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Abstract: Due to lack of knowledge of human factors theory and human reliability technique, operators and 

analysts usually hard to address the error posed by humans that would lead to unwanted event in the process of 

using an axis-line measuring and management decision-making system to monitor the running axis-line of 

rotary kiln. This paper proposes an approach for analyzing the consequences of failures caused by human 

errors for a testing instrument. Firstly, the configuration and operation principles of the measuring system are 

presented, then, the human errors analysis of measuring and management subsystem was evaluated by 

applying method of fault tree analysis. It was focused on the types of human errors so as to prevent or reduce 

human errors for the improvement of measuring and management performances and safety in the running 

process of rotary kiln. Finally, according to the human information processing model and actual operational 

conditions, six measures to reduce or prevent the human errors in system with the aim of ensuring the normal 

and healthy running of rotary kiln were developed. 

Keywords: Rotary Kiln Axis-line, Measuring and Management, Human Errors, Fault Tree Analysis. 
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1.  Introduction 

Rotary kilns are widely used in variety of industries including metallurgy, cement, and chemical process 

industry [1-2]. The primary functions of a rotary kiln are to supply enough heat to raise the solids to reaction 

temperature and to promote an efficient mixing of these solids to ensure uniformity of heat transfer. A typical 

rotary kiln consists of a long and slightly tilted cylinder, rotating about its axis, which usually has weight of 

kiloton, length of hectometer, and four to nine supporting aprons with burden, large torque, and 

multi-supporting mechanism [3-4]. Here, the axis-line is a virtual line connected to all cylinder rotating 

centers of the supporting location of their segments, which can express the deviation between the running 

axis-line and the first installation axis-line in the vertical and horizontal directions of each supporting location 

to evaluate the running state of rotary kiln [5-7]. There are often occur with uneven load distribution problems 

because of the axis variations in the process of running, and even cause a great productivity losses and tragedy. 

Thus, it is very important to have the instruments that can monitor the running state axis-line of rotary kiln in 

metallurgy, cement, and chemical process industries for meeting the demands of safety, health, and high 

efficiency. However, due to a lack of knowledge of human factors theory and human reliability technique, 

operators and analysts tend not to address the errors posed by human that would lead to the unpredictable 

event in the process of measuring and management. 

Reliability is defined as probability to perform a specified function or mission under given conditions 

while availability is the probability that the system or component is available when called upon [8]. When 
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analyzing human reliability it is necessary to identify those human actions or inactions that can affect the 

reliability of a system. These actions or inactions are defined as human errors. However, there are many 

human factor-related accidents that make up a significant proportion of all rotary kiln safety accidents. 

Statistics also show that human factors have played a major role in the occurrence of accidents in such 

measuring and management decision-making system mentioned above. Actually, human error in process 

industry is much more complicated to decode than simply blaming the operator. As Reason notes, “… human 

error is a consequence not a cause. Errors … are shaped and provoked by upstream workplace and 

organizational factors. Identifying an error is merely the beginning of the search for causes, not the end … 

Only by understanding the context that provoked the error can we hope to limit its recurrence.” [9-10] Several 

studies have proposed methods and models to reduce the occurrence of human error and improve the poor 

record of the industry. For example Rasmussen’s skills rules-knowledge model of decision-making [11], 

Wickens and Flach’s four stage information processing model [12], O’Hare’s wheel of misfortune taxonomy 

[13], Moray’s socio technical model of error [14], and Reason’s generic error modeling system [15]. The first 

two models concentrate on the micro, cognitive mechanisms that explain why an operator has erred, typically 

through some type of omission, commission, or violation. The latter three models are macro or systems-based, 

focus on the operator and the contextual upstream factors that set up the operator to err. They are all valid 

approaches to understanding human factors and how accidents occur. In addition, a number of human error 

taxonomies have been developed based on these methods and models. These taxonomies provide a theory 

driven classification system to allow investigators and researchers to categorize operator errors and accidents 

contributing factors, which in turn enable systematic analyses to be performed. A major benefit of classifying 

operator errors and contributing factors based on their underlying theoretical nature is in enabling trends to be 

identified across error forms.  

This paper is aimed at the impact of human error, which is known as a major contributing factor in 

accident causation of rotary kiln axis-line measuring and management decision-making system. Firstly, the 

configuration and principle of the rotary kiln axis-line measuring and management decision-making system is 

presented, and then, Fault Tree Analysis method is used to analyze the possible human errors of the measuring 

and management subsystem. Finally, six measures to reduce or prevent the human errors in system are 

developed through a better understanding of human errors to ensure the normative operation, normal 

measuring precision, and good management performances of axis-line measuring system. 

2.  Rotary kiln axis-line measuring and management system 

The axis-line measuring and management decision-making system for rotary kiln with the functions of 

sensing, detection, management, and optimization of decision-making that can be quickly carried out the 

running axis-line measuring and analysis of the working state of rotary kiln [16-17]. It consists of sensor 

supporting device, integrated signal acquisition device, and portable computer equipment, as shown in Fig. 1. 

The system makes use of the measuring principle of zero displacement direction key and phase to detect the 

running axis-line. In the system, the sensor supporting device consists of orientation supporting seat installed 

on each segment of rotary kiln and the mobile bracket. The mobile bracket consists of the magnetic-absorption 

motherboard and two iron sleeves can be adjusted both in the vertical and horizontal directions to install 

sensors with the angle of 150 in the vertical direction. This can achieve quite rapidly the orientation and 

Fig. 1 Portable axis-line measuring and information management 

decision-making system for rotary kiln health maintenance 
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installation of the mobile bracket by adjusting the magnetic-absorption motherboard after demarcation of the 

orientation supporting seat, and the mobile bracket to ensure corresponding three-dimensional position of all 

segments of rotary kiln. The integrated signal acquisition device consists of two eddy current displacement 

sensors and their preamplifiers, digital display device, sensor power supply, and USB data acquisition card, as 

shown in Fig. 2. The displacement measuring-range of eddy current displacement sensor is almost 20mm, 

connected with preamplifier through cable, and the displacement can be obtained from the digital display 

device. The sensor power supply consists of a high performance lithium-ion rechargeable battery, charging 

circuit, voltage regulator, and electrical-level show circuit. It can continuously provide power for the 

integrated signal acquisition device up to 2 hours without external power supply in the actual measurement. 

Thus, it is very useful to use the system to measure the axis-line of rotary kiln. The portable computer 

equipment consists of a laptop computer and its measuring and management decision-making software system. 

When one measures the axis-line of rotary kiln, the analog signal of real-time displacement signal can be 

obtained from the sensor supporting device, and converted it to data signal through the integrated signal 

acquisition device, and then, send to the laptop computer for further analysis. The result of measurement and 

analysis is connected with the office of chief engineer and company director to help the manager to make best 

optimization of decision-making [7,18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Human error analysis of rotary kiln axis-line measuring and management system 

The failure of rotary kiln axis-line measuring and management decision-making system is not only caused 

by hardware or software malfunctions, but also by human errors. The human factors analysis is necessary and 

essential approach in order to understand the possible errors caused by humans and optimize operability. It is 

also critical for ensuring that the risks of a major accident are as low as reasonably practicable. Some of these 

are discussed below.     

3.1  Concepts on human error 

Human error is an inappropriate or undesirable human decision or behavior that reduces, or has the 

potential for reducing, effectiveness, safety or system performance. There are various forms of human error 

analysis have been widely used in many industry sectors, although the specific tools used for the purpose vary. 

The human information-processing model proposed by Wickens describes four stages of human 

information-processing and performance, namely perception, memory, decision-making and action [12]. 

When performing task, people perceive information about the outside world using all of the senses, and may 

use this information along with information retrieved from memory to arrive at decisions that are used to 

determine and execute action [19-20]. 

A human error can occur as a result of a failure in any of the above four stages, as the following process 

industry examples illustrate: 

(1) Perception error-misperceive a reading on a display; 

(2) Memory error-forget to implement a step in a procedure; 

(3) Decision error-fail to integrate various pieces of data and information, resulting in misdiagnosis of a 

process upset; 

(4) Action error-inadvertently operates the wrong device. 
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To find out why these four types of error happen, it is necessary to establish what caused the failure in that 

part of the human information-processing system, i.e., what were the potential psychological factors? As well 

as, explaining why an error has occurred. Furthermore, the potential psychological factors also give us strong 

indications as to what we can do to prevent the occurrence of such errors, or reduce their impact [21]. 

It is also necessary to be aware of the fact that human performance in general is very heavily influenced by 

the surrounding conditions. Such conditions are known as performance-shaping factors, and can help to 

further clarify why an error has occurred, and also provide additional information to help specify a practical 

solution. Examples of performance-shaping factors, which may increase the possibility of error, include very 

high workload, poor equipment, and inadequate training. 

3.2  Human error analysis of measuring and management system based on FTA 

Fault tree analysis (FTA) is widely performed in the industry to evaluate engineering systems during their 

design and development. A fault tree may simply be described as a logical representation of the relationship of 

primary events that lead to a specified undesirable event called the “top event” and is depicted using a tree 

structure with OR, AND, etc. logic gates [22-23]. This method can also be used to perform human error 

analysis of the measuring instrument and management system.  

In this study, an axis-line measuring and management decision-making system for rotary kiln health 

maintenance used in the Hunan Shaofeng Cement Group Co.,Ltd. is taken as an example. It mainly consists of 

sensor supporting subsystem, measuring subsystem, and management subsystem. The function of rotary kiln 

axis-line measuring subsystem mainly consists of sensor supporting and setting unit and data acquisition and 

processing unit. According to the function principle, the failures of rotary kiln axis-line measuring subsystem 

performed by humans usually involve sensor supporting and setting function performed incorrectly, data 

acquisition and processing function performed incorrectly, and errors caused by work conditions and human 

pressure. A fault tree for the event that rotary kill’s axis-line measuring subsystem performed incorrectly by 

person is shown in Fig.3. 

 

It can be seen from the fault tree that above three functions must be performed correctly for the successful 

completion of the measuring subsystem. The sensor supporting and setting function is made up of two 

sub-function sensor supporting and sensor setting. If any one of these two sub-functions is performed 

correctly, function sensor supporting and setting can be completed successfully. Function data acquisition and 

processing is composed of sub-function data acquisition and data processing. Both of these two sub-functions 

Fig.3.  Fault tree for the performance of rotary kiln axis-line measuring subsystem incorrectly 
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must be performed correctly for the success of function data acquisition and processing. Both sub-functions, 

sensor supporting and data processing, are composed of three human tasks each, i.e., supporting, design, 

operation, and operation, reading, decision, respectively. All factors for each of these two sub-functions must 

be completed correctly for sub-function success. Moreover, both sub-functions, sensor setting and data 

acquisition, are subjected to two types of human errors each, i.e., orientation setting error, bracket setting error, 

and parameter setting error, connection error, respectively. These errors can be caused by human tasks 

including incorrect fixing, wrong design, wrong operation, weak testing, and so on. All errors for each of these 

two sub-functions may be lead to the failure of sub-function. In addition, the part of errors caused by work 

conditions and human stress mainly indicates that some factors affected person’s performance include high 

workload, time to work, fatigue, group interaction, repetitive work, inadequate training, big noise, and bad 

measuring conditions.     

Rotary kiln axis-line management decision-making subsystem is an important function part integrated with 

the measuring subsystem for making-decision, whether the displacement of the corresponding supporting 

aprons needs to be adjusted for ensuring the running axis-line is consistent with the ideal line, on the basis of 

data collected from eddy current displacement sensor. The axis-line management decision-making subsystem 

usually consists of management decision-making software, communication tool, and laptop computer. The 

common human errors that may occur in the process of using management decision-making function of 

mentioned instrument above, and other special human errors include inadequate execution for setting 

measuring parameters of individual operation on different measuring locations. In addition, there are many 

errors that usually occur in the equipment field-use environment due to operating personnel, when they fail to 

follow correct procedures, or there is lack of correct procedures. More specifically, some of the factors that 

can lead to operator errors are task complexity, operator carelessness, heavy mental or physical stress, poor 

environmental conditions, lack of proper procedures, and departure from following the correct operating 

procedures [24-25]. Therefore, it is vital to consider human factors during the usage phase of the axis-line 

management decision-making subsystem to have an effective and low failure rate of human-machine 

compatible system.      

3.3  Human error and measure to be taken 

As we all known that it would not be possible to design technological systems to eliminate all human 

errors during operation because people are involved in: specifying, designing, implementing, installing, 

commissioning, and maintaining systems as well as operating them. This paper analyzes the incidents caused 

by human error in the rotary kiln axis-line measuring and management decision-making system and concludes 

that, it is necessary to focus on behaviors and methods so as to prevent or reduce human error for the 

improvement of instrument performances and safety in running process of rotary kiln. The best way is to 

make and find out what to do to prevent or reduce them, based on the comprehension of different types of 

human errors. 

There are several methods and measures to prevent or reduce human errors in the usage of instruments. 

According to the human information-processing model that describes four stages of human performance, we 

can develop some countermeasures to reduce or prevent human errors in the rotary kiln axis-line measuring 

and management decision-making system, as follows: 

(1) The more complex the task, the easier to make an error. The rotary kiln axis-line measuring and 

management decision-making system should be specially designed and optimized for individual industry 

according to the capabilities of operator. 

(2) To reduce the error probability, the time span of testing and measuring may be two times larger than 

the necessary time to reduce some perception errors and action errors. 

(3) The integration and automation of hardware should generally be recommended in the system to reduce 

operation errors or action errors as much as possible, i.e. incorrect fixing, incorrect setting, wrong operation, 

and so on.  

(4) Human activity should be considered into the system to keep up with his/her concentration and state of 

training, and therefore reduce the total failures of the system. 

(5) The operation rules of measuring system should be provided for the operator, so that he/she can 

correctly operate the system to reduce memory errors or action errors.        

(6) To improve operator reliability and reduce decision errors or action error, working conditions and 

operator stress characteristics including high noise, high temperature, very short decision-making time, 

requirement for prolonged monitoring, and more measuring steps. In addition, repetitive measuring and 

analysis tasks must be considered carefully during the operation phase.  
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4.  Conclusions 

In this paper, a method that is analyzed failures caused by human errors for a rotary kiln axis-line 

measuring and management decision-making system has been developed. As case study, the principle of 

rotary kiln axis-line measuring and management decision-making system was presented and the human error 

analysis of measuring and management subsystem was evaluated. It was focused on the types of human errors 

and the reasons of human errors so as to prevent or reduce the occurrence of human error for the improvement 

of measuring and management performances and safety in running process of rotary kiln. Finally, according to 

the human information-processing model that describes four stages of human performance, we developed six 

measures to reduce or prevent human errors in the process of using rotary kiln axis-line measuring and 

management decision-making system, with the aim of ensuring the normal and healthy running of rotary kiln. 

Moreover, the human error analysis method should be useful in the process of fault diagnosis and maintenance 

for the similar measuring and management decision-making system. 
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Abstract: The main point of vibration monitoring and fault diagnosis is feature extracting and classifying. The 

wavelet packet transform, a perfect tool for the analysis of non-stationary signals and fault features extraction, has 

excellent time-frequency characteristic. The ant colony optimization, a novel swarm intelligence algorithm, has 

been researched abroad in recent years. This paper combines the two ways and provides a new approach to 

intelligent fault diagnosis based on wavelet packet transform and the ant colony optimization. The new method is 

evaluated using experimental signals. Vibration signal of fan roller bearings was decomposed into sub-frequency 

bands by wavelet packet transform and then energy of each band was calculated. The best vector is choosing as the 

symptom parameters reflecting the feature of vibration signals measured. The states identification for machinery 

diagnosis is converted to clustering problem of different states. Euclidean distance is used to measure distance in 

clustering algorithm. And the analysis results demonstrate that the proposed method can recognize the faults types 

effectively. 
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1. Introduction 

Throughout the years, a myriad of techniques for classification has been proposed [1], such as decision tree 

based [2], statistical [3], neural networks [4] and rule based [5].The present paper describes the application of 

ACO clustering algorithm for fault diagnosis of a roller bearing. The ACO, a kind of intelligent algorithm, 

mimics the way realyh7 ants find the shortest route between a food source and their nest. Indirect communication 

features make the system has good scalability. In addition, the method has strong robustness, parallel computing 

mechanism and easy to combine with certain heuristics. 

The ACO has been applied to solve the process optimization problems such as flowshop scheduling [6], 

feature selection of a pattern recognition system [7], dynamic process control [8], data mining [9], and discovery 

of classification rules [10], etc. For example: optimize the parameters of the neural network. A random class is 

given to each unknown parameter. Ants randomly select one from each collection to build neural models and 

calculate the training error. Then update the pheromone matrix according to the results. When the algorithm is 

convergent, the global optimization solution gained. The results show that the improved algorithm can get the 

optimal value more quickly [11].  

In the following, the basic idea of ant colony optimization (ACO) is introduced in Section 2. The brief idea of 

wavelet packet transform (WPT) is introduced in Section 3.The proposed models for fault diagnosis of roller 

bearing are explained in Section 4. In Section 5, the experimental result is shown. In Section 6, we draw a general 

conclusion. 

2. The Basic Principle and Mathematical Description of ACO 
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In the early 1990s, ACO was introduced by M. Dorigo and colleagues as a novel nature-inspired metaheuristic 

for the solution of TSP problems. The TSP problem can be described as the problem of finding a minimal length 

closed tour that visits each town once. In the following parts, we will simply describe the basic mathematical 

description about ACO in solving TSP. 

The medium used to communicate between ants is pheromone. In the feeding process, the moving ant lays 

some pheromone on the ground to marking the path. When other ant encountering a previously laid trail, it can 

detect the pheromone and decide with high probability to follow it, thus increase the trail with its own pheromone. 

The process is thus characterized by a positive feedback loop, where the probability with which an ant chooses a 

path increases with the number of ants that chose the same path in the preceding steps [12]. After arrive the food 

source, ants return to the nest along the same route. 

After each round, pheromone should be updated: including the quantity per unit of length evaporated and laid 

on the edge by the ant. Pheromone evaporation mechanism made the ants ignored the poor path selected before. 

As a result, avoid the algorithm converging to local optimization early. ρ is an evaporation coefficient. When the 

evaporation rate is set to 1, there is no pheromone evaporation, and not easy to get convergence. But setting ρ too 

low is prone to get a local best answer. 

The intensity of pheromone on path-ij at time t+1 is given by Eq. (1) [13] : 

 ( 1) ( ) ( , 1)ij ij ijt t t t         

Define the transition probability for the k-th ant from town i to town j as Eq.(2) [13]: 
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The field of algorithms of the ant system (AS) can be divided into three categories determined by the way the 

trail is updated: ant-cycle, ant-quantity and ant-density algorithms, the formulas are given by Eq. (3-5) [13]. In 

ant-cycle model each ant lays its trail at the end of the tour, but the other two models updated the trail after each 

step. Ant-cycle is widely used, and the other two models have been eliminated. 

Where 
k

ij  is the quantity per unit of length of pheromone laid on edge (i,j) by the k-th ant between time t 

and t+1; Q is a constant; dij is the euclidean distance between i and j; Lk is the tour length of the k-th ant. 
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In cluster analysis, the value of the clustering center is equal to the average of objects belonging to the class. A 

variety of methods can calculate the distance between the sample and the clustering center, such as euclidean 

distance, cosine angle distance method, binary angle cosine law, in this paper, we use the euclidean distance. 

Physical meaning of Euclidean distance is expressed as m-dimensional real space distance of two points, can be 

expressed as Eq. (6). 
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3. The Brief review of the wavelet packet transforms 

Wavelet analysis (WA) is a multi-resolution analysis method that has been widely used and developed for 

advancement in recent years. The basic idea of multi-resolution analysis is to project the signal into a series of 

localization wavelet function, which has better resolution in low and high frequency range. It is an effective tool 

to analyze the unstable vibration. In the field of machinery diagnosis, WA has been used in the diagnosis of 

rolling bearings, gearbox, and compressors, and the technique has also been used for feature extraction and noise 

cancellation of the measured signals. Wavelet packet transform (WPT) is a more precise orthonormal 

decomposition method based on multi-resolution analysis. The difference between WPT and the basic wavelet 

decomposition algorithm WA is that both details and approximations are split into finer components when using 

WPT. 2n subspaces are obtained when the signal is decomposed to the number n layer. Fig.1 shows the 

difference between a wavelet packet decomposition tree of three levels and wavelet tree of three levels (dashed 

line), and illustrates the wavelet tree is a part of the wavelet packet tree. [14-16] 

 

 

Fig. 1 Wavelet packet tree of three levels. 

 

Fig. 2 The flowchart of the propose methods. 
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4. Bearing Fault Diagnosis Using WPT and ACO  

Artificial neural network (ANN), support vector machine (SVM) and Fuzzy classifier are widely used as 

classification tools and reported in literature [17]. The main aim of fault diagnosis is to find whether the bearing 

is good or faulty. If faulty, then the objective is to segregate the fault into one of the faults considered above. The 

paper analyzes the vibrations signals by WPT and ACO clustering algorithm to identify equipment working state. 

The experimental collected the field vibration signals by the acceleration sensors. The accelerometer is 

mounted on the bearing house. The rotating speed of is 800rpm, sampling frequency is 100 KHz, and sampling 

time is 20 sec. The vibration signal is captured for the conditions: good bearing (N), bearing with inner race fault 

(IRF), bearing with outer race fault (ORF), and bearing with roller fault (RF). Fig.2 shows the flowchart of the 

proposed methods. 

Firstly, the sensor data was decomposed using wavelet packet at level 3 to achieve the decomposition tree. 

Then, the wavelet coefficients were reconstructed, the energy of each band was calculated and the vectors with 

good capability choose as symptom parameters (SPs) using in the following process.  

5. Experimental result 

When apply the proposed ACO clustering method to identify the working state, we first begin to train the 

ACO to get the clustering centers and the reasonable number of iterations. The object, P1, P2 and P3, are vectors 

corresponding to the node (3, 7, and 8) which selected as the best vectors. Put the known state objects into the 

ACO classifier. When the algorithm is convergent and the clustering result is correct, we can obtain four 

clustering centers as shown in Table.1. 

Table 1 Clustering centers. 

Status 
Parameters 

P1 P2 P3 

 Normal  41.3292 29.6624 11.0312 

 Inner race fault 117.51 64.4474 28.3522 

 Outer race fault  1363.98 1538.24 610.578 

 Roller fault 457.434 384.374 186.998 

 

In order to evaluate the performance of the ACO clustering algorithms, SPs have not been learnt by the ACO 

are put into learnt ACO. The clustering centers were utilized to identify the fault type. Ants are used to construct 

solutions. They need to cluster the test samples into groups accroding to the clustering center obtained through 

training. The solutions is random at first. The sum total of the distance between all samples and their centers is 

computed to measure the effect of the soultion. Then ants updated the pheromone matrix with the total distance 

and then construct new solutions using the pheromone matrix information. The algorithm loops until the certain 

iteration number obtained through training. At the end of the loop, the pheromone matrix shows the clustering 

result, and reflects the proformance of the clustering situation. 

ACO clustering algorithm is proposed to cluster these 20 objects into 4 clusters. Use the ant colony algorithm 

to cluster these samples. When the algorithm is convergent, we can judge the state by the pheromone matrix. The 

value of the pheromone in each state represented the probability of the ants putting the object into the class. The 

largest value is for the class of sample xi.  

The 3D views of the clustering result during the process were shown in Fig. 3. The pheromone matrix after 

classification was shown in Table. 2.  

The pictures described the gradual development process of clustering. Based on the values of pheromone in 

matrix can judge the category of the test data and the fault type of the device: that samples 1-5 defined as 

category A, samples 6-10 defined as category B, samples 11-15 defined as category C, samples 16-20 defined as 

category D, as shown in Table. 2. Because the order of the categories was matched with the order of clustering 

centers, it is suggested that: samples 1-5 are normal state bearing signals; samples 6-10 are inner race defect 

signals samples 11-15 are outer race defect signals and samples 16-20 are roller defect signals. The results prove 

the effectiveness of the method in fault diagnosis. 
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Table. 2 Pheromone matrix of known state 

Samples States 
Pheromone in each state  

A B C D 

1 

Normal 

7.38E-07 2.01E-20 4.98E-21 6.45E-21 

2 7.38E-07 1.45E-20 5.00E-21 4.10E-20 

… 7.38E-07 9.91E-21 4.98E-21 5.43E-21 

5 7.38E-07 2.16E-20 4.98E-21 6.75E-21 

6 

IRF 

4.05E-20 7.38E-07 5.00E-21 5.47E-20 

7 1.52E-19 7.38E-07 4.98E-21 6.15E-21 

… 2.20E-20 7.38E-07 4.98E-21 6.01E-20 

10 3.77E-19 7.38E-07 4.98E-21 6.32E-21 

11 

ORF 

4.98E-21 4.98E-21 7.38E-07 5.01E-21 

12 5.00E-21 4.98E-21 7.38E-07 5.03E-21 

… 4.98E-21 4.98E-21 7.38E-07 5.04E-21 

15 4.98E-21 4.98E-21 7.38E-07 5.12E-21 

16 

RF 

2.44E-20 6.60E-21 5.00E-21 7.38E-07 

17 5.15E-21 8.01E-21 5.08E-21 7.38E-07 

… 1.03E-20 6.22E-21 5.00E-21 7.38E-07 

20 6.89E-21 6.60E-21 5.04E-21 7.38E-07 

 

 

Fig. 3 Clustering result during the process. 
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6. Conclusion  

The experiment prove that the combination of wavelet packet transform (WPT) and the ant colony 

optimization (ACO) is effective in rolling bearing fault pattern recognition.Three types of faults, such as the inner 

race fault (IRF), outer race fault (ORF) and roller fault (RF) in a blower machine are considered in this paper, and 

the states identification for machinery diagnosis is converted to clustering problem of different states. The input 

vector, which is composed by energy value of the selected reconstructed wavelet coefficient, is putted into ACO 

classifier to recognize and classify. The result demonstrates this method could better recognize the working state 

of rolling bearing and require only a small amount of training samples and short computation time. 
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Abstract: For the importance of NC machining parameters on the machining process, the adaptive control 

method of NC machining parameters is elaborated based on fuzzy control theory.  According to the established 

control model and the fuzzy control principle, compiled C + + source procedure, and simulated the experimental 

data to verify the feasibility of procedures, and finally, embedded the procedures into the existing numerical 

control system by the VC + + visual software, achieved the dynamic display of adaptive control processing. The 

results showed that the effectiveness of the adaptive control model and made NC machine maintain the good 

stability in the whole machining process. 

Keywords: NC Machining Parameters, Fuzzy Control Theory, Adaptive Control. 
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1. Introduction 

NC machining parameter selection directly determines the processing accuracy and the efficiency, thus 

induces more and more research of optimizing machining parameters and establishing general optimization 

parameter database. In the 1980s, some domestic scientific research institutes have developed some oriented 

small database, but so far there is still not universal knowledge base system of metal cutting in China
 
[1].So far, 

offline cutting parameters optimization technique is the most commonly used. Usually, it chooses the efficiency, 

costs and quality of one or more as the goal to establish the mathematic model. Then it selects appropriate 

optimization method for specific parts of a procedure to select a set of optimum parameters, such as feed rate, 

spindle rotating speed, etc
 
[2]. The offline optimization technique has the strong prediction, can not reflect the 

true working state. And based on the reviewing literature, the existing NC machining parameter optimization 

studies are mostly offline optimization, only the different optimization methods. Therefore, in order to improve 

the performance of NC system, the online optimization of machining parameter is an urgent task to study. 

2. Adaptive Control Model of Machining Parameter 

2.1 Fuzzy control solutions 

The fuzzy set theory was proposed by L.A.Zade, professor of the California University of the United States 

in 1965. Human judgment and thinking process can be directly expressed as relatively simple mathematical 

form, so that, the practical and realistic dealing with the problem is possible. The fuzzy logic system based on 

the fuzzy set provides a powerful tool for the control problem which lacking of accurate control model
 
[3]. 

For the NC machining process, it is dynamic, the processing parameters changing moments, and it is difficult 

to accurately control and optimization of processing parameters [4]. Therefore, using the fuzzy control theory 

can solve this problem and realize the online adaptive control of machining parameters. By detecting the 

machining variables to adjust the cutting parameters in real time, acquire the optimal cutting efficiency, improve 

machining quality, and realize the machining process optimization for changing environment through the 

adaptive adjustment of cutting parameters [5]. 

ISSN 2186-2680  

e-ISSN 2186-2656 

www.iace-journal.org  

mailto:lhl669@163.com


Adaptive Control of NC Machining Parameters Based on Fuzzy Control Theory                               295 
 

For the NC machining parameter, the cutting force is generally believed that it can reflect the machine state 

and is one of the main parameters affecting the processing performance. And it must to maintain the cutting 

force smooth, not greater volatility. So the cutting force as the object of study is widely carried out [6]. But in 

fact, the cutting force and the main motor power have the following relations. 

                        )106/( 4  vFP c                             

Where P  was main motor power; cF  was cutting force; v  was cutting speed and   was efficiency 

coefficient. Thus, when other parameters remained unchanged, the cutting force and machine power has the 

linearly relationship, so it select the motor current instead of the cutting force as the monitor signal for state 

analysis [7] [8]. 

2.2 Adaptive control model 

From the above, intelligent NC expect to achieve the optimal control of NC machining based on the 

monitoring of the actual machining physical state and make adaptive adjustment to the external changing 

conditions, return to the desired state [9]. So, it selected the current as the condition monitoring parameters, and 

according to the analysis of parameters affecting the cutting force, selected the feed rate changes 
faU  as 

system adjustment, and chose the current as the decision to constitute the closed loop feedback control of the 

machining system[10] [11]. 

According to the principle of fuzzy control, it chose the current deviation 1E and deviation change rate 

1EC as the input language variable, chose the feed rate change 
faU as the output variables. And based on the 

signals monitoring of the main motor current and voltage signals, established the adaptive control model of the 

NC machining process, shown in Figure 1 [12] [13] [14].  In this, the adaptive adjustment of feed can be 

achieved by the real-time adjustment of
faU . 

 

 

Fig. 1 NC machining adaptive control model based on fuzz theory 

3. Machining Parameters Adaptive Control Visualization 

3.1 Fuzzy control algorithm 

According to the fuzzy control theory, the fuzzy set domain was divided into 3 for the input language 

variable IE , IEC and the output variables
faU . The values range of the current deviation was IE = [- e , + e ], the 

values range of the deviation change rate was IEC = [- e， e ], quantization factor ek ＝ eck ＝ e/3 . To reduce 

the computational complexity, accelerate response speed, it selected the triangle function as the membership 

functions. Thus, according to the relation of the decision and the target, it established 49 fuzzy control rules. 

Based on the fuzzy set of input language variable E
~

, 
~

EC and fuzzy control rules, it received fuzzy set of the 

output language variable: 
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Where R was fuzzy relation array. 

First, according to the 49 fuzzy control rules, it computed the relation array of every rule: 
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Where ix  was the fuzzy set of output language variable and ( )L
a f

iu
x was the membership functions of 

output language variable [15]. 

3.2 Visualization program realization 

To facilitate the programming, based on the algorithm of fuzzy control, the system parameter calculation 

flow chart is established, shown in Figure 2. According to the test bench parameters, it took the current limit to 

18 A, the speed limit for 1500 mm/min. And the actual values range of the current deviation was IE  

 18,18－＝ , the actual values range of the deviation change rate was IEC  36,36 . The program running 

results as shown in Table 1. Which, when the current deviation was -18 A , deviation rate was -36 A , the output 

to feed rate change value was 1500 min/mm , and in line with the fuzzy rules. Practically analyzing, when the 

feed rate suddenly decreased, the current became so. And through the fuzzy control, it could create bigger feed 

rate to compensate the former. So through the adaptive adjustment of feed rate, the adjustment of the current is 

achieved. When the feed rate in the procedures of system executing changed, through adaptive control, make it 
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changes to the predetermined value slowly. It can reduce the impact to the machine brought from the mutation, 

and enhance system stability. 

Based on visual C++ programming software and the fuzzy controller embedded the source program into the 

existing TDNC-H8 system to realize the dynamic display of the adaptive control process [16]. And the validity 

of fuzzy controller and the intelligent control functions of system are verified. By the relationship between feed 

rate and current, the load ration F = actual current/ rated current (%) is displayed as the ultimate display 

parameters. Because the system adaptive control process is dynamic, the screenshots can not display the 

dynamic effect, only the static results. Nevertheless, it can be seen that when the feed rate F  changed suddenly, 

the system current realized smoothly adaptive adjustment under the action of fuzzy control strategy. And this 

process only took a few seconds. But it reduced the impact on machine, realized the optimization control of 

machining process, shown in Figure 3. 

 

 

 

Fig. 2 Parameter calculation process 

 

Table 1 Running results 

           IEC ( A ) 

 

fa ( min/mm ) 

 

 

 

 

IE ( A ) 

-36 -24 -12 0 12 24 36 

-18 1500 1500 1000 1000 500 0 0 

-12 1500 1500 1000 500 500 0 -500 

-6 1500 1000 1000 500 0 -500 -500 

0 1000 1000 500 0 -500 -1000 -1000 

6 500 500 0 -500 -500 -1000 -1500 

12 500 0 -500 -1000 -1000 -1000 -1500 

18 0 0 -1000 -1000 -1000 -1500 -1500 
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change rate 
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Fig. 3 Adaptive control process 

4. Conclusion 

The selection of NC cutting parameters is a key element in the machining process, which directly affects the 

efficiency and accuracy of processing. Based on the impact on the system brought from the different procedure 

and different parameter settings in the NC machining process, using the fuzzy control theory, the processing 

parameters adaptive control is achieved. Using the fuzzy adaptive control model is established for NC 

machining systems. And the intelligent control dynamic display of the process is achieved based on the 

visualization capability of VC. The results showed that the fuzzy adaptive control system could achieve the 

intelligent control requirements of high identification and control accuracy, reduced the machine impact brought 

from changing parameter, made the process more smoothly, improved the machining stability and accuracy. 
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Abstract: The issue of how to add transparency to artificial neural networks (ANNs) becomes more critical in 

machine learning. Rules extraction from neural network is well recognized to be an effective solution to dealing 

with this problem. This study focus on regression problems and aims to develop an algorithm to extract regression 

rules from ANNs. In order to extract a set of comprehensible and accurate regression rules, the intelligent 

algorithm of particle swarm optimization (PSO) is introduced in this paper. The main concepts are that use enough 

linear segments to approximate the nonlinear activation function of each hidden unit and replace them by 

integrating PSO and Least Squares (LS), where the PSO algorithm is applied to seek more linear segments and 

each linear segment is approximated by LS algorithm, then use the decision tree to generate regression rules from 

the approximated ANNs. The extracted linear regression rules not only ensure the accuracy but also enhance the 

explanation. Experiments on two benchmark datasets show that the proposed approach is more accurate than the 

existing approaches based on the decision tree or linear regression. Furthermore, the proposed algorithm can also 

be treated as an efficient algorithm for functions approximation with linear segments. 

Keywords: Artificial Neural Networks, Rules Extraction, Particle Swarm Optimization, Least Squares, Linear 

Segments. 
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1. Introduction  

Artificial neural network has been successfully applied to solve a variety of application problems including 

classification and regression thanks to its powerful capability of nonlinear mapping and knowledge generalizing. 

However, its further development is restricted by its characteristic of “black box” because the knowledge 

learned by ANN is a set of numerical weights and connections that provide no direct clues as to what the 

relationship is between inputs and outputs. It is difficult to give an explicit explanation for the reasoning process 

of trained neural networks [1-3]. Predictions from a multiple linear regression (MLR) equation are easy to 

understand but not accurate. Therefore many researchers are focusing on the issue of extracting knowledge from 

trained neural networks in order to gain a better understanding of the network’s solution, where the most 

attractive solution is to extract symbolic rules from trained neural networks for classification [4]-[8], quite a few 

algorithms have been done to solve the regression problems which are widely exist in many applications. 

The traditional approach of MLR in the form of ( )Y f x , where ( )f x   is either a constant or a linear 

function of x , that have a good explanation, but cannot solve the nonlinear problems accurately. Recently, 

some approaches are proposed that apply the piecewise linear (PWL) function to solve the nonlinear problems, 

such as three-piece and five-piece linear functions. Setiono et al. have proposed two approaches of regression 

rules extraction from neural network take the form: if (conditions are satisfied), then predict ( )Y f x , where 

the conditions are described by input attributes [9,10]. The common ground of them is using the PWL function 
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to approximate the nonlinear hidden unit activation function and dividing the input space of the data into 

sub-regions, then applying C4.5 [11] to extract corresponding rules from the PWL function. In REFANN (Rule 

Extraction from function Approximating Neural Network) algorithm [9], the PWL function is approximated 

based on the maximum value of absolute weighted inputs, which is treated as the tangent point of linear segment, 

the other values are discarded. In algorithm [10], the PWL function is used to approximate the hidden unit 

activation function by minimizing the sum of squared errors computed from training data samples. However, the 

number of the linear segments is limited to less than five due to the cut-off points of PWL function are hard to 

find out in both algorithms, especially in the algorithm [10] where the PWL function consists of only three 

linear segments. Few linear segments mean poor approximation accuracy, which will affect the final accuracy of 

the regression rules. So the primary problem needs to be solved in regression rules extraction from neural 

network is how to improve the approximating accuracy with more linear segments currently. 

In this paper, a novel algorithm of integrating PSO and LS for regression rules extraction from neural 

network called PSOLS is proposed. We will apply PSOLS to generate more linear segments to approximate the 

hidden unit activation function and present the results of our empirical study in financial dividend events by 

applying REFANN and algorithm [10]. PSO is an evolutionary computation technique developed by Kennedy 

and Eberhart in 1995 [12-13], it has already been used to solve many optimization problems. The underlying 

motivation for the development of PSO algorithm was the social behavior of animals such as bird flocking, fish 

schooling, and swarm theory [14]. The LS algorithm is a standard approach to the approximate solution of linear 

equations, often used to generate estimators and other statistics in linear regression analysis. In order to extract 

the regression rules, we first set up a PWL function with 3, 5, 7 or 2n+1 linear segments and treat the cut-off 

points as the optimization problem, then apply PSO to find the best cut-off points and apply LS to calculate the 

slopes and intercepts. Finally, the C4.5 approach [11] is applied to generate the regression rules. 

The organization of this paper is as follows. The section II describes neural network training and pruning. In 

section Ⅲ, we describe how the PWL function is generated by approximating the hidden unit activation function. 

Section Ⅳ shows how the regression rules are extracted from neural network. In section Ⅴ, we carry out two 

experiments to illustrate the process of rules extraction from neural network in detail. Finally, we make 

discussion and conclusion of this paper in section Ⅵ. 

2. Network Training and Pruning 

A fully connected three-layer feed-forward network is the base of the method. In this section we describe the 

neural network topology and how to be trained and pruned. The hyperbolic tangent function  tanh   is used as 

the hidden unit activation function and the linear function ( )f   as the output unit activation function. So we 

just only need to liberalize the hidden unit activation function. 

                                      t a n h
e e

e e

 

 










                                    (1) 

                                        ( )f                                           (2) 

Given an n-dimensional sample ,i lx , {1,2,...,k}i  as input, where k is the number of the samples. Let ,m lw be 

the connection weight from input unit l, {1,2,...,n}l  to hidden unit m, {1,2,...,h}m , 
mv  be the weight from 

hidden unit m to output unit, 2b  be the bias of output unit  and 1,mb  be the bias of hidden unit m, the output 

iY  of the network for input sample iX  is obtained by computing the below equation: 

                                   
h

2

1

i m m

m

Y f v b


 
   

 
                                    (3) 

where 

                                
n

, , 1,

1

tanhm i l m l m

l

x w b


 
   

 
 .                                (4) 

The Levenbberg-Marquardt approach is used to train network, which is regarded as the faster learning 

approach and has higher precision approximation than other back-propagation approaches [15]. 
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In order to reduce the complexity of rules generation process and improve the comprehensible of the 

regression rules, the cross-validation [16] approach is used to prune the redundant inputs and hidden units. This 

approach is regularly used in comparing two or more learning models to estimate which model performs the 

best on the problem, and it is successfully used in optimizing the neural networks architecture [17-18]. 

3. Approximating Hidden Unit Activation Function 

After pruning, the structure of network will become simpler, but it is still difficult to explain how the 

problems are solved, because the knowledge which reserved in the form of connection weights and the 

nonlinearity activation function. Therefore, we attempt to apply the PWL function to approximate the hidden 

unit activation function based on LS, and to extract the regression rules with the consequences of the rules are 

linear functions. 

We set up a PWL function ( )L   according to the origin symmetry of the activation function, such as 5-piece 

linear segments function is depicted as below: 

                               

2 2 2

1 1 2 1

0 1 1

1 1 2 1

2 2 2

( )

b if

b if

L if

b if

b if

   

    

     

    

   

  


   


    
     

    

　　 　

　　 　

　　　　 　

　 　

　　 　

                             (5) 

where 1,

i

m i m mb   X W , i

m  is the weighted input of the activation function of the hidden unit m corresponding 

to the sample 
iX . 

For the sake of minimizing the root mean square error (RMSE) between activation function and PWL function, 

the importance of approximating process is to find the cut-off points 1 , 2 , the slopes 0 , 1 , 2 and the 

intercepts 
1b , 

2b of each of the linear segments of the PWL function . The RMSE is treated as the fitness 

function of each particle for PSO algorithm. 

                               
 

k
2

1

t a n h ( ) ( )

R M S E ( )
k

i i

i

L 

 






                              (6) 

The detailed steps of approximating the hidden activation function are as follows: 

(1) For each hidden unit, finding out the maximum absolute value max in the weighted inputs, 

k ,,max 1max  , and initializing the dimension D and the number of the particles N, maximum iterations 

maxI and velocity maxv , convergence accuracy E,  the number of the linear segments s, 3s  , where the 

dimension D is determined by the number of linear segments, D= (s-1)/2, and initializing the position P and 

velocity V of the particle swarm as follows: 



1,1 1,2 1,

,1 ,2 ,

, , ,

( )

, , ,

D

N N N D N D

t

  

  


 
 

  
 
 

P

　 　　　　 　

　　　　　

　 　　　　



1,1 1,2 1,

,1 ,1 ,

, , ,

( )

, , ,

D

N N N D N D

v v v

t

v v v


 
 

  
 
 

V

　 　　

　　　　　

　



where ,i jξ is the cut-off point of PWL function, max
,2,1, ,,0  Diii ξξξ   and max , maxi jv v v   , 

1,2, ,i N , 1,2, ,j D . Each particle ,1 ,2 ,( ) [ , , , ]i i i i Dt   P  is corresponding to a PWL function and t is 

the present iteration, max1,2, ,t I . 

(2) For each particle ( )i tP , splitting the weighted inputs into s subintervals: max

,[ , )i D   , , , 1[ , )i D i D    ,  , 

,1 ,1[ , ]i i  ,  , , 1 ,( , ]i D i D  , max

,( , ]i D  ,  then finding out their corresponding input samples denoted by i

DA , 

( 1)

i

D A , , 0A , , 1

i

DA , i

DA  sets and output samples denoted by i

DB , ( 1)

i

D B , , 0

i
B , , 1

i

DB , i

DB  

sets; 



Integrating Particle Swarm Optimization and Least Squares from Neural Network                              303 

 

(3) According to the characteristic of origin symmetry of the hidden unit activation function, applying the LS 

approach to calculate the slopes i and the intercepts ib of the PWL function ( )iL  for each particle ( )i tP ; 


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where I is the matrix of ones, T denotes transpose operator. 

(4) Calculating the fitness( ( )) RMSE ( )i it P , then finding out the global position 
gP and the local position

lP . 

If the minimum fitness is less than the convergence accuracy E (
minfitness E ) or the present iteration t achieves 

the maximum iteration
maxI  (

maxt I ), stop iterating, and choose the global position
gP as the best cut-off point 

set, calculate the final PWL function. Otherwise, go to next step; 

(5) Renewing the position P and velocity V as follows: 

                     
1 2( 1) ( ) rand() ( ( )) rand() ( ( ))g lt t c t c t         V V P P P P                    (9) 

   ( 1 ) ( ) ( 1 )t t t   P P V                                                 (10) 

where c1 , c2 are two positive constants, rand() is a random function in the range [0,1]. 

(6) Let 1t t  , go to step 2. 

The main concepts are that apply PSO to find out the optimal cut-off points and apply LS to approximate the 

hidden activation function with the base of the optimal cut-off points. The crucial advantage of this algorithm is 

that the more cut-off points can be offered if the more linear segments are required.  

We make experiments that apply PSOLS algorithm to approximate the tan( ) function for [ 4,4]    with 3, 

5, and 7 linear segments respectively. The approximation results are depicted in Fig.1 (a)-(c). In order to 

perform the advantage of PSOLS, we make comparisons with REFANN and algorithm [10]. The approximation 

results of REFANN and algorithm [10] are depicted in Fig.2 (a) – (b) and Fig.3 respectively. Table 1 shows the 

detailed approximation results. 

The results showed in Table 1 demonstrate that the PSOLS algorithm not only has higher approximation 

accuracy than REFANN and algorithm [10] in the same condition of 3 linear segments, but also can generate 

arbitrary number linear segments if need, where the REFANN algorithm can only general 5 linear segments at 

the most, and the algorithm [10] can general just only 3 linear segments. 

Table 1 The detailed approximation results 

Item PSOLS REFANN 
Algorithm 

[10] 

Linear 

segments 
3 5 7 3 5 3 

Cut-off 

points 1 1.0822   
1 0.7246   

2 1.6143   

1 0.5681   

2 1.1492   

3 1.9354   

1 0.9952   
1 0.6208   

2 1.6205   
1 0.9299   

Accuracy 

(RMSE) 
0.0318 0.0123 0.0065 0.0771 0.0260 0.0684 
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Fig. 1 Approximated by PSOLS with linear segments. (a) 3 linear segments and cut-off point
1 1.0822  . (b) 5 linear 

segments and cut-off point
1 0.7246  , 

2 1.6143  . (c) 7 linear segments and cut-off point
1 0.5681  , 

2 1.1492  , 

3 1.9354  . 
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Fig. 2 Approximated by REFANN with linear segments. (a) 3 linear segments and the cut-off point
1 0.9952  . (b) 5 

linear segments and the cut-off point
1 0.6208  , 

2 1.6205  . 

(a) (b) 

(c) 

(a) (b) 
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Fig. 3 Approximated by algorithm [10] with 3 linear segments and the cut-off point
1 0.9299  . 

4. Extracting Regression Rules 

For each hidden unit m , {1,2,...,h}m , we apply ( )mL   instead of  tanhm  . Under this condition, the 

output 
iY  of the network for input sample 

iX  can be calculated by the below Eq.(11) instead of Eq.(3): 

                                   
h

2

1

( )i

i m m m

m

Y v L b


                                       (11) 

For each PWL function ( )mL  , we use the cut-off points to divide the input space into several small 

sub-regions. Each linear segment corresponds to a sub-region, and is treated as a class label. Then the original 
input attributes of samples along with their corresponding class labels are given as input to C4.5 approach to 
generate a decision tree. Finally, the regression rules can be generated by tracing all paths from the root to the 
leaf nodes. 

 C4.5 builds decision trees from a set of training data, using the concept of information entropy. The training 
data is a set

1 2, ,S s s  of already classified samples. Each sample 
1 2, ,is x x  is a vector where 

1 2, ,x x  

represent attributes or features of the sample. The training data is augmented with a vector 1 2, ,C c c  where 

1 2, ,c c  represent the class to which each sample belongs. At each node of the tree, C4.5 chooses one attribute of 

the data that most effectively splits its set of samples into subsets enriched in one class or the other. Its criterion is 
the normalized information gain that results from choosing an attribute for splitting the data. The attribute with 
the highest normalized information gain is chosen to make the decision. The C4.5 algorithm then recurses on the 
smaller sublists. 

5. Experiments and Comparisons 

In this section, there present an experiment for testing PSOLS. The experimental data of Computer hardware 

come from the University of California at Irvine [19]. The parameters of the PSOLS are given as the following: 

the number of the linear segments 7s  , 
1 2 1.95c c  , the particles dimension D= (s-1)/2=3, the number of the 

particles 30N  , maximum iterations max 200I  , maximum velocity max 3v  , convergence accuracy 0.001E  . 

All the parameters are the best which determined by multiple tests. 

Subsequently, in order to evaluate the experiment results and make comparisons with REFANN, algorithm[10] 

and MLR, the mean absolute error (MAE) and the relative mean absolute error (RMAE) are applied as follows: 

                                      
k

1

1
MAE

k

i i

i

T Y


                                    (12) 

                                    
k

1

1
R M A E
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i i i
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T Y T
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                                  (13) 

where iT  is the target value corresponding to the input sample i
X . 
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We illuminate the process of regression rules extraction minutely in this experiment. The computer 

hardware dataset contains six continuous attributes described as: MYCT, MMIN, MMAX, CACH, CHMIN, and 

CHMAX. The goal is to predict the CPU’s relative performance based on the other computer characteristics. We 

divided the total 209 samples into training set and testing set as the same as REFANN and Algorithm [10], 

where 188 samples are regarded as training set and the others as testing set. 

First the samples are normalized to [0, 1], the normalization approach is adopted as follows: 

                                   
m i n ( )

m a x ( ) m i n ( )

i j i

ij

i i

x X
x

X X





                                  (14) 

The original structure of the neural network of 6-3-1 style is constructed. We apply five-fold cross-validation 

approach to prune the network. All samples are randomly divided into five equal and mutually exclusive portions. 

Training samples will be conducted on any four of the five portions. Testing samples will then be performed on 

the remaining part. As a result, five overlapping training samples are constructed and testing samples are also 

performed five times. The average testing prediction accuracy over all five portions is treated as the present 

condition performance. After cross-validation, one of the smallest network structures of 3-1-1 style depicted in 

Fig.4 is obtained with three input attributes: MMIN, MMAX, CACH and one hidden unit [9]. 
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Fig.4 A pruned neural network structure. 

In Fig.4, we can obtain the linear expression of the weighted input   of the hidden unit activation function as 

follows: 

                        1 . 7 2 8 0 . 2 7 0 M M I N 1 . 0 5 8 M M A X 0 . 4 7 9 C A C H                            (15) 

Meanwhile, we apply PSOLS to approximate the hidden unit activation function of the pruned network, and 

generate the slopes, intercepts and cut-off points as follows: 

Slopes: 
0 0.9531  ，

1 0.5828  ，
2 0.3213  , 

3 0.1662  ; 

intercepts: 1 0.1877b  ， 2 0.4450b  ， 3 0.6547b  ; 

cut-off points: 0.5153０＝ ， 1 0.9849＝ ， 2 1.3308＝ . 

Then the final approximated ( )L   can be obtained with 4 linear segments which are depicted in Eq.(16) (the 

other 3 linear segments contain no samples). 

                        

0 . 9 5 3 1 0 5 1 5 3

0 . 5 8 2 8 0 . 1 8 7 7 0 . 5 1 5 3 0 . 9 8 4 9
( )

0.3213 0.4450 0.9849 1.3308

0.1662 0.6547 1.3308

if

if
L

if

if

 

 


 

 

  


   
 

   
   

　　　　　　 　　　

　　 　　

　　 　　

　　 　

                     (16) 

The results of ( )L   approximating  tanh   and the approximate errors ( ) tanh( )L    are depicted in 

Fig.5. In order to compare with REFANN and algorithm [10], we apply the two approaches to extract the 

regression rules from neural network, and the results of approximating are depicted in Fig.6 and Fig.7. The results 

of comparisons show that PSOLS has higher approximating accuracy with RMSE 0.0018 . 
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Fig.5 The approximating result of PSOLS.             Fig.6 The approximating result of REFANN. 
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Fig. 7 The approximating result of Algorithm [10]. 

By applying ( )L   instead of  tanh   approximately, we can obtain the linear expression of predicted 

output Y : 

                                    1 . 2 6 4 ( ) 1 . 1 8 6Y L                                      (17) 

Set   (Eq.(15)) and ( )L   (Eq.(16)) to Eq.(17), we can obtain a set of linear regression rules between input 

attributes and output attribute with the regions of   as the rule conditions: 

 

Rule set A: 

Rule 1: if 0 5153  , then 
1Y y  

1 3.2678 0.3252 MMIN 1.2746 MMAX 0.5770 CACHy         

Rule 2: if 0.5153 0.9849  , then 2Y y
 

2 2.6962 0.1990 MMIN 0.7794 MMAX 0.3529 CACHy         

Rule 3: if 0.9849 1.3308  , then 3Y y
 

3 2.4503 0.1097 MMIN 0.4296 MMAX 0.1945 CACHy         

Rule 4: if 1.3308  , then 4Y y
 

4 2.3766 0.0568 MMIN 0.2222 MMAX 0.1006 CACHy         

 

According to the three regions of the weighted input  , we divide the input space into 4 subregions and treat 

each subregion as a class label. Then apply C4.5 approach to generate rules as below: 

 

Rule set B: 

Rule 1: If MMAX 32000 , MMIN 8000 , then 1Y y
 

Rule 2: If MMAX 32000 , CACH 64 , MMIN 8000 , then 1Y y  

Rule 3: If 16000 MMAX 32000  , CACH 64 , MMIN 8000 , then 2Y y
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Rule 4: If 16000 MMAX 32000   , MMIN 8000 , then 
2Y y  

Rule 5: If MMAX 16000 , CACH 32 , MMIN 8000 , then 
3Y y  

Rule 6: If MMAX 8000 , CACH 32 , MMIN 256 , then 
3Y y  

Rule 7: If 8000 MMAX 16000  , CACH 32 , MMIN 2000 , then 
3Y y  

Rule 8: If MMAX 16000 , CACH 32 , MMIN 2000 , then 
3Y y  

Rule 9: If MMAX 16000 , CACH 64 , MMIN 8000 , then 
3Y y  

Rule 10: If MMAX 16000 , CACH 32 , MMIN 4000 , then 
4Y y  

Rule 11: If MMAX 8000 , CACH 32 , 256 MMIN 2000  , then 
4Y y  

 

In order to indicate the effectiveness of PSOLS, we make comparisons with REFANN, algorithm [10] and 

MLR in Table 2. The results show that the regression rules generated by our approach have higher predictive 

accuracy than the others. 

 

Table 2 The detailed results of machine dataset 

Algorithm  

Training set Testing set 

RMSE MAE RMAE RMSE MAE RMAE 

Pruned network 0.0126 7.8666 0.0895 0.0071 6.9825 0.1005 

PSOLS 

Rule set A 0.0128 8.3193 0.1123 0.0024 7.3483 0.1272 

Rule set B 0.0128 8.3193 0.1123 0.0024 7.3483 0.1272 

REFANN 

Rule set A 0.0380 34.0599 1.1681 0.0299 29.9346 0.9859 

Rule set B 0.0411 34.6713 1.1956 0.0325 30.3521 1.0915 

Algorithm [10] 

Rule set A 0.0437 28.6795 0.1701 0.0479 26.6522 0.1878 

Rule set B 0.0462 29.1319 0.1796 0.0583 27.2230 0.1985 

MLR 0.0453 36.314 0.6983 0.0314 32.879 0.6918 

6. Discussion and Conclusions 

Briefly, regression rules extraction can improve the transparency of neural network, the key problem of 

which is that apply the PWL function to approximate the hidden unit activation function and replace it. The 

approximation accuracy will affect the final regression rules accuracy greatly, so higher approximation accuracy 

is the pursuing goal in this paper. REFANN, algorithm [10] are as the earliest method, which can generate a set 

of comprehensible regression rules, but the accuracy of the regression rules is not good enough for prediction. 

The problem is lower approximating accuracy, which is restricted by the few linear segments and the 

approximation algorithms. The proposed PSOLS focuses on pursuing more linear segments and effective 

approximation algorithm in order to improve the approximation accuracy. According to the experiments in 

section III, we can find that the LS algorithm has higher approximation accuracy than REFANN, algorithm [10] 

in the same condition of 3 linear segments. Furthermore, integrating the swarm intelligent algorithm PSO, we 

can easily obtain more linear segments to improve the approximation accuracy. So it is helpful for obtaining 

higher accuracy regression rules than the two algorithms, experiments have demonstrated that our approach is 

effective and superior. In addition, The PSPLS is suitable for not only the hyperbolic tangent function  tanh  , 

but also other nonlinear functions. 
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Abstract: In metallurgy, chemical industry, machinery and other enterprises，the value of vibration in rotating 

machinery is measured by the acceleration sensor. Utilizing the integral and differential relation among 

displacement, velocity and acceleration, the velocity and displacement of the semaphore can be gotten through 

integral of the acceleration signal. The integral transform of the vibration signal can utilize hardware circuit 

integral, software numerical integral, and Fourier transform and Laplace transform differential theorem. Least 

square method can be used to eliminate trend term produced by integral transform, which could make the signal 

more accurate and reliable. The paper discusses the possibilities of using the least squares method to eliminate 

the trend term, design of hardware integral circuit, common methods of software numerical integral and Fourier 

transform methods. Finally, this paper analyzes various integral methods in detail by simulation and experiment, 

and provides an optimized design for vibration signal integration processing. 
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1. Introduction 

In the metallurgical, chemical, mechanical and other enterprises, rotating machinery accounts for 80%. It 

includes generators, motors, turbines oxygen machine, blower, large rolling mills, etc. In numerous diagnostic 

techniques, vibration signal analysis provides a most profound understanding of machinery equipment. 

Moreover, since the rotating machinery equipment is prone to generating vibration forced by misalignment or 

external action, its size and installation quality have a direct relationship with the fault. Vibration analysis and 

measurement plays an important role in the diagnosis of rotating machinery. 

Generally, acquisition of signal is often collected through vibration acceleration or speed sensor. In order to 

obtain the displacement of vibration signal, this paper should use the integral and differential relationship of 

acceleration, velocity and displacement. Namely, after integrating the acceleration signal once, we can acquire 

the velocity signal, the integral of which can derive the displacement signal. And then these signals can be 

converted among each other. In the actual measurement of signal, some minimal DC components often exist, 

which could cause trend items after integrating them. Therefore, this paper adopts the least squares method to 

eliminate trend items so as to calibrate the signals. This paper introduces integration methods of vibration signal, 

including hardware integral circuit, software numerical integral and conversion in time and frequency domain. 

Vibration signal integral issues are discussed, and the experiment of related method is simulated. 

2. Integral Analysis of Vibration Signal 

Vibration signal is popularly simplified as simple harmonic vibration in vibration test, which can be 

expressed as: 

( ) sin(2 )X t A ft                                         (1) 
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Where, A represents the amplitude; f represents the vibration frequency, and φ represents the initial phase 

angle of vibration signal. 

According to the value (amplitude, frequency, etc.) of vibration, it is necessary to use an appropriate 

measurement tool to measure the vibration signal in order to obtain more accurate information of the vibration 

signal. The vibration sensor is used to accurately measure the mechanical vibration (displacement, velocity, 

acceleration) of the object within the range of demand, converting them into electric signals, and outputting 

them to the corresponding processor (microcontroller, digital signal processor) for analysis and processing. 

Thereby, amplitude, phase and other parameters of the vibration can be obtained, which could provide the 

conditions for implementation of control. The units of measurement used in engineering practice and its 

application field include: 

Displacement(Pk—Pk): for low frequency range, theoretically at 0.1 ~10000Hz, generally under 2kHz； 

Velocity (Rms , Pk): for middle frequency range, generally at 10~1000Hz; 

Acceleration (Pk): for a wide range, at 10-20 KHz. 

Using the differential and integral relationship of vibration displacement, speed and acceleration, these 

parameters can be measured. In order to facilitate understanding, this paper use the continuous function to 

represent the sampling signal, and it does not affect the analysis results. It supposes that a(t) is acceleration 

measured by the acceleration sensor; therefore, after integrating the acceleration once, the velocity can be 

acquired: 

,

0
0

( ) ( ) ( )
t

v t a t dt v t v                             (2) 

Through integrating the velocity once, the displacement could be acquired: 

,

0
0

( ) ( ) ( )
t

s t v t dt s t s                                    (3) 

Where, a(t) is acceleration signal in continuous time domain; v(t) is velocity signal in continuous time 

domain; s(t) is continuous displacement signal; assuming that initial value a0=0, v0=0’; v’t is the original 

function of v(t); v0 is the initial velocity; s’(t) is the original function of s(t); s0 is the initial displacement. Actual 

sampling acceleration vibration signal contains a certain DC component ε, i.e. a(t)=a’(t)+ε. Therefore, the 

above integral equation becomes: 

0
0

( ) ( ) '( ) ( )
t

v t a t dt v t t v                                  (4) 

2

0 0
0

1
( ) ( ) '( ) ( ( ) )

2

t

s t v t dt s t t v t s                             (5) 

Where, δ and η are the primary and secondary integral constant of DC component ε contained in acceleration 

vibration signal. 

Tiny DC component ε accumulates in the time domain integral, so that velocity vibration signal contains a 

linear trend item after integral at primary time.  

0( )t v                                               (6) 

Similarly, displacement vibration signal contains a quadratic trend item after integrating acceleration 

vibration signal at secondary time. 

2

0 0

1
( ) ( )

2
t v t s                                          (7) 

As seen from above integral relation, when using acceleration (or velocity) sensor to measure the vibration 

signal, it is necessary to make integral transformation in order to obtain the amount of displacement, initial 

phase angle and other parameters of the vibration signal 
[1]

. Common integration method includes hardware 

integral method, software methods with digital integral, and the method using the conversion between time and 

http://dict.cnki.net/dict_result.aspx?searchword=%e5%88%9d%e7%9b%b8%e8%a7%92&tjType=sentence&style=&t=initial+phase+angle
http://dict.cnki.net/dict_result.aspx?searchword=%e5%88%9d%e7%9b%b8%e8%a7%92&tjType=sentence&style=&t=initial+phase+angle
http://dict.cnki.net/dict_result.aspx?searchword=%e4%bd%8d%e7%a7%bb&tjType=sentence&style=&t=displacement
http://dict.cnki.net/dict_result.aspx?searchword=%e5%88%9d%e5%a7%8b%e5%80%bc&tjType=sentence&style=&t=initial+value
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frequency domain. Ultimately, we can obtain amplitude, phase and other parameters of the vibration signal. In 

order to eliminate the impact of trend terms, they require to be calibrated after making the integral 

transformation. The least square method is commonly used to eliminate the trend term. 

3. Least Squares Method 

In the process of signal integration, owing to the effect of the DC bias and the trend term, it is necessary to 

remove the DC component and filter the signals. Generally, using the average of the acceleration vibration 

removes the DC bias before and after the integral. The least square method is used to eliminate integral 

vibration signal trend items, and the principle is shown as follows 
[2]

: 

Suppose sampling value of the vibration signal measured actually as  kx ( 1,2,3, ,k n ), let the 

sampling time interval △t=1, set the polynomial function: 

, 2

0 1 2 ... m

k mx b b k b k b k                                     (8) 

Where, k=1,2,3,…,n, The undetermined coefficient, bj (j=0,1,2,…,m) of the function xk
’
, can be determined to 

make the square error sum of the function xk
’ 
and discrete data xk minimum, which is seeking extreme value, 

2 2

1 1 0

( ' ) ( )
n n m

j

k k j k

k k j

E x x b k x
  

                                 (9) 

Using partial derivative to get extreme, the conditions that E has an extreme are followed: 

1 0

2 ( ) 0
n m

i j

j k

k ji

E
k b k x

b  


  


                                  (10) 

Where, i=0,1,2,…,m. Demanding E on bi partial derivatives in turn, m +1 linear equations could be gotten： 

1

1 0 1

0
n m n

j j

j k

k j k

b k x k

  

                                   (11) 

Solving the equations, (m+1) undetermined coefficients could be obtained. In the above formula, m is 

polynomial orders supposed, its value range is 0≤j≤m. In the above Eq.11, When m=0, the trend term is 

arithmetic mean of sampling data of signal. When m=1, it is linear trend term. When m≥2, it becomes curve 

trend term. In actual vibration data processing, the value of m is usually chosen according to actual situation. 

Then the sampled data is processed to eliminate the multinomial trend term. 

4. Hardware integral 

Hardware integral of vibration signal is a kind of integral transformation which realizes through hardware 

circuit. Based on the integrated operational amplifier with resistors and capacitors in the feed back loop, 

hardware circuit can be accomplished to finish integral transformation. Circuit diagrams of integrating circuit 

have been regularly used, as follows
 [3]

: 

 

Fig. 1 Common integral circuit 
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4.1 Circuit Analysis 

For the actual integrator, the gain and bandwidth of the operational amplifier is limited. By the circuit of Fig. 

1, the transfer function of output voltage is as follows: 

1 1

1 1 1

1 1 1
1 1

i
O

C uo t

U
U

sT sT

sT sA T

    


 

                        (12) 

Where, 1T RC ， c fT R C ，
1

1
tT


 ， 1 0uoA  ;

 1T  is time constant of the integrating circuit; cT  is 

the time constant formed by current leakage current; ω0 is angular frequency of the main pole in the operational 

amplifier; Auo is the dc open-loop gain of the operational amplifier. 

The above formula is the product of four factors. The first factor represents the relationship between output 

voltage and input voltage of the ideal integrator. The second and third factor represent low-frequency errors 

caused by leakage current and finite gain of the operational amplifier. The fourth factor represents high 

frequency error caused by finite bandwidth of operational amplifier. 

Fig.1 shows that the output voltage Uo is the integration output of input voltage Ui. The relationship is as 

follows:  

1
o iU U dt


                                           (13) 

Where, τ=RC is a time constant, which is related to operational amplifier and integration time. When 

designing, τ  is generally greater than 10 times pulse width. 

Rf is the leak resistance of the integration drifting, which can prevent the saturation or cutoff phenomenon 

caused by integration drifting. For the purpose of reducing error, it requires Rf≥10R, and in order to reduce the 

influence of operational amplifier parameter on output voltage, we should choose: integrated operational 

amplifier with small input disorderly coupled parameter ( IOU , IOI , BI ), large open loop gain uoA , large 

gain-bandwidth product, and high input resistance. 

4.2 Multisim Simulation 

We make simulation by hardware integration circuit. The schematic of simulation circuit as follows 
[4]

:  

 

Fig. 2 Simulation schematic of hardware integration circuit  

The input signal is the sinusoidal signal with amplitude 5V and 100Hz. From the circuit diagram, it can be 

seen that the time constant of the integrating circuit is 10 100 1RC K n ms     . According to the integral 

calculation Eq.12, the circuit output signal is as follows: 
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1
5sin(628 ) 7.95cos(628 )

1
OU t dt t

ms
    

The simulation waveform is shown in the following figure: 

 

 

Fig. 3 Waveform of hardware integration circuit simulation  

As can be seen from the integrator waveform, there is little difference between simulation results and 

theoretical calculations. The signal phase after integration shows about 90° ahead and amplitude increases. 

   It will bring some error as a result of the integration operation used by hardware combinational circuit. 

When input voltage Ui is zero, the circuit will be under the influence of input offset voltage and input offset 

current of op amp. There will be zero-drift voltage in the output of integral circuit, and this voltage will change 

with time, which is called integral drift. The open-loop gain of an actual operational amplifier is not infinite, but 

a finite value. The input resistance Rid of operational amplifier is not infinite, which will also cause some error 

of output voltage. Input voltage reduces the open loop gain of an operational amplifier, and increases the relative 

error of the output voltage of integration circuit. 

The effects of input resistance Rid can be ignored when Rid≫R. The leakage resistance Rc of integration 

capacitor seriously influences the output voltage of integration circuit. Accordingly, it’s necessary to choose 

capacitance with small leakage and good quality for the purpose of improving arithmetic accuracy of the 

integration circuit. The limited bandwidth of the operational amplifier will affect the transmission characteristics 

of the integrator circuit, which makes the output voltage of the integrating circuit produce a certain time lag. The 

narrower the bandwidth of the operational amplifier is, the more serious the phenomenon is. In order to reduce 

the times of time lag phenomena, it’s necessary to choose the operational amplifier with larger gain bandwidth 

product. 

As the above factors, there are some errors when used hardware integration circuit. Meantime, because 

measurement signal itself is not large, and hardware circuit elements have many errors, the accuracy of the 

measurement results will be seriously influenced. So it can reduce the amount of unnecessary errors to choose 

high-performance components when using hardware integration circuit. 

5. Numerical Integration 

From the above analysis, the result of hardware integration is subject to circuit constraints, whose flexibility 

is not high enough for signal analysis, and whose adaptation range is limited. Thus, if the integral environment 

is changed, the circuit component value is changed. In contrast, numerical integration has some great advantages 

in flexibility. Integration process to signal by software programming reduces the system volume and avoids the 

error from hardware circuit, which is more convenient for changing integration conditions. Therefore, numerical 

integration is a common integration method in the process of vibration signal. The common numerical 

integration methods are Trapezoidal formula Simpson formula, Cotes formula, compound trapezoidal formula, 

compound Simpson formula, and so on
[5]

.  

5.1 Trapezoidal Integration 

The mathematical expression of the trapezoidal integration is: 

1

( 1) ( )
( )

2

k

i

x i x i
y k t



 
                                   (14) 

Where, k=0,1,2,…N,  is the sampling number; △t is the sampling time. By using the trapezoidal 

integration, the velocity formula is expressed as follows: 
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( 1) ( )
( ) ( 1)

2

a i a i
v i v i t

 
                                  (15) 

The displacement formula is: 

( 1) ( )
( ) ( 1)

2

v i v i
s i s i t

 
                                  (16) 

Where, a is acceleration signal; ν is velocity signal; s is displacement signal; △t is the sampling time; 

i=0,1,2,…N-1, When i-1 is negative, the value of v(i-1) and a(i-1) is zero. 

The trapezoidal formula error is: 

3
( ) (2)

[ ] ( ), 0

12

N t
R x x N tT  


                             (17) 

From the above remainder term，we can know that the algebraic accuracy of the trapezoidal integration is 

one. 

5.2 Simpson Integration 

The mathematics expression of the Simpson Integration is expressed as follows: 

1 1

1

1
( ) ( 4 )

6

t

j j j

j

y j x x x t 



                                (18) 

With Simpson Integration formula, the velocity signal is expressed as follows: 

( 1) 4 ( ) ( 1)
( ) ( 1)

6

a i a i a i
v i v i t

   
                         (19) 

The displacement formula is: 

( 1) 4 ( ) ( 1)
( ) ( 1)

6

v i v i v i
s i s i t

   
                          (20) 

Where, a  is acceleration signal; v  is velocity signal; s  is displacement signal; t  is the sampling 

time; 0,1,2, , .i N  When 1i   is negative, the value of ( 1)v i  and ( 1)a i   is zero. 

The Simpson formula error is: 

5 (4)1
[ ] ( ) ( ),0

90 2
T

N t
R x x N t 


                              (21) 

From the above remainder term，we can know that the algebraic accuracy of the Simpson Integration is 3. 

5.3 Cotes Integration 

Cotes formula is also known as Boolean formula, whose mathematical expression is as follows:  

1

( ) (7 ( 2) 32 ( 1) 12 ( ) 32 ( 1) 7 ( 2))
90

t

j

t
y i x i x i x i x i x




                       (22) 

With Cotes Integration formula, the velocity signal is expressed as follows: 

7 ( 2) 32 ( 1) 12 ( ) 32 ( 1) 7 ( 2)
( ) ( 1)

90 90

a i a i a i a i a i
v i v i t t

      
                (23) 
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The displacement formula is: 

7 ( 2) 32 ( 1) 12 ( ) 32 ( 1) 7 ( 2)
( ) ( 1)

90 90

s i s i s i s i s i
s i s i t t

      
            (24) 

The Cotes formula remainder term is: 

7 (6)8
[ ] ( ) ( ),0

945 4
C

N t
R x x N t 


                            (25) 

From the above, we can know that the algebraic precision of Cotes formula is 5.  

The above integration conversion shows that weak signal of velocity (or displacement) can be obtained 

through numerical integration of the signal measured by the acceleration sensor (speed sensor). 

 Because the integration interval gradually become larger, which also means the sampling points are 

multiplied, the above three numerical integration methods that frequently used have gradually increased 

calculation accuracy. 

When we need more precise calculus, for the purpose of avoiding high-level quadrature calculation, we can 

adopt multiple-trapezoid formula and multiple- Simpson formula, etc. It adopts low-level quadrature formula 

(trapezoidal or Simpson) in each inter-cell after dividing integration into several equal intervals, and then gets 

integral integration results by using the addition of the integration interval. 

5.4 MATLAB Simulation 

In order to simulation, the acceleration signal 10 sin(100 ) 0.1x t    is constructed. This signal contains a 

DC component, which is 0.1. The original signal diagram by Simpson numerical integral is as follows 
[6]

: 

 

 

Fig. 4 Waveform of acceleration signal  

The waveform of velocity signal after Simpson integration is as follows:  

 

 

Fig. 5 Points after the speed signal 

From the above chart, it could be seen that integrating the DC component produces a trend item. The main 

reason for contributing to the generation of the DC component is: first, the signal can’t offset between the positive 
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and the negative after non-periodic sampling, and then we calculate the cumulative sum of the average after 

sampling, which results in error; second, it’s because of the existence of the quantization and discrete error in A/D 

conversion process. 

  After the adoption of the method of least squares to eliminate the trend term of the speed signal, the velocity 

waveform is as follows: 

 

 

Fig. 6 Waveform after eliminate the DC component velocity 

As shown in Fig.6, the waveform is offseted by using the least square method to eliminate time trend item. So 

it’s feasible to use the least square method to eliminate time trend item in the signal. 

6. Integration method based on the transformation between time domain and frequency domain 

The Fourier analysis is a branch of mathematical analysis, which plays an important role not only in 

mathematics but also in engineering practice. Fourier analysis provides frequency domain analysis and combines 

time domain and frequency domain by transforming, which makes what the phenomenon and feature hidden in 

the time domain show in the frequency domain. FFT wins technician’s favor because of its characteristics 
[7]

. FFT 

evolves from the discrete Fourier transform (DFT), and solves the problem that the amount of computation of 

discrete Fourier transform (DFT) is huge. 

Rotating machine vibration could be regarded as the stack of a series of harmonic vibration. According to 

formula (1), the vibration signal meets the conditions what a Fourier series require , and the Fourier series can be 

expressed as follows
 [8]

: 
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                         (26) 

To discrete periodic vibration signal ( )kx t , 0,1, , 1k n  , the formulas of ,n na b  are: 
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Where, n=1,2,…,N/2. 

From the above equation, the amplitude and phase angle of measured vibration signal, gained by Fourier 

transform, are: 

Amplitude: 
2 2

n n nA a b                                      (29) 

Phase angle: arctan n
n

n

b

a
                                    (30) 



318                                                  M. Zhou, L. Xu, Q. Zhao, J. Yang , W. Liu and H. Wang 

 

This also means that the amplitude and phase angle of vibration signal can be gotten by the Fourier transform. 

When measuring the value of rotation mechanical vibration, its displacement signal is too weak to measure, and 

the signal value requires high in accuracy. So, in practice, we apply the relative relation of between derivation and 

integration among displacement, velocity and acceleration by measuring the acceleration signal or velocity of 

rotating machinery according to the rotating velocity and the strength of vibration signal, and then transform it 

from time domain to frequency domain to get vibration displacement. 

The relative relation of between derivation and integral among displacement, velocity and acceleration is:  

( ) ( )
( ) , ( )

dv t dX t
a t v t

dt dt
                                   (31) 

By differential nature of Laplace Transform, we could get: (assuming (0) 0, (0) 0v X  ) 

( ) ( )a s sv s               

( ) ( )v s sX s               

And then, we can get: 

2
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v s a j f

j f f





 



                     (32) 
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( ) arctan( (2 )) 90

2 2
s j f

v j fv s
X s v j f

j f f





 



                     (33) 

Where, s=jω=j2πf, which is a complex parameters variable and named complex frequency. a(s) is an 

acceleration signal in frequency domain. v(s) is a velocity signal in frequency domain. X(s) is a displacement 

signal in frequency domain. s is a complex Laplace parameter  

The value of acceleration a(t) could be gotten by measuring the vibration signal acceleration sensor, and get its 

amplitude and phase angle by the DFT / FFT. And then, the relevant parameters of displacement vibration signal 

could be obtained by use Eq. 30 and 31. 

7. Conclusion 

The acceleration (or velocity) signal needs integral transform in the practical measurement of vibration. This 

paper discusses three integral transform methods of the vibration signal and the need what the precise design to 

eliminate DC component of vibration signal and trend term in the process of soft integral such as numerical 

integration and Fourier transform requires. This paper proposes the detailed integral design method, so an 

appropriate method could be chosen to analyze and handle signals according to the actual situation of the project. 
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Abstract: This study was carried out to investigate whether biomass materials which were produced using 

unused sea algae can substitute the oil-based plastic packaging material or wood material applied in packaging 

container. Three processes were carried to produce the biodegradable Ulva board which involves refining, 

compression molding and drying, and increased a process of defibrating to produce the biodegradable Zostera 

board. Mechanical properties evaluation of produced biodegradable bio-board show the rupture stress of Ulva 

board in the range of 15.56MPa to 49.55MPa, which is 1.3~4.1 times stronger in comparison with that of 

polystyrene plastic material used for food containers. Producing process of Zostera board is an appropriate 

technique and economizing on the producing time. Therefore, it is technically possible and propelling the 

packaging material forward. 

Keywords: Biodegradable Packaging Materials, Ulva pertusa Kjellman, Zostera Marina, Bio-board, Rupture 

Stress. 
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1. Introduction 

The eutrophication of seawater frequent mostly takes place in many seashores and estuaries along the 

outskirts of cities all over the world [1]. As a result, a huge amount of sea algae develop, and cause pollution and 

environmental degradation. One example of such Ulva pertusa Kjellman have been observed during summer and 

autumn in recent years. Unusual proliferation of such sea algae may induce the disruption of natural ecosystems, 

insufficient oxygen in the seabed, destruction of scenery and generation of an awful smell [2]. Shizuoka of Japan 

used a harvester to collect the algae for about 300,000 yen per ton, while salvaging it costs 100,000 ~ 200,000 

yen [3, 4]. The other seaweed of Zostera Marina, which was proliferated 1332.8 g/m2 of dried Zostera every year 

[5]. The foliage of Zostera was withered in seawater, which returned the phosphorus, nitrogen and other 

eutrophic material back to the seawater. The Ulva pertusa Kjellman and Zostera develop and absorb of the 

eutrophic material, which were purified the sea water quality. So we need to collect the Ulva pertusa Kjellman 

and Zostera from seawater and found a using form for the unused algae. In recent years, this is an important 

subject in many countries. 

Ulva pertusa Kjellman belongs to Chlorophyta. It attaches to submerged rocks, shells, pilings or other 

seaweed by a rhizoidal holdfast [6]. It is usually attached, but it is also found drifting with wide lobes of different 

lengths and a comparatively thin shoot. In detached specimens, it develops more holes, leading to a lacerated 

appearance [7]. Ulva pertusa Kjellman resource are now being used in food processing, fodder, fertilizers, soil 

improvement materials, cosmetics, seaweed glue, etc[8, 9].  

Zostera marina, a monocot, is widespread and circumglobal in the Northern hemisphere, found throughout the 

north Atlantic and north Pacific and in the Mediterranean and Black Seas [10]. Zostera has long, bright green, 

ribbon-like leaves, about 1 cm wide [11]. The growth of Zostera could be purified the seawater quality, and 

dominate sandy and muddy sediments in coastal areas of low to moderate wave exposure [5]. However, Zostera 
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was withered in seawater by flowering and fruiting seasons, which returned the eutrophic materials back to the 

seawater. Stated thus, the best way is collect the Zostera by the life expectancy. 

Ulva pertusa Kjellman is rich in fibers and it has fiber content similar to that of land plants, while the main 

substance is cellulose. There is a great deal of cellulose and hemicellulose in Ulva pertusa Kjellman, which are 

the main materials of this experiment. Zostera marina also contain fiber component similar to land plants, and the 

cellulose of Zostera is stronger than some land plants. The stalk and the leaf of Zostera marina are longer and 

contain rich high quality fiber [12]. The cellulose is hydrophilic, insoluble in water, highly resilient and impact 

resistant; hemicellulose has the function against deformed while used in material. It is highly adhesive and can be 

used in scientific research applications as well. At the same time, to strengthen the material, it dehydrates through 

pressurization and heating of the cellulose, and re-establishment of the connection between the cellulose caudal 

ends. Therefore, we can use the cellulose and hemicellulose contained in Ulva pertusa Kjellman or Zostera 

marina to re-connect the board materials.  

The majority of culture media and food container in the present market are plastic. Due to the scarcity of 

petroleum resources and their poisonous effects on the environment, the substitute of the new environmentally 

friendly materials has lately attracted. The purpose of this study was to utilize Ulva pertusa Kjellman and Zostera 

to produce biodegradable boards. The process of producing biodegradable boards involves refining, defibrating, 

compression molding and drying. Self-bonding is the main factor of the algae. There is a possibility of using for 

culture media for plants, food and medical packaging, transportation packaging, culture pans, mulch film instead 

of petroleum plastic and wood materials. This study mainly focus on analyzing and compare the rupture stress of 

Ulva pertusa Kjellman and Zostera boards. The aims of this study are to determine the most optimum conditions 

of the bio-board production process with Ulva pertusa Kjellman and Zostera Marina. 

2. Production of Bio-boards 

Ulva pertusa Kjellman and Zostera Marina collected from the seaside of Ise Bay in Japan were used in 

experiment. The algae were repeatedly washed with pure water to remove mud, soils and other algae, dried in the 

shade at room temperature and the end stored in plastic bags. The moisture content of the dried algae in the 

experiment was approximately 10% w.b.. 

2.1 The Ulva pertusa Kjellman Bio-board 

The flowcharts of the process for producing bio-boards of Ulva pertusa Kjellman are shown in Fig. 1. The 

dried Ulva was put in water for over 2 hours for restoration. Then the dried Ulva return to the same condition as 

the fresh Ulva. The restored Ulva and water were put into a mixer and refined for 1 min to make a piece of Ulva 

to a size within 6 mm. The long fibers were cut during refining, which made the macromolecule fibers into 

microfibers, exposed more active hydroxy groups and laid the foundation for physical adsorption. The 

compression mold is square with dimensions of 100 mm×100 mm×25 mm. In the case of difficult dehydration, 

there is an array of 7 mm×7 mm stomas 2 mm in diameter up and down both sides of the compression mold for 

dehydrate easily. 

The mold is filled with Ulva pertusa Kjellman and a hot presser is used for compression. While preheating the 

mold and the material, pressure is gradually applied; when 0.2 MPa of pressure has been applied for 10 min, the 

preheating is done. During the hot compression, another connection opportunity is obtained since the moist Ulva 

pertusa Kjellman are primarily dehydrated, the water in the experimental material is pressed and the many 

exposed active hydroxyl groups in the cellulose are more active with the heat, which causes them to reunite with 

the hydroxy and hydro groups. After preheating, we dried and applied more pressure to the Ulva pertusa 

Kjellman, which took about 80 min to reach 4 MPa; the algae finally had a continuous compression in the highest 

press. This compression took about 100 min total. In the end, we dried the bio-board until the applicable moisture 

content about 7% [13]. With the above method, we made three kinds of bio-boards; each board was cut into six 

test pieces for the rupture stress experiment and one test piece for the shrinkage experiment. 

2.2 The Zostera Marina Bio-board 

The flowcharts of the process for producing bio-boards of Zostera Marina are shown in Fig. 2. First, the dried 

Zostera was put in water for over 24 hours for restoration. Then the cellulose of dried Zostera returned to the 

same condition as the fresh cellulose. The restored Zostera were cut to make each piece of within 2 cm. The 

cellulose of Zostera was refined by grinding in the electric buhrstone mill. Second, the refined Zostera and water 

were defibrated for 72 hours at 35℃ in a thermostat before compression molded. The stiff coarse fibers were 

grinded during refining, which made the macromolecule fibers into microfibers, and the defibration process made 

the microfibers were exposed more active hydroxy groups and laid the foundation for physical adsorption. The 

http://www.iciba.com/life/
http://en.wikipedia.org/wiki/Hydrophilic
http://en.wikipedia.org/wiki/Water
http://www.iciba.com/transport/
http://dj.iciba.com/most/
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treatments before compression molding are pretreatment. The compression mold is the same with the production 

of the Ulva bio-board. 

 
The mold is filled with Zostera Marina and a hot presser is used for compression. While preheating the mold 

and the material, pressure is gradually applied; when 0.2 MPa of pressure has been applied for 10 min, the 

preheating is done. During the hot compression, another connection opportunity is obtained since the moist 

Zostera are primarily dehydrated. The dehydrated process of Zostera material is faster than Ulva. After the 

preheating process we dried and pressure to the Zostera. It is only need 2 stages that Zostera was dehydrated, and 

only took about 20 min. The dehydration of Zostera is faster than Ulva. Finally, it was keep 15 min in the highest 

press. This compression took about 45 min total. With the above method, we made three kinds of Zostera 

bio-boards; each board was cut into six test pieces for the rupture stress experiment and one test piece for the 

shrinkage experiment. 

2.3 Experimental Conditions 

In order to make high strength bio-boards, in this study, the pressure of a hot presser at 4 MPa and 5 MPa; the 

drying temperature at 90℃ and 100℃; the materials are Ulva pertusa Kjellman and Zostera Marina. We made six 

kinds of bio-boards. Table 1 shows the experimental conditions for the bio-boards. 

Table 1  Test condition for producing the bio-boards 

Material Defibrate 
Pressure 

(MPa) 

Temperature 

(℃) 

Board 

No. 

Ulva 

 

Done not 

4 90 A 

4 100 B 

5 100 C 

Zostera 

 

Done 

4 90 D 

4 100 E 

5 100 F 

 

Fig. 3 The photo of bio-boards B and E 

Fig. 1 Flowchart of the process 

for producing Ulva board 

Dried Ulva 

Rehydrate  

Refining  

Compression molding 

Drying treatment 

Material Test 

Fig. 2 Flowchart of the process 

for producing Zostera board 

Dried Zostera 

Cut  

Rehydrate  

Crush  

Defibrate 

Compression molding 

Drying treatment 

Material Test 

（a）Board B （b）Board E 
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2.4 Strength Test 

To investigate the mechanical properties of bio-boards, six test pieces were cut from each bio-board for tensile 

testing. The test pieces were made according to the Japanese Industrial Standards (JIS) [14]. The strength 

standard of the bio-boards is in reference to the wood and plastic, the measured rupture stress and the elastic 

modulus [17]. The rupture stress is a specific limiting value for the tensile stress when the pieces are being pulled. 

The destruction stress is measured from the tensile load in the tensile test and is given by Eq. (1): 

                       

                                          

where,   is normal stress; P  is the tensile load and A  is the cross sectional area. 

3. Results and Discussion 

In this study six kinds of bio-boards were produced in different experimental condition. Photo 1 shows the 

bio-boards B and E. From the photo1, the board B produced by Ulva has a smooth and gleaming surface. It is the 

same with other boards which made from Ulva. However, the surface of the board E produced by Zostera is 

rough and there are many flinders of material which has not been crushed adequately. 

3.1 Results of the Tensile Test 

Fig. 4 shown two tensile stress-strain curves that were measured for the six test pieces from board B and E, 

which made of Ulva pertusa Kjellman and Zostera Marina materials for examples. The other results of the same 

materials were consistent with these results. In all of the tests pieces, the stress at the initiation of nonlinear 

behavior increased with increasing strain. The tensile stress also increased with increasing strain rate until the 

fracture stress decreased suddenly to zero. The maximum stress of the test pieces at rupture is the rupture stress. 

Each test piece has a slightly different slope and different rupture stress. This is because those are biomass 

materials and the distribution of the cellulose is irregular in a bio-board, which leads to an uneven strength. When 

we use bio-board as a material, it is very important that the stress generated by external force is less than the 

material stress allowed.  
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Fig. 4 The tensile stress-strain curve from board B and E 

3.2 Rupture Stress 

The results of the rupture stress for all of the Ulva bio-boards pieces are shown in Fig. 5, and the Zostera 

bio-boards pieces are shown in figure 5. It can be seen that the test pieces from the same board have a different 

value of rupture stress; the value of board A is 23.02 MPa-33.46 MPa, B is 24.79Mpa-49.55MPa, C is 15.56MP 

-26.44MPa. The value of board D is 3.77 MPa-6.62MPa, E is 4.12 Mpa-12.58MPa and F is between 3.74MPa 

and 5.05 MPa. Since the biomass material board is made of natural cellulose, the cellulose direction is 

non-homogeneous. Therefore, the intensity in one board is different from another place in the same board, which 

is different with metal materials. Additionally, density of bio-board influences the intensity of bio-board, but it is 

very difficult to specify the effect of the density on intensity of bio-board. Because the re-connect condition and 

distribution of fiber cellulose are very important factors which effect on the intensity of bio-board. The above 

results show that bio-boards could be produced under all of experimental conditions.  

A

P
 (1) 
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3.3 The effect of Processing Condition upon Strength 

The average rupture stress of Ulva boards is 27.64 MPa, the average rupture stress of Zostera boards is 6.03 

MPa. Therefore, the Ulva bio-boards have the higher rupture stress than Zostera bio-boards. It can be applied for 

the high strength material. The Ulva boards have the high strength, but the process time of Ulva is longer than 

Zostera. Therefore, composite board using the materials of Ulva and Zostera is necessary for producing the high 

strength and low cost board.  

 
As shown in table 1, the bio-board A and bio-board B have produced in the same compression pressure of 

4MPa, the value of board A is lower than board B in Fig. 6. The bio-board B and bio-board C have produced in 

the same temperature of 100℃, that the value of board C is lower than board B. Thus, the production of a dry 

temperature at 100℃ and compression pressure at 4MPa is applicable in Ulva bio-board. In Fig 5, that is the 

same with Ulva board, that board E has the higher strength than board D and board F. Thus, the production of a 

dry temperature at 100℃ and compression pressure at 4MPa is applicable too. Therefore, the production of a dry 

temperature at 100℃ and compression pressure at 4MPa is applicable in algae bio-board. 

Since the biomass material board is made of natural cellulose, the cellulose direction is non-homogeneous. 

Therefore, the intensity in one board is different from another place in the same board, which is different with 

metal materials. Additionally, density of bio-board influences the intensity of bio-board, but it is very difficult to 

specify the effect of the density on intensity of bio-board. Because the re-connect condition and distribution of 

fiber cellulose are very important factors which effect on the intensity of bio-board. The above results show that 

bio-boards could be produced under all of experimental conditions, the producing process of bio-board is an 

appropriate technique. 

4. Conclusions  

In the present study, by using Ulva pertusa Kjellman and Zostera marina as a raw material, we processed Ulva 

pertusa Kjellman bio-board by refining, compression molding and drying treatment and processed Zostera marina 

bio-board by refining, defibrating, compression molding and drying treatment. The results are as follows:  

1) Using Ulva pertusa Kjellman and Zostera as a raw material, we successfully processed the bio-board. The 

pressure was 4 MPa and 5 MPa; the drying temperature was 90℃ and 100℃; and non-defibrating or defibrateing 
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production pretreatments were used to produce high density bio-board material. To produce high strength 

bio-board with Ulva and Zostera, the experimental conditions are as follows: Pressure: 4 MPa; Drying 

temperature: 100℃. 

2) The bio-board produced with Ulva has high strength and smooth surface, and it is about 3 times stronger 

than polystyrene plastic material. Because Zostera contain little hemicellulose, in the compression process water 

can be quickly disengage from Zostera, and the producing time is shortened. Thus, it is necessary to add Zostera 

in Ulva board in actual production, so processing cost can be effectively reduced and the production efficiency 

can be improved. 

3) This study showed that biomass material has many potential applications in packaging material. The 

biomass materials is biodegradable materials, has green environmental-protective quality for substitute the food 

and medical packaging, transportation packaging, etc. From now on the biomass material will propel the 

packaging material forward.  
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Abstract: The form of gear failure and other commonly used diagnostic methods and gear fault diagnosis based 

on the vibration mechanism of research is given a number of gear fault diagnosis of the characteristics of 

commonly used parameters. Vibration through the gear mechanism of failure can help us understand the nature of 

gear failure and features. In this paper, the symptom parameters are defined definitely and extracted through an 

example experiment. Moreover the experimental process is described in detail. The method proposed in this 

article does not apply only to gear fault diagnosis, but also to promote the application of other rotating machinery 

fault diagnosis.  
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1. Introduction 

Condition monitoring of rotating machinery is important in terms of system maintenance and process 

automation at ocean engineering and ship equipments. One of the most common failures in rotating machines is 

the gear failure. In industrial applications, gears are considered as critical mechanical components and a defect in 

such a gear would cause malfunction and may even lead to catastrophic failure of the machinery. Gears are the 

heart of almost every rotating machine. Gears failures are one of the foremost causes of failures in rotating 

machinery. Gear failures can sometimes cause both personal damage and economic loss, if the incipient fault 

symptoms cannot be detected and diagnosed well in advance. Therefore they have received much attention in the 

field of vibration analysis as they represent an area where much can be gained from the early detection of faults.  

Different methods have been studied in the last two decades, such as vibration measurements, acoustic 

measurements, and temperature measurements, among these methods, vibration measurements and analysis are 

widely applied. Consequently, a lot of work has been done on vibration analysis of gears. In most gear fault 

diagnosis and prognosis systems, vibration signals are acquired from accelerometers mounted on the outer 

surface of gear housing. The signals consist of vibrations from shafts, gears, hell, and other neighboring 

components. The useful information is corrupted and it is difficult to diagnose the fault from such vibration 

signals. Some techniques use the stator currents of the electrical motor as the input signals for fault detection [1]. 

Fault signal detection and recognition are often accomplished by pattern recognition using a neural network [2, 3], 

RBF network [4], Gaussian mixture model network [5, 6], fuzzy logic network [5], Bayesian classifier [7], vector 

correlation or vector distance measure [8]. Commonly used feature generation methods include the short-time 

Fourier transform (STFT) [2], wavelet time-scale decomposition [2, 9, 10], cumulant spectrum [8], etc. 

In this paper, the symptom parameters are defined definitely and extracted through an example experiment. 

Moreover the experimental process is described in detail.  

2. Symptom Parameter for Condition Diagnosis 
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For automatic diagnosis, symptom parameters are needed that can sensitively distinguish the fault types. A 

large set of symptom parameters has been defined in the pattern recognition field. Here, many kinds of symptom 

parameters in the amplitude domain, commonly used for the fault diagnosis of plant machinery, are considered 

[11]. 
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It is obvious that the larger the value of DI, the larger the value of DR, and therefore the better the symptom 

parameter. Therefore, DI can be used to evaluate the distinguishing sensitivity of symptom parameter  

3. Experimental System 

The vibration-based diagnosis has become the well-accepted detection technique because of ease of 

measurement. When gear fault occurs, the vibration signals always display non-stationary behavior. In fact, the 

vibration of normal gears is usually complex and nonlinear due to the compliance vibration and the effect of 

lubrication, which mainly come from the varying compliance of the structure, internal excitations and external 

disturbance. The former two vibrations are intrinsic to gears while the latter vibration is noise and could be 

removed. Therefore how to extract the fault characteristic information from the non-stationary vibration signals is 

the crux of the gear fault diagnosis. 

So a gear fault diagnosis experiment system is given as fig.1.  
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Fig.1 Gear Fault Diagnosis Experiment System 
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Fig. 2 The gears for tests 

Fig.2 shows a normal gear, and a fault gear with broken tooth for the tests. Vibration signals were measured 

suing the acceleration sensor fixed the gears house. The inertia moment of the load is 0.04 kgm2. Here we 

consider two gears condition that are gear with normal, gear with broken tooth, in which the crack fault is 

introduced by cutting slot with laser in the root of tooth. The KD1001L accelerometer sensor is mounted on the 

gears house to capture the gear vibration data. The location of the sensor data acquisition is shown in Fig.3. 

 

Fig.3 The location of the sensor data acquisition 

4.   Case Study 

A gears fault experimental platform is given as Fig.4. The experimental program follows as Fig.5. 

 

Fig.4 A gears fault experimental platform 

1通道测点 Acquisition location 
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Fig. 5 Experimental program chart 

After a series of experiment and computation according to symptom parameters formula, we can get the result 

as Table 1. Here H stands for high-speed fualt gear and L for low-speed fault gear. 

 

Table 1 Characteristic parameters of DI, DR value table 

 H L 

DI DR DI DR 

P1 0 0.5 0.7385 0.7699 

P2 0 0.5 0.2062 0.5817 

P3 0.1794 0.5712 0.6408 0.7392 

P4 0.1748 0.5694 0.1694 0.5673 

P5 0.1688 0.567 1.4843 0.9311 

P6 0.31 0.6217 1.7328 0.9584 

P7 0.1599 0.5935 1.4086 0.9205 

P8 0.3814 0.6485 1.0855 0.8611 

P9 0.1596 0.5634 0.5491 0.7085 

P10 0.1675 0.5665 1.6622 0.9518 

So we can choose the larger value of symptom parameters to diagnose gear failure and features. As for 

high-speed fualt gear, the symptom parameter P8’s DI is 0.3814; and P8’s DR is 0.6485. As to low-speed fault 

gear, the symptom parameter P6’s DI is 1.7328; and P6’s DR is 0.9583. So the data and corresponding parameters 

are selected in the Table 2. 

Table 2 The characteristic parameters of the largest of DI and DR 

Condition DI DR Symptom parameter 

H 0.3814 0.6485 P8 

L 1.7328 0.9583 P6 

5.   Conclusion 

Machinery diagnosis depends largely on the feature extraction of machinery signals, so it is important that the 

extracted features should be both sensitive to fault occurrence and reliable against disturbances. In order to 

effectively diagnose faults, this paper proposes a diagnosis method with the symptom parameters. The experiment 

result shows these symptom parameters can reflect the characteristics of the signal measured of the condition 

diagnosis of gears. The method proposed in this article does not apply only to gears fault diagnosis, but also to 

promote the application of other rotating machinery fault diagnosis. 
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Abstract: In accordance with the hypothesis of the equivalent beam bending for a three-body contact among 

pad/wafer/particles, a more precise and reasonable mathematical model for the indentation depth of a particle 

into wafer surface in chemical mechanical polishing process is developed. The model comprehensively 

considers the influence of most valuables in chemical mechanical polishing process including pad elastic 

modulus, wafer surface hardness, particle diameter, poisson’ s ratio of pad material, standard deviation of the 

pad asperity height distribution σ, average radius of curvature of the tip of the pad asperities β, pad surface 

topology feature constant C, particle density ,particle concentration. Among these valuables, particle diameter, 

particle density and pad surface topology feature parameters C, σ, β are often omitted in former models, which 

will lead to theoretical deviation. Finally, by means of numerical calculation, it is found that the new model is 

more reliable and correct than the models of Luo, Qin and L. Chang. 

Keywords: Chemical Mechanical Polishing, Abrasive, Particle, Modeling, Wafer.  
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1. Introduction 

Chemical mechanical polishing(CMP) as a compound ultra-precision polishing technology based on the 

synergy of chemical and mechanical action, is widely used in integrated circuit (IC) manufacturing process at all 

stages of silicon wafer planarization. It is the most effective and practical technology to realize nano-scale 

ultra-smooth surface processing without damage and the only way to achieve global planarization. The precise 

control of the CMP process depends on understanding its mechanism of material removal. Modeling for the 

indentation depth of a particle into wafer surface is an important part of modeling for the material removal rate 

of CMP. It is directly related to the success or failure of material removal model of CMP. 

In chemical mechanical polishing process, the abrasive particle is pressed into the contact area of pad /wafer 

under the external force, which forms a three-body contact. Pad is so soft that after wafer is pressed to contact 

pad asperities, pad asperities will wrap abrasive particles. In this case, the work pressure p is sustained by the 

pad asperities and the abrasive particle together [1]. The schematic diagram of a three-body contact of pad 

/wafer/particle is shown in Fig. 1. 
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Fig. 1 Schematic of pad/wafer/particle three-body contact. 

In Fig.1 the applied forces exerted on abrasive particle include the external force FZ conveyed by pad 

asperities, anti-force Fa by wafer surface, abrasive particle gravity. As the abrasive particle diameter is in 

nanometer scale, taking Al2O3 abrasive whose density is larger in CMP as an example to calculate its gravity 

gives 1.88 × 10
-9 

nN, while the scale of the external force acting on abrasive particle generally can reach tens to 

hundreds of nN [2], the abrasive gravity can be ignored. When a particle is in equilibrium state, the force 

balance equation is shown as follows: 

a ZF F                                            (1) 

The contact between wafer and particle is small deformation, as its indentation depth into wafer δW is far less 

the particle diameter D，The whole process is considered as an completely plastic deformation [1], and the total 

plastic contact stress between wafer/ particle Fa is given as 

a W WπF H D                                      (2) 

here HW is the wafer surface hardness. 

Influence factors of the external force conveyed by pad asperities to a single abrasive FZ are very 

complicated, if the specific analytical formula of FZ can be got, combined with the particle force balance 

equation shown as Eq.(1) , Eq. (2) and the geometric relationship equation in Fig. 1 given as 

P W D                                         (3) 

The indentation depth of particle into wafer δW and indentation depth of particle into pad δp can be obtained 

by numerical methods. 

Luo [3] and Qin [4] calculated FZ as 

2

z

1
π

4
rF D p                                     (4) 

where pr is the average stress of the actual contact area between pad/wafer. 

Jongwon Seok [5] amended Eq.(4) and introduced a stress concentration factor k in it, then got the following 

equation: 

2

z

1
π

4
rF D kp                                    (5) 

In fact, Luo and Jongwon’s equations which did not consider enough influence factors are too simplistic. 

YongsongXie [6] assumed that it both occurred to be the plastic deformation when particle contacted with 

pad and wafer. Hence, the external force applied on a single particle is given as 

z W W P PπF D H D H                                  (6) 
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Here HP is pad surface hardness. 

Zhao [1] thought that it occurs to be the plastic deformation between wafer/particle contact surface , the 

elastic deformation between pad/particle contact surface. And then FZ is shown as  

1
3

2
2

z W W PS P

4
π

3 2

D
F D H E 

 
   

 
                          (7) 

Here EPS is the equivalent elasticity modulus of pad and particle. 

On the basis of Zhao’s Eq.(7), L. Chang [7] derived the equation of the indentation depth of particle into 

wafer δW as below 

P
W

W

0.25
E

D
H

                                  (8) 

Cook [8] and Brown [9] suggested that it should adopt the following Eq.(9) to calculate FZ 

2

z

3

2 3

4

pD
F

k
                                   (9) 

where k3 is a factor which describes the ability of particles to fill wafer surface. In a typical CMP，k3<<1[2]. 

From the above analysis, these above researchers have ignored the fact that the indentation depth of particle 

into pad δp is nearly close to particle diameter owing to such soft material property of polyurethane pad[1]. 

Besides, it is large deformation of hyper-elastic contact during the whole indentation progress, so the classic 

Hertz contact theory and plastic contact theory are not applicable in CMP. Aforementioned models are not 

comprehensive and consider too less influence factors. 

2. The theoretical analysis of the new model 

The former models for the indentation depth of particle into wafer δW are built on classic Hertz contact 

theory, elastic-plastic micro-contact mechanics which neglected the super-elastic and big deformation feature of 

the three-body contact of wafer/pad/particle in CMP. Hence, many very important factors such as particle 

concentration, particle density and pad surface topology feature parameters are not involved in these models, 

which will inevitably affect the accuracy of the subsequent CMP material removal model. In this paper, a new 

approach based on the hypothesis of the equivalent beam bending for a three-body contact among 

pad/wafer/particles is presented to model the indentation depth of particle into wafer δW. 

2.1 The hypothesis of the equivalent beam bending 

Shown in Fig. 2, Guang-hui Fu [10] used a creative equivalent beam bending model to calculate the external 

force FZ on a particle during CMP. 
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Fig. 2 The equivalent beam bending model of CMP. 

In his model, the particles are assumed to be distributed uniformly in the contact area between pad and wafer. 

The distance l between two neighboring particles can be written as 

 rA
l

n
                                          (10) 

Where Ar is the effect contact areas between pad/wafer, n is the number of effective particles embedded into 

the contact areas between pad/ wafer. 

The part of the pad between two particles is reduced to a fixed-fixed bending beam with a distributed load q 

shown as [10] 

rA
q p

n
                                          (11) 

Using beam theory of mechanics of materials, the applied force on per particle can be expressed as 
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                    (12) 

Here l’, EP, tP represent ,respectively, the length of free beam ,the young’s modulus of pad , the equivalent 

beam thickness. 

According to Zhao’s model [1], the number of effective particles embedded into the contact areas between 

pad/ wafer n can be calculated by 
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66
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  
                          (13) 

In Eq.(13), χ is abrasive particle volume concentration, Ca is abrasive particle mass concentration, ρf is slurry 

density, ρs is abrasive particle density. 

In accordance with Eq. (1) , combined with Eq. (3), Eq.(12)and Eq.(13), we have the following result 
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Factors affecting the thickness of equivalent beam tP include particle diameter D, the elastic modulus of pad 

EP, the working pressure p. Based on the theory of dimensionless unit analysis of the four variables, we have 

1

p P
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k
t E

k
D p

 
  

 

                                     (15) 

where k2、k1 are dimensionless constants. 

Substituting Eq. (15) into Eq. (14), we obtain 
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                        (16) 

2.2 Determination of constant k1  

According to Qin’s analysis [4], in the range of the working pressure p in a typical CMP , the average stress 

of the actual contact area between pad/wafer pr approximately changes very slowly with the increase of the 

working pressure p. Thus, we can make such an assumption that with the pressing of a wafer into a polishing 

pad the actual average contact pressure pr has nothing to do with the working pressure p and the increased 

working pressure is totally assumed by the increased abrasive particles embedded into the contact area between 

pad asperities and wafer ,i.e., pr can be considered to be a constant. As a single particle is concerned, the applied 

force of pad on it Fz keep unchanged, so the indentation depth of the particle into the wafer δW is unchanged. 

This point view is substantiated by Zhao and L.Chang [1], Qin [11],Jeng [12]. If the working pressure p doesn’t 

affect the indentation depth δW , we can obtain k1=1 in Eq. (16). And then rearranging yields 
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                           (17)  

2.3 Determination of constant k2 

In Eq.(17) k2 is a dimensionless constant and has no relation to variety of the pad/wafer/particle and 

operating parameters during the course of CMP. If k2 is obtained in a specific formula, Eq. (17) can be applied 

to every case of CMP.  

As visualized in Fig.(3), it is assumed that the pressure of contact between pad / wafer is pD, and the number 

of the abrasive particles embedded into the contact area between pad/wafer is n . Thus, the total area of contact 

between abrasive particles and wafer surface AP is shown as 

2 22
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                     (18) 

Associated with Eq.(1),(2),(13), the total applied force of all effective particles on wafer surface FP is given 

as 
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3
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6
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                         (19)  

Then the force equilibrium of the wafer gives 

 r 0P P D r rF A A p pA p A                           (20)  

where A0 represents the total area of the wafer surface. 

Substituting Eq.(18),(19) into Eq.(20) gives 
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                (21) 
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Fig. 3 Force applied on the wafer. 

Shown in Fig. 4, it is an case that the effective contact area of wafer/pad is studded with abrasive particles 

and there is no vacant space among neighboring particles. When in such extreme case, from Eq.(21), we have 
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Fig. 4 Extreme list view of abrasives. 

Calculating Eq.(22) gives χ=0.75 which is a extreme concentration. In the extreme case, the working 

pressure p is all undertaken by abrasive particles, which means 
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Qin [4] found that the average stress of the actual contact area between pad/wafer pr is indicated as 
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here C is pad surface topology feature constant, σ is Standard deviation of the pad asperity height distribution, 

z is the height of an pad asperity measured from the mean of asperity heights, h is mean separation between pad 

and wafer based on asperity heights, φ(z) is standard normal probability density function of asperity heights, β is 

average radius of curvature of the tip of the pad asperities. In Eq.(24) , by numerical calculating methods, Qin [4] 

found that as h/σ varies from 0.5 to 3.0, C varies from 0.3 to 0.4. In a typical CMP process , the h/σ value of the 

pad surface is within the range from 0.5 to 3.0 and the value of C varying from 0.3 to 0.4 hardly influences pr. 

Thus, in order to reduce calculation, C can be taken as a constant. 

In conjunction with Eq.(17), (24), substituting χ=0.75 into Eq.(23) gives 
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Substituting Eq.(26) into Eq.(17) , we have 
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In a typical CMP，the various parameters are shown in Tab. 1. Substituting the values of parameters listed 

in Tab. 1 into Eq.(27) and simplifying gives 

W 0.27 P

W

E
D

H
                                   (28) 

Eq.(28) is almost the same as Eq.(8) of L. Chang [7] in the form, the calculating values from the two 

equations are in the same order. 

3. Evalution and discussion of the model 

In order to substantiate the rationality of the new model, through investigating the changing law of the 

pressure of contact between pad/wafer pD with the increase of the volume concentration of the abrasive particles 

in polishing slurry χ , the new model is compared with the models of Luo [3], Qin [4] and L. Chang [7]. 

From Eq.(21), we obtain 
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Substituting Eq.(27) into Eq.(29) , we have 

1

1/23
2

P
D 2

3

6 1
( ) π0.28 ( )

1

6 1
1 ( ) π

4

r Pp C E

p

 

  









 
 

 

                    (30) 

Luo[3] and Qin[4] thought the external force conveyed by pad asperities to a single abrasive FZ is given by 

2

W Wπ 0.25Z rF H D D p                             (31) 

From Eq.(31), we have 
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Substituting Eq.(32) into Eq.(29) gives 
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Substituting Eq.(8) of  L. Chang[7] into Eq.(29) gives 
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According to Eq.(30),(33),(34)，the influencing curve of the volume concentration of the abrasive particles 

in polishing slurry χ on the pressure of contact between pad/wafer pD is shown in Fig. 5. The parameters in 

Eq.(30),(32),(33) are from Tab. 1. 

Table 1 Variables of δW 

Parameter Value Unit reference 

standard deviation of the pad asperity 25 μm [13] 
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height distribution σ 

average radius of curvature of the tip of the 

pad asperities β 

30 μm [13] 

pad surface topology feature constant  C 0.35  [4] 

poisson’s ratio of pad νP 0.5  [11] 

the elastic modulus of pad EP 50  MPa [4] 

abrasive particle density ρs 2270 kg/m
3
 [4] 

slurry density ρf 1000 kg/m
3
 [4] 

mass concentration of particles Ca 0.1  [4] 
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Fig. 5 Comparision of pD. 

From Fig. 5, we find in the model of Luo and Qin the pressure of contact between pad/wafer pD is equal to 

the average stress of the actual contact area between pad/wafer pr for ever and does not relate to the volume 

concentration of the abrasive particles χ. According to Eq.(19), it is found that only when the actual contact area 

between pad/wafer Ar is all covered with abrasive particles, i.e., the working force  pA0 (prAr ) is borne entirely 

by abrasive particles, the applied force exerted on every particle FZ is given as  

2
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                   (35)                         

Substituting Eq.(35) into Eq.(29) can give pD=pr . Luo and Qin just considered the extreme case in which 

such extreme abrasive particles concentration is almost impossible to achieve. 

In the model of L. Chang, when the abrasive particles concentration χ is 0.07，the pressure of contact 

between pad/wafer pD reaches 0，which does not conform to the actual situation. In the new model, when the 

abrasive particles concentration χ is 0，without abrasive particles participating in polishing, the working force  

pA0  is hold entirely by polishing pad,  so the pressure of contact between pad/wafer pD  is pr, with the 

increase of the abrasive particles concentration χ, the abrasive particles sustain part of the working force, and 

then the pressure of contact between pad/wafer pD decreases, when the abrasive particles concentration χ reaches 

extreme value 0.75, the working force pA0 is sustained entirely by abrasive particles, and therefore the pressure 

of contact between pad/wafer pD tends to 0, which conforms to the actual situation of CMP. Hence, based on the 

above analysis, it is confirmed that the new model is more reliable and correct, while the abrasive particles 

concentration χ in the models of Luo [3],Qin [4]and L. Chang [7] is ignored, which will cause some errors. 

Eq.(27) suggests that the indentation depth of particle into wafer δW is proportional to the particle diameter 

and the elastic modulus of pad, and inversely proportional to the wafer surface hardness, which is in accordance 

with the models of Luo [3] and Qin [4],L. Chang [7]. Under same external force, larger particle diameter causes 

larger indentation depth of particle into wafer. Elastic modulus can be taken as a indicator measuring the degree 

of elastic deformation of a material. The larger its value is, the larger the stress causing the material to 

elastically deform is, i.e., the larger the material rigidity is. Under same external force, with the increase of the 

χ 

Dp
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elastic modulus of pad, the material rigidity of pad increases and the indentation depth of particle into wafer 

increases correspondingly. Under same external force, with the increase of the hardness of wafer, the 

indentation depth of particle into wafer decreases. Furthermore, the new model indicated by Eq.(27) also 

suggests that the indentation depth of particle into wafer δW is related to particle concentration, particle density, 

slurry density, poisson’s ratio of pad and pad surface topology property. The indentation depth of particle into 

wafer decreases with the increase of the particle mass concentration of the particle Ca and increases with the 

increase of the particle density. With the increase of the concentration of abrasive particles, the more particles 

per unit contact area between pad/wafer has, the less the external force exerted on per particle is, the less the 

indentation depth of particle into wafer is. The new model contains more parameters in which the particle 

concentration and particle density are the most important parameters which can not be ignored in the modeling 

progress. By means of computer simulation of finite elements, Yan Bo got the same conclusion [13]. 

4. Conclusion   

On the basis of the analysis of the equivalent beam bending model for a three-body contact among 

pad/wafer/particles, a new approach for the indentation depth of particle into wafer surface in CMP process is 

put forward in this paper. Meanwhile, in accordance with this approach, a new mathematical model about the 

indentation depth of particle into wafer surface in CMP process is developed. The model comprehensively 

considers the influence of most valuables in CMP process including pad properties (modulus, poisson’s ratio, 

asperity sizes and distribution, pad surface topology feature constant), abrasive particle characteristics (particle 

density, particle concentration, particle diameter), slurry density and wafer surface hardness. Especially, particle 

concentration, particle density and pad surface topology feature parameters C、σ、β are often omitted in the 

former models. The new model is more rational, scientific, more in line with the actual situation of CMP and 

will provide a new platform to further investigate CMP mechanism and offer a direction to control the CMP 

process more accurately. 
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Abstract: Wave buoy has been more wildly applied in the ocean surveying field, and the bidirectional 
communication between the upper system and the lower system has become the focus of current researches, 
which transmits signal securely and effectively to upper system for reference and accurately executes commands 
from upper system on lower computer system,. This paper based on the GPRS wireless technology and took 
SCM as the core of whole system designs the lower computer system and completes the bidirectional 
communication. For that SCM not only sends the digital voltage data acquired and packaged after A/D 
conversion, but also accepts the commands from upper system to control and set the mode of current working, 
the bidirectional communication with wireless technology has been proposed. By system analysis on the design, 
this solution possesses a good feasibility, low cost, high stability and transmission efficiency, and little 
professional maintain. 

Keywords: Wave Buoy, GPRS, Wave Direction, Wave Height. 
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1. Introduction 

In the field of ocean engineering, wave is a most important and most complex natural phenomenon, and the 
size of its force and direction provides an important reference to our engineering activities. Wave buoy is an 
unattended measurement system, which continuously and automatically collects wave parameter data at the 
fixed time and location [1]. When the signal is transmitted, taking the size of data and the pattern of transmission 
into account, there are two key problems: one that the data must be transmitted timely and securely to data 
center, and the other that all setting commands can be carried to respond positively on the lower computer 
system. There are several traditional methods for data transmission, such as radio transmission, telephone dial, 
satellite communications, but these methods provide some problems, such as poor real-time and reliability, high 
investment and operation costs and limited range of transmission. Currently the GPRS (General Packet Radio 
Service) communication as a bidirectional wireless communication technology can overcome shortcomings and 
be regarded as a professional data transmission in some aspects compared with traditional modes. Combined 
with the development trends of wave buoy technology, this paper does research into the design of the lower 
computer system based on the GPRS wireless communication technology for driving the blossom of ocean 
engineering. 

2. The Features and Functions of Lower Computer System 

The hardware for designing lower computer system includes sensors, A/D (Analog-To-Digital) converter, 
SCM (Single Chip Microcomputer), SIM300 chip and so on. This solution mainly relies on SCM to put the 
bidirectional communication into practice, which has a simple structure, high reliability, low cost, fast 
processing speed. The lower computer system has the following functions: 1) the lower computer system carried 
the function of bidirectional communication with upper system not only can convey digital signal collected to 
upper system, but also accept and deal with the commands from upper system.2) The lower computer system 
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can display the IP address, port number, working condition, operation mode, sampling time, physical parameters, 
data sent and the commands from upper system, which achieves the visualization of lower computer system. 

In order to adapt to current working specialties of wave buoy, the design for the lower computer system has 
the following features: 

1) Good feasibility: As a very mature technology, the hardware to detect signal is wave height tilt sensor and 
direction senor. It has the following advantages: simple structure, convenient installation, high accuracy, 
coincidence with wave measurement principle. To get high reliability for the system, the other hardware is also 
selected chiefly according to the principle of high stability.  

2) Good visualization: The system can timely show currently working condition including the physical 
parameters measured, sampling time of the system and so on, which can help staff to see the condition of 
operation of the system and carry a high visualization. 

3. Design of Lower Computer System 

3.1 Design Theory  

 

Fig. 1 Block diagram of lower computer system 
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Fig. 2 Circuit diagram 

As the block diagram of lower computer system based on GPRS technology shown in figure1, the signal of 
wave height and wave direction detected by sensors respectively is translated into analog voltage signal, then 
putted into the A/D converter ADC0809 for getting 8-bit digital signal, and inputted into the SCM, so the task of 
signal detecting and preprocessing module is over. Data is preprocessed and packaged by the SCM, and 
transmitted through the serial port to the GPRS communication module, but before that, SCM should finish the 
operation of starting the GPRS module, and initializing it [2]. 

3.2 Circuit Design 

As the following figure 2, the circuit is designed based on the need of functions and working principles of 
lower computer system. About the module of detecting and preprocessing signal, wave height tilt sensor and 
direction senor are used to acquire the analog signal of height, direction and the cycle of wave. ADC0809 
completes the timeshare analog-to-digital conversion on the 8-bit voltage signal directly [3]. 

Taken SCM STC12C5A60S2 as the core, data collecting and preprocessing module to control the 
bidirectional communication concretely include:1) the port P1.5、P1.6、P1.7  of SCM contacted with ADDA、

ADDB、ADDC of ADC0809 select the physical parameters by controlling the IN ports. 2) the port P0.0～P0.7 
of SCM receive digital signal from D0～D7 of ADC0809, and SCM processes the data simply. 3) to accomplish 
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the data bidirectional conveying successfully between P1.2、P1.3 of SCM and the SIM300 chip of GPRS 
communication module is completed under the control of SCM. SIM 300 chip is the main part of GPRS 
communication module, which can finish the bidirectional communication with wireless technology. In the 
circuit, MAX232 is specially used for RS-232, which offers a standard port for electrical level shifter. 

3.3 Module Design 

3.3.1 Signal Detecting and Preprocessing Module 
For the measurement of wave height and direction, wave height tilt sensor adopts a vertical pendulum 

structure. Above it, direction sensor integrated with wave height tilt sensor is for getting the references of wave 
angle. All kinds of sensors are selected suitably to meet the need of actual ocean activities as a signal detection 
unit.  

After the wave signal detected, data is converted to the port IN of ADC0809, the chip unit automatically 
converts analog voltage signal to digital signal as the following formula (1), the electric potentials from high to 
low respectively are : D7、D6、D5、D4、D3、D2、D1、D0，which are connected with the port P0 of SCM . 

                                (1)

3.3.2 Data Collecting and Preprocessing Module 

Y

 

Fig. 3 Flow chart of data acquisition system 

As the pivot of the whole data collecting and preprocessing module, the SCM controls the running of circuit 
for collecting data and completing the bidirectional communication with upper system, above figure 3 showing 
the flow chart of this processing [4]. Besides opening timer and interrupts, opening ports and their interrupts, 
opening and initializing the SIM300 chip, and setting the mode of working. Including as following: 

1) After acquiring the signal data of P0.0～P0.7, those digital data is successively passed on the character 
string strVoltage0. 

2) On the signal data of character string strVoltage0, median filter is putted. In a period of time, N numbers 
sampled (usually N is odd) is sorted, the median or center of which as the last value after filtering. Generally N 
should be determined suitably by our need and conditions, because that the computation time and quantity will 
be directly affected by number N as more values to sort as N grows bigger, and the size of N also determines the 
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amount of details that can be filtered out. Filter can make the digital signal smooth and reduce the data 
processing work of upper system. 

3) Since the UDP (User Datagram protocol) agreement adopted in this system, the character string 
strVoltage0 should be defined by layer of application, packaged and carried to upper system for analysis. 

4) The control commands to read for setting the mode of acquiring signal are conveyed from the upper 
system and received by the pattern of serial interrupt. 
3.3.3 GPRS Communication Module 

The SIM300 chip embedded powerful TCP/IP protocol stack mainly provides wireless high-speed 
transmission for voice, SMS (Short Messaging Service) and date services. After powering on, this module 
automatically attaches to the GPRS network and establishes the joint with the data processing center, and gets 
ready to send and receive data from remote terminal and controller timely. The link between the serial port RXD 
and TXD of SIM300 and the serial port TXD and RXD of SCM bears the work of receiving and sending data. 
But before that, the communication protocol of local PC has to be set, and the port numbers of PC are opened. At 
the same time, the IP address and port numbers of target host machine should be determined for confirming the 
specific network application of host machine. As the following figure 4, when the messages of remote site user's 
device status information are transmitted, the SCM control SIM300 chip by sending AT commands. When the 
upper system sends messages to control lower computer system, this terminal can directly send messages under 
the control of PC [5] [6]. The SCM can decompose messages as soon as getting the commands from upper system. 

 

 

Fig. 4 Block diagram of GPRS communication module 

4.  Conclusions 

This design and research for lower computer system of wave buoy based on GPRS wireless technology in 
the field of ocean wave buoy applies to the bidirectional communication for data transmission. There are some 
advantages including reasonable cost, high transmission speed, high speed of service network, permanent online, 
supporting the TCP/IP protocol, and full integration into internet. It is suitable for applications, such as 
intermittent sending and connection, low flow, the frequent need for data transmission, for which not only 
reduces the cost of building receiver, but also saves some procedures for maintaining and improves stability and 
reliability of the whole system. But inevitably, some shortcomings, such as measurement accuracy and security 
factors in the procedure of data transmission without consideration, will bring many unexpected problems and 
should be improved actively. 
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Abstract: Axiomatic Design is one of the most widely used design method at present, and it is a structural 
design method. This design method is highly valued by designers. Axiomatic Design can form a rational 
design scheme and provide criteria and assessment methods. There are two basic axioms: independence axiom 
and information axiom. With the rapid development of shipping, ship security has becomes the focus of 
concern. Oil tanker safety is even more important. Balance pressure proportioning set is one of the most 
popular products in its class. It’s advantages are high reliability, high flow range, big foam liquid storage 
capacity. These advantages make it a ideal fire-fighting equipment for oil tanker. Based on Axiomatic Design, 
it is given that a rational design method for balance pressure proportioning set. This activity will have a 
profound impact on fire-fighting equipment research. 

Keywords: Axiomatic Design, Oil Tanker, Balance Pressure Proportioning Set. 
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1.  Introduction 

Axiomatic Design was put forward for the first time by Nam Pyo Suh in the 1970s, when he worked at 
Massachusetts Institute of Technology. Axiomatic design theory was formally introduced in the book The 
Principle of Design in1990 [1-2]. Axiomatic design is one of the axiomatic design methods, which have wide 
range of applications. Experts and scholars at home and abroad have studied this theory, and achieved some 
results [3]. But it is still in the primary stage [4]. 

With the rapid economic development, shipping as a main tool for marine traffic is playing a more and more 
important role. The function of oil tanker in oil transportation is vital. So, the security issues were paid more 
attention. In recent years, oil tanker fire accident occurred one after another, causing a series of tragic accidents. 
For its specificity, oil tanker navigates far away from the land, and it is difficult to get assistance. Fire spreads 
fast, and oil tanker is prone to explosion, even both ship and oil are damaged, bringing huge economic losses 
and ecological disaster. 

Foam fire extinguishing system is appropriate for controlling and extinguishing oil fires. The advantages 
are efficient and economic. In addition, water damage is small. These advantages make Foam fire 
extinguishing system apply to fire extinguishing on oil tanker. 

The core part of foam fire extinguishing system is proportioning unit, and its reliability and performance 
have has a big effect on the performance of the entire system. Pressure proportioning set is most advanced 
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product of its kind. Its advantages are high reliability, high flow range, big foam liquid storage capacity. So it is 
the best choice. This article will present the design rationality of Balance Pressure Proportioning Set Based on 
Axiomatic Design. This could play a guiding role on practical design of fire-fighting equipment. 

2.  Fundamental Concepts of Axiomatic Design 

2.1 Concepts of Field 

In design activities, “What we want to achieve” usually interacts with “How we choose to achieve it”.  Fig1 
shows that the design world consists of four distinct domains, such as the “consumer domain”, “functional 
domains”, “physical domain” and “process domain”. The elements of the four domains are “Customer  

 

Fig. 1 Four domains of the design world 

Attributes”, “Functional Requirements”, “Design Parameters”, “Process Variables” respectively. The design 
process involves three mappings between adjacent domains [2] showed in Fig 1. 

Axiomatic design is a kind of structural design method, and the top-down design process. The high level 
decision-making will affect the low level design solution condition directly [5]. Each domain is defined by a 
characteristic vector which could be decomposed by zigzagging between the domains, as shown in Fig2. The 
mapping process fully reflects the close relationship fully between adjacent fields. 

 

Fig. 2 The mapping process 

2.2 Basic Principles of Axiomatic Design  

2.2.1 Independent axiom 
Axiom 1. Independent axiom: Maintain the independence of functional requirement [2]. 
We must note that the independence required by Independent Axiom is between designed function not 

physical structures. 
Axiomatic Design analyzes product function structure by using Independent Axiom. The relationship 

between two function requirements is represented indirectly by using the relationship between function 
requirement and design parameter. The mapping relationship between them is as follows: 

[A]{DPs}{FRs}                                         (1) 

where
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linear design, i,jA is the constant; For a nonlinear design, i,jA is a function of DPs. The design matrix has two 

kind of special situations, diagonal matrix and triangular matrix, as shown in the Fig 3. If one design matrix is 
neither diagonal matrix nor triangular matrix, now we get a coupled design and this lead to a failed design. But 
in design activities, it is very difficult to get an uncoupled design, so we make sure that the design matrix is 
triangular matrix, i.e. the design is uncouples design [6]. 

 

dependencet significan         

Decoupled                            d  Uncouple

0

00

00

00

00



































X     

XXX

XX

X

X

X

X

 

Fig. 3 Special situations of design matrix 

2.2.2 Information axiom 
Axiom 2. Information axiom: Minimize the information content [2]. 
The information axiom states that all designs that satisfy the Independence Axiom, the design that has the 

smallest information content is the best design. Information is defined in terms of the information content, iI , 

that is the probability of satisfying the given FRs.  iI is defined as follows: 

i
ii P

PI
1

loglog 22 
                               (2) 

If the system has m PFs, then the total information content sysI  is defined as follows: 

 


m

i isys PI
1 2log

                                  (3) 

where iPis defined as
rangeSystem

rangeCommon
Pi     

   
 , as showed in Fig 4.

 

 

Fig. 4 Common range between design and system range 

In short, Axiomatic Design theory provides a set of reasonable design ideas and methods for the designers, 
and it is applied at early stage of the design, which determining the most final value of most products. 
Axiomatic Design standardizes comprehensive analysis process of design, and guide designers make proper 
design decisions. 

3. Application example of Axiomatic design 

Now, we discuss the design of Balance Pressure Proportioning Set based on Axiomatic Design. Fig 5 states 
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that the Functional Requirements are divided into 3 levels. Similarly, Fig 5 states that Design parameters are 
also divided into 3 levels. 

FR

FR1 FR2 FR3 FR4

FR21 FR22 FR23 FR24 FR41 FR42

FR241 FR242

FR25

FR241  

Fig. 5 Functional decomposition hierarchy diagram 

 

DP

DP1 DP2 DP3 DP4

DP21 DP22 DP23 DP24 DP41 DP42

DP241 FR242

DP25

DP241  

Fig. 6 Design parameters decomposition hierarchy diagram 

 

3.1 The first level decomposition 

1FR = High pressure fire water (0.6-1.2MPa[7]), 1DP =Fire water pipe; 2FR = Foam concentrate supply, 

2DP = Foam concentrate supply set; 3FR = concentration control, 3DP = Integration proportional regulator; 

4FR = Backflush function, 4DP =  Backflush module.  Now, we get a decoupling design, and the design 
matrix is as the follows: 
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3.2 The Second level decomposition  

3.2.1 The decomposition of 2FR  

21FR =Storage of foam concentrate, 21DP = Atmospheric pressure foam concentrate storage tank; 

22FR =The make-and-break of foam concentrate pipeline, 22DP = Electric control valve; 23FR = Filtering foam 

concentrate, 23DP = Filter; 24FR = Elevating foam fluid pressure, 24DP = Pressure components; 25FR = 

Prevents the foam concentrate backflow, 25DP = Check valve. Now, we We get a decoupling design, and the 

design matrix is as the follows: 
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3.2.2 The decomposition of 4FR  

41FR = Drawing part of fire water, 41DP = The conduit; 42FR = The make-and-break of the conduit 42DP = 
Ball valve. Now, we get a decoupling design, and the design matrix is as the follows: 
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3.3   The third level decomposition 

241FR = Increasing foam concentrate pressure, 241DP = Foam concentrate pump; 242FR = Power supply, 

242DP = Motor. Now, we adjust the order between design parameters and functional requirements, and we get a 
decoupling design, and the design matrix is as the follows: 
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All above is the functional decomposition process of Balance Pressure Proportioning Set based on 
Axiomatic Design. And we get a decoupled design. Table 1 shows the relational table between design 
parameters and functional requirements. 

 

Table 1 The relational table between design parameters and functional requirements 

Items DP1 DP21 DP22 DP23 DP242 DP241 DP25 DP3 DP41 DP42 

FR1 X 0 0 0 0 0 0 0 0 0 

FR21 0 X 0 0 0 0 0 0 0 0 

FR22 0 0 X 0 0 0 0 0 0 0 

FR23 0 X X X 0 0 0 0 0 0 

FR242 0 0 0 0 X 0 0 0 0 0 

FR241 0 X X 0 X X 0 0 0 0 

FR25 0 X X 0 0 0 X 0 0 0 

FR3 X X X 0 0 X 0 X 0 0 

FR41 0 0 X 0 0 X X 0 X 0 

FR42 0 0 0 0 0 0 0 0 X X 
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4.  Summary 

Balance Pressure Proportioning Set is the key unit, having an big impact on the performance of the whole 
fire-fighting system. This article presents a kind of design method for Balance Pressure Proportioning Set on 
Axiomatic Design. In the design activity, the relationship between all parts ware taked into account fully, and 
we get a rational design.  This has great guiding significance on the actual design activities. 
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