity segment, it 
can be seen that the constant velocity settling time with nonlinear compensator ( )0.0198 s  is about 1.22 times longer 
than of adaptive MNN controller ( )0.0162 s . From the stop segment, the stop time with nonlinear compensator 
( )0.055 s  is about 1.1 times longer than that of adaptive MNN controller ( )0.05 s . The outputs of adaptive MNN 
controllers are shown in Figure 13 and the corresponding output force of the E/I core actuator 1, E/I core actuator 2. 

7. Conclusion 
This paper has proposed a new direct adaptive MNN controller for the reluctance linear actuator with hysteresis. 
The direct adaptive MNN controller gets the desired current based on the desired force and actual force using an 
adaptive MNN, whose weights are updated using the projection function. Then the adaptive MNN controller is 
applied to a stage having paired E/I core actuator. Due to the simplicity of the nonlinear control configuration, it 
has a wider range of applications. The simulation results show that the proposed method is effective in over- 
coming the hysteresis parameter uncertainty and promising in high-precision control applications. 

 

 
Figure 11. Reference position and velocity.                          

 

 
Figure 12. Comparison of the position tracking error between with non- 
linear compensator and with adaptive MNN controller.                    
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Figure 13. Outputs of the adaptive controllers.                     
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Abstract 
The present research deals with the problem of development of an integrated expert-analytical 
system for optimum selection of calculated oil-field-geophysical parameters of oil and gas deposits 
with the purpose of increasing the accuracy of assessment of the reserves of oil and gas deposits. 
The purpose of the system is to make current adequate decisions on determining of oil-and-gas 
saturation of strata and future identification of the most significant methods for that, with these 
methods forming the foundation of knowledge bases for oil-and-gas deposits of the Apsheron pe- 
ninsula of Azerbaijan. The system architecture allows for expanding the system with its subse- 
quent transformation into a cluster of expert-analytical systems. A logical model of the proposed 
system is presented. The paper contains a detailed description of the mechanism of operation of 
the system as a whole and of its individual blocks. Mathematical and formal-logical bases of the 
intelligent system are explained. The system is equipped with a tool for dynamic statistical analy- 
sis of decisions made by it, with representation of the results in real-time mode. The results of the 
system testing on specific oil-and-gas deposit of the Apsheron peninsula of Azerbaijan in 2013 are 
given. 

 
Keywords 
Expert System, Knowledge Base, Decision-Making Block, Integrated System, Database, Statistical 
Analysis Block, Concordance Coefficient, First Order Predicates 

 
 

1. Introduction 
Oil-field-geophysical explorations of wells (GEN) began with the development of resistivity and induced pola- 
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rization methods (developed by C. Schlumberger), which have been in practice since the beginning of the 20th 
century. Methods and means for determining oil-bearing capacity of strata have been further improved since 
then, but it was not always possible to get an exact prediction. For instance, 15 commercially sensitive oil- 
bearing strata were discovered in the South Caspian field at the end of the 20th century. Deep-water drilling op- 
erations were launched. As a result, rich deposits of gas and condensate were found only in one—Shahdeniz. 
Other 14 wells and 7 out of 16 wells drilled at the depth between 3840 and 7087 m turned out to be economical- 
ly ineffective. In 9 wells, no hydrocarbons whatsoever were found [1]. Therefore, development and improve-
ment of methods for determination of oil-and-gas-bearing capacity of strata clearly remain a topical problem. 

Expert systems (ES) based on the principles of artificial intelligence (AI) and modern information technolo- 
gies are among the most developed methods for solving problems of this kind. 

Most modern intelligent information and expert systems, e.g. Micromine, Isoline GIS, INGEF, MFS VIKIZ 
system, EMP Pro, ES “GEOFBI”, GIS-“PRAIM” etc. [2] [3] tend to versatility, which contradicts the basic con- 
cept of expert system stating the well-known rule: the narrower is the application domain of an expert system, 
the more precise are its decisions. 

In most modern ES, special tools are used, such as expert shells (ES with empty knowledge base), which of- 
ten causes the opposite effect and only complicates the process of ES development [4] [5].  

2. Problem Statement 
This research deals with the problem of development of an integrated expert-analytical system (IEAS) for opti- 
mum selection of calculated oil-field-geophysical parameters of oil and gas deposits with the purpose of in- 
creasing the accuracy of assessment of the reserves of oil and gas deposits. In calculating oil and gas reserves, 
parameters obtained as a result of oil-field-geophysical exploration of wells are used as the principal ones among 
other initial data. 

At gas and oil deposits of Azerbaijan, spontaneous polarization and resistivity logging methods are most often 
employed at the beginning of the mining. The lithological peculiarities of productive width section (using a par- 
ticular deposit of the Apsheron peninsula as an example) were taken into consideration in this research when se- 
lecting the method of determining the effective oil-and-gas saturated thickness of collectors hog. These deposits 
correspond to the so-called layered model for which hog is determined from the overall thickness of collector 

efH  minus the total thickness of argillaceous and non-productive interlayers composing these strata. 

( )arg1og efh H K= × −                                          (1) 

The total thickness of the argillaceous interlayers argK  was determined by two methods for the purpose of 
control: 
 by “anisotropy” method 

max

arg
arg arg

arg arg
max max

1 1.193145 0.04626116 0.1858128

1.46963 0.7809883
0.1870742

r r

r

rr r

K LN LNρ ρ
ρ ρ

ρ ρρ
ρρ ρ

    
= − + × − ×          

× × 
+ × − + 



              (2) 

where 
max

arg

rρ
ρ

 is the ratio of maximum specific electrical resistance of “pure” (clay-free) oil-and-gas bearing  

stratum to resistance of clays; 

arg

rρ
ρ

 is the ratio of true stratum resistance to resistance of clays; 

 by using relative amplitude of natural polarization in a well 

max
SP

SP
SP

U
U

α =                                         (3) 

( )arg 67.528*e ^ 0.0473* pK K= −                               (4) 
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where ПK  is porosity determined by the following formula: 

( ) ( ) ( )109.49 ^ 4 570.71 ^ 3 717.37 ^ 2 349.1 41.45p SP SP SP SPK α α α α= − × + × − × + × −            (5) 

The porosity of collectors was determined with consideration for the argillic nature and heterogeneity of silt 
and sand rocks of productive width of the deposit by two ways: 
 from the curve of porosity-relative amplitude ПСα  dependence obtained by means of core data according to 

Formula (5); 
 through computations according to S. G. Komarov’s universal formula. In doing so, it was assumed that po- 

rosity of a heterogeneous rock is constituted by open porosity and penetrability of silt and sand component 
of the rock plus porosity of its argillaceous ingredients contained in rocks both in the form of interlayers and 
in scattered state 

total arg
argp p pK К К K= − ×                                       (6) 

where arg
pК  is porosity of clays taken from the cores; 

argK  isargillic content determined from SPα  or by “anisotropy” method; 
total
pК  is the total porosity determined from the core data. 

The oil-and-gas saturation coefficient of rocks was determined by three methods: 
1. According to S. G. Komarov’s formula 

( )
total

max
arg1 p

og og
p

K
K K K

K
= × − ×                                    (7) 

where ogK  is oil-and-gas saturation of a “pure” component determined from the core on the basis of laboratory 
studies of the relationship between residual water saturation and penetrability  

( )6991 60,586rw perK Ln K= − +                                   (8) 

max
ogK  is respectively determined for each horizon based on core analysis. 

2. By ( )og SPK f α=  relationship on the basis of laboratory analysis of core samples 

( ) ( ) ( )
( ) ( )

1 1 (194.6428 ^ 6 775.563 ^ 5 1256.633 ^ 4

1058.888 ^ 3 489.6133 ^ 2 118.2965 11.9693
og SP SP SP

SP SP SP

K α α α

α α α

= − × − × + ×

− × + × − × +
              (9) 

3. Based on Archy’s Formula  

( )1 ^1og sw rK a nρ ρ= −                                     (10) 

where 1a = , 1.4n =  are empirical constants; 
rρ  is electrical specific resistance of rocks; 
rwρ  is the resistance of strata saturated with 100 per cent water, which is determined by the formula:  

m
rw sw pKρ ρ=                                        (11) 

where swρ  is electrical specific resistance of stratal water; 
m
pK  is porosity coefficient, 1.63m =  is empirical constant. 

The purpose of the developed IEAS is to make current adequate decisions on determining of oil-and-gas sa- 
turation of strata and future identification of the most significant methods for that, with these methods forming 
the foundation of knowledge bases for oil-and-gas deposits. Thus, the system architecture allows for expanding 
the system through its integration with additional expert systems with subsequent transformation into a cluster of 
integrated expert-analytical systems (BIEAS) for the most extensive coverage of oil-and-gas deposits of the Ap- 
sheron peninsula of Azerbaijan. 

3. Problem Solving 
A logical model of IEAS is shown in Figure 1. 
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Figure 1. Logical model of IEAS.                                                               

 
The proposed IEAS is planned to be used in the Intranet network. Let us trace the operation of the system in 

Intranet environment. The initial geophysical information from client computers can be entered in the system 
both for an individual well and in batch mode for a group of wells simultaneously in “input and well editing 
blocks”. The initial data is subjected to information processing in relational database [6] [7] and prepared for 
entering the knowledge base (KB) of the system, which we have created in the form of two sub-bases: sub-base 
1 and sub-base 2. 

A logical model is employed in the system with the purpose of representing expert knowledge generating 
sub-base 1 of KB together with current facts from the database. Among the ways of application of expert rules, a 
reverse logical conclusion [8] is used due to its higher efficiency. Presented below is the application domain 
knowledge in the form of the first-order predicates with the object of subsequent automation of logical conclu- 
sion. Let us introduce unary predicates ( )1Kng X , ( )2Kng Y , ( )3Kng Z , ( )4Kng T , ( )5Kng U , ( )6Kng V  
and ( )7Kng W , where X “is the selected oil-and-gas saturation coefficient 1Kng ”, Y “is the selected oil- and- 
gas saturation coefficient 2Kng ”, ⋅⋅⋅ , W “is the selected oil-and-gas saturation coefficient 7Kng ”. Let us in-
troduce unary predicates ( )1Kp X , ( )2Kp Y  and ( )3Kp Z , where X “is the selected porosity coefficient 

1Kp ”, Y “is the selected porosity coefficient 2Kp ” and Z “is the selected porosity coefficient 3Kp ”. Let us 
also introduce predicates ( )1hng X  and ( )2hng Y , where X “is the selected effective oil-and-gas saturated 
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thickness of strata 1hng ”, Y “is the selected effective oil-and-gas saturated thickness of strata 2hng ”. For “the 
least of the oil-and-gas saturation coefficient list” relation, we shall introduce predicates 

[ ]( )min 1 , , , , , ,Kng X Y Z T U V W , ⋅⋅⋅, [ ]( )min 7 , , , , , ,Kng W X Y Z T U V , where the first argument X, ⋅⋅⋅, W means 
that 1Kng , ⋅⋅⋅, 7Kng  is the smallest oil-and-gas saturation coefficient, the second argument stands for the list 
(sequence of the other oil-and-gas saturation coefficients). 

So, in predicate form, logical premises can be represented as follows: 
Premise of Rule 1:  

( )( )( )( )( )( )( ) [ ]( )( )
( )( )( ) ( ) ( ) ( )( )

min 1 , , , , , ,

1 1 1 .

x y z t u v w Kng X Y Z T U V W

x y z Kng X Kp Y hng Z

∀ ∀ ∀ ∀ ∀ ∀ ∀

→ ∃ ∃ ∃ ∧ ∧
                 (12) 

Premise of Rule 2:  

( )( )( )( )( )( )( ) [ ]( )( )
( )( )( ) ( ) ( ) ( )( )

min 2 , , , , , ,

2 1 1 .

x y z t u v w Kng X Y Z T U V W

x y z Kng X Kp Y hng Z

∀ ∀ ∀ ∀ ∀ ∀ ∀

→ ∃ ∃ ∃ ∧ ∧
                 (13) 

Premises of Rule 3-7 are constructed similarly. 
Premise of fact 8: 

( )( )( )( )( )( )( ) [ ]( )( )min 2 , , , , , ,x y z t u v w Kng X Y Z T U V W∃ ∃ ∃ ∃ ∃ ∃ ∃                    (14) 

Then logical conclusion can be represented in the following way: 

( )( )( ) ( ) ( ) ( )( )2 1 1x y z Kng X Kp Y hng Z∃ ∃ ∃ ∧ ∧                           (15) 

Let us prove by Robinson’s resolution method that a conclusion formula logically follows from a set of pre- 
mise formulas (See Appendix). 

For developing IEAS program, the environment of logical programming Visual Prolog (computer realization 
of resolution method) was selected. 

The making of preferential decisions, which represent vectors (VPD) consisting of three components: oil-and- 
gas saturation coefficients, porosity coefficients and effective oil-and-gas saturated stratum thickness for an ob- 
ject of a deposit, takes place at the first stage in the “decision-making” block with the help of logical conclusion 
mechanism that uses rules and facts of database on the strength of logic of the first-order predicates. A horizon, 
a block or a well can serve as an object of a deposit. 

At the second stage, the adoption of finite decision vectors (FDV) with the participation experts takes place. 
These vectors can coincide with the said VPD or differ from them in some or other aspects. FDV are accompa- 
nied by explanations which among other factors may also imply intuition. “Decision making” blocks play a role 
of blocks of new knowledge acquisition as well. The adopted finite-decision vectors, being essentially new 
knowledge (facts), constitute the content of KB (knowledge base) sub-base 2. 

When developing this IEAS it is also intended to reveal the most significant subset of database rules or, in the 
final analysis, the most significant subset of alternative methods for the determination of required coefficients. 
To accomplish this task, the frequency of use of specific FDV is formulated. During each process of making fi- 
nite decision the statistical frequencies of calls to deposit objects of the following types: a horizon, a block or a 
well are computed in the “decision-making” block (“new knowledge acquisition”) in real-time mode as the ratio 
between the quantity of calls to the given object and the total quantity of calls to objects of the given type. 

Figure 2 demonstrates the results of calls to specific deposit objects with the use of hierarchical tree. 
 

 
Figure 2. Hierarchical tree’s fragment of frequency of use of 
objects.                                             
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As seen from Figure 2: 
 hierarchy of tree nodes determines the type of deposit objects selected by user, in the capacity of which can 

be a horizon, a block or an individual well; 
 horizon IV with frequency of 0.58 turned out to be most frequently selected object of the objects belonging 

to “horizon” type. 
FDVs from each user of IEAS are accumulated in “sub-base 2” of knowledge base, forming new knowledge. 

This knowledge is analyzed in the statistical analysis of new knowledge with conclusions block in real-time 
mode to identify the most frequently used rules of knowledge base—the most significant subset of methods for 
determining the coefficients that can be useful for refining expert knowledge and during the expansion of the 
system for subsequent deposit (in the course of generation of knowledge base rules for additional ES). 

So, the knowledge base of the system is a dynamically updated or variable knowledge base in which know- 
ledge is continuously corrected as the system is used. In the process of IEAS testing at the deposit objects 
throughout 2013, the statistical frequencies of FDV [10] [11] were obtained. They are given in Table 1. 

FDV 1 in this table stands for decision vector based on rule 1, …, FDV 7-means decision vector based on rule 
7. The consistency of the results of experts’ work is assessed by the program using concordance coefficient W, 
which is calculated according to Kendal’s formula [12]: 

( ) ( )

2

1

2 3 3

1 1

112 ( 1)
2

i

n

i
i

kN

ij ij
i j

r N n
W

N n n N t t

=

= =

 − +  =
− − −

∑

∑∑
                             (16) 

where: n is the number of FDV (n = 7); 
N is the number of experts (in IES prototype − N = 5); 

ir  is the sum of ranks of i-th FDV obtained from all experts;  
ik  is the number of groups of equal ranks input by i-th expert;  

ijt  is the quantity of fractional ranks in j-th group input by i-th expert. 
 
Table 1. Statistical frequencies of decision vectors.                                                                    

Objects Finite decision vectors (FDV) 
FDV frequencies in % 

Objects Finite decision vectors (FDV) 
FDV frequencies in % 

Experts Experts 

  1 2 3 4 5   1 2 3 4 5 

Deposit 

FDV 1 0 3 0 0 2 

Horizons 

FDV 1 42 33 31 25 31 

FDV2 35 33 30 24 22 FDV 2 25 39 36 21 31 

FDV 3 29 35 32 22 21 FDV 3 9 8 11 15 4 

FDV 4 10 3 14 15 15 FDV 4 9 10 8 9 10 

FDV 5 11 15 12 11 26 FDV 5 14 8 12 29 19 

FDV 6 14 10 12 26 14 FDV 6 1 0 2 0 0 

FDV 7 1 0 0 1 0 FDV 7 0 1 0 0 4 

Blocks 

FDV 1 0 1 2 0 3 

Wells 

FDV 1 0 5 1 0 0 

FDV 2 54 23 20 21 16 FDV 2 41 29 27 19 25 

FDV 3 19 23 28 19 36 FDV 3 16 5 9 26 38 

FDV 4 8 7 30 7 16 FDV 4 0 19 24 26 14 

FDV 5 3 10 1 23 2 FDV 5 33 29 30 0 8 

FDV 6 12 35 18 29 26 FDV 6 10 12 9 28 12 

FDV 7 3 0 1 1 0 FDV 7 0 0 0 1 2 



O. G. Nusratov et al. 
 

 
230 

4. Conclusion 
Euristic rules have been formed, which comprise the core of a two-component knowledge base consisting of 
sub-base 1—the totality of rules (backward chaining) and current facts from the database, and sub-base 2 built 
from new knowledge formed on the basis of the mechanism of Robinson’s resolution first-order predicate logic 
from the knowledge of sub-base 1. The developed system is a network program using client/server architecture, 
which reduced the impact of the human factor on the end result. The results of implementation of the prototype 
system at the Research and Design Institute of SOCAR have proved the serviceability and demonstrated suffi- 
cient efficiency of the system. 
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Appendix 
To this end, we shall add “conclusion negation” to a set of premise formulas, then, having excluded an implica- 
tion sign we shall have the following: 

( )( )( )( )( )( )( ) [ ]( )
( )( )( ) ( ) ( ) ( )( )

min_ 1 , , , , , ,

1 1 1 .

x y z t u v w Kng X Y Z T U V W

x y z Kng X Kp Y hng Z

∀ ∀ ∀ ∀ ∀ ∀ ∀ ¬

∨ ∃ ∃ ∃ ∧ ∧
               (17) 

Let us rename the bound variables so that each variable bound by this quantifier would get a unique name in 
the domain of action of each quantifier and move all quantifiers to the beginning of the formula: 

( )( )( )( )( )( )( )( )( )( ) [ ]( )
( ) ( ) ( )( )

min_ 1 , , , , , ,

1 1 1 .

x y z t u v w n p q Kng X Y Z T U V W

Kng N Kp P hng Q

∀ ∀ ∀ ∀ ∀ ∀ ∀ ∃ ∃ ∃ ¬

∨ ∧ ∧
        (18) 

Let us apply the distributive law to the obtained formula  

( )( )( )( )( )( )( )( )( )( )
[ ]( ) ( )( )
[ ]( ) ( )( )
[ ]( ) ( )( )

min_ 1 , , , , , , 1

min_ 1 , , , , , , 1

min_ 1 , , , , , , 1 .

x y z t u v w n p q

Kng X Y Z T U V W Kng N

Kng X Y Z T U V W Kp P

Kng X Y Z T U V W hng Q

∀ ∀ ∀ ∀ ∀ ∀ ∀ ∃ ∃ ∃

¬ ∨

∧ ¬ ∨

∧ ¬ ∨

                       (19) 

Let us exclude all quantifiers of existence with the help of Skolemization process [9] and omit all quantifiers 
of generality. 

As a result, we have obtained the following conjunctive normal form (CNF) of the initial first premise of ex- 
perts: 

[ ]( ) ( )( )( )
[ ]( ) ( )( )( )
[ ]( ) ( )( )( )

min_ 1 , , , , , , 1 , , , , , ,

min_ 1 , , , , , , 1 , , , , , ,

min_ 1 , , , , , , 1 , , , , , , .

Kng X Y Z T U V W Kng f X Y Z T U V W

Kng X Y Z T U V W Kp f X Y Z T U V W

Kng X Y Z T U V W hng f X Y Z T U V W

¬ ∨

∧ ¬ ∨

∧ ¬ ∨

            (20) 

Similar transformations are made to obtain CNF for other premises. Let us proceed to the premise of fact 

( )( )( )( )( )( )( ) [ ]( )( )min_ 2 , , , , , , .x y z t u v w Kng X Y Z T U V W∃ ∃ ∃ ∃ ∃ ∃ ∃              (21) 

Having omitted all quantifiers of existence after substituting them with subject constants: , , , , , ,a b c d e f g  
we shall have the following CNF for the premise of fact: 

[ ]( )min_ 2 , , , , , ,Kng a b c d e f g . 

As a result of the above-listed operations, we shall get a set of disjuncts given below in consise form: 
1. [ ]( ) ( )( )min_ 1 , , , , , , 1 , , , , , , ,Kng X Y Z T U V W Kng f X Y Z T U V W¬ ∨  

2. [ ]( ) ( )( )min_ 1 , , , , , , 1 , , , , , , ,Kng X Y Z T U V W Kp f X Y Z T U V W¬ ∨  

3. [ ]( ) ( )( )min_ 1 , , , , , , 1 , , , , , , ,Kng X Y Z T U V W hng f X Y Z T U V W¬ ∨  

………………………………………………………. 
19. [ ]( ) ( )( )min_ 7 , , , , , , 7 , , , , , , ,Kng X Y Z T U V W Kng f X Y Z T U V W¬ ∨  

20. [ ]( ) ( )( )min_ 7 , , , , , , 3 , , , , , , ,Kng X Y Z T U V W Kp f X Y Z T U V W¬ ∨  

21. [ ]( ) ( )( )min_ 7 , , , , , , 2 , , , , , , ,Kng X Y Z T U V W hng f X Y Z T U V W¬ ∨  

22. [ ]( )min_ 2 , , , , , , .Kng a b c d e f g  

Let us prove that from a set of disjuncts (1)-(22) follows the logical conclusion: 
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( )( )( ) ( ) ( ) ( )( )2 1 1x y z Kng X Kp Y hng Z∃ ∃ ∃ ∧ ∧                          (22) 

For proving by resolution method, we shall apply a logical negation operation to Formula (15) (conclusion), 
transfer the negation sign inside the formula, substituting the existence quantifiers with generality quantifiers. 
Further, having applied De Morgan’s law to the formula and omitted generality quantifiers, we shall have the 
following (CNF): 

23. ( ) ( )( ) ( )( )2 1 1Kng X Kp Y hng Z¬ ∨ ¬ ∨ ¬ . 

Let us add it to the set of premises and prove the inconsistency of the obtained set of Formulas (1)-(23). Ac- 
cording to Robinson’s resolution method, the product of sums must be unsatisfiable. From the set of disjunctions 
(4)-(6) and (22) by means of substituting { }1 |a Xσ = , { }2 |b Yσ = , 3 { | }c Zσ = , { }4 |d Tσ = ,  

{ }5 |e Uσ = , { }6 |f Vσ = , { }7 |g Wσ = , we shall have the following disjunction: 

24. ( )( ) ( )( ) ( )( )2 , , , , , , 1 , , , , , , 1 , , , , , , .Kng f a b c d e f g Kp f a b c d e f g hng f a b c d e f g∧ ∧  

In turn, when substituting ( ){ }8 , , , , , , |f a b c d e f g Xσ = , ( ){ }9 , , , , , , |f a b c d e f g Yσ = ,  

( ){ }10 , , , , , , |f a b c d e f g Zσ =  we shall have nil disjunction from the set of disjunctions (23) and (24). 

Hence, the inconsistency or unsatisfiability of conjunction of the formulas of the initial set of premises and 
negation of conclusion is proved, which confirms trueness of the logical conclusion. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Intelligent Control and Automation, 2014, 5, 233-244 
Published Online November 2014 in SciRes. http://www.scirp.org/journal/ica 
http://dx.doi.org/10.4236/ica.2014.54025   

How to cite this paper: Sun, T., Gui, W.B., Yu, Z.G. and Gao, Z.M. (2014) Predictive Control and Implementation of Mooring 
Automatic Positioning System for Deepwater Semi-Submersible Platform. Intelligent Control and Automation, 5, 233-244. 
http://dx.doi.org/10.4236/ica.2014.54025  

 
 

Predictive Control and Implementation of 
Mooring Automatic Positioning System for 
Deepwater Semi-Submersible Platform 
Tao Sun, Wenbin Gui, Zhigang Yu, Zhimin Gao 
No.704 Research Institute, CSIC, Shanghai, China 
Email: qh0403@qq.com 
 
Received 19 September 2014; revised 10 October 2014; accepted 18 October 2014 

 
Copyright © 2014 by authors and Scientific Research Publishing Inc. 
This work is licensed under the Creative Commons Attribution International License (CC BY). 
http://creativecommons.org/licenses/by/4.0/ 

    
 

 
 

Abstract 
The automatic positioning control of mooring system for deepwater semi-submersible platform 
has become a key issue in the research and development field of deep-sea resources. The Dual- 
Stage Actuator (DSA) proposed in this paper can replace the single actuator to achieve the high 
speed and high precision positioning by cooperative control. The relative model and control algo- 
rithm of motion trajectory (CAMT) are designed and validated, which proves that the method pro- 
posed in this paper is effective. 

 
Keywords 
Deepwater Semi-Submersible Platform, Mooring System, Automatic Positioning, Anchor,  
Predictive Control 

 
 

1. Introduction 
With the development of deep-sea resources has become the focus of research [1], the automatic positioning 
control of mooring system for deepwater semi-submersible platform is raised as an important issue, in which, 
the big time delay, multi coupling, large vibration control problem are involved. The control strategy and high 
speed and high precision implementation of automatic positioning control mooring system are researched in this 
paper from the aspect of driving structure optimization control. 

The simplified automatic positioning control systems for the deepwater semi-submersible platform are de- 
signed by the research institutes including Marin in Netherland and Marintek in Norway, in which, the PID con- 
trol method is adopted and the control accuracy obtained is lower [2]. 

Jason I. Gobat and Mark A. GroSenbaug put forward an experiential model to explain the coupling relation 

http://www.scirp.org/journal/ica
http://dx.doi.org/10.4236/ica.2014.54025
http://dx.doi.org/10.4236/ica.2014.54025
http://www.scirp.org/
mailto:qh0403@qq.com
http://creativecommons.org/licenses/by/4.0/
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between the surging of platform and the tension of mooring chain, and then developed a control strategy to 
achieve automatic positioning for the deepwater semi-submersible platform. However, the maximum error reached up 
to 11 percent [3]. 

Based on the given constraints of surging and swaying, Aubault (2007) presented a model and strategy to op- 
timize the distribution and operation of anchors using the genetic algorithm, whereas, the control method for 
automatic positioning of mooring system is not involved from the perspective of process control for the platform 
[4]. 

The control strategy and development of automatic positioning control mooring system are researched in this 
paper from the aspect of predictive control, and a novel Smith-Fuzzy-PID predictive control strategy is proposed 
with comprehensive utilization of more accurate mathematical model analysis and rich operation experience 
knowledge, and the high accurate and stable control can be proposed and implemented for the mooring auto- 
matic positioning control system. 

2. Composition and Function of Automatic Positioning Control Mooring System 
for the Deepwater Semi-Submersible Platform 

By coordinating windlass and analog windlass simultaneously, automatic positioning control mooring system 
can simulate and control the movement of deepwater semi-submersible platform and balance the distribution of 
the force field. 

The research object in this paper is the platform with four symmetric windlasses (12 anchor chains) to remain 
the platform stable in the horizontal direction as Figure 1. With the changes of the platform displacement, the 
angle of anchor chains is from 22.5˚ to 67.5˚. 

In the deepwater mooring automatic positioning experiment and simulation systems, the real one anchor and 
the other three simulation anchors would be controlled by the center control desk. At the same time, the sea 
conditions and operating parameters of each anchor are shown in the human machine interface of the control 
desk. The simulation system to establish the dynamic model of anchor chain, platform, windlass, sea conditions 
to simulate the three sets of virtual windlass. 

The system could simulate the platform control and movement, and balance the distribution of the force field, 
as shown in Figure 2, while the real anchor and analog anchors can be coordinated. During the automatic posi- 
tioning operations of the multi-anchor, the system analyzes and processes the data, and hauls in and pays out the 
anchor by control command. In order to ensure the platform work security, the error of position which the off- 
shore platform moves away from the goal position is less than the 5% depth of working field underwater. In the 
control process, the staff could monitor the parameters change of environmental loads, offshore platform, anchors by 
the human machine interface in real time. 

 

 
Figure 1. Anchor chain arrangement of deepwater platform.                         
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Figure 2. The composition of functional unit in mooring automatic positioning for deepwater semi-submersible platform.      

 
The composition of functional unit is shown as Figure 2.  
The automatic positioning control strategy for the plat form is shown in Figure 3. The PLC control system 

collects the running status and the parameters of the sensors and a physical anchor machine. The PLC control 
system and the simulation system adopt the RS422 protocol to transfer parameters. According to the control 
target of the platform, the simulation system analyzes and calculates the data of three analog anchors and a 
physical anchor, then send out the command and control each anchor. 

In the control strategy, how to realize the automatic positioning is the key point, which should be further ana- 
lyzed on the basis of the follows model analysis. 

3. Mathematical Model of the Mooring Automatic Positioning System 
3.1. Dynamic Model of the Anchor Chain 
Dynamic characteristics of anchor chain greatly influence the movement of the deepwater platform. The anchor 
chain has the dynamic properties of the flexible components, and the dynamic model possesses features of un- 
certainty and nonlinear. 

Considering the dynamical stiffness of anchor chain, 3-dimensional elastic rod theory is adopted to deduce the 
dynamic equation of the anchor chain [5]-[7]. The control equations can be expressed as follows: 

( ) ( )Mr Br r qλ ′′′′ ′+ − =

                                     (1) 

( )1 1 0
2 EA

Tr r′ ′⋅ − − =                                      (2) 

where M  is mass matrix, B  is bending rigidity of anchor chain, λ  is effective tension of anchor chain, T  
is tension of anchor chain, EA is axial rigidity and q  is the force on unit length of anchor chain. 

As shown in the Figure 4 and Figure 5, we can get the following equation. 
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Figure 3. Automatic positioning control strategy for deepwater mooring.                               

 

 
Figure 4. Single anchor chain simplified model.                                                    

 

 
Figure 5. Force analysis on unit length of anchor chain.       

 

d d sin d
EA
TT gA z w F sρ φ  − = −     

                              (3) 

d d cos 1 d
EA
TT gAz w D sφ ρ φ φ  − = + +    

                           (4) 

The relationship between horizontal distance and vertical distance can be expressed with Equations (5) and 
(6). 
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sinhH

H

T wxs
w T

 
=  

 
                                       (5) 

cosh 1H

H

T wxH
w T

   = −   
     

                                  (6) 

The relationship between tension T  and wet weight w , length s  and depth d  can be expressed with 
Equation (7). 

( )2 2

2

w s d
T

d

+
=                                        (7) 

The longitudinal component of chain tension is ZT ws= . 
The horizontal component of chain tension is cosH wT T φ= . 
Basic constraint 1: The chain tension T  cannot exceed the set maximum value. 

3.2. Dynamic Model of the Windlass 
Taking the windlass as the research object, by reasonable simplification of the torque balance equation [5] [6], 
the controllable mathematical model of windlass can be expressed as Equation (8). 

2

2

d d
dd z dJ k T T
tt

θ θβ θ+ + + =                                  (8) 

where J  is the sum of the inertia and load, θ  is step angle, β  is damped coefficient, k  is the relevant scale 
factor with θ , zT  is the sum of the frictional resistance moment and the irrelevant scale factor with θ , dT  is 
electromagnetic torque. 

3.3. Mathematical Model of Deepwater Platform 
High frequency movement of deepwater semi-submersible platform only shows the periodic oscillation and will 
not lead to the change of the average position. The nonlinear coupling for low frequency motion equation in the 
direction of surging [7]-[9], swaying and yawing can be expressed as follows. 

( )R vη ψ=                                         (9) 

( )TWv Dv R bτ ψ+ = +                                 (10) 

where [ ]T, ,x yη ψ=  is the platform position and angle vector under the fixed coordinate system, [ ]T, ,v u v r=   
is the velocity vector in three direction under the moving coordinate system, ( )R ψ  is rotation matrix between 
the fixed coordinate system and the moving coordinate system, W  is 3 3×  mass matrix, D  is damping ma- 
trix with the same dimension, 

T
, ,x y zF F Fτ  =    is the join forces(torque) of tension and environmental interfe- 

rence force in the three direction, b is the others environmental force(torque). 
Basic constraint 2: In the process of mooring automatic positioning control, the changes of related parameters 

need to ensure the safety of the platform. 

4. The Analysis of System Control Model 
Control principle for mooring automatic positioning system for deepwater semi-submersible platform is aimed 
to securely satisfy the location accuracy requirement under the above 2 basic dynamic constraints. A closed-loop 
feedback mooring automatic positioning system is designed in this paper and the control block diagram as 
shown in Figure 3. 

Set the controller output is ( )u t , in the process of hauling in and paying out the anchor chain, motor action 

time is ( )TM u t ω= , ω  is action time to angular displacement ratio of Stepper motor. 
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In the process of automatic positioning, mooring position deviation calibration has certain hysteresis, due to 
the unsteady speed of hauling in and paying out the anchor chain, the error, the change of the coefficient of anchor 
chain tension and the speed of tension adjustment. Equation (11) can be obtained. 

( ) ( ) ( )my t f g Tθ= ⋅                                       (11) 

where mT  is the time constant relevant with the above coefficients. Thus, the system has the following fea- 
tures: 
 Uncertainty 

The system contains many nonlinear factors, thus the exact theoretical mode cannot be determined. 
 Hysteresis 

According to Equation (11), system lags. The length of the lag time is relevant with deviation adjustment 
speed, the tension coefficient and the size of error. 
 Big overshoot 

With the existence of the lag factors, actual position deviation cannot be immediately eliminated after adjusting 
error for the first time and the system error should be adjusted once again, which leads to big overshoot. Cor- 
respondingly, system will be adjusted back in the same way, thus big overshoot and oscillation phenomenon ap- 
pear. 

5. Control Strategy and Algorithm Implementation 
5.1. Control Strategy 
There are many control algorithms for the lag system at present. The common control algorithm for mooring 
automatic positioning system is traditional digital PID, in which, control accuracy is limited. Based on the above 
model, a new comprehensive control strategy is proposed in this paper by combining PID, Fuzzy control and 
Smith predictive control. 

1) Fuzzy control 
Fuzzy control has simple algorithm, good performance and strong robustness [10] [11]. However, fuzzy con- 

trol is not enough efficient for nonlinear and complex higher-order time-varying controlled object and should be 
combined with the other method [12]-[14], such as PID. 

2) Smith predictive control strategy 
There must be delay component ( )D sτ  in the lag system, which will lead to the decrease of system stability. 

To improve the system stability, a compensator ( )D sτ  is placed in parallel with the original controller ( )D s  
in the Smith predictive control strategy, which makes that equivalent object after compensation does not contain 
pure hysteresis characteristics [15]-[17]. The pure lag compensation controller is shown as Figure 6, where, 

( )D sτ  is equal to ( )( )0 1 e sG s τ−− , and transfer function can be expressed with Equations (12) and (13). 

( ) ( )
( )

( )
( ) ( )( )01 1 eg s

U s D s
D s

E s D s G s τ−
= =

+ −
                             (12) 

( ) ( ) ( )
( ) ( )

0

0

e
1

sD s G s
H s

D s G s

τ−

=
+

                                   (13) 

The system output is relevant with the input in the future time. A certain predictive mechanism is needed to 
obtain the future input to realize the efficient control. 

3) A new comprehensive predictive control strategy is proposed in this paper. 
From Equation (13), an equivalent system model can be obtained as Figure 7. 

 

 
Figure 6. The pure lag compensation controller.          
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Figure 7. An equivalent system mode in Smith predictive 
control strategy.                                      

 
where ( ) ( )e sY s Y sτ∧ = , by series expansion, transform to the time domain and discretization for e sτ , Equation 
(14) can be obtained. 

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

21 2 1 2
4

          .20 1 1 2

y k y k y k y k y k
y k y k

T
a y k a y k a a n y k n

T
y k

ττ∧ − − − − + −
= + + +

= + − + + − +−  



            (14) 

where k  is sampling instant, 0,1, 2, ,k T=   is sampling period, ( )y k  is the output value on the sampling 

instant, ( )y k∧  is the feedback value on the sampling instant, ( )a n  is the equivalent coefficient of ( )y k n− ,  
which are both constants relevant with time delay τ . 

From Equation (14), compared with Smith predictive control, the new comprehensive predictive control stra- 
tegy can inherit the advantages of Smith predictive control and overcome the dependence on the precise ma- 
thematical model of the system. 

5.2. Algorithm Implementation Based on the Control Model 
The Smith-PID control model and Smith-Fuzzy control model are analyzed at first, the new integrated compre- 
hensive control model is then proposed in this part. 

1) Smith-PID control model 
Combining the Smith predictive control and PID control, the Smith-PID control can compensate the pure lag 

system like Smith predictive control and is easy to realize as PID control, which is shown as Figure 8. 
The disadvantage of Smith-PID control model is that the controller includes the precise mathematic model, 

which is difficult to realize for the research object in this paper. Thus, the Fuzzy control strategy is introduced to 
Smith predictive control model. 

2) Smith-Fuzzy control model 
The Smith-Fuzzy controller deals with the time-varying system and compensates the pure lag characteristic 

simultaneously. The Smith-Fuzzy control model and controller are shown as Figure 9 and Figure 10 respec- 
tively. 

In Figure 10, GE, GC, GU is Error quantification factors, the variety rate of error quantification factors and 
output scale factor in turn. 

As shown in Figure 1, No.3 windlass (No.7, 8, 9 anchor chain) hauls in chain and No.1 windlass (No.1, 2, 3 
anchor chain) pays out chain while the platform moves to the positive direction along the x  and y  axis. The 
operation of the No.2 and the No.4 windlass should be determined by the size of displacement deviation of 
surging and swaying. No.4 windlass (No.10, 11, 12 anchor chain) hauls in chain and No.2 windlass (No.4, 5, 6 
anchor chain) pays out chain while displacement deviation of surging is large. 

The domain of discourse of input displacement deviation is ( ) ( )6, 6 , 6, 6− − − −    in Fuzzy control system  

for the platform in this paper, which is swaying displacement deviation and surging displacement deviation in  
turn. And the fuzzy subset is { }NL, NM, NS, ZE, PS, PM, PL , where, NL (negative large), NM (negative me- 
dium), NS (negative small), ZE (zero), PS (positive small), PM (positive medium), PL (positive large) are the member-
ship functions value. The domain of discourse of output movement is ( ) ( )6, 6, 6, 6 , 6, 6, 6, 6− − − − − − − −   , 

which is displacement of the No.1-4 windlass in turn. And the fuzzy subset is also { }NL, NM, NS, ZE, PS, PM, PL . 
(Table 1). 

Mamdani method is adopted in Fuzzy rules, the fuzzy sets would be translated into the clear value to represent  
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Figure 8. Smith-PID control model.                    

 

 
Figure 9. Smith-Fuzzy control model.                   

 

 
Figure 10. Smith-Fuzzy controller.                                                              

 
Table 1. Fuzzy control rules table.                                                                 

Surge Sway NL NM NS ZE PS PM PL 

NL NL/NL NM/NL NS/NL ZE/NL PS/NL PM/NL PL/NL 

NM NL/NM NM/NM NS/NM ZE/NM PS/NM PM/NM PL/NM 

NS NL/NS NM/NS NS/NS ZE/NS PS/NS PM/NS PL/NS 

ZE NL/ZE NM/ZE NS/ZE ZE/ZE PS/ZE PM/ZE PL/ZE 

PS NL/PS NM/PS NS/PS ZE/PS PS/PS PM/PS PL/PS 

PM NL/PM NM/PM NS/PM ZE/PM PS/PM PM/PM PL/PM 

PL NL/PL NM/PL NS/PL ZE/PL PS/PL PM/PL PL/PL 

 
after fuzzy reasoning, namely “anti-fuzzy”. Anti-fuzzy uses the center of gravity method, that is, to find the 
center of area surrounded by the subjection function curve and the abscissa. The abscissa value of the center is 
selected as the representative of the value of the fuzzy sets. 

3) A new Smith-Fuzzy-PID predictive control strategy implementation 
According to the above analysis, combining the Smith-PID control and Smith-Fuzzy control, with some ap-

proximate equivalent processing for Smith predictive control, that is, take the d steps sliding average of the his-
torical data before the sampling instant of system output to predict the feedback value of the current sampling 
instant, Equation (15) can be obtained. 

( ) ( ) ( ) ( ) ( ) ( ) ( )0 1 1y k a y k a y k a d y k d∧ = + − + −                      (15) 

where d value is larger, the more accurate prediction. 
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The new comprehensive predictive control algorithm inherits the advantages of Smith predictive control and 
overcomes the dependence on the precise mathematical model of the system. The comprehensive predictive 
control algorithm structure is shown as Figure 11. 

The predictive weight of feedback channel ( ){ }a n  can be off-line identified by system output values and 
can be also on-line optimized. 

6. Analysis of Simulation Result 
According to the environmental condition every year, considering the most unfavorable situation with the wind 
wave and current in the same direction, and taking 600 s as computation time, 14 m is taken as the desired value 
of platform displacement in the 1500 m water depth and wave direction Angle (135). The simulation result with 
and without mooring damp with the traditional mooring positioning PID control strategy is shown as Figure 12 
[18]. And the simulation displacement of the platform with the new comprehensive predictive control algorithm 
is shown as Figure 13. It is obvious seemed that the overshoot decreases and the adjustment process is accele- 
rated. 

7. Development of Monitoring System Integrated Software and Hardware 
7.1. The Master Monitoring System 
Four mooring equipments are centralized monitored on the central control desk [19] [20]. All 12 anchor chains 
status and real-time sea conditions are obtained and displayed on the HMI as shown in Figure 14. 

During the course of the multi-point mooring position operation, the deepwater mooring position system to be 
used to simulate the environment and equipment parameters. After analysis and treatment, the central control 
system sends out the correction command to pay out or haul in anchor chain. In order to ensure the safety of the 
platform, the platform movement would be limited in less than 5% the working depth of water. In the control 
process, the environmental load, the platform data and the anchor parameters would be showed on the HMI in 
real-time. 

 

 
Figure 11. Predictive control—equivalent smith-fuzzy-PID al- 
gorithm structure.                                     

 

 
Figure 12. Displacement of platform with traditional control strategy.         
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Figure 13. Displacement of platform with new control strategy.              

 

 
Figure 14. Main monitoring menu of four mooring position system.                                   

 
When the tension of the anchor chain reaches its maximum, the control system should take protective meas- 

ures, and send out alarm signals to prevent the accidents. 
As shown in Figure 14, the main menu is divided into five regions,, which including the four corner regions 

and a central region. The four corners area are used for monitoring four anchors in the four corners of the plat- 
form, each anchor contains three capstans. The tension of anchor chain, the length of anchor chain and the status 
of capstan can be seen in the menu. 

7.2. The Monitor System Design of Anchor 
Adopting the touch screen operation of panel, each anchor can be monitored and operated by the center control 
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desk, which can realize the anchor chain choose, the anchor chain mode selection, the anchor chain speed selec-
tion, the anchor chain pay out and haul in, the anchor chain emergency release, the sea conditions detection and 
the equipment status monitoring [21]. 

During the operation of anchor chain, selecting the corresponding anchor chain, the work mode, the run speed, 
the pay out and haul in of anchors chain are operated by the joystick which mounted on the control desk. The 
related parameters about the anchors and platform can be displayed on the HMI. 

8. Conclusions 
According to the above analysis and simulation, adopting the new comprehensive Smith-Fuzzy-PID predictive 
control algorithm proposed in this paper, the overshoot decreases and the adjustment process is accelerated, and 
the performance of the mooring automatic positioning system is greatly improved for deepwater semi-submersible 
platform. 

The utility system is developed to realize accurately automatic positioning under satisfying the dynamic con- 
straints and has alarm protection functions by the central control, on-site control and monitoring.  

Thus, the control strategy and the monitoring system integrated software and hardware are validated to have 
the ability to play an important guiding role on the development of marine engineering. 
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Abstract 
Modularization is the key technique for modern manufacturing system, which resolves the conflict 
between flexibility and productivity. The challenge of deciding which modules should choose un- 
der resource limitation from a large amount of available alternative modules has been well recog- 
nized in academia and industry correspondingly in producing customized production. For this 
reason, this paper proposes a new module selection method to deal with the problem, which com- 
bines rough set theory into total quality development (QFD) framework. First of all, a decision ta- 
ble is build up and then be modified through examining the importance of each attribute. After- 
wards, the basic importance rating vector is calculated and the modifying index of the importance 
will be determined to get the final result. Finally, the feasibility and efficiency of the proposed 
method is manifested by a case study. 

 
Keywords 
Module Selection, Rough Set Theory, QFD, Resource Limitation 

 
 

1. Introduction 
With the intensive competition among manufacturing industry, manufacturers must have the abilities to differen- 
tiate their products according to individual customer needs as well as to keep and even better to improve the ef- 
ficiency, effectiveness, and the low cost that customers expect. Customized services are an important source of 
revenue for many companies, particularly those whose customer satisfaction is of supreme importance. This 
marketing approach has resulted in the attempting of increasingly diverse products in order to satisfy most seg- 
ments of the market [1]. Whether a company can provide customized products depends on the flexibility of their 
production systems which are based on a common platform, with a set of options which makes it possible to 
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achieve the desired diversity. 
The challenge of building customized production rapidly while at the same time maintaining the same profit 

as mass production has been well recognized in academia and industry correspondingly [2]. The product often 
cannot be produced in a customer-required short time or at a customer-determined price [3]. Several scholars 
proposed that the strategy of manufacturing modules in advance makes it possible to solve this difficulty. 

Modularization is a high effective method to provide customized products or services based on economical 
and flexible development by allowing highly differentiated products to be developed from a common platform 
while targeting individual products to distinct market segments. With the modular design approach, new prod- 
ucts can be quickly developed by using alternative modules. The relevant combinations of modules can form 
different final products which meet customers’ various demands. As common modules can be shared by differ- 
ent products, the time and cost of design and manufacturing can then be reduced significantly. In modular design 
and manufacture process, all possible functional modules will be first selected from the module base to meet 
specific customer requirements. Product modularization faces many challenges and the resource shortage is the 
most common difficulty that happens in almost every enterprises. The manufacturing enterprises usually cannot 
have enough resources to implement all functional modules that have been selected in the first step into the real 
manufacturing process. Thus, the manufacturers have to decide which of those modules should be kept for the 
next step under certain limitation in a short response time due to the rapid introduction of new products. 

The objective in this article is to develop an acceptable resource-constrained module selection method for 
meeting maximum customer satisfaction by using Rough-QFD theory. This proposed model combines rough set 
theory into total quality development (QFD) framework. In this method, decision tables are built up and modi- 
fied through examining the importance of each attribute. Afterwards, the basic importance rating vector is cal- 
culated and the modifying index of the importance will be determined to get the final result. The remainder of this 
article is organized as follows. Section 2 reviews related literature and background information on modular design 
as well as QFD and Rough set theory applications. Section 3 describes customized product innovation process. 
Section 4 presents the module selection method based on the combination of QFD and Rough set theory. Section 5 
conduct a case study by using the method proposed in Section 4. Closing remarks are presented in Section 6. 

2. Literature Review 
2.1. Modular Design 
Several strategies about modular design and module selection were proposed in the literature by many literates. 
Fujita [4] determines the contents of modules and their combinations under an optimization view. He pointed out 
that it is necessary to develop a quantitative and systematic approach to examine all possible combinations of the 
available alternative modules. Gonzalez and Otto [5] developed a general optimization formulation for a product 
family design based on a traditional decision model. Yigit et al. [6] introduced a nonlinear integer programming 
model to select subsets of module instances in reconfigurable manufacturing systems. Swaminathan and Tayur 
[7] discuss the optimal configuration of inventory levels of modules that can serve more than one final product. 
In general, these previous literature mainly focus on the optimization of module combinations. Limited research 
in module selection direction is viewed from the product itself or the manufacturing system. The resource limi- 
tation and the voice of customer have not been taken into account. However, those two elements are extremely 
important in the customization environment of current manufacturing industry. Therefore, this paper will study 
on resource limited module selection method under the optimization of customer satisfaction. 

2.2. Quality Function Deployment (QFD) and Rough Set Theory 
Quality function deployment (QFD), developed by Dr. Yoji Akao in Japan in 1966, is a strategic management 
technique typically used for identifying and translating customer wants into technical specifications for product 
(or service) planning, design, processes, and production [8]. Furthermore, it is a technique exclusively used to 
determine the prioritization of customer satisfaction. In a word, QFD is a customer-oriented product develop- 
ment technique that links customer expectations to the technical characteristics of the product [9] [10]. The gen- 
eral format of QFD is a matrix made up of six major components (Figure 1). 

In application of traditional QFD method, the accuracy of prioritization result is influenced by how specified 
the evaluation criterions are. However, Different from the material resources, the customer satisfaction is ab-
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Figure 1. A basic QFD matrix.                           

 
stract, dynamic and complex. The information is usually incomplete because it is quite impossible for the end 
users to express their entire wants clearly in technical terms. Hence, Rough set theory is considered to be inte- 
grated within a QFD framework to cope with this weakness. Rough set theory is an effective widely recognized 
mathematical tool for processing incomplete and uncertainty problems, proposed by Pawla in 1982 [8]. The the- 
ory is to determine classification under certain conditions through the data simplification. Using rough sets the- 
ory, decision can be directly made based on an incomplete information system. Besides, it does not require addi- 
tional information and a priori knowledge, which means that it has high practicability and easy to be imple- 
mented. 

Rough set theory was proposed by Pawlak (1981). It is a new mathematical tool to deal with inconsistent, 
ambiguity, and incomplete information. Rough sets can be used to represent, vagueness and general uncertainty. 
Rough set theory is useful for rule induction from those incomplete data sets. 

This paper proposes a systematic module selection method by combining Rough Set theory with QFD method. 
There are four hypotheses that will be used in this paper and be illustrated below [11] [12]. 

Hypothesis 1: ( ), , ,A U N V f=  is an expression system. Where U represents an object of a non-empty finite 
sets, called Domains; N represents a non-empty finite set of attributes, N T J=  , T J = ∅ , T is called a 
condition attribute set, J is called a decision attribute set; n N nV U V∈= , nV  is the range of n ; f : 
U N V× →  is an information function, which gives a message value for each attribute, that n N∀ ∈  u U∈ ,. 
( ),f u n n∈∀  
Hypothesis 2: There is an equivalence relation R, r R∈ . If the ( ) { }( )IND R IND R r= − , then r could be 

removed from R. 
Hhypothesis 3: There is an equivalence relation in U: P and Q. The positive area P is the object set which 

contains all classification information of U/P that can be accurately classified into Q, symbolized as PosP(Q). 

( ) ( )
eU U

PPo Q UsP = ∑                                          (1) 

Hypothesis 4: set up a decision table B, ( ), , ,B U N T J= . If α  is the dependency degree of J on T 
( )0 1α≤ ≤ , then 

( )
( )

PosT J
J U

α = ∑
∑

                                          (2) 

PosT(J) means that T is the positive area of J. Besides, ( )nβ  is called the importance of attribute n. 

( ) ( ) { }( ), ,T J T nn Jβ α γ= − −                                    (3) 
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3. Analysis of Customized Product Innovation Process 
Within a customization environment in modern manufacturing industry, customer satisfaction is becoming su- 
preme important. The nuclear purpose of launching new product is to achieve the maximum customer happiness. 
Therefore, the module selection process should have special consideration of customer satisfaction. The enter- 
prises should take all possible functional modules into the comprehensive consideration, analyze the priority and 
decide which of them need to be launched into final product to achieve maximum customer satisfaction. 

The design specification of customized products are transformed and ultimately determined by end user re- 
quirements. The customer’s requirements guide the direction of the innovation of customized products. Mean- 
while, customized product innovation can then improve the demand level of customers. Therefore, the innova- 
tion process and the customer requirements form a good dynamic circulation of each other. Form the point of 
transformation mechanism, the innovation chain trends waveform forward (as shown in Figure 2). When the 
customize product temporarily meets the customer requirements, with the enhancement of customers’ cognitive 
degree on the system function and the change of internal and external environment, the end customers will pro- 
duce new implicit requirements. This would cause the manufactures conduct a second round of product innova- 
tion. Concisely, the whole innovation chain interweaves waveform forward. 

The whole conversion and the innovation process can be divided into the following four steps: identification 
and predictions of customer requirements; development selection of customer requirements; transformation of 
requirements to the product specification and the design; manufacture and production of final products. Among 
them, selecting the appropriate demand resources from the identified set of requirements is the crucial step of 
successful customized product innovation. Differed from material resources, the demand resources is abstract, 
dynamic and complex. It is no practical significance that converts all customer demands onto product functions 
under resource constraints. The risk of requirement selection is usually presented in two aspects: inaccurate de- 
mand choosing and developed more than expected. The developed new product based on inaccurate choices 
cannot achieve customer satisfaction. In addition, in all identified requirements, some invisible requirements of 
the product attributes are likely to show its actual application value after a long period of time. Therefore, if the 
requirements are developed excessively of inappropriately, the innovation process will increase the difficulty 
and the cost, extend the development cycle, and at the same time be criticized by the end customers due to pro- 
viding excessive additional functionality that is no practical value. Therefore, we need to find a way to compre- 
hensive consideration to a variety of demand, analyze the important degree of customer requirements, translate 
them into new products and finally achieve maximum customer satisfaction. 

 

 
Figure 2. The process of customized product innovation.                                      
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4. Module Selection Method Based on Rough-QFD Theory 
Based on above analysis, the module selection process can be described as Figure 2 and determined according 
to the following steps: 

Stept 1. Build up a decision system and transform the initial data of customer satisfaction into a decision ta- 
ble. 

Derived from customer investigation, the fuzzy customer needs are obtained. In accordance with the acquired 
result, the modules ( )1 2, , , , ,i nM M M M   can be select primarily to accomplish all possible customer de- 
mands. Afterwards, a second end user investigation will be implemented to get the initial data of customer satis- 
faction of all modules. The decision table is consisted by the modules and the data of customer satisfaction. This  
initial data is defined as SL. TN is a condition attributes set, { }1 2, , ,N nT M M M=  ; JS is a decision attribute set, 

{ }1 2, , ,S nJ SL SL SL=  . The range of each attribute depends on the practical situation. Thus, a decision system 

JT, { }( ),  T N SJ U T J=   can be set up. 

Step 2: Examine the importance of each attribute and modify the decision table. 
The original classification of the decision table built in Step 1 is utilized as a benchmark to examine how the 

decision table will change after deleting each attribute. If the final decision does not alter after removing an at- 
tribute, this attribute is less important and can be ignored. Otherwise, this attribute is enough important and need 
to be ranked in accordance with the importance in next step. The decision table should be modified and delete 
the relevant attributes of no use.  

Step 3: Calculate the basic importance rating vector ( )1 2, , , ng g g g=  . 
The importance of every condition attribute can be correspondingly used to measure the importance of func- 

tional modules in QFD. According to the importance of the condition attributes β , ( ),i i iM SLβ β= , the basic 
importance rating vector of the corresponding module ( )1 2, , , ng g g g=   can be determined by using Equa- 
tion (4) below (Note: in following equations, 1, ,i n=  ). 

1

i
i n

i
i

g
β

β
=

=

∑
                                             (4) 

Step 4: Determine the modifying index of the importance to get the final result. 
The importance obtained from Step 3 is directly accessed by the end user without consideration of other fac- 

tors that may affect the customer satisfaction. Therefore, the results need to be adjusted. The modifying index is 
defined as γ , ( )1 2, , , n iγ γ γ γ γ=  . If there are n impact factors: , , , ,O P Q W , then γ  could be calculated 
by using flowing equation. 

( ) ( )
1

n

i i i i i i i i i
i

o p q w o p q wγ
=

= × × × × × × × ×∑                            (5) 

Hence, the final importance, shown as iZ , can then be calculated and normalized by Equation (6) 

( ) ( )
1

n

i i i i i
i

Z g gγ γ
=

= × ×∑                                (6) 

In order to make this method more limpid, above steps are collectively shown in Figure 3. 

5. Application 
A manufacturing enterprise is planning to launch an improvement of a current complex product according to the 
customer’s requirements. In accordance with the customer needs, four functional modules M1, M2, M3 and M4 
should be added and adjusted to achieve all requirements. With the resource limitation, the enterprise can only 
apply two modules into the actual production. Under this circumstance, the manufacturer has to choose the most 
proper ones from those four modules to get the achievable maximum customer satisfaction. A second study on 
customer satisfaction of each module is conducted through considering the possible functions that each module 
could achieve in final product and the relative data are collected. There are three levels of customer satisfaction 
(low, medium and high), corresponding the value of 1, 2, and 3. After eliminating duplicate and redundant data, 
a decision table is composed by the module and the satisfaction levels and, shown as Table 1. In Table 1, 
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Figure 3. General framework of the method.                                          

 
Table 1. The decision table.                                                                   

U T1 T2 T3 T4 J  U T1 T2 T3 T4 J U T1 T2 T3 T4 J 

1 1 1 1 1 1  14 1 2 2 2 2 27 2 1 3 3 3 

2 1 1 1 2 1  15 1 2 2 3 3 28 2 2 1 1 1 

3 1 1 1 3 2  16 1 2 3 1 3 29 2 2 1 2 2 

4 1 1 2 1 1  17 1 2 3 2 3 30 2 2 1 3 3 

5 1 1 2 2 2  18 1 2 3 3 3 31 2 2 2 1 1 

6 1 1 2 3 3  19 2 1 1 1 1 32 2 2 2 2 2 

7 1 1 3 1 2  20 2 1 1 2 2 33 2 2 2 3 3 

8 1 1 3 2 3  21 2 1 1 3 3 34 2 2 3 1 3 

9 1 1 3 3 3  22 2 1 2 1 1 35 2 2 3 2 3 

10 1 2 1 1 1  23 2 1 2 2 3 36 2 2 3 3 3 

11 1 2 1 2 1  24 2 1 2 3 3 37 2 2 2 2 3 

12 1 2 1 3 3  25 2 1 3 1 3       

13 1 2 2 1 2  26 2 1 3 2 3       

 
condition attributes T1, T2, T3 and T4 respectively represent functional modules M1, M2, M3 and M4. Decision at- 
tribute J represents the customer satisfaction SL. 

According to Equation (1) and Hypothesis 2, all conditional attributes T1, T2, T3 and T4 cannot be ignored to 
the decision attributes J. Therefore, no modification is needed and the decision table will stay the same. The 
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importance of all four modules needs to be positioned. 
By using the Equation (2) and the data of Table 1, the dependency of condition attributes T1 on decision at- 

tribute J can be calculated below: 

( ) ( )( ) ( ) ( )( )32 37, 0.946Jm J J JmT J SUM PosT J SUMJ M V V V Vα = = − + =∑ ∑ ,  

(VJm refers to the value of decision attribute J) 
Similarly, 

{ }( )1 , 0.595T T Jα − =  

Equation (3) is used to calculate the importance: 

( ) ( ) { }( )1 1, , 0.351t T J T T Jβ α α= − − =  

Repeating above steps, the dependency and importance of other attributes can be calculated and the results are 
shown in Table 2 below. 

According to Equation (4), the basic importance rating vector of the modules can be calculated. 

( )0.176,0.122,0.351,0.351g =  

Through market investigation and experts’ evaluation, other related information that could affect customer sa- 
tisfaction of the four modules can be obtained. In this case, they are embodied in four fields: the current competi- 
tive situation (CC), the objective of the competitiveness (OC), the possibility of improvement (PI), and the mar- 
ket competitive advantages (CA). The results are shown in Table 3. 

Equation (5) is used to calculate the modifying index based on above data. 

( ) ( )1 2 3 4, , , 0.203,0.269,0.380,0.148γ γ γ γ γ= = . 

Finally, according to Equation (6), the final importance ratings of modules in developing the complex product 
can be calculated. 

( ) ( )1 2 3 4, , , 0.138,0.114,0.448,0.300Z z z z z= = .  

The maximum value is that of Z3, which means M3 is the most important module and should have the highest 
priority. Similarly, the other modules should be chosen as the sequence of z4, z1 and z2. 

Known from above analysis, the enterprise can make decision on which model to choose under resource limi- 
tation by following the final importance sequence. In this case, the enterprise can make the final decision on ap- 
plying M3 and M4 into the actual production. 

 
Table 2. The result of dependency and customer satisfaction of each module.                            

 T1 T2 T3 T4 

Dependency 0.595 0.703 0.243 0.243 

Importance 0.351 0.243 0.703 0.703 

 
Table 3. Other related data.                                                                    

 CC OC PI CA 

M1 4 2 0.80 1.2 

M2 3 1 0.85 1.5 

M3 5 1 0.75 1.2 

M4 4 2 0.70 1.0 
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6. Conclusions 
The module selection is the first and crucial step for using modular technology. The approach presented in this 
paper provides a new methodology for solving module selection problem under resource limitation. The pro- 
posed method has a wide range of application, which takes customer satisfaction into account and avoids the 
risk of subjective judgments. The direct and clear result can be comprehended by the decision maker easily, 
which greatly improves the practicability of this method. However, whether this method provides a completely 
satisfactory program for decision-makers will mainly depend on whether the satisfaction obtained reflects the 
objective function actual level of satisfaction. There is no single unified approach, which can be employed to 
obtain the value of satisfaction. The specific solutions need to be carried out for specific problems. In a word, 
this Rough-QFD module selection method is a simple, effective and practical decision-making technique, which 
sets up a communication bridge between customers and manufacturers. 

As time and resource limitation, this approach this paper proposed hasn’t completed. There are several aspects 
can be further studied in the future, such as, the study of the transformation process of the customers’ require- 
ments to relative technological features. 
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Abstract 
A feasibility assay is conducted for electromyography measure in sternocleidomastoid and pla-
tysma, tenting to use it on Brain-Computer Interface (BCI) feedback. It is proposed a case of study 
for four healthy subjects with an average of 35 years old, two females and two males. Methodology 
proposed includes signal acquisition and processing with feature extraction of RMS, Mean and Va-
riance. The data are acquired with the AD board NI USB-6009, interfaced with LabView and pro- 
cessed in MatLab. An uncertainty analysis was made obtaining a system uncertainty of ±2.31 mV. 
ANOVA analysis was done, with a Randomized Complete Block Design (RCBD) experiment and in- 
teraction of factors and residues obtained with the software Minitab. 

 
Keywords 
Electromyography, Feature Extraction, Uncertainty, Statistical Analysis, Factors Interactions 

 
 

1. Introduction 
Electromyography (EMG) is an experimental technique concerned with the development, recording and analysis 
of myoelectric signals. Myoelectric signals are formed by physiological variations in the state of muscle fiber 
membranes. The smallest functional unit to describe the neural control of the muscular contraction process is 
called a Motor Unit. The EMG-signal is based upon action potentials at the muscle fiber membrane resulting 
from depolarization and repolarization processes. The extent of this Depolarization zone is described in the lite- 
rature as approximately 1 - 3 mm2. Because a motor unit consists of many muscle fibers, the electrode pair “sees” 
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the magnitude of all innervated fibers within this motor unit—depending on their spatial distance and resolution. 
Typically, they sum up to a Motor unit action potential (MUAP), which differs in form and size depending on 
the geometrical fiber orientation in ratio to the electrode site [1]. 

A Brain-Computer Interface (BCI) system allows to communicate humans and devices without need of sen- 
sors in others parts of the body or the muscular system. Although, they are a promising tool for persons with se- 
vere palsy conditions like neurodegenerative. Facial electromyography (EMG) contamination of the electroen- 
cephalography (EEG) signals is a largely unresolved issue in brain-computer interface (BCI) research. Mu and 
beta rhythms are widely used in the literature and they lie in the frequency range that is susceptible to electro- 
myography (EMG) contamination [2]. Also, signals from the muscles related to the movement can provide a 
feedback system, with precious information for taking right decisions concerning for example, to a wheelchair 
movement. That’s why the main objective of this research is to measure the EMG signal of the sternocleido- 
mastoid (SCM) and platysma (PM) muscles in order to validate the feasibility of their use. The MUAPs within 
the pick-up area of electrodes can be observed noninvasively by using electrodes affixed to the surface of the 
skin. These signals are stochastic in nature and can be represented by a Gaussian distribution function. The am- 
plitude of signal ranges from 0 to 10 mV (peak to peak) or 0 to 1.5 mV (RMS). The usable energy of signal is 
limited to 10 to 500 Hz frequency range, with dominant energy being 50 to 150 Hz range [3]. 

Literature recommends band pass filtering settings from 10 Hz high-pass up to at least 500 Hz low pass; most 
of the surface EMG frequency power is located between 10 and 250 Hz. After this, other techniques are applied 
to prepare the signal for feature extraction; therefore these characteristics are introduced in computational intel- 
ligence systems (e.g., Support Vector Machines, Artificial Neural Networks and Linear Discriminant Analysis) 
that turns the signal information into the movement that is been performing [4] [5]. 

This paper presents an experimental section with the methodology used to obtain the data, a short overview of 
the materials employed and the data processing, an approaching to the uncertainty estimation of the measuring 
system and the discussion of the results. 

2. Experimental Section 
In this research we want to validate if three of the characteristics used in computational methods, obtained by 
EMG feature extraction techniques, change in presence of a paradigm, and by changing the electrode’s position. 
Let’s consider three factors that may influence the response variable (EMG characteristic): Paradigm (A), Sub- 
ject (B) and Position (C). 

We propose a Randomized Complete Block Design (RCBD) experiment, in which we fix the B factor and 
produce a complete randomization for each block, containing all the treatments [6]. 

The paradigm factor has four levels corresponding to the movements of the neck: Right (1), Left (2), Ahead 
(3) and Back (4); and related with the basics actions that a wheeling chair user has to accomplish. The third fac- 
tor, position of the electrodes has four levels because the interest is to validate different positions related to the 
head’s movement like: PM—Right (1), PM—Left (2), SCM—Left (3) and SCM—Right (4). The second factor 
is subjects and is blocked because the lack of time between measures that could compromised the veracity of the 
experiment, that’s why this factor was blocked and the trials randomized for each subject: B1 (1), B2 (2), B3 (3) 
and B4 (4). 

Finally, is proposed a case of study for four healthy subjects with an average of 35 years old, two females and 
two males having no history of muscle problems, as described by the methodology of the essay (Figure 1). 

2.1. Materials Description 
To obtain useful information from EMG signal it is required that any detecting and recording device processes 
the signal linearly, that’s why after the surface electrodes, the signal is presented to an active electrode with dif- 
ferential amplification (Instrumentation Amplifier) for more than 500 times before the analog filtering stage 
(Electromyograph). At this moment, the signal is digitalized by an A/D board for the computer acquisition con- 
trolled by an interface application (LabView) as seen on Figure 2. 

Eight electrodes are located in the muscles of interest, two at right and two at left by muscle (SCM, PM), 
adding the reference electrode in the forehead (Figure 3). At the moment of acquisition, it’s only recorded the 
channel of the combination that it’s been evaluating. The application interface is set to a sampling frequency of 
1000 Hz and about nine seconds of time are recorded (9000 samples). Using a function implemented in MatLab, 
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Figure 1. Methodology diagram of the assay propose for the 
EMG measure.                                       

 

 
Figure 2. Block diagram of measuring channel of EMG.                   

 

 
Figure 3. Subject’s neck showing electrodes positions.         
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the measuring combinations are rearranged inside a single subject’s trial, granting the randomization inside the 
block of subject’s trial (e.g., Paradigm Right with SCM-Left Position measuring). The movement to be fallow 
by the subject is displayed in the center of the interface, and the muscle reaction is recorded. 

All the data is recorded in archives and they are processed later by the MatLab function created for the test. 
This function loads the archive containing the register and at first it’s filter with a FIR filter band pass with but- 
ter approximation. Fourier transform is applied to the register for obtain the spectrum before and after filtering. 

The register’s offset component is eliminated by its calculation and subtracted from it (Equation (1)); also this 
vector is normalized by the computation of the register’s maximum and its division (Equation (2)). The mean is 
obtained and used for the threshold’s determination according with the literature and the research group results 
[7]. 

1CD N
i

Xdc
N=

= ∑                                        (1) 

DCX Xdc= −                                        (2) 
Depending of the value of the register’s maximum the threshold is establish and used a posteriori for the valid 

windows determinations by comparing the window’s power with the threshold obtain [8]. After eliminate the 
offset and normalize, we have the next register in time (Figure 4). For the windowing method is selected a 
window of 250 ms, and the validation of movement in the window is possible by comparing the threshold with 
the power calculated in Equation (3). Then, the EMG’s characteristics: RMS, Mean and Variance are obtained 
from the valid windows. At the end we get these values as we can see in Figure 5. Finally the features are cal- 
culated and store into a table for ANOVA and statistical analysis. 

 

 
Figure 4. Register of EMG normalize with Mean (Xmed) and Threshold (Th).     

 

 
Figure 5. Window of EMG of valid movements with RMS, Mean (Xmed) and Variance (XVar). 
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2.2. Uncertainty Estimation 
The uncertain analysis for the measuring channel is done taking into account the principals sources uncertain 
and errors. A classical analysis is proposed making an estimation of the majority of the source represented in the 
cause-effect diagram from Figure 6. As seen in diagram of Figure 6, there are five principal sources that con- 
tribute to the uncertain estimation on the system. For the estimation of the Instrumentation Amplifier (IA) con- 
tained in each active electrode (four wires for the experiment) and the electromyograph voltage characterizations 
were developed, measuring with a Digital Oscilloscope which uncertainty is too evaluated. The A/D board is a 
13 bits USB data acquisition, which resolution is reviewed. The electrodes are MediTrace ECG Conductive Ad- 
hesive Electrodes disposables and besides are identified as an error source, and knowing that has a normal dis- 
tribution, we don’t have information for their uncertain estimation. 

First of all let’s analyze the IA:  
Affectation of common mode voltage to 60 Hz (CMRR): This source has it origin in the common mode voltage 

increasing when is in presence of 50 Hz or 60 Hz of industrial national power supply [8]. Let’s assume an un- 
certainty Type B with rectangular distribution: 

out
1

out
1

 cm ,
CMRRlog

20
981.39 400 mV 0.3925 mV,

120 d

0.3925

Blog

 
20

mV.

G

u

VV

V

−

−

×
=

 
 
 
×

= =


=


 
 

                               (3) 

Repeatability of the outV  measure (IA): One group of measures is analyzed for the IA characterization at 150 
Hz. The entrance had been changed to obtain the group of values of outV . Let’s assume an uncertainty Type A 
with normal distribution: 

3 3 1.0323 10 mV,     1.0323 10 V m
1

Xmes Xi
s s

n
− −−

= = × = ×
−

∑                     (4) 

Repeatability of the electromyography (EMG): For this device that is compound by four operational in filter 
implementation, a characterization for five frequencies (50, 70, 100, 150 and 200 Hz) is developed obtaining data 
at outV  that support a gain very close to 1, and maintain plane response at these frequencies. Let’s assume an 
uncertainty Type A with normal distribution: 

1.123 mV,     1.123 mV
1

Xmes Xi
s s

n
−

= = =
−

∑                           (5) 

Resolution of the Oscilloscope vertical channel (OSCRES): only is study this incidence because that the kind of 
measures are been made are in voltage. Let’s us assume an uncertainty Type B with rectangular distribution. 

( )

2 mV div ,
2 mV 0.2 mV,    

10 sub div
0.1 mV.

a

u=
−

=

=
                               (6) 

Calibration Certificate of the Oscilloscope vertical channel (OSCCAL): it owns a calibration certificate that 
introduces to the system an uncertainty Type B with normal distribution [9]. For a 95%: 

 

 
Figure 6. Cause-effect diagram of the uncertainty sources from the 
EMG measuring system.                                       
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3

1.0033 0.00352    with    1.96,

0.00352 2 1.76 10  V 1.76 mV.

y k
u −

∆ = ± =

= = × =
                             (7) 

Resolution of the board NI USB-6009 (AD): For this analysis we calculate the minimum detectable change 
(Mdc) due to the resolution of the system [10]. As the board is used as single-ended, it has a resolution of 13 bits, 
and a dynamic range of ±10 V (Edr). Let’s us assume an uncertainty Type B with rectangular distribution. 

13 13

Edr 10 VMdc 1.2 mV
2 1 2G

±
= = = ±

× ×
                              (8) 

The combined uncertainty was obtained by: 

( ) ( ) ( ) ( ) ( ) ( )2 2 2 2 2 2CMRR IA EMG OSCRES OSCAL ADcU U U U U U U= + + + + +             (9) 

( )

( )
( ) ( )

4

eff 4

4

eff 43 4

1.18 mV,

,

1.18 mV
9430.22.

0.2433 10  mV 0.25 mV
17 19

cU

Uc
V

Ui
Vi

V
−

=

=

= =
×

+

∑
                     (10) 

As the eff V  is superior to 30, we calculate the coverage factor k  by the normal table, looking for the z  
value for a confidence level of 95%, it will be 1.96k =  for an expanded uncertainty like Equation (11): 

Uexpanded ,     Uexpanded 2.31 mVk UC= × =                          (11) 

After this we can elaborate a table with the principal uncertainties of the system (Table 1). Finally the data 
acquire by the system can be expressed with an uncertainty of 2.31 mV± . 

3. Results and Discussion 
First of all, we corroborate that data obtained fallows a Normal distribution and are independents. To achieve 
this, we build a histogram for each of the features (Figure 7 shows only one analysis). The graph’s likeness to 
normal behavior is considered sufficient as premise to perform an ANOVA analysis. According with the ob- 
tained data from the feature extraction we can form tables for the three characteristics. This analysis, also named 
variance analysis, allows determining which factors and combinations of they, are related [6]. To have a better 
picture of data behavior, residual plots are obtained (Figure 8 shows only one analysis). 

In the graphic of Figure 8, the residual histograms show a normal behavior. The residual plots versus fits, 
systematic patterns are not evident and random pattern of residuals is seen on both sides of 0. As was defined in 

 
Table 1. Uncertainty data estimation resumes of the system sources.                                                     

Sources Estimative Type Distribution Divisor Uncertainties 

Affectation of common mode voltage to 60 Hz (CMRR) 0.3925 mV B Rectangular 3  0.2266 mV 

Repeatability of the vout measure (IA) 1.0323 × 10−3 mV A Normal 18  0.2433 × 10−3 mV 

Repeatability of the vout electromyograph (EMG) 1.123 mV A Normal 20  0.25 mV 

Resolution of the oscilloscope vertical channel (OSCRES) 0.1 mV B Rectangular 3  0.0577 mV 

Calibration certificate of the oscilloscope vertical channel (OSCCAL) 1.76 mV B Normal 1.96 0.8979 mV 

Resolution of the board NI USB-6009 (AD) 1.2 mV B Rectangular 3  0.6928 mV 

Combined uncertainty 1.18 mVUc =   Coverage Factor 1.96k =  

Effective degrees of freedom eff 9430.22V =   Expanded Uncertainty Uexp = 2.31 mV 
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Figure 7. Histogram of the EMG extracted features: RMS.           

 

 

 
Figure 8. Residual plots for the EMG extracted features: RMS.        

 
Section 2, a RCBD experiment is made were the B factor (Subjects) is blocked. In this case, the response variable 
RMS of the EMG signal change with the A, C and AC factor’s combination. Other evaluations are made for the 
EMG Mean and EMG Variance. The response variables Mean and Variance of the EMG signal, change with the A, 
C and AC factor’s combination, that means, the A, C factors and their interactions are significant, and further 
statistical analysis can be taking for the three characteristics obtained. The factors Paradigm (A) and Position (C) 
can be plotted for their interactions analysis for the three characteristics. 

As we can see, Figure 9(a) (RMS) shows that the Paradigm’s level: 3 and 4, move ahead and back respec- 
tively, doesn’t interact, changing equally with the position; opposed to the behavior of the others two Paradigms’ 
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(a) 

 
(b) 

 
(c) 

Figure 9. Interactions plots between the paradigm and the electrode’s position 
for the EMG extracted features: (a) RMS; (b) Mean; and (c) Variance.           
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level: move Right (1) and Left (2), that have a crossover interaction, showing variation with the electrode’s po- 
sition. It means that the lateral movements (Right and Left) are more influents than the other two (Ahead and 
Back). We can appreciate also how Positions 1 (PM—Right) and 2 (PM—Left), change equally with the four 
paradigms, contrary to the other two: 3 (SCM—Left) and 4 (SCM—Right) that interact in this values with all 
the paradigms. This last aspect is also appreciated in Figure 9(b) (Mean) and Figure 9(c) (Variance). It could 
indicate that SCM muscle is most influent for EMG signal acquisition for the paradigm’s translation, than PM. 

4. Conclusion 
This research tries to validate the feasibility of the electromyography of the study muscles and the paradigms 
tested. In the attempt, a new interface for signal acquisition was developed, as well as a code implemented, for 
feature’s extraction like RMS, Mean and Variance. Instead of the fact that the influence of the paradigm and po- 
sition factors over the three response variables is significant, the results showed that the obtained sternocleido- 
mastoid muscle signal is much stronger and more significant, than the one acquire from the Platysma. Also the 
paradigms of lateral movements have more interactions than the other levels, suggesting a paradigms change. It 
is recommended further assays with other paradigms including the lateral movement’s studies in this research, 
and the use of the SCM muscle for BCI feedback. 
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Abstract 
In this paper, we consider cooperative hyperbolic systems involving Schrödinger operator defined 
on nR . First we prove the existence and uniqueness of the state for these systems. Then we find 
the necessary and sufficient conditions of optimal control for such systems of the boundary type. 
We also find the necessary and sufficient conditions of optimal control for same systems when the 
observation is on the boundary. 

 
Keywords 
Hyperbolic Systems, Schrödinger Operator, Boundary Control Problem, Boundary Observation, 
Cooperative 

 
 

1. Introduction 
The optimal control problems of distributed systems involving Schrödinger operator have been widely discussed 
in many papers. One of the first studies was introduced by Serag [1], which discusses 2 × 2 cooperative systems 
of elliptic operator. Further research in this area developed the problem by studying different operator types (el- 
liptic, parabolic, or hyperbolic) or higher system degree as in [2]-[6]. Many boundary control problems have 
been introduced in [7]-[10]. 

In [3], we discussed distributed control problem for 2 × 2 cooperative hyperbolic systems involving Schrö- 
dinger operator. 

Here, using the theory of [11], we consider the following 2 × 2 cooperative hyperbolic systems involving Schrö- 
dinger operator: 
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where a , b , c  and d  are given numbers such that b , 0c > , 
i.e. the system (1) is called cooperative                                (2) 

( )q x  is a positive function and tending to ∞  at infinity,                     (3) 

and ] [0,nQ R T= ×  with boundary ] [0,TΣ = Γ× . 
The model of the system (1) is given by: 
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since ( ) ( ) ( ) ( )( )1 1 2 2 1 2,A t y x q y ay by q y cy dy= −∆ + − − −∆ + − − , ( ) ( )( )2n
qA t y V R′∈ . 

We first prove the existence and uniqueness of the state for these systems, then we introduce the optimality 
conditions of boundary control, we also discuss them when the observation is on the boundary. 

2. Some Concepts and Results 
Here we shall consider some results about the following eigenvalue problem which introduced in [1] and [12]: 
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Since the imbedding of ( )n
qV R  into ( )2 nL R  is compact, then the operator ( )q−∆ +  considered as an 

Operator in ( )2 nL R  is positive self-adjoint with compact inverse. Hence its spectrum consists of an infinite se- 
quence of positive eigenvalues, tending to infinity; moreover the smallest one which is called the principal ei- 
genvalue denoted by ( )qλ  is simple and is associated with an eigenfunction which does not change sign in 

nR . It is characterized by: 

( ) ( )2 2 2d d     
n n

n
q

R R

q y x y q y x y V Rλ  ≤ ∇ + ∀ ∈ ∫ ∫                          (6) 

We have:  

( ) ( ) ( ) ( ) ( ) ( )n
q

n
q

nnn
q

n
q RVRVRLRLRVRV ′×′⊆×⊆× 22  



A. H. Qamlo 
 

 
264 

which is continuous and compact. 
Let us introduce the space ( )( )2 0, ; n

qL T V R  of measurable function ( )t f t→  which is defined on open 

interval ( )0,T  and the variable ( )0,t T∈ , T < ∞  denotes the time. 
On ( )0,T  with Lebesgue measure dt  we have the norm: 

( ) ( )( ) ( ) ( )
( )

2

1 2
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0, ;
0,

dn n
q qL T V R V R
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f t f t t
 
 = ∞
 
 
∫   

and the scalar product  
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f t g t f t g t t= ∫ , 

the space ( )( )2 0, ; n
qL T V R  with the scalar product and the norm above is a Hilbert space. 

Analogously, we can define the spaces ( )( ) ( )2 2 20, ; nL T L R L Q= ,  

with the scalar product: 

( ) ( )( ) ( ) ( ) ( )( ) ( )
( )

( ) ( )2 2

0,

, , d d dnL Q L R
T Q

f t g t f t g t t f t g t x t= = ⋅∫ ∫  

then we have: 

( )( ) ( )( ) ( ) ( ) ( )( ) ( )( )2 2 2 2 2 20, ; 0, ; 0, ; 0, ;n n n n
q q q qL T V R L T V R L Q L Q L T V R L T V R′ ′× ⊆ × ⊆ ×  

3. The Existence and Uniqueness for the State of the System (1) 
We have the bilinear form: 

( ) [ ] [ ]

( ) ( )( )

1 1 1 1 2 2 2 2 1 2 2 2

1 1 2 1

2

1 2 1 2

1 1; , d d d d

                     d d ,

, ,     , .

n n n n

n n

R R R R

R R

n
q

dt y y qy x y qy x y x y x
b c c

a y x y x
b

y y y V R

π ψ ψ ψ ψ ψ ψ ψ

ψ ψ

ψ ψ ψ

= ∇ ∇ + + ∇ ∇ + − −

− −

= = ∈

∫ ∫ ∫ ∫

∫ ∫          (7) 

For all ( )( )2
,  n

qy V Rψ ∈  the function ( ); ,t t yπ ψ→  is measurable on ( )0,T . 

The coerciveness condition of the bilinear form (7) in ( )( )2n
qV R  has been proved by Serag [1], by using the  

conditions for having the maximum principle for cooperative system (1) which have been obtained by Fleckinger 
[13], and take the form: 

( ) ( )
( )( ) ( )( )

,     ,a q d q

q a q d bc

λ λ

λ λ




− −

 



                                 (8) 

that means: 

( ) ( )2 2
1 2, ,; , ,     0q m q mt y y C y y Cπ ≥ +                             (9) 

Theorem (3.1):  
Under the hypotheses (2) and (9), if ( )( )2

1 2,  0, ; n
qf f L T V R′∈ , ( )1,0y x , ( ) ( )2,0

n
qy x V R∈  and ( )1,1y x , 

( ) ( )2,1
ny x L R∈ , then there exists a unique solution: { } ( )( )( )2

2
1 2, 0, ; n

qy y y L T V R= ∈  for system (1). 
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Proof: 

Let ( )Lψ ψ→  be a continuous linear form defined on ( )( )2n
qV R  by: 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )( )

1 1 2 2

21 2
1,1 2,1 1 2

1 1, d d , d d

,0 ,01 1d d ,   , .
n n

Q Q

n
q

R R

L f x t x x t f x t x x t
b c

x x
y x x y x x V R

b t c t

ψ ψ ψ

ψ ψ
ψ ψ

= +

∂ ∂
+ + ∀ ∈

∂ ∂

∫ ∫

∫ ∫
     (10) 

then by Lax-Milgram lemma, there exists a unique element ( ) ( )( )2

1 2, n
qy y y V R= ∈  such that: 

( ) ( ) ( ) ( )( )2

1 2; , ,    , n
qt y L V Rπ ψ ψ ψ ψ ψ= ∀ = ∈                            (11) 

Now, let us multiply both sides of first equation of system (1) by ( )1
1 x
b
ψ , and the second equation by: 

( )2
1 x
c
ψ  then integration over Q , we have: 

( ) ( ) ( )
2

1
1 1 2 1 1 12

1 1d d , d d
Q Q

y x
q y ay by x t f x t x t

b bt
ψ ψ

 ∂
+ −∆ + − − = 

∂  
∫ ∫  

( ) ( ) ( )
2

2
2 1 2 2 2 22

1 1d d , d d
Q Q

y x
q y cy dy x t f x t x t

c ct
ψ ψ

 ∂
+ −∆ + − − = 

∂  
∫ ∫  

By applying Green’s formula: 
( ) ( )

( )

1 1 1 1
1 1 1 1 1 1 2 1

1 1

,0 ,01 1 1 1d d d d d d d

1      , d d ,

n AQ QR

Q

y x x y y q ax y x t y y y x t
b t t b t b b b b

f x t x t
b

ψ
ψ ν ψ ψ ψ

ν

ψ

Σ Σ

∂ ∂ ∂ ∂  + Σ + ∇ ∇ − Σ + − − ∂ ∂ ∂ ∂  

=

∫ ∫ ∫ ∫ ∫

∫
 

( ) ( )

( )

2 2 2 2
2 2 2 2 2 1 2 1

2

,0 ,01 1 1 1d d d d d d d

1      , d d ,

n AQ QR

c
Q

y x x y y q dx y x t y y y x t
c t t c t c c c c

f x t x t
c

ψ
ψ ν ψ ψ ψ

ν

ψ

Σ Σ

∂ ∂ ∂ ∂  + Σ + ∇ ∇ − Σ + − − ∂ ∂ ∂ ∂  

=

∫ ∫ ∫ ∫ ∫

∫
 

By sum the two equations we get: 
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 1 2 21 1 2
1 1 2

1 22
2 1,1 2,1

,0 ,0 ,0 ,01 1 1 1 1d d d d d

,0 ,01 1 1  d d d ,

n n

n n

AR R

A R R

y x x y x xy y yx x
b t t b t b c t t c t

x xy y x x y x x
c b t c t

ψ ψ
ψ ν ψ ψ ν

ν

ψ ψ
ψ

ν

Σ Σ Σ

Σ

∂ ∂ ∂ ∂∂ ∂ ∂
+ Σ − Σ + + Σ

∂ ∂ ∂ ∂ ∂ ∂ ∂

∂ ∂∂
− Σ = +

∂ ∂ ∂

∫ ∫ ∫ ∫ ∫

∫ ∫ ∫
 

by comparing the previous equation with (7), (10) and (11) we deduce that: 

1 2 0
y y
ν νΣ Σ

∂ ∂
= =

∂ ∂
 

( ) ( ) ( ) ( )1 2
1,1 2,1

0 0
,         in ny x, y x,

y x y x R
t t

∂ ∂
= =

∂ ∂
 

then the proof is complete. 

4. Formulation of the Control Problem 

The space ( ) ( )2 2L LΣ × Σ  is the space of controls. For a control ( ) ( )( )2
1 2 2,u u u L= ∈ Σ , the state  
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( ) ( ) ( )( ) ( )( )( )2
2

1 2, 0, ; n
qy u y u y u L T V R= ∈  of the system is given by the solution of 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( )
( ) ( )

2
1

1 1 2 12

2
2

2 1 2 22

1 2

1 2
1 2

1 1,0 2 2,0

1 2
1,1

    in  ,

    in  ,

,  0    as    ,

,     ,

,0, ,     ,0,            in  ,
,0,

,    

n

y u
q y u ay u by u f Q

t
y u

q y u cy u dy u f Q
t

y y x
y u y u

u u

y x u y x y x u y x R
y x u y x

y x
t

ν ν
Σ Σ

∂
+ −∆ + = + +

∂
∂

+ −∆ + = + +
∂

→ →∞
∂ ∂

= =
∂ ∂

= =
∂ ∂

=
∂

( ) ( )2,1

,0,
       in  .nu

y x R
t















=
∂

                       (12) 

with ( ) ( ) ( )( ) ( ) ( ) ( )1 22 2
1 2,  0, ; ,  ,n

q

y u y u
y u y u L T V R L Q

t t
∂ ∂

∈ ∈
∂ ∂

. 

The observation equation is given by ( ) ( ) ( )( ) ( ) ( ) ( )( )1 2 1 2, ,z u z u z u y u y u y u= = = . 

For a given ( ) ( )( )22
1 2,d d dz z z L Q= ∈ , the cost function is given by:  

( ) ( ) ( ) ( ) ( ) ( ) ( )( )222 2

2 2
1 1 2 2 ,d d LL Q L Q

J v y v z y v z Nv v
Σ

= − + − + .                         (13) 

where ( )( ) ( )( )( )2 22 2,N L L L∈ Σ Σ  is hermitian positive definite operator: 

( ) ( )( ) ( )( )
22 22

2, ,     0L L
Nu u uγ γ

Σ Σ
≥                                 (14) 

The control problem then is to find { }1 2, adu u u U= ∈  such that ( ) ( )J u J v≤ , where adU  is a closed con- 

vex subset of ( )( )22L Σ . 

Since the cost function (14) can be written as (see [11]): 

( ) ( ) ( ) ( ) ( )( )22

2
, 2 0 d L Q

J v a v v L v y z= − + −  

where ( ),a v v  is a continuous coercive bilinear form and ( )L v  is a continuous linear form on ( )( )22L Σ .  

Then there exists a unique optimal control adu U∈  such that ( ) ( )infJ u J v=  for all adv U∈  by using the 
general theory of Lions [11]. Moreover, we have the following theorem which gives the necessary and sufficient 
conditions of optimality: 

Theorem (4.1): 
Assume that (9) and (14) hold. If the cost function is given by (13), the optimal control ( ) ( )( )2

1 2 2,u u u L= ∈ Σ  
is then characterized by the following equations and inequalities:  

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

( ) ( )

2
1

1 1 2 1 12

2
2

2 1 2 2 22

1 2

1 2

1 2

     in  ,

    in  ,

, 0    as    ,

0,     0,

, , , , 0                                                 

d

d

p u
q p u ap u cp u y u z Q

t
p u

q p u bp u dp u y u z Q
t

p p x
p u p u

p x T u p x T u
ν ν

Σ Σ

∂
+ −∆ + − − = −

∂
∂

+ −∆ + − − = −
∂

→ →∞
∂ ∂

= =
∂ ∂

= =
( ) ( )1 2

    in  ,
, , , ,

0                                                 in  .

n

n

R
p x T u p x T u

R
t t













∂ ∂

= =
∂ ∂

                 (15) 
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with ( ) ( ) ( )( ) ( ) ( ) ( )1 22 2
1 2,  0, ; ,  ,  n

q

p u p u
p u p u L T V R L Q

t t
∂ ∂

∈ ∈
∂ ∂

 

( )( ) ( )( ) ( )22 1 2, 0,     , adL
p u Nu v u v v v U

Σ
+ − ≥ ∀ = ∈                         (16) 

together with (12) , where ( ) ( ) ( )( )1 2,p u p u p u=  is the adjoint state. 
Proof: 
The optimal control ( ) ( )( )2

1 2 2,u u u L= ∈ Σ  is characterized by [11] 

( )( ) 0,     adJ u v u v U′ − ≥ ∀ ∈ , 

Which is equivalent to: 

( ) ( ) ( )( ) ( )( ) ( ) ( )( )22 22, , 0d LL Q
y u z y v y u Nu v u

Σ
− − + − ≥  

i.e. 

( ) ( ) ( )( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )222 21 1 1 1 2 2 2 2, , , 0d d LL Q L Q
y u z y v y u y u z y v y u Nu v u

Σ
− − + − − + − ≥        (17) 

this inequality can be written as: 

( ) ( ) ( )( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )222 21 1 1 1 2 2 2 2
0

, , d , 0n n

T

d d LL R L R
y u z y v y u y u z y v y u t Nu v u

Σ
 − − + − − + − ≥  ∫    (18) 

Now, since: 

( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( )
( )

( ) ( ) ( ) ( ) ( ) ( )
( )

22

2

2

2
1

1 1 1 22
0

2
2

2 2 1 22
0

, , d

                          , d .

n

n

T

L Q
L R

T

L R

y u
p By p u q y u ay u by u t

t

y u
p u q y u cy u dy u t

t

 ∂
= + −∆ + − −  ∂ 

 ∂
+ + −∆ + − −  ∂ 

∫

∫
 

where  

( ) ( ) ( )( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

1 2

2 2
1 2

1 1 2 2 1 22 2

,

          , .

By u B y u y u

y u y u
q y u ay u by u q y u cy u dy u

t t

=

 ∂ ∂
= + −∆ + − − + −∆ + − −  ∂ ∂ 

 

by using Green formula and (12), we have:  

( ) ( )( )
( ) ( ) ( ) ( ) ( ) ( )

( )
( ) ( ) ( ) ( ) ( ) ( )

( )

( ) ( )( )

22

2

2

22

2
1

1 1 2 12
0

2
2

2 2 22
0

, , d

                           , d

                    , .

n

n

T

L Q
L R

T

L R

L Q

p u
p By q p u ap u cp u y u t

t

p u
q p u bp u dp u y u t

t

B p y∗

 ∂
= + −∆ + − −  ∂ 

 ∂
+ + −∆ + − −  ∂ 

=

∫

∫  

then  

( ) ( ) ( )( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

1 2

2 2
1 2

1 1 2 2 1 22 2

,

            , .

B p u B p u p u

p u p u
q p u ap u cp u q p u bp u dp u

t t

∗ ∗=

 ∂ ∂ = + −∆ + − − + −∆ + − − 
∂ ∂  

 

and ( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )( )1 2 1 1 2 2 1 2, ,A p u p u p u q p u ap u cp u q p u bp u dp u∗ = = −∆ + − − −∆ + − −  
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since the adjoint equation takes the form [11]: ( ) ( ) ( )
2

2 d

p u
A p u y u z

t
∗∂

+ = −
∂

 

and from theorem (3.1), we have a unique solution ( ) ( )( )( )2
2 0, ; n

qp u L T V R∈  which satisfies ( )1p u , 

( ) ( )( )2
2 0, ; n

qp u L T V R∈ , ( )1p u
t

∂
∂

, ( ) ( )2 2p u
L Q

t
∂

∈
∂

. 

This proves system (15). 
Now, we transform (18) by using (15) as follows: 

( ) ( ) ( ) ( ) ( ) ( ) ( )
( )

( ) ( ) ( ) ( ) ( ) ( ) ( )
( )

( ) ( )( )

2

2

22

2
1

1 1 2 1 12
0

2
2

2 1 2 2 22
0

, d

    , d

    , 0.

n

n

T

L R

T

L R

L

p u
q p u ap u cp u y v y u t

t

p u
q p u bp u dp u y v y u t

t

Nu v u
Σ

 ∂
+ −∆ + − − −  ∂ 

 ∂
+ + −∆ + − − −  ∂ 

+ − ≥

∫

∫  

Using Green formula, we obtain: 

( ) ( ) ( ) ( )
( )

( ) ( ) ( )( ) ( )

( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( )
( )

( ) ( ) ( )( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )

2
2

2
2

222 2

2

1 1 1 1 1 12
0 0

2

2 1 1 2 2 22
0 0

1 2 2 2 2 2
0 0

, d , d

    , d , d

    , d , d ,

n
n

n
n

n n

T T

L R
L R

T T

L R
L R

T T

LL R L R

p u q y v y u t a p u y v y u t
t

c p u y v y u t p u q y v y u t
t

b p u y v y u t d p u y v y u t Nu v u
Σ

  ∂
+ −∆ + − + − −   ∂  

  ∂
+ − − + + −∆ + −   ∂  

+ − − + − − + −

∫ ∫

∫ ∫

∫ ∫ 0.≥

 

Using (12), we have: 

( )( ) ( )( )22, 0
L

p u Nu v u
Σ

+ − ≥ . 

Thus the proof is complete. 

5. Formulation of the Problem When the Observation Is on the Boundary 
The observation equation is given by:  

( ) ( ) ( )( ) ( )( ) ( )( ) ( )( )( )1 2 1 2, ,z u z u z u M y u M y u y u
Σ Σ Σ

= = =  

( )( ) ( )( )( )2 22 2,M L L L∈ Σ Σ . 

This is interpreted as follows [11]: we take the trace of ( )y u  on Σ , which is particular in ( )( )22L Σ . Let 

this be denoted by ( )y u
Σ

.  

For a given ( ) ( )( )22
1 2,d d dz z z L= ∈ Σ , the cost function is given by: 

( ) ( )
( )

( )
( )

( ) ( )( )222 2

2 2

1 1 2 2 ,d d LL L
J v y u z y u z Nv v

ΣΣ ΣΣ Σ
= − + − + .                     (19) 

where ( )( ) ( )( )( )2 22 2,N L L L∈ Σ Σ  is defined as in (14). 

The control problem then is to find ( )1 2, adu u u U= ∈  such that ( ) ( )J u J v≤ , where adU  is a closed con- 
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vex subset of ( )( )22L Σ . 

Since the cost function (19) can be written as [11]: 

( ) ( ) ( ) ( ) ( )( )22

2
, 2 0 d L

J v a v v L v y z
Σ

= − + − , 

where ( ),a v v  is a continuous coercive bilinear form and ( )L v  is a continuous linear form on ( )( )22L Σ . 

Then using the general theory of Lions [11], there exists a unique optimal control adu U∈  such that 

( ) ( )infJ u J v=  for all adv U∈ . Moreover, we have the following theorem which gives the necessary and suf- 
ficient conditions of optimality: 

Theorem (5.1): 
Assume that (9) and (14) hold. If the cost function is given by (19), the optimal control ( ) ( )( )2

1 2 2,u u u L= ∈ Σ   

is then characterized by the following equations and inequalities:  

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( )

2
1

1 1 22

2
2

2 1 22

1 2

1 2
1 1 2 2

1 2

0          in  ,

0         in  ,

,  0    as    ,

,     ,

, , , , 0                                    

d d

p u
q p u ap u cp u Q

t
p u

q p u bp u dp u Q
t

p p x

p u p u
y u z y u z

p x T u p x T u

ν νΣ Σ
Σ Σ

∂
+ −∆ + − − =

∂
∂

+ −∆ + − − =
∂

→ →∞

∂ ∂
= − = −

∂ ∂

= =

( ) ( )1 2

      in  ,

, , , ,
0                                      in  .

n

n

R

p x T u p x T u
R

t t















∂ ∂

= = ∂ ∂

                  (20) 

with ( ) ( ) ( )( ) ( ) ( ) ( )1 22 2
1 2,  0, ; ,  ,  n

q

p u p u
p u p u L T V R L Q

t t
∂ ∂

∈ ∈
∂ ∂

 together with (16) and (12). 

Proof: 
The optimal control ( ) ( )( )2

1 2 2,u u u L= ∈ Σ  is characterized by [11]: 

( )( ) 0,   adJ u v u v U′ − ≥ ∀ ∈  

Which is equivalent to: 

( ) ( ) ( )( ) ( )( ) ( ) ( )( )22 22, , 0d LL
y u z y c y u Nu v u

ΣΣ
− − + − ≥  

i.e. 

( ) ( ) ( )( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )222 21 1 1 1 2 2 2 2, , , 0d d LL L
y u z y v y u y v z y v y u Nu v u

ΣΓ Γ
− − + − − + − ≥       (21) 

this inequality can be written as:  

( ) ( ) ( )( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )222 21 1 1 1 2 2 2 2
0

, , d , 0
T

d d LL L
y u z y v y u y v z y v y u t Nu v u

ΣΓ Γ
 − − + − − + − ≥  ∫      (22) 

since the adjoint system takes the form [11]: 

( ) ( )

( ) ( )

2

2 0    in  

      on  d

p u
A p u Q

t
p u

y u z
ν

∗

Σ

∂
+ =

∂
∂ = − Σ ∂
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and from theorem (3.1), we get a unique solution ( ) ( )( )( )2
2 0, ; n

qp u L T V R∈  which satisfies:  

( ) ( ) ( )( ) ( ) ( ) ( )1 22 2
1 2,  0, ; ,  ,  n

q

p u p u
p u p u L T V R L Q

t t
∂ ∂

∈ ∈
∂ ∂

.  

This proves system (20). 
Now, we transform (22) by using (20) as follows: 

( ) ( ) ( )
( )

( ) ( ) ( )
( )

( ) ( )( )22
2 2

1 2
1 1 2 2

0 0

, d , d , 0
T T

L
L L

p u p u
y v y u t y v y u t Nu v u

ν ν Σ
Γ Γ

∂ ∂   
− + − + − ≥   

∂ ∂   
∫ ∫  

Using Green formula, we obtain: 

( ) ( ) ( )
( )

( ) ( ) ( )
( )

( ) ( )( )22
2 2

1 1 2 2
1 2

0 0

, d , d , 0
T T

L
L L

y v y u y v y u
p u t p u t Nu v u

ν ν ν ν Σ
Γ Γ

∂ ∂ ∂ ∂   
− + − + − ≥   

∂ ∂ ∂ ∂   
∫ ∫  

Using (12), we have:  

( )( ) ( ) ( )( ) ( ) ( ) ( )( )222 21 1 1 2 2 2
0 0

, d , d , 0
T T

LL L
p u v u t p u v u t Nu v u

ΣΓ Γ
− + − + − ≥∫ ∫ , 

which is equivalent to:  

( )( ) ( )( )22, 0
L

p u Nu v u
Σ

+ − ≥ . 

Thus the proof is complete. 

6. Conclusions 

In this paper, we have some important results. First of all we proved the existence and uniqueness of the state for 
system (1), which is (2 × 2) cooperative hyperbolic system involving Schrödinger operator defined on nR  
(Theorem 3.1). Then we found the necessary and sufficient conditions of optimality for system (1), that give the 
characterization of optimal control (Theorem 4.1). Finally, we also find the necessary and sufficient conditions 
of optimal control when the observation is on the boundary (Theorem 5.1).  

Also it is evident that by modifying: 
-the nature of the control (distributed, boundary), 
-the nature of the observation (distributed, boundary), 
-the initial differential system, 
-the type of equation (elliptic, parabolic and hyperbolic), 
-the type of system (non-cooperative, cooperative), 
-the order of equation, 

many of variations on the above problem are possible to study with the help of Lions formalism. 
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