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�
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�������F!��*����=�+��!�"��#�"**���

%���'**�7� H7���!<��"**
���������B�
��$
����
�'�$�"�F������'�"�,*���!����#*����
���+,	

�"**���*�� ���!�"��#%�����&���������
��"**���%����+,	�����$�	!�"��
�
�	�
��

�����F!��*����=�+ 
&�=�+��	'*$�!�"�A
�F�������!<� 3 !�"�A
 =�+'�$ �F���������+� 

�F������� '�"�F������
+�	 '�+,!�"��#%�����&���������J���	'�"�,��'!�!�,��
��"** 

��	!�"��#�$��
*�"	"�,�����%����J���	�"3,$����"*,����%��� (cycle time), /&��,���;����


���+��:��"** (work in process), /&��,����;�
�������F�
*��
��,���+
����%���=�+ (sale) 

'�"/&��,����;�
��=�$�����F�
*��
��,���+
����%��� (lost sale) '�+,17�4�!�//�	
����%��$


!�"��
>�A�����!�"��#�$��
������$�	!�"��
�
�	� 

 %����17�4�'���:3+�39�,$������$�	!�"��
�
�	������F!�"��#�$� cycle time, work 

in process, sale '�" lost sale �
��"**���%���'**�7�=�+
�;��$��J���	'�"�$��,��'!�!�,� 

���KL��
��,�:�+/&��,��+
�-�KL��
� 50% �
��F�����#�
���!<�=!=�+
�;�3�� KL��
������$�	


��/"������!<������$�	!�"��
�
�	�
�������F!��*����=�+ '�"/��%����17�4� �����$�	

!�"��
�
�	�=�$�����F!�"��#�$��,��'!�!�,���	���=�+'�$�����F!�"��#�$��,��

'!�!�,��
��"**=�+��	���'*$��$,��
��,��'!�!�,� H7�������F!�"��#�,��'!�!�,�

�
� cycle time '�" sales F-��+
�!�"��# 99% �$��,��'!��,��
� work in process =�+

!�"��# 80% H7��!�"��
>�A��
��������B�
���/��/&��,��F������
��������-��7;� '�"�����F

!�"��#�$� lost sale ���,��F-��+
�!�"��# 90% !�"��
>�A��
��������/���$��,��'!�!�,�

���$��+
	���'�"���$�=�$�$
��B�
� ��	���! �����$�	!�"��
�
�	������F!�"��#�"**
���!<����

'�������
��������:3�$=�+ 

 

�!�-�
� : �����$�	!�"��
�
�	�, ���!�"��#�$�, ���/&��
��F�����#�  
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Abstract 

 

Project Code : MRG5080286 

Project Title : Development of a function approximation using artificial Neural Network 

for the performance and characteristic prediction of the stochastic 

systems 

Investigator : Mr. Pornthep  Anussornnitisarn, Ph.D. 

E-mail Address : fengpta@ku.ac.th 

Project Period : 2 years 
 

 A goal of this research is to investigate the performance of neural network based 

approximation function in variation prediction.  This research develops a scalable artificial neural 

network (SANN) approximation for pull-control production system as a case study.  The pull-

control production system in this case study consists of serial workstations and its buffer in which 

controlled by Kanban method.  Three types of SANN, which are 1) Initial workstation 2) 

Intermediate workstation and 3) Final workstation, were developed to approximate the 

performance of the production system.  This SANN is designed to predict the mean and variance 

of the four major production performance measures which are: 1) production cycle time  2) the 

amount of work-in-process 3) the number of sales and 4) the number of lost sales.   Several 

experiments are conducted to investigate the impact of the number of workstations and the 

process variation on the performance of SANN. 

 

 The results of this research show that SANN effectively predicts (approximates) the 

mean and variation of the four performance measures of the pull-control production system. The 

recommended train data size is fifty percent of the set of solutions for individual workstation in 

developing SANN for the Initial workstation, the intermediate and the final workstation. From the 

results, direct approximation of the confident interval of performance measures is not possible.  

However, when using SANN to predict the range of variation in all performance measures, the 

results indicate the effective prediction.  The predictability of variation in cycle time and the 

number of sales are about 99%. The predictability of variation in work-in-process is about 80% 

due to the impact from the increase of the number of workstations.  The predictability of variation 

in the number of lost sales is about 90% due to the impact from the small and non continuous 

value of measures.  In conclusion, SANN has shown a great promised in accessing the 

stochastic measures in large production system. 

Keywords : neural network, approximation, simulation 
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1. ��+��'**/&��
��F�����#��"**���%���'**�7� 

 

1.1 ���4#"�
�'**/&��
�'�"��������
��
��:�+ 

 

%-+,�/�	��+��'**/&��
��F�����#��"**���%���'**�7� '** 3 �F��� ��B�

��/"�&��+
�-�
��

=�+/�����/&��
��F�����#��!<��+
�-�:����KL��
������$�	 H7��'**/&��
��F�����#� �!<����

A��
�� 1 

 
 

;��*+� 1 '**/&��
��F�����#��"**���%���'**�7�/&��,� 3 �F������ 

 

����&�3���$���������
���$��] �������;  

 

1.1.1. �,��:����%��� (Processing Time) 

 

:����,�/�	��;�&�3�����'/�'/��,���$�/"�!<��
��,��:����%���:3+�����'/�

'/�'**!��� (Normal Distribution) ��	�&�3���$��$,��*��	��*�����?�� (Standard Deviation) 

�
����'/�'/�=,+
�� 5% �
��,��:����%����
�'�$�"�F������ ��	�$��J���	:����%���'�$�"

�F���������$��!<� 0.6, 0.7, 0.8, 0.9 '�" 1 3�$,	�,�� 

CreateDem and Tr ue

False

Ch e c k B3 Si g n a l 0 Sale

Los ts ale Dis pos e 1

CreateB1

CreateB2

CreateB3

Bu ffe r1

Bu ffe r2c a l l B1

Bu ffe r3c a l l B2

Ch e c k Re l e a s e B1

Ch e c k Re l e a s e B2

Ch e c k Re l e a s e B3

R1CT1

R1CT2

R1CT3

Se i z e  1 De l a y  1 Re l e a s e  1 Chec k WIP1OutChec k WIP1In

As s ignWIP1

Se i z e  2 De l a y  2 Re l e a s e  2

Se i z e  3 De l a y  3 Re l e a s e  3

Chec k WIP2In

Chec k WIP3In

As s ignWIP2

As s ignWIP3

Chec k WIP2Out

Chec k WIP3Out

0      

0      

     0

0      

0      

0      

0      
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1.1.2. 
�����,���+
����%��� (Demand Rate) 

 

:����,�/�	��;��'**/&��
� 2 !�"�A
 =�+'�$ !�"�A

����
�����,���+
����%�����

���'/�'/�'**!��� (Normal Distribution) '�"!�"�A

�������'/�'/�'**�
9���������	� 

(Exponential Distribution) 
�����,���+
����%���
�������'/�'/�'**!������$��J���	
	-$
�� 0.8, 

0.9, 1, 1.1 3�B
 1.2 �
$��
��&�������%����-���� �&�3���$��$,��*��	��*�����?���
����'/�

'/�=,+
�� 5% �$,�
�����,���+
�������%���
�������'/�'/�'**�
9���������	� ���$��J���	
	-$
�� 

0.8, 0.9, 1, 1.1 3�B
 1.2 �
$��
��&�������%����-���� 

 

1.1.3. ����*����
���
�'�$�"�F������ 

 

���3�����*����
��
���3��"��:��"**���%����&�3��*���,�/�	��; :�+�-���
�

*��4�
���	�+���B�
3��
*����
�*����
��:����/&��
��F�����#� ��������
��  1  

 
(1 )D LT PVK

CS
� � �

�     (1) 

 
K: /&��,�*����
�� (Total Number of Kanban)  

D: �,���+
����%����$
�$,��"	"�,��
����/��#� (Average Daily Demand) 

LT: �"	"�,����;�'�$

�'%����%���/�F7�%���%���A�#{����'%�
���&�3�����9/

��+
��$��
*:3+��*�-��+� (Lead Time) 

PV: ��,'!������	*�	 (Policy Variable 3�B
 Safety Coefficient) �$���,'!�
��

�+
�����%B�
�,��%������
��
�/�����7;� 
�;���;�7;�
	-$��*��	*�	�
�*��4�
�&�3�� ��$� ��;����

�&��
� (Safety Stock) 

CS: ����*��/�A���"3�B
!����#���*��/���;�����$
 1 A���" (Container 

Size) (Monden, 1994) 

 

��	���,�/�	��;��/��#���,'!� CS '�" PV ���$��
$���* 1 
�����,���+
�������

%��� (D) �
$���* 1.2  �"	"�,���&��B
�,��:����%�����;�����
��F�������$
�3�+� �+
��!<��$�

�,��%�����;����
���+�
����� �B
 1  �����;�/"=�+,$�/&��,�*����
���-����/������&��,#�B
 2.4 !��*

:3+�!<��$�/&��,���9� /"=�+/&��,�*����
��/������&��,#�+,	������
�*��4�
���	�+�
�� 3 

*����
�� '�$��B�
�/�����,�/�	��;17�4���"*,�������'������� /"�+
�:�+/&��,�*����
��
��

����,$�����&��,#�+,	�-��
���#��1�����  /7�=�+�&�3�� !����#*����
���-���� �!<� 5 '�"

/&��,�*����
����&���� �B
 2 '�"���������"��**����
��/"������7;��$,��" 1 
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������?�����,�����"3��B
 �$
������%��� 
���F��������*����
��
	-$��9����

/&��,�
���&�3��:3+��=�+ 

 

1.2 �����,/�
*�,��F-��+
��
�'**/&��
� 

 

%-+,�/�	=�+��,/�
*�,��F-��+
��
�'**/&��
���	�!��	*�
�	*���
&�����
�'**/&��
�

�F�����#���*���4#"���=3��
��+
�-��
��"**���%���'**�7� H7�������4#"���A��
�� 2 
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;��*+� 2 ���=3��
��+
�-��"**���%���'**�7� 
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1.3 ����&�3���$�������+��
����/&��
��F�����#� (Run Setup) 

 

/&��,��
*
&�H;&��7;�
	-$��*�$��,��%������
��	
���*=�+ (�) ����&�3���
*
&�H;&�

�
����!�"�,�%������F
&�=�+��	���
��
*�*B;
��+� (Trail Run) ��B�
!�"��#�$��,��

'!�!�,� ��	�&�3��:3+/&��,��
*
&�H;&�������+��!<� R0 /����;��&��$��*��	��*�����?��
��=�+ 

(S0) ���&��,�/&��,��
*
&�H;&�
���,�:�+ �������� 

 

    
2

01,2/ 0

��
�

�
		



�
� �

�

 St

R R     (2) 

 

��	
��  R   �B
  /&��,��
*���
&�H;&�
��
&�:3+�$��,���������B�
����$�=�$�����$� �  

0S  �B
  �$��$,��*��	��*�����?�� 

�   �B
  �$��,���������B�
��
��$��J���	
�������F	
���*=�+  

�������
�B
 Student’s t quartile 
����	�&���� 1-� '�"
�1�
���" R0-1 

H7���$��
��$,��*��	��*�����?��
���&�=!'
��$���:������ (2) ��;�����F�&��,#=�+/���-�� 

 

    �
�
�

�
	
	



� �
�

�1,2/

0
0

0

..

Rt
RWH

S



             (3) 

 

��	
�� 0S  �B
 �$��$,��*��	��*�����?�� 

H.W. �B
 �$��,���������B�
�
�������7;�/�����
��
���$���,
	$�����;�'�� 

0R  �B
 /&��,��
*���
&�H;&�������+�
��
&����
��
�  

 

%-+,�/�	=�+�&�3���
*
&�H;&�������+� 10 �
* ��B�

&����!�"�,�%�/"=�+�$� S0 H7���&���

�&��,�3�/&��,��
*
&�H;&�:3�$
���3��"�� ��	:����,�/�	��; �&�3���
*
&�H;&� 100 �
*  

 

����&�3���$,��,�����'�,$��
��+
�-� (Warm-up Period) :����/&��
��F�����#� 

3���,��	�,�
����/&��
��F�����#�=�$	�,�
/"
&�:3+����
��� (Bias) H7���$�%�:3+%����>�
��=�+

���,��%������ ������$�
��������$�,��3��	,�>� ��$�����+
�-�:��$,�������+�

�=! 3�B
�����

�,��	�,�
����/&��
��F�����#�/���+��-$�A�,"����� (Steady state) H7�����,�/�	��; %-+,�/�	

��B
�,�>��&�3���,��	�,�
����/&��
��F�����#�:3+	�,�7;� ��	�&�3��:3+�"**
&���� 24 

���,�������$
��� �!<��"	"�,�� 1 ��B
� 
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%-+,�/�	/&��
�'**/&��
��F�����#��"**���%���'**�7����������
��/&��,��F������  4, 

5, 10, 15 '�" 20 �F������ ��B�
�!<��+
�-��!��	*�
�	*%����!�"��#�$�%�����&����������	

:�+�����$�	!�"��
�
�	�'**'��$	+
����* 

 

2. *�
'��������������)��(���&������
�*"*+�� 

 

%-+,�/�	KL��
������$�	 ��	:�+�+
�-�/��%����/&��
��F�����#��"**���%���'**�7�
�� 

3 �F��� H7��/&��,��3�����#�
�;�3��
�������F�!<�=!=�+�
� 3 �F������ A�	:�+��B�
�=��
�

���,�/�	��; ��
�;�3�� 24,000 �F�����#� (Scenario) '*$��+
�-�:����KL��
� (Training Set) 



��!<� 2 �"��* �B
 30% '�" 50% �
��F�����#�
�;�3�� �&�3��/&��,��+
�-�:����	B�	��

%� (Validation Set) �!<� 10% '�"�+
�-�:������,/�
* (Testing Set) 10% �
��F�����#�


�;�3�� 

 

2.1 ����&�3���$���������
��:������+�������$�	!�"��
�
�	� 

 

2.1.1. ���KL��
������$�	:�+,�>����'**'��$	+
����* (Backpropagation Neural 

Network) H7���!<�,�>�������	��-+'**��%-+�
� ��	,�>���;/"������&��$�%�������"3,$���$��!E�3��	��*

%����>�
��=�+��!��*:�+:����3��$��;&�3���
���3��"�� ��B�
:3+=�+%����>�:��+���	���*�$��!E�3��	

���
����� 

2.1.2. ,�>����!��*�$��;&�3��� :�+,�>� Lavenberg-Marquardt ��B�
�/���!<�,�>�
��=�+��*

�,����	�'�"���,���,���9,:����!��*�$��;&�3���/�=�+�$�
���3��"�� 

2.1.3. 
�������
����������� (Transfer Function) 
��:�+:����,�/�	��;�� 2 ���������B
 

�&�3��*��;�������:�+ Tansigmoid H7������#��*���
��:3+�$��+
�-�

�
���!<��$��$
��B�
�
	-$:��$,� -1 

F7� 1 �&�3��*��;��+
�-�

�:�+ Purelinear H7���!<�
�������
�����������
������#��*����!<�������+� H7��

%����>��
��+
�-�/"�
���+
��
$���*�$��
��+
�-���+� 

2.1.4.  �$��,���������B�
��!E�3��	 :�+�!<���#{�:����3	�����KL��
������$�	 

��	:�+�$� Mean Square Error (MSE) 
��=�+/�����KL��
������$�	���$��+
	�,$� 3�B
�
$���*�$� 

MSE 
���&�3�� �&�3��*���,�/�	��;�&�3���$� MSE =,+ 0.0001 
�������$�	 

2.1.5.  /&��,��
*:����KL��
� (Epoch) 3��	F7� /&��,����;�
��
&����KL��
� 

�����$�	!�"��
�
�	�!�"�
*�+,	����+
�-�
��:�+�&�3��*KL��
� 3���&�3��:3+/&��,��
*:����

KL��
����$��-�����=! =�$=�+
&�:3+�����$�	!�"��
�
�	����	��-+=�+����7;� �,�!�"��#/&��,��
*

:����KL��
�
���+
	
������
$�
��/&��!<� �&�3��*���,�/�	��;�&�3��/&��,��
*�
$���* 500 �
* 
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2.1.6.  /&��,��3���
����KL��
�:���;�������=�+��B
�:�+/&��,��3�� 20 �3��

'�"�&�3��*��;��&��+
�-�

�/"��/&��,��3�� 1 �3�� 

 

���!�"��#�$�%�����&��������'�"�$��,��'!�!�,� /"��/��#�%����>� 4 ��, 

=�+'�$ �
*�"	"�,�����%��� (Cycle time), /&��,���;����
���+��:��"** (Work in process), 

/&��,����;�
�������F�
*��
��$
�,���+
�������%���=�+ (Sale) H7����/��#�:��-!�!
���H9���

�
�/&��,����;�
�������F�
*��
��$
�,���+
�������%���=�+�$
�,���+
�������%���
�;�3�� 

(%Sale), /&��,����;�
��=�$�����F�
*��
��$
�,���+
�������%���=�+ (Lost sale) H7����/��#�

:��-!�!
���H9����
�/&��,����;�
��=�$�����F�
*��
��$
�,���+
�������%���=�+�$
�,��

�+
�������%���
�;�3�� (%Lost sale) ��	��/��#�
�;��$��J���	'�"�$��,��'!�!�,� H7���$��,��

'!�!�,�/"��/��#�/���$��,��%������
��	
���*=�+ (Half-Width) H7��'!��:3+
	-$:��-!����$,�

�
��$��J���	 (% Half-Width of Mean) 

 

2.2 �����B�
��$
�
��+
�-�'�"���KL��
������$�	 

 

���4#"�����B�
��$
�
��+
�-� �&�3��*�����$�	!�"��
�
�	� '**'��$	+
����* 
��

�����F!��*����=�+ %-+,�/�	=�+'*$��F������

��!<� 3 !�"�A
 =�+'�$ �F����+� (Initial 

workstation), �F������� (Intermediate workstation) '�"�F������
+�	 (Final workstation) ��

���4#"���A��
�� 3 

 

 
 

;��*+� 3 ���'*$�!�"�A
�
��F������:��"**���%���'**�7� 

 

�F����+� �B
�F���
�� 1 �F������� �B
�F������
�� 2 F7� �F�������$
��F������
+�	 

���KL��
������$�	��;� /"���-!'**�����B�
��$
�"3,$��!�"�A
�
��F������ H7���!<�=!���

A��
�� 4 F7� 9 
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:3+  P = �"	"�,��:����%����
�'�$�"�F��� (Processing time) 

 B = /&��,�*����
���-����
���F�����;�] /"��=�+ (Buffer size) 

 D = �,���+
����%��� (Demand Arrival) 

 CT = �
*�"	"�,�����%��� (Cycle time) 

 WIP = /&��,���;����
��
	-$:��"** (Work in process) 

 STDP = �$,��*��	��*�����?���
��"	"�,��:����%����
�'�$�"�F��� 

 STDD = �$,��*��	��*�����?���
��,���+
����%��� 

 %Sale = �!
���H9����
�/&��,����;�
�������F�
*��
��$
�,���+
�������%���

=�+�$
�,���+
�������%���
�;�3�� 

%Lost sale = �!
���H9����
�/&��,����;�
��=�$�����F�
*��
��$
�,���+
����

���%���=�+�$
�,���+
�������%���
�;�3�� 

%HW = �!
���H9��� Half-Width �
��$��J���	 

n = �F���������
+�	 
 

���KL��
������$�	 ��B�
!�"��#�$��J���	�
� Cycle time, %Sale '�" %Lost sale 

'������A��
�� 4 '�$�"�F������ /"���+
�-�
����
�3�B
���� 4 ��, =�+'�$ 
�����,���+
����%���

, Cycle time �
��F����$
�3�+�, �"	"�,��%��� '�"*����
���
��F������
� 
�;���; 
���F���'�� 

/"=�$���+
�-� Cycle time �
��F�������$
�3�+� 

 

 
;��*+� 4 �����B�
��$
�
������$�	!�"��
�
�	�:����!�"��#�$��J���	�
� Cycle time, %Sale 

'�" %Lost sale 

���KL��
������$�	��B�
!�"��#�$��J���	�
� Work in process '������A��
�� 5 '�$

�"�F������/"���+
�-�
����
 5 ��, =�+'�$ 
�����,���+
����%���, Work in process �
� �F���

�$
�3�+�, �"	"�,��%����
��F���F��=!, �"	"�,��%���'�"*����
���
��F������
� 
�;���; 
��
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�F���'�� /"=�$���+
�-� Work in process �
��F�������$
�3�+� '�"�F������
+�	=�$���+
�-�

�"	"�,��%����
��F���F��=! 

 

 
 

;��*+� 5 �����B�
��$
�
������$�	!�"��
�
�	�:����!�"��#�$��J���	�
� Work in process 

 

���KL��
������$�	��B�
!�"��#�!
���H9��� Half-Width �
� Cycle time, %Sale 

'�" %Lost sale ��#�
�����,���+
����%��������'/�'/�'**�
9���������	� '������A��
�� 

6 '�$�"�F������/"���+
�-�
����
 5 ��, =�+'�$ 
�����,���+
����%���, �!
���H9��� Half-Width 

�
� Cycle time �
��F����$
�3�+�, �"	"�,��%����
��F������
�, �$,��*��	��*�����?���
�

�"	"�,��%���'�"*����
���
��F������
� 
�;���; 
���F���'�� /"=�$���+
�-� �!
���H9��� Half-

Width �
� Cycle time �
��F����$
�3�+� 

 

 

 



�
�

16�
�

 
 

;��*+� 6 �����B�
��$
�
������$�	!�"��
�
�	�:����!�"��#�$��!
���H9��� Half-Width �
�

�$��J���	�
� Cycle time, %Sale '�" %Lost sale ��#�
�����,���+
����%��������

'/�'/�'**�
9���������	� 

 

���KL��
������$�	��B�
!�"��#�!
���H9��� Half-Width �
� Work in process ��#�


�����,���+
����%��������'/�'/�'**�
9���������	� '������A��
�� 7 '�$�"�F������/"��

�+
�-�
����
 7 ��, =�+'�$ 
�����,���+
����%���, �!
���H9��� Half-Width �
� Work in process 

�F����$
�3�+�, �"	"�,��%����
��F���F��=!, �$,��*��	��*�����?���
��"	"�,��%����
�

�F���F��=!, *����
���
��F������
�, �"	"�,��%���'�"�$,��*��	��*�����?���
��F���

���
� 
�;���; 
���F���'�� /"=�$���+
�-��!
���H9��� Half-Width �
� Work in process �
��F���

����$
�3�+� '�"�F������
+�	=�$���+
�-��"	"�,��%���'�"�$,��*��	��*�����?���
��F���

F��=! 
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;��*+� 7 �����B�
��$
�
������$�	!�"��
�
�	�:����!�"��#�$��!
���H9��� Half-Width �
�

�$��J���	�
� Work in process ��#�
�����,���+
����%��������'/�'/�'**�
9�

��������	� 

 

���KL��
������$�	��B�
!�"��#�!
���H9��� Half-Width �
� Cycle time, %Sale 

'�" %Lost sale ��#�
�����,���+
����%��������'/�'/�'**!��� '������A��
�� 8 '�$�"

�F������/"���+
�-�
����
 6 ��, =�+'�$ 
�����,���+
����%���, �$,��*��	��*�����?���
�
����

�,���+
����%���, �!
���H9��� Half-Width �
� Cycle time�
��F����$
�3�+�, �"	"�,��%���

�
��F������
�, �$,��*��	��*�����?���
��"	"�,��%���'�"*����
���
��F������
� 
�;���; 
��

�F���'�� /"=�$���+
�-� �!
���H9��� Half-Width �
� Cycle time �
��F����$
�3�+� 
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;��*+� 8 �����B�
��$
�
������$�	!�"��
�
�	�:����!�"��#�$��!
���H9��� Half-Width �
�

�$��J���	�
� Cycle time, %Sale '�" %Lost sale ��#�
�����,���+
����%��������

'/�'/�'**!��� 

 

���KL��
������$�	��B�
!�"��#�!
���H9��� Half-Width �
� Work in process ��#�


�����,���+
����%��������'/�'/�'**!��� '������A��
�� 9 '�$�"�F������/"���+
�-�
����
 

8 ��, =�+'�$ 
�����,���+
����%���, �$,��*��	��*�����?���
�
�����,���+
����%���, 

�!
���H9��� Half-Width �
� Work in process �F����$
�3�+�, �"	"�,��%����
��F���F��=!, 

�$,��*��	��*�����?���
��"	"�,��%����
��F���F��=!, *����
���
��F������
�, �"	"�,��

%���'�"�$,��*��	��*�����?���
��F������
� 
�;���; 
���F���'�� /"=�$���+
�-��!
���H9��� Half-

Width �
� Work in process �
��F�������$
�3�+� '�"�F������
+�	=�$���+
�-��"	"�,��%���

'�"�$,��*��	��*�����?���
��F���F��=! 

 



�
�

19�
�

 
 

;��*+� 9 �����B�
��$
�
������$�	!�"��
�
�	�:����!�"��#�$��!
���H9��� Half-Width �
�

�$��J���	�
� Work in process ��#�
�����,���+
����%��������'/�'/�'**!��� 

 

��B�
%-+,�/�	=�+KL��
������$�	/���+
�-�'**/&��
��F�����#��"**�7�
�� 3 �F������

'�+, %-+,�/�	:�+����$��;&�3����
������$�	�+���+���!�"��#%�����&���������
��"**���%���

'**�7�/&��,� 4, 5, 10, 15 '�" 20 �F������ ��	��9*��,
	$��
��
* 5,000 ��,
	$���$
 1 

�"**���%��� ��B�
�!��	*�
�	*��*%�����&��������
��=�+/�����!�"��#�$��+,	�����$�	

!�"��
�
�	� 

 

2.3 �������;,�� 

 

R-Square �!<��$����!�"��
>�C�,��F�F
	 
��'���F7�����$,� 3�B
�+
	�"�
�

�,��%������ 
��'**/&��
������F
>�*�	=�+/�������
��!�"��#��� 3�����$���+�:��+ 1 

3��	�,��,$������
��!�"��#=�+�!<���,'
�
�����
�!�"����
�;�3�� (���	�, 2547) ���,�/�	��; 

��B
�:�+ R-Square �!<��������;,��!�"��
>�A�����!�"��#�$��"3,$���$�
��=�+/�����/&��
�

�F�����#���*�$�
��=�+/�����!�"��#�+,	�����$�	!�"��
�
�	�
�������F!��*����=�+  

 

3���/��KL��
������$�	/�=�+����;&�3���
���3��"��'�+, /"=�+����;&�3����&�3��*

��#�
�������%��������'/�'/�'**�
9���������	� 8 ��� '�"��#�
�������%��������'/�'/�

'**!��� 8 ��� H7��
�������%���'�$�"'**!�"�
*=!�+,	����;&�3�������$
=!��; ����;&�3���

�&�3��*���3��$��J���	�
� Cycle time, ����;&�3����&�3��*���3��$��J���	�
� Work in process, 
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����;&�3����&�3��*���3��$��J���	�
� %Sale, ����;&�3����&�3��*���3��$��J���	�
� %Lost sale, 

����;&�3����&�3��*���3��!
���H9��� Half-Width �
� Cycle time, ����;&�3����&�3��*���3�

�!
���H9��� Half-Width �
� Work in process, ����;&�3����&�3��*���3��!
���H9��� Half-Width 

�
� %Sale '�"����;&�3����&�3��*���3��!
���H9��� Half-Width �
� %Lost sale H7��'�$�"��� /"

!�"�
*=!�+,	�����$�	�&�3��*���3��&��
*�
��F����+�, �F������� '�"�F������
+�	 �����;� 


�/��$�,=�+,$� /"�������$�	�&�3��*���3��&��
*
�;�3�� 48 �����$�	 

 

�&�����;&�3���
��=�+=!
��
*!�"��#�$��"**���%���'**�7�
��/&��,��F������ 

4, 5, 10, 15 '�" 20 �F��� /����;�,��!�"��
>�A�����!�"��#�$��+,	 R-Square H7���*,$�

�$��J���	
��=�+/�����!�"��#�$��+,	�����$�	!�"��
�
�	������F�&���:�+!�"��#�$�%����

�&���������
��"**���%���'**�7�=�+ '�$=�$�����F!�"��#�!
���H9��� Half-Width �
�

�$��J���	=�+ �����;� %-+,�/�	/7�,�����"3��!
���H9��� Half-Width �
��$��J���	�
� Cycle time, Work in 

process, %Sale '�" %Lost sale ��B�
17�4����4#"�
��+
�-� 

 

3. �����"����-�&)'���#������������#������ 

 

%-+,�/�	=�+,�����"3��,��'!�!�,��
��"**��	��/��#�/���!
���H9��� Half-Width �
�

�$��J���	 H7����/��#��$���&����, �$��-����, �$�?����	� '�"��+�������'�����B�
�-���4#"�
��+
�-� 

Cycle time, Work in process, %Sale '�" %Lost sale /����;�'*$��$,��!
���H9��� Half-Width 

�
��$��J���	�!<� �+
	�,$�3�B
�
$���* 0%, 1%, 3%, 5%, 7%, 9%, 10%, 15%, 20%, 30%, 40%, 

50% '�" 60% '�+,
&����KL��
������$�	��	:�+��������
����$����	,��*�+
 2.1 '�":�+���

��B�
��$
���A��
�� 4 F7� 9 ��/��#�%����>�
��=�+/�����/&��
��F�����#� F+����$�����,$����

!�"��#�$��+,	�����$�	!�"��
�
�	� :3+FB
,$�!�"��#%�%������ (Miss) �������;,���B
 ����$,�

�"3,$��/&��,��+
�-�
��!�"��#%�������$
/&��,��+
�-�
��
�
�;�3�� (%Miss) 

 

4. *�
'����
�*9�;�������������� (Capability) 

 

��B�
=�+����;&�3���'�",�>����:����!�"��#�$��J���	'�"�$��,��'!�!�,��&�3��*�"**

���%���'**�7�'�+, %-+,�/�	=�+
��
*!�"��
>�A�����!�"��#�$���	�!���	��$��$,��*��	��*�

����?���
��"	"�,�����%���/�� 0.05 �!<� 0.01 '�"�$,��*��	��*�����?���
�
�����,��

�+
����%���
�������'/�'/�'**!���/�� 0.05 �!<� 0.01 
&����/����9*��,
	$�� /&��,� 1,000 

��,
	$�� ��B�
�&���!�"��#�$�%�����&����������	:�+�$��;&�3���/�������$�	
��:�+�+
�-�KL��
� 

50% ��/��#��$��J���	��	:�+�������;,���B
 R-Square '�"��/��#��$��!
���H9��� Half-Width �
�
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�$��J���	 ��	:�+�������;,���B
����$,��"3,$��/&��,��+
�-�
��!�"��#%�������$
/&��,��+
�-�


��
�
�;�3�� (%Miss) 
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�����*��'� 

 

1. ��������������������!�"�������)��(���&������
�*"*+�� (��J�)&)'���LO�
'� 

30%, 50% &'�&)'���*
S�-�� 

 

 %-+,�/�	�&��$��J���	�
�%�����&��������'�"�!
���H9��� Half-Width �
��$��J���	 
��=�+

/�����/&��
�'**�"**���%���'**�7� /&��,� 3 �F������ ��KL��
������$�	 H7�����"��*

�+
�-�KL��
� 2 �"��*�B
 30% ��* 50% '�"��B�
:�+�$��;&�3���
��=�+/�����KL��
� !�"��#�$�%�

����&��������
��/&��,��F������������7;� !�"��
>�A�����!�"��#�$�:3+%������; 

 

%����!�"��#�$��J���	�
� Cycle time '������A��
�� 10 ��#�
�����,���+
����%���

�����'/�'/�'**�
9���������	� �*,$� 
���+
�-�KL��
������$�	 30% ��B�
/&��,��F�����������

����,$� 10 �F������ !�"��
>�A�����!�"��#�$�H7��,��%��+,	 R-Square ����&��� '�$	��

����,$� 70% '�$��B�
�����/&��,��+
�-�KL��
������$�	�!<� 50% !�"��
>�A�����!�"��#�$���

��&������	���9��+
	 ��	!�"��
>�A�����!�"��#�$�����/�� 99% �!<� 98% 
��/&��,��F���

��� 10, 15 '�" 20 �F������ 

 

%����!�"��#�$��J���	�
� Cycle time ��#�
�����,���+
����%��������'/�'/�'**

!��� �*,$� 
���+
�-�KL��
������$�	 30% ��B�
/&��,��F���������������,$� 10 �F������ 

!�"��
>�A�����!�"��#�$�/"����&������ '�$��B�
�����/&��,��+
�-�KL��
������$�	�!<� 50% 

�����F!�"��#�$�=�+����,$� 80% '�"��B�
/&��,��F������������7;� !�"��
>�A�����!�"��#

�$�����&������	���9��+
	 '�$
�� 10 �F������ �*,$�!�"��
>�A����&��,$����!�"��#�$�
�� 15 '�" 

20 �F������ 
�;���; ��B�
���/������$,��
��F�����#�
���&���
��
* ��B�
�
�	*��*/&��,�

�F�����#�
���!<�=!=�+
�;�3�� ������$,�
��'���$�������� /7�
�/�����,��'���$��=�+��9��+
	 

 

��B�
�!��	*�
�	*!�"��
>�A�����!�"��#�$��"3,$���"**
����
�����,���+
����%�����

���'/�'/�'**�
9���������	���*���'/�'/�'**!����*,$� ���!�"��#�$��J���	�
� Cycle 

time �+,	�����$�	!�"��
�
�	� �����F!�"��#�$��"**
����
�����,���+
����%��������'/�

'/�'**�
9���������	����,$��"**
����
�����,���+
����%��������'/�'/�'**!�����9��+
	 

��B�
���/�� �����"/�	'**�
9���������	����$,������"/�	
���,+�������"/�	'**!��� 
&�:3+

�����$�	�����F/�����$��
��&��
*=�+����/��,$� '�$
�;���;!�"��
>�A�����!�"��#�$�
���+
�-�

KL��
� 50% :3+!�"��
>�A�����!�"��#�$�=�$=�+'���$����������� 
�;��"**
����
�����,��

�+
����%��������'/�'/�'**�
9���������	�3�B
'**!��� �9�����F!�"��#�$��J���	�
� 

Cycle time =�+����,$� 90% 
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;��*+� 10 �$� R-Square �
����!�"��#�$��J���	�
� Cycle time 
���+
�-�KL��
������$�	 30% 

'�" 50% 

   

%����!�"��#�$��J���	�
� Work in process '������A��
�� 11 ��#�
�����,��

�+
����%��������'/�'/�'**�
9���������	� �*,$���B�
/&��,��F������������7;� !�"��
>�A��

���!�"��#�$�H7��,��%��+,	 R-Square ����&��� 
���F������ 3, 4 '�" 5 �F������ /&��,�

KL��
������$�	=�$�$�%��$
!�"��
>�A�����!�"��#�$� '�$��B�
/&��,��F���������������7;��!<� 

10, 15 '�" 20 �F������ /"�39�=�+���,$����:�+�+
�-�KL��
� 50% /":3+!�"��
>�A�����

!�"��#�$����,$����:�+�+
�-�KL��
� 30% 

 

���!�"��#�$��J���	�
� Work in process ��#�
�����,���+
����%��������'/�'/�

'**!��� �*,$� 
���+
�-�KL��
������$�	 30% ��B�
/&��,��F���������������,$� 10 �F������ 

!�"��
>�A�����!�"��#�$�/"����&������ '�$��B�
�����/&��,��+
�-�KL��
������$�	�!<� 50% 

!�"��
>�A�����!�"��#�$�����&������	���9��+
	 '�$
�� 15 �F������ �*,$�!�"��
>�A����&��,$�

���!�"��#�$�
�� 20 �F������ 
�;���; ��B�
���/������$,��
��F�����#�
���&���
��
* ��B�


�
�	*��*/&��,��F�����#�
���!<�=!=�+
�;�3�� ������$,�
��'���$�������� /7�
�/�����,��

'���$��=�+ 

 

��B�
�!��	*�
�	*!�"��
>�A�����!�"��#�$��"3,$���"**
����
�����,���+
����%�����

���'/�'/�'**�
9���������	���*���'/�'/�'**!����*,$� ���!�"��#�$��J���	�
� Work 

in process �+,	�����$�	!�"��
�
�	� 
�;��"**
����
��������,���+
����%��������'/�'/�

'**�
9���������	�'�"�"**
����
�����,���+
����%��������'/�'/�'**!��� ��!�"��
>�A��
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���!�"��#�$�
��:��+���	������� ���,��'���$�����=�$���� 10% '�"!�"��
>�A�����!�"��#

�$�
���+
�-�KL��
� 50% 
�;��"**
����
�����,���+
����%��������'/�'/�'**�
9���������	�

3�B
'**!��� �9�����F!�"��#�$��J���	�
� Work in process =�+����,$� 50% 

 

 
 

;��*+� 11 �$� R-Square �
����!�"��#�$��J���	�
� Work in process 
���+
�-�KL��
������$�	 

30% '�" 50% 

 

%����!�"��#�$��J���	�
� %Sale '������A��
�� 12 ��#�
�����,���+
����%��������

'/�'/�'**�
9���������	� �*,$� 
���+
�-�KL��
������$�	 30% ��B�
/&��,��F������������7;� 

!�"��
>�A�����!�"��#�$�/"����&������ 
�� 20 �F������ !�"��
>�A�����!�"��#�$��J���	 

%Sale ����&����3�B
 37% '�$��B�
�����/&��,��+
�-�KL��
������$�	�!<� 50% !�"��
>�A�����

!�"��#�$�����&������	���9��+
	 '�"
�� 20 �F������!�"��
>�A�����!�"��#�$�	�����$��-�F7� 

93% 

 

%����!�"��#�$��J���	�
� %Sale ��#�
�����,���+
����%��������'/�'/�'**!��� 

�*,$� !�"��
>�A�����!�"��#�$�
���+
�-�KL��
� 30% �-��,$�!�"��
>�A�����!�"��#�$�
��

�+
�-�KL��
� 50% ��9��+
	 
�;���; ��B�
���/������$,��
��F�����#�
���&���
��
* ��B�
�
�	*

��*/&��,��F�����#�
���!<�=!=�+
�;�3�� ������$,�
��'���$�������� /7�
�/�����,��'���$��=�+ 

'�$�,��'���$�������$�,=�$���� 10% 

 

��B�
�!��	*�
�	*!�"��
>�A�����!�"��#�$��"3,$���"**
����
�����,���+
����%�����

���'/�'/�'**�
9���������	���*���'/�'/�'**!����*,$����!�"��#�$��J���	�
� %Sale 
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�+,	�����$�	!�"��
�
�	� �����F!�"��#�$��"**
����
�����,���+
����%��������'/�'/�

'**�
9���������	����,$��"**
����
��������,���+
����%��������'/�'/�'**!��� 

 

 

 
 

;��*+� 12 �$� R-Square �
����!�"��#�$��J���	�
� %Sale /���"**
����
�����,���+
����

%��������'/�'/�'**�
9���������	� 
���+
�-�KL��
������$�	 30% '�" 50% 

 

%����!�"��#�$��J���	�
� %Lost sale '������A��
�� 13 ��#�
�����,���+
����%���

�����'/�'/�'**�
9���������	� �*,$� 
���+
�-�KL��
������$�	 30% ��B�
/&��,��F�����������

����,$� 10 �F������ !�"��
>�A�����!�"��#�$�H7��,��%��+,	 R-Square ����&��� '�$	��

����,$� 70% '�$��B�
�����/&��,��+
�-�KL��
������$�	�!<� 50% !�"��
>�A�����!�"��#�$���

��&������	���9��+
	 
�� 20 �F������ !�"��
>�A�����!�"��#�$�	��:3+�$��-�F7� 94% 

 

%����!�"��#�$��J���	�
� %Lost sale ��#�
�����,���+
����%��������'/�'/�'**

!��� �*,$� !�"��
>�A�����!�"��#�$�
���+
�-�KL��
� 30% ��*!�"��
>�A�����!�"��#�$�
��

�+
�-�KL��
� 50% :��+���	������� ���,��'���$�����=�$���� 5% 

 

��B�
�!��	*�
�	*!�"��
>�A�����!�"��#�$��"3,$���"**
����
�����,���+
����%�����

���'/�'/�'**�
9���������	���*���'/�'/�'**!����*,$� 
��/&��,��+
�-�KL��
������$�	 

30% :3+!�"��
>�A�����!�"��#�$��J���	 %Lost sale :��+���	������� '�"!�"��
>�A��/"��

��&�����B�
/&��,��F������������7;� '�$��B�
�����/&��,��+
�-�KL��
��!<� 50% '�+, ��B�
/&��,�

�F������������-��7;� �����$�	!�"��
�
�	������F!�"��#%�����&���������J���	�
��"**
����
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�����,���+
����%��������'/�'/�'**�
9���������	�=�+���,$��"**
����
�����,���+
����

%��������'/�'/�'**!��� 

 

 

 

;��*+� 13 �$� R-Square �
����!�"��#�$��J���	�
� %Lost sale /���"**
����
�����,��

�+
����%��������'/�'/�'**�
9���������	� 
���+
�-�KL��
������$�	 30% '�" 

50% 

 

%����!�"��#�!
���H9��� Half-Width �
� Cycle time '������A��
�� 14 
�;���#�
����

�,���+
����%��������'/�'/�'**�
9���������	�'�"'**!��� �*,$���B�
/&��,��F������

������7;� !�"��
>�A�����!�"��#�$�/"����&���
	$���,���9, /���$�,=�+,$� =�$�����F!�"��#

�$��!
���H9��� Half-Width �
� Cycle time =�+ 
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;��*+� 14 �$� R-Square �
����!�"��#�$��!
���H9��� Half-Width �
� Cycle time 
���+
�-�

KL��
������$�	 30% '�" 50% 

 

%����!�"��#�!
���H9��� Half-Width �
� Work in process '������A��
�� 15 
�;���#�


�����,���+
����%��������'/�'/�'**�
9���������	� �*,$���B�
/&��,��F������������7;� 

!�"��
>�A�����!�"��#�$�/"����&�����B�
	] 
��/&��,��F������ 20 �F��� !�"��
>�A�����

!�"��#�!
���H9��� Half-Width ����&���=�$F7� 50% :���#��
�
�����,���+
����%��������'/�

'/�'**!���!�"��
>�A�����!�"��#�!
���H9��� Half-Width ��B�
�����/&��,��F������ 

!�"��
>�A�����!�"��#�$�/"����&���
	$���,���9, /���$�,=�+,$� =�$�����F!�"��#�$�

�!
���H9��� Half-Width �
� Work in process =�+ 
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;��*+� 15 �$� R-Square �
����!�"��#�$��!
���H9��� Half-Width �
� Work in process 
��

�+
�-�KL��
������$�	 30% '�" 50% 

 

%����!�"��#�!
���H9��� Half-Width �
� %Sale '������A��
�� 16 
�;���#�
����

�,���+
����%��������'/�'/�'**�
9���������	�'�"'**!��� �*,$�=�$�����F!�"��#�$�

�!
���H9��� Half-Width �
� %Sale =�+  
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;��*+� 16 �$� R-Square �
����!�"��#�$��!
���H9��� Half-Width �
� %Sale 
���+
�-�KL��
�

�����$�	 30% '�" 50% 

 

%����!�"��#�!
���H9��� Half-Width �
� %Lose Sale '������A��
�� 17 
�;���#�


�����,���+
����%��������'/�'/�'**�
9���������	�'�"'**!��� �*,$�=�$�����F

!�"��#�$��!
���H9��� Half-Width �
� %Lost sale =�+  

  

 

 

 
 

;��*+� 17 �$� R-Square �
����!�"��#�$��!
���H9��� Half-Width �
� %Lost sale 
���+
�-�

KL��
������$�	 30% '�" 50% 

 

/��%��+���+� �����$�	!�"��
�
�	������F!�"��#�$�%�����&���������J���	�
�

�"**���%���'**�7�=�+ ��	!�"��
>�A�����!�"��#%�����&���������J���	/"����&�����B�


/&��,��F������������7;� '�"��B�
���+
�-�KL��
�
������7;� !�"��
>�A�����!�"��#�$�%����

�&���������J���	���7;� '�$�����$�	!�"��
�
�	�=�$�����F!�"��#�!
���H9��� Half-Width �
�

�"**���%���'**�7�'**���] =�+ %-+,�/�	/7�,�����"3��+
�-��!
���H9��� Half-Width ��B�
3�,�>�

!�"��#�$��!
���H9��� Half-Width 
���3��"���$
=! 

 

 

 

 



�
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2. �������"����-�&)'���"�'��"UV�%� Half-Width &'����"��+�� 

 

%-+,�/�	=�+��/��#��+
�-��
��!
���H9��� Half-Width �
��$��J���	 
�;��"**
����
�����,��

�+
����%��������'/�'/�'**�
9���������	�'�"'**!��� =�+�$������; 

 

�$��!
���H9��� Half-Width �
� Cycle time ���$��-����=�$���� 2% '�"���!
���H9��� Half-

Width �$,�:3�$=�$���� 1% ��	�!
���H9��� Half-Width �
� Cycle time ��#�
�����,���+
����

%����������"/�	'**�
9���������	� '�����������
�� 1 ���!
���H9��� Half-Width =�$���� 2% 

�
��$��J���	 '�"�$��$,�:3�$=�$���� 0.4% �&�3��*�$��
��!
���H9��� Half-Width �
� Cycle time 

��#�
�����,���+
����%����������"/�	'**!��� '�����������
�� 2 ���$�=�$���� 2% '�"���$�

�$,�:3�$=�$F7� 0.04% H7���!<��$�
���+
	��� 

 

%����*+� 1 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� Cycle time 
����
����

�,���+
����%����!<�'**�
9���������	� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.05 0.05 0.05 0.06 0.06 0.06 

�$��-���� 0.50 0.51 0.69 0.51 0.50 0.51 

�$�?����	� 0.33 0.30 0.30 0.30 0.35 0.34 

 

%����*+� 2 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� Cycle time 
����
����

�,���+
����%����!<�'**!��� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.02 0.02 0.02 0.02 0.02 0.02 

�$��-���� 1.13 1.40 1.54 0.51 0.66 0.48 

�$�?����	� 0.03 0.03 0.03 0.03 0.03 0.03 



�
�

31�
�

�$��!
���H9��� Half-Width �
� Work in process ���$��-����=�$���� 6% '�"���!
���H9��� 

Half-Width �$,�:3�$=�$���� 1% ��	�!
���H9��� Half-Width �
� Work in process ��#�
����

�,���+
����%����������"/�	'**�
9���������	� '�����������
�� 3 ���!
���H9��� Half-Width 

=�$���� 4% �
��$��J���	 '�"�$��$,�:3�$=�$���� 0.3% �&�3��*�$��
��!
���H9��� Half-Width �
� 

Work in process ��#�
�����,���+
����%����������"/�	'**!��� '�����������
�� 4 ���$�=�$

���� 6% '�"���$��$,�:3�$=�$F7� 0.01% H7���!<��$�
���+
	��� 

 

  



�
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%����*+� 3 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� Work in process 
����


�����,���+
����%����!<�'**�
9���������	� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.00 0.01 0.01 0.00 0.01 0.00 

�$��-���� 2.54 2.91 3.66 3.90 2.33 2.27 

�$�?����	� 0.00 0.24 0.01 0.02 0.04 0.02 

 

%����*+� 4 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� Work in process 
����


�����,���+
����%����!<�'**!��� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.00 0.00 0.00 0.00 0.00 0.00 

�$��-���� 4.35 4.96 5.18 2.13 2.18 2.55 

�$�?����	� 0.00 0.00 0.00 0.00 0.00 0.00 

 

�$��!
���H9��� Half-Width �
� %Sale ���$��-����=�$���� 2% '�"���!
���H9��� Half-Width 

�$,�:3�$=�$���� 1% ��	�!
���H9��� Half-Width �
� %Sale ��#�
�����,���+
����%��������

��"/�	'**�
9���������	� '�����������
�� 5 ���!
���H9��� Half-Width =�$���� 1% �
��$��J���	 

'�"�$��$,�:3�$=�$���� 0.4% �&�3��*�$��
��!
���H9��� Half-Width �
� %Sale ��#�
�����,��

�+
����%����������"/�	'**!��� '�����������
�� 6 ���$�=�$���� 2% '�"���$��$,�:3�$=�$F7� 

0.01% 
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%����*+� 5 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� %Sale 
����
�����,��

�+
����%����!<�'**�
9���������	� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.06 0.04 0.04 0.03 0.04 0.03 

�$��-���� 0.50 0.51 0.79 0.50 0.49 0.51 

�$�?����	� 0.33 0.33 0.24 0.27 0.32 0.27 

 

%����*+� 6 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� %Sale 
����
�����,��

�+
����%����!<�'**!��� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.00 0.00 0.00 0.00 0.00 0.00 

�$��-���� 1.18 1.43 1.60 0.52 0.64 0.46 

�$�?����	� 0.00 0.00 0.00 0.00 0.00 0.00 

 

�$��!
���H9��� Half-Width �
� %Lost sale ���$,�
���$
��+���,+�� ��#�
�����,���+
����

%����������"/�	'**�
9���������	� '�����������
�� 7 ���!
���H9��� Half-Width �-�F7� 

17.97% �
��$��J���	 '�$�$��$,�:3�$=�$F7� 2% �&�3��*�$��
��!
���H9��� Half-Width �
� %Lost 

sale ��#�
�����,���+
����%����������"/�	'**!��� '�����������
�� 8 ���!
���H9��� Half-

Width �-�F7� 35.68% '�$�$��$,�:3�$���$�=�$F7� 0.01%  
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%����*+� 7 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� %Lost sale 
����
����

�,���+
����%����!<�'**�
9���������	� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.74 0.74 0.75 0.78 0.79 0.78 

�$��-���� 15.94 16.31 16.45 17.97 13.90 17.29 

�$�?����	� 0.90 0.90 0.90 1.69 1.48 1.70 

 

%����*+� 8 �$��-���� ��&���� '�"�$���>	?���
��!
���H9��� Half-Width �
� %Lost sale 
����
����

�,���+
����%����!<�'**!��� 

 

Half-Width /&��,��F������ 

(%�
��$��J���	) 3 4 5 10 15 20 

�$���&���� 0.00 0.00 0.00 0.00 0.00 0.00 

�$��-���� 35.68 29.35 30.27 46.46 20.87 41.78 

�$�?����	� 0.00 0.00 0.00 0.00 0.00 0.00 

 

��B�
��/��#��+
�-��
� �!
���H9��� Half-Width �
��$��J���	 
�;��"**���%���
����
����

�,���+
����%��������'/�'/�'**�
9���������	�'�"'**!���'�+, �*,$� ��B�

&����������

'���'�+, �!
���H9��� Half-Width �
��$��J���	�$,�:3�$���$���&�=�$���� 2%  '�$�$���&����'�"

�$��-�����
��!
���H9��� Half-Width �
� %Lost sale �$��������  �����;� %-+,�/�	/7�
��
�'*$��$,�

�!
���H9��� Half-Width �
��$��J���	 '�+,�&��$�
��=�+��KL��
������$�	 '�+,�&��$�����;&�3���
��=�+

/�����KL��
���!�"��#%��!
���H9��� Half-Width �
��$��J���	
��/&��,��F������������-��7;� 

��	%-+,�/�	'*$��$,��!
���H9��� Half-Width �
��$��J���	

��!<� 0%, 1%, 3%, 5%, 7%, 9%, 10%, 

15%, 20%, 30%, 40%, 50% '�" 60% ��B�
:3+��
*����
����#� /����;� ��/��#�%����>�
��=�+

/�����/&��
��F�����#� F+����$�����,$����!�"��#�$��+,	�����$�	!�"��
�
�	� :3+FB
,$�

!�"��#%�%������ (Miss) �������;,��!�"��
>�A�����!�"��#�$��!
���H9��� Half-Width �B
 

����$,��"3,$��/&��,��+
�-�
��!�"��#%�������$
/&��,��+
�-�
��
�
�;�3�� (%Miss) 
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3. �����������"�'��"UV�%� Half-Width &'����"��+�� �)��(���&������
�*"*+��(��

#���&)'���''�"�Y����� #��J�)&)'���LO�
'�	������ 3 
/��+���"�Y�	!���� 50% &'�

&)'���*
S�-�� 

 

%����*+� 9 ����$,��"3,$��/&��,��+
�-�
��!�"��#%�������$
/&��,��+
�-�
��
�
�;�3�� ��#�


�����,���+
����%����!<�'**�
9���������	� 

 

%Miss 
/&��,��F������ 

3 4 5 10 15 20 

Cycle time 0.00 0.00 0.00 0.00 0.00 0.00 

Work in process 3.63 4.56 4.36 11.28 16.46 18.28 

%Sale 0.00 0.00 0.00 0.00 0.00 0.00 

%Lost sale 2.17 2.14 1.1 2.34 2.76 2.82 

  

/�������
�� 9 ���!�"��#�!
���H9��� Half-Width �
��$��J���	�
� Cycle time '�" 

%Sale =�$���,��%������ :��#"
�� %Lost sale '�" Work in process ��'�,��+�%���������

�7;���B�
/&��,��F������������7;� '�$	��=�$���� 3% '�" 20% ����&���* 

 

%����*+� 10 ����$,��"3,$��/&��,��+
�-�
��!�"��#%�������$
/&��,��+
�-�
��
�
�;�3�� ��#�


�����,���+
����%����!<�'**!��� 

 

%Miss 
/&��,��F������ 

3 4 5 10 15 20 

Cycle time 0.00 0.00 0.06 0.00 0.00 0.00 

Work in process 1.00 4.44 4.36 0.00 0.18 0.16 

%Sale 0.04 0.10 0.20 0.00 0.00 0.00 

%Lost sale 1.67 1.30 2.26 3.54 4.88 9.64 
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/�������
�� 10 '�+,$�/&��,��F������/"���������7;�/�F7� 20 �F��� '�$���!�"��#

�!
���H9��� Half-Width �
� Cycle time '�" %Sale �� %Miss =�$F7� 0.5% :��#"
�� %Miss �
�

���!�"��#�$� Half-Width �
� Work in process ���$�=�$'�$�
� '�$
�;���; %Miss �9���$�=�$���� 

5% �$,����!�"��#�$� Half-Width �
� %Lost sale ��'�,��+�
������/�,$� ��B�
/&��,��F������

������7;� %Miss /"������7;���$���� ��	
��/&��,��F������ 20 �F��� �� %Miss =�$���� 10% 

 

 
�;��"**
����
�����,���+
����%����������"/�	'**�
9���������	�'�"'**!��� 

�����$�	!�"��
�
�	������F!�"��#�$��!
���H9��� Half-Width �
� Cycle time '�" %Sale 

=�+�� �� %Miss =�$���� 1%  

 

�����$�	!�"��
�
�	������F!�"��#�$��!
���H9��� Half-Width �
� Work in process 

:��"**
����
�����,���+
����%����������"/�	'**!��� ��!�"��
>�A������,$��"**
����
����

�,���+
����%����������"/�	'**�
9���������	� '�$���!�"��#�$��!
���H9��� Half-Width 

�
� %Lost sale �����$�	!�"��
�
�	������F!�"��#�$��"**
����
�����,���+
����%�����

�����"/�	'**�
9���������	�=�+���,$��"**
����
�����,���+
����%����������"/�	'**!��� 

'�$��	�,�'�+, %Miss 
�������7;�
�;� 2 �"** ���$�=�$���� 20% �����B
 �����$�	!�"��
�
�	� 

�����F!�"��#�$��!
���H9��� Half-Width 
�������'*$��$,�=�+ 

  

/��%����
��
� �+
 2 '�"�+
 3 
&�:3+=�+����;&�3���
�������F!�"��#�$��J���	'�"�$�

�,��'!�!�,��
��"**���%���'**�7� H7��%-+,�/�	 =�+
��
*!�"��
>�A���
����!�"��#�$�

�+,	�����$�	!�"��
�
�	� ��	�!���	��$,��*��	��*�����?���
��"**���%���/�� 0.05 �!<� 

0.01 :�+����;&�3���
��=�+/�����KL��
������$�	�
��"**���%���'**�7� 3 �F������ 
��/&��,�

�+
�-�KL��
� 50% '�"���$,��*��	��*�����?�� 0.05 ��!�"��#�$��J���	 :�+����;&�3���
��=�+/��

���KL��
������$�	�
��"**���%���'**�7� 3 �F������ 
��/&��,��+
�-�KL��
� 50% ���$,�

�*��	��*�����?�� 0.05 '�"��/��#��!
���H9��� Half-Width '**�!<��$,� ��!�"��#�$�

�!
���H9��� Half-Width ��	'*$��$,��!
���H9��� Half-Width �!<� 0%, 1%, 3%, 5%, 7%, 9%, 

10%, 15%, 20%, 30%, 40%, 50% '�" 60% 
��
*
��/&��,��F������ 4, 5, 15 '�" 20 �F���

���/&��,���,
	$��
���&���
��
* 1,000 ��,
	$�� �$
 1 �"**���%��� 
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4. ��������������������!�"�������)��(���&������
�*"*+��*+��+
���"�+���"��

��%�Z��"�Y� 0.01 

 

%����!�"��#�$��J���	�
�%�����&���������"**���%���'**�7� ��#�
�����,��

�+
����%����!<�'**�
9���������	� '������A��
�� 18 ��B�
%-+,�/�	=�+�!���	��$,��*��	��*�

����?���
��"	"�,�����%��� /�� 0.05 �!<� 0.01 �
��$��J���	'�+, �*,$� ���!�"��#

�$��J���	�
� Cycle time, Work in process, %Sale '�" %Lost sale ��B�
:�+�$� R-Square �!<���,

*$�!�"��
>�A�����!�"��#�$�'�+, !�"��
>�A�����!�"��#�$��J���	 Cycle time, %Sale '�" 

%Lost sale ���$�����&�����9��+
	��B�
/&��,��F������������-��7;� ��	�,�'�+, 
��/&��,��F������ 

20 �F������ �����$�	!�"��
�
�	������F!�"��#�$�=�+=�$�+
	�,$� 90% !�"��
>�A�����

!�"��#�$��J���	�
� Work in process ��'�,��+�����&�����B�
/&��,��F������������7;� '�$

!�"��
>�A�����!�"��#�$�	��=�$�+
	�,$� 60% 

 

 
 

;��*+� 18 �$� R-Square �
����!�"��#�$��J���	�"**���%���'**�7� 
����
�����,���+
����

%��������'/�'/�'**�
9���������	� 

 

%����!�"��#�$��J���	 ��#�
�����,���+
����%����!<�'**!��� '������A��
�� 19 

��B�
%-+,�/�	=�+�!���	��$,��*��	��*�����?���
��"	"�,�����%��� '�"�$,��*��	��*�����?���
�


�����,���+
����%��� /�� 0.05 �!<� 0.01 �
��$��J���	'�+, �*,$� ���!�"��#�$��J���	�
� 

Cycle time, Work in process, %Sale '�" %Lost sale ��B�
:�+�$� R-Square �!<���,*$�

!�"��
>�A�����!�"��#�$�'�+, !�"��
>�A�����!�"��#�$��J���	 Cycle time, %Sale '�" 

%Lost sale ���$�����&�����B�
/&��,��F������������-��7;� ��	�,�'�+, 
��/&��,��F������ 20 



�
�

38�
�

�F������ �����$�	!�"��
�
�	������F!�"��#�$�=�+=�$�+
	�,$� 85% �$,�!�"��
>�A�����

!�"��#�$��J���	�
� Work in process ���$�=�$��&��,$� 45% '�"��'�,��+��$
��+����
�� '�+,$�

/&��,��F������/"������7;� �
�/����; ���!�"��#�$��J���	�
��"**
�� 15 �F������ �$� R-

Square ��&��,$� ���!�"��#�$��J���	
�� 20 �F������ 
�;���;��B�
���/������$,��
��F�����#�
��

�&���
��
* ��B�
�
�	*��*/&��,��F�����#�
���!<�=!=�+
�;�3�� ������$,�
��'���$�������� /7�


�/�����,��'���$��=�+  

 

 
 

;��*+� 19 �$� R-Square �
����!�"��#�$��J���	�"**���%���'**�7� 
����
�����,���+
����

%��������'/�'/�'**!��� 

  

 %����!�"��#�$��!
���H9��� Half-Width �
�%�����&���������"**���%���'**�7� 

��#�
�����,���+
����%����!<�'**�
9���������	� '������A��
�� 20 ��B�
%-+,�/�	=�+�!���	��$,�

�*��	��*�����?���
��"	"�,�����%��� /�� 0.05 �!<� 0.01 �
��$��J���	'�+, �*,$� ���

!�"��#�!
���H9��� Half-Width �
� Cycle time, Work in process, %Sale '�" %Lost sale ��B�


:�+�$� %Miss �!<���,*$�!�"��
>�A�����!�"��#�$�'�+, ��B�
/&��,��F������������-��7;� ���

!�"��#�$�/"���,��%������������7;� '�$��	�,�'�+,=�$���� 10%  
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;��*+� 20 �$� R-Square �
����!�"��#�$��!
���H9��� Half-Width �"**���%���'**�7� 
����


�����,���+
����%��������'/�'/�'**�
9�H���������	� 
 

%����!�"��#�$��!
���H9��� Half-Width ��#�
�����,���+
����%����!<�'**!��� 

'������A��
�� 21 ��B�
%-+,�/�	=�+�!���	��$,��*��	��*�����?���
��"	"�,�����%��� '�"�$,�

�*��	��*�����?���
�
�����,���+
����%��� /�� 0.05 �!<� 0.01 �
��$��J���	'�":�+�$� %Miss 

�!<���,*$�!�"��
>�A�����!�"��#�$�'�+, �*,$� ���!�"��#�$��!
���H9��� Half-Width �
� 

Cycle time '�" %Sale =�$���,��%��������	 '�+,$�/&��,��F������/"������-��7;� '�$���

!�"��#�$��!
���H9��� Half-Width �
� Work in process '�" %Lost sale /"���,��%������

������7;� ��B�
/&��,��F������������-��7;� 
�;���; %Miss 
�������7;����$�=�$���� 2% 

 

 
 

;��*+� 21 �$� R-Square �
����!�"��#�$��!
���H9��� Half-Width �"**���%���'**�7� 
����


�����,���+
����%��������'/�'/�'**!��� 
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��	���������*��'� 

 

!�"��
>�A�����!�"��#�$��J���	�
� Cycle time, Work in process, %Sale '�" 

%Lost sale �
��"**���%���'**�7���;� �7;�
	-$��*/&��,��+
�-�KL��
������$�	 	������+
�-�

KL��
���� !�"��
>�A�����!�"��#�$�	����-��7;� 
�;���; !�"��
>�A�����!�"��#�$�/"����&���

��B�
/&��,��F������������-��7;� �
�/����;�����$�	!�"��
�
�	������F!�"��#�$��J���	�
� 

Cycle time, %Sale '�" %Lost sale �
��"**
�����,���+
����%���
�������'/�'/�'**�
9�

��������	�=�+���,$��"**
�������'/�'/�'**!�����9��+
	 
�;���; 
�/�!<�=!=�+,$� �����"/�	

'**�
9���������	����$,������"/�	
���,+���,$������"/�	'**!��� 
&�:3+�����$�	�����F/��

���$��
��&��
*=�+����/��,$� '�$���!�"��#�$��J���	�
� Work in process 
�;��"**
����
����

�,���+
����%��������'/�'/�'**�
9���������	�'�"'**!��� ���$�:��+���	���� 

 

�&�3��*�$� R-Square �
�%����
��
�
��:�+�+
�-�KL��
� 30% ����,$� 50% ��%���

/�������$��$���
&����
��
����	� 5,000 �3�����#� H7����B�
�
�	*��*�3�����#�
�;�3��
�������F

�!<�=!=�+ ��*,$��!<�����$,�
���+
	��� /7�
�/�����,���������B�
�=�+ 

 

!�"��
>�A�����!�"��#�$��!
���H9��� Half-Width �
� Cycle time, Work in process, 

%Sale '�" %Lost sale �
��"**���%���'**�7���;�  ��	�,�'�+, /&��,��F�������$�%��$


!�"��
>�A�����!�"��#�$� ��B�
�F������������-��7;� !�"��
>�A�����!�"��#�$��!
���H9��� 

Half-Width /"����&��� '�"�39�=�+���:���#��
��"**
����
�����,���+
����%��������'/�'/�

'**�
9���������	� �+
/&����3�7���
����!�"��#�$��!
���H9��� Half-Width �
� %Lost sale 

�B
 F+�%����!�"��#�$��!
���H9��� Half-Width ���$��-�%��!���  �,�:�+���/&��
��F�����#���

�$,		B�	���&��
* ��B�
�/��:���#��
��$,� �!
���H9��� Half-Width �
�  %Lost sale 
�����$��-�

�!<�%����/�� �����/��#��,��'!�!�,�:��-!'**�!
���H9����
��$��J���	 F+�/&��,�����+�
��

=�$�����F�
*��
��$
�,���+
���� ���$���&���� ��$� 2 ��;� 3��!�"��#%���������	� 1 ��;� 

�9'���,$�!�"��#�$�%������ 50% H7���!<���,���
���-� '�$��B�
�-/&��,���;�'�+,FB
�!<��,��

%������
���+
	��� 
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�$������*��'� 

 

���,�/�	��;=�+17�4����:�+�����$�	!�"��
�
�	�
�������F!��*����=�+��!�"��#%����

�&���������
��"**���%���'**�7� H7��17�4�
�;��$��J���	'�"�$��,��'!�!�,��
��"** /��

���17�4� ���!=�+�����; 

 

1. �����$�	!�"��
�
�	������F!�"��#%�����&���������J���	�
��"**���%���'**�7�=�+ 

��	:3+!�"��
>�A�����!�"��#�$��J���	�
� Cycle time �-�
����� F�����B
 %Sale, %Lost sale '�" 

Work in process ����&���* ��	�����$�	�����F!�"��#�$��J���	�
��"**
��
�����,���+
����%���

�����'/�'/�'**
9���������	����,$����'/�'/�'**!�����9��+
	 

 

2. �����$�	!�"��
�
�	������F!�"��#�$��,��'!�!�,�=�+ ��	��/��#�:��-!�
�

�!
���H9��� Half-Width �
��$��J���	�
� Cycle time, Work in process, %Sale '�" %Lost sale H7��

F-�'*$�

��!<��$,� '�",��!�"��
>�A�����!�"��#�$�/������$,��
����!�"��#%�������$


/&��,��+
�-�
��
*
�;�3�� H7����	�,�'�+, ��B�
/&��,��F������������-��7;� !�"��
>�A�����

!�"��#�$��!
���H9��� Half-Width /"����&��� 
�;���; �����$�	!�"��
�
�	������F!�"��#�$�

�!
���H9��� Half-Width �
� Cycle time '�" %Sale =�+!�"��
>�A����
����� �$,��!
���H9��� Half-

Width �
� %Lost sale ��;� �"**
����
�����,���+
����%��������'/�'/�'**!��� :3+!�"��
>�A��

���,$�'**�
9���������	���9��+
	 '�"�!
���H9��� Half-Width �
� Work in process �"**
����
����

�,���+
����%��������'/�'/�'**�
9���������	�:3+!�"��
>�A�����,$����'/�'/�'**!��� 

 

3. �����$�	!�"��
�
�	������F!�"��#�$��J���	'�"�,��'!�!�,��
��"**���%���'**

�7�
�����$��$,��*��	��*�����?���+
	�,$��"**
��:�+KL��
�=�+ ��	!�"��
>�A�����!�"��#�$�/"��

��&�����B�
/&��,��F������������-��7;�  
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&)'"
�'#�� 

 

%-+,�/�	=�+!�"��#�$�%�����&�������� '�",�����"3��,��'!�!�,�/�����:�+�����$�	

!�"��
�
�	� :��"**���%���'**�7� H7��%-+,�/�	���+
���
:����������$
�����; 

 

1. �!���	��F�!��	�����
������$�	!�"��
�
�	� ��$� �!���	�'!��,�>����!��*�;&�3���, 

�!���	�
�������
����������� 3�B
�����/&��,����	
���
���;������� �
������$�	!�"��
�
�	� ��B�
3�

��������
��
���3��"��
�����:����!�"��#�$� 

 

2. ��#����,�����"3��,��'!�!�,��
��"** 
�/��/��#�:��-!'**
B��
��=�$:�$�!
���H9��� 

Half-Width �
��$��J���	3�B
'*$��$,��!
���H9��� Half-Width �
��$��J���	:3+���,���"�
�	�����7;� 

 

3. ��������
��
*!�"��
>�A���
����!�"��#�$��+,	�����$�	!�"��
�
�	���	������$,�

�*��	��*�����?��:3+���$��-��7;� 

 

4. 17�4���#��"**��
�����+��3�,:����%��� (Failure rate) 
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Abstract 

The objectives of this research  is to develop  and 
study the scaleable  artificial neural network system 
for approximating performance function in case study 
of the buffer optimizing of pull-control system of 
multiple workstations ,the network system separated 3 
types of single workstation by training data from 
simulation are initial workstation  , intermediate work 
station and final workstation, approximation by 
interconnecting 3 types of network systems and to 
study factors that affect the performance function 
approximation efficiency, performance measure are 
the average number to meet demand (sale) , the 
average number to not meet demand (lost sale) , the 
average of work-in-process and the average cycle 
time. From the study, the neural network system can 
use to approximate performance measure of this case 
study and from this studying factors that affect the 
performance measure efficiency, increasing the factor 
of number of workstation make the efficient of 
approximation decreased. For sample size used 
training network increased make the efficient of 
approximation increased. Moreover, we can use this 
network system to find the size of appropriate buffer 

�������$��������&��������,�����'$%
�-���  

24-26 %$���� 2550 

297



 

much more fastly  than does the method by general 
neural network    
Keywords:  Artificial neural network ; Kanban 
system ; Approximation ; Pull-control system 

 

1. �*�!� 

 ��"*,����*��B; �?���,��=�$'�$�
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(Stochatics Process) ��,'**
���&���:�+17�4� ��"*,�

��;
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/&������;

'**/&��
�
��!�"�A
3�7�������F'�+=��+
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(Queuing System) H7���"**�,*������%���'**�7� 

(Pull Control System) 
���� *����
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� (Markov 
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Time) '�"����"3,$�����%��� (Work-In-Process) ��B�
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�F�������	,����  '�" �F�������	,!��	 ��$�,�B
 �F���

����	,������+� �!<� �F������'��  �F�������	,���� �!<�

�F������
�� 2 F7� �F������
�� n-1 ( n = /&��,��F������


�;�3��:��"** )  '�"�F�������	,!��	 �!<��F�������	,

���
+�	3�B
�F���
�� n  ����-!
�� 3  

 

299



 

 
 

�-!
�� 3  ���4#"�-!'**�F�������	,
�;� 3 '** 

 

'�+,��+��'**/&��
��F�����#� �!<��
�'**�B


'**/&��
��F�����#��&�3��*�F�������	,������+� �&�3��*

�F�������	,���� '�" �F�������	,!��	:�+'**/&��
�

���	,��� ��	�&��+
�-��
��F�������	,'�$�"'**
��/&��
�

�F�����#�'�+,��+���KL��
������$�	
&�:3+=�+�����$�	

�
�'**�+,	�����B�
�+
����/"��+���"**�,*������

%���'**�7�
����3��	�F�������+,	���:�+ SANNS 
&�

=�+�+,	����&� �F�������	,��
&������B�
��$
���'�+,
&�

���!�"��#�$�%�����&��������/&��,� 4 �$��+,	����B
 

/&��,����;��J���	
�������F�
*��
��$
�,���+
����

%���=�+(Sale)  /&��,����;��J���	
��=�$�����F�
*��
�

�$
�,���+
����%��� (Lost Sale)  ����"3,$����"*,� 

���%����J���	(Work-in-process : WIP)  '�"�
*

�"	"�,�����%����J���	(Cycle time : CT)  

H7�������$�	!�"��
�
�	��!<������$�	'** 1 

��;������� (Hidden layer) 
����/&��,��3�� 19 �3��  

:�+/&��,��+
�-�
����+�KL��
�:������$�	 �
��"��*�B
 

30%  '�" 50% �
��+
�-�
�;�3�� �&�3�����'/�'/�

�,���$�/"�!<��
��,��:����%���:3+�����'/�'/�'**

!���(Normal Distribution) ��	
���&�3���$� �$,�

�*��	��*�����?��(Standard Deviation)�
����'/�

'/�=,+
�� 5% �
��,��:����%���( Processing 

Time:PCT )�
�'�$�"�F�������
$���;� ��	�$� �,��:�

���%������$� ��;�'�$  0.8 F7� 1.2  3�$,	�,�� ��	'*$�

�$,��,���"�
�	��$,��" 0.1  3�$,	�,�� /&��,�

*����
��( Buffer size:B )�-���� �!<� 5 '�"/&��,�

*����
����&���� �B
 2  
�����,���+
����%���( Demand 

Rate : DR )�����'/�'/�'**�
9�H���������	�

(Exponential Distribution) 
�����$��J���	�
��$,��,��

�,���+
����%��� 1 ���;��
$���*  0.8  , 1.0  '�" 1.2  

3�$,	�,��  �,����B�
�����
��"**���%���

( Reliability:R ) �
$���* 0.75  , 0.875  '�" 0.99 �"**

���%����������3	���"���(Down Time: DT ) �B
�,��:�

���H$
����B�
�/���  �,��
����������� :����,�/�	��; 

�&�3�����'/�'/��
��,�����3	���"����!<�'**

�
9�H���������	�
�����$��J���	�
$���* 2  , 4 , 6  '�" 8  

3�$,	�,�� ��	�!��	*�
�	*%����:�+ SANNS ��*%�

/�����/&��
��F�����#��+,	�
���,��
�� 

,�>����:������B�
��$
�����$�	��+��+,	����B


������+��+,	�����,/�
*,$�:��"**�,*������%���'**

�7� ���F������:�
���!<��F������
�����,��:����%���

�- �����& �3��:3+ �!<��F��� ����
�,�(Bottleneck 

Workstation)  F+��F������:�:��"**
��
	-$�$
�3�+�

�F�������
�,� �&�3��:3+
�����,���+
����%���

�J���	�
��F��������;����$��
$���* �$,����*�
��$��,��

:����%����
��F������
���!<��F�������
�,�'�+,
&�

����$��+
�-���+�=!	�������$�	'�$�"!�"�A
 ��B�
=�+

�+
�-�%�����&��������

����B
 �
*�"	"�,�����

%����J���	�9/"�&��,�������$�,���!<�
�������!E
�

��;������+��-$ �F���F��=! 
&�
	$����;=!/���*
���F���

���:��"** �!<�����-!
�� 4  

 

 
 

�-!
�� 4  �F�������	,
�;� 3 '**
���&�����B�
��$
����!<� SANNS 

 

�F������
��:�+:����
��
*�B
 3 , 5,10 '�" 15 �F������ 

�������	
��
� 

��������� 

��������� 

300



 

5. �����*��'� 

 ���,��!�"��
>�A���
�%�����&���������
�

���!�"��#�$�:�+�$� R-square �!<���,,��=�+'���=,+:� 

�����
�� 1 ��	�$� R-square 
��=�+'�����;�!<��$�         

R-square 
��!��*�$�'�+, 

 

�����
�� 1  '����$�!�"��
>�A�����!�"��#�$�%�

�&��������(R-square)�
� SANNS 

R-square 
�+
�-�KL��
�

�����$�	 30% 

�+
�-�KL��
�

�����$�	 50% 

Sale 3 WS 0.9274 0.9749 

Sale 5 WS 0.8801 0.9593 

Sale 10 WS 0.8298 0.9332 

Sale 15 WS 0.7787 0.9057 

Lost Sale 3 WS 0.9947 0.9981 

Lost Sale 5 WS 0.9937 0.9977 

Lost Sale 10 WS 0.9550 0.9818 

Lost Sale 15 WS 0.9769 0.9897 

WIP 3 WS 0.9501 0.9821 

WIP 5 WS 0.9152 0.9679 

WIP 10 WS 0.7032 0.8719 

WIP 15 WS 0.5315 0.8082 

CT 3 WS 0.9508 0.9825 

CT 5 WS 0.9209 0.9727 

CT10 WS 0.9125 0.9648 

CT15 WS 0.8751 0.9435 

 

H7������!��	*�
�	*!�"��
>�A�����!�"��#�$� /&��,� 

���;��J���	
�������F�
*��
��$
�,���+
����%���=�+

(Sale)'���:��-!
�� 5 

 

 
�-!
�� 5  �!��	*�
�	*!�"��
>�A�����!�"��#�$� Sale 

 

����!��	*�
�	*!�"��
>�A�����!�"��#�$� /&��,�

���;��J���	
��=�$�����F�
*��
��$
�,���+
����%��� 

(Lost Sale)'���:��-!
�� 6 

 

 
�-!
�� 6 �!��	*�
�	*!�"��
>�A�����!�"��#�$� Lost Sale 

 

�&�3��*����!��	*�
�	*!�"��
>�A�����!�"��#�$� 

����"3,$����"*,����%����J���	(Work-in-process : 

WIP)'���:��-!
�� 7 

 

 
�-!
�� 7 �!��	*�
�	*!�"��
>�A�����!�"��#�$� WIP 

 

����!��	*�
�	*!�"��
>�A�����!�"��#�$� �
*

�"	"�,�����%����J���	(Cycle time : CT) '���:��-!
�� 8 

 

 
�-!
�� 8 �!��	*�
�	*!�"��
>�A�����!�"��#�$� CT 

 

 ��B�
��/��#� /���$�!�"��
>�A�����!�"��#

�$�
��=�+/�����
��
�/"�*,$���B�
/&��,��F������:�

�"**�,*������%���'**�7�������7;�
&�:3+�39�'�,��+�

F7��$�!�"��
>�A�����!�"��#�$��+,	 SANNS ���� 

'�" ��B�
��/��#�F7�!�"��
>�A�����!�"��#�$���B�
:�+

301



 

/&��,��+
�-�:����KL��
������$�	�$������B
 30% '�" 

50% �*,$���B�
:�+/&��,��+
�-�
��KL��
������$�	

����,$�
&�:3+!�"��
>�A�����!�"��#�$��-��,$�
��
�;�

!�"��
>�A�����!�"��#�$�	����F�	��,$�3�B
���,��


$
�=3,�$
/&��,��F������
������ �B
��B�
�F������:�

�"**������7;��$�!�"��
>�A��������9��+
	   ��;��B
 ���

!�"	����:�+ �"**�����$�	!�"��
�
�	�
�������F!��*

����=�+�&���!�"��#�$�%�����&���������
��"**

�,*������%���'**�7�H7���!<���"*,����*��B;�?��

�,��=�$'�$�
���"*,����3�7�� ��	
���$����!�"��#


����!�"��
>�A�����	�����&���*/��!�"��
>�A�����=!

�+
	�B
    /&��,����;��J���	
��=�$�����F�
*��
��$


�,���+
����%���  �
*�"	"�,�����%����J���	  /&��,�

���;��J���	
�������F�
*��
��$
�,���+
����%���=�+  

'�"  ����"3,$����"*,����%����J���	  ����&���* ��	

/&��,����;��J���	
��=�$�����F�
*��
��$
�,���+
����

%��� :3+�$�      R-square 
����&�
�����:����
��
���;
	-$
�� 

0.9550  �&�3��*�
*�"	"�,�����%����J���	  ���$�

!�"��
>�A�����!�"��#�$���&�
������B
 0.8751 '�" 

/&��,����;��J���	
�������F�
*��
��$
�,���+
����

%���=�+ ���$�!�"��
>�A�����!�"��#�$���&����
	-$
�� 

0.7787 ��	��
	-$���	�3�7���$,�
���!<����!�"��#�$� 
��


�//":3+!�"��
>�A����&�3��:�+/&��,��+
�-���+�KL��
�

�����$�	�+
	�B
�$� WIP �B
:3+�$� R-square ��&�
	-$:�

�"��* 0.5315 ��B�
:�+ !�"��#�$��"**�,*������%���

'**�7�
���� 15 �F������ 

 

6. 
�$������*��'� 

 /��%����
��
�'���:3+�39�,$�'�,������

'	��"**�,*������%���'**�7�H7���!<���"*,����*�

�B;�?���,��=�$'�$�
���"*,����3�7�� �!<�3�$,	

	$
	] :����4#"3�$,	����	, '�+,�&�����B�
��$
���:�

A�	3�� � ��B� 
17�4��"**:3�$�����F:�+
�'
�

���17�4��"**�,�:3�$]=�+ ��	'�,��������$�,=�+F-�

���-/��'�"'����$�'�+, H7���"**�����$�	!�"��
�
�	�
��

�����7;�/�����KL��
�:����4#"�F�������	, :�+�+
�-�:�

���KL��
��+
	�,$����  '�"3�����,���+
����:3+

!�"��
>�A�����!�"��#�$���;����,����F�	�����7;��9

�����F
&�=�+�+,	������������$,��
��+
�-�
����+��
�

�����$�	������7;� H7�� �"**�����$�	!�"��
�
�	�
��

�����F!��*�$�=�+��;�����4#"
��,=!3���+
�-�
��!E
���+�

=�$
	-$:��$,�
�����,�/�	��;:�+ �9�����F!��*�$�=�+ 
��
�;�

�"**�����$�	��;	�����,��'�$�	&� H7�����!�"	������:�+

:����3�����*����
��
���3��"�������F
&�=�+�+,	

�����+���3�����#�
�;�3��=�+
	$���,���9,'�"
&����

�+�3��3�����#�
��
&�:3+=�+!�"��
>�A������
*���
��

�&�3�� 

'�,
��
���$���:/:����17�4��������;��$
=!

�B
17�4���*�"**
��������,$� 1 %���A�#{� 3�B
�"**
��

�!<�:����4#"�7��
����� �7������ 

 

"'�
��')��'�� 

3����B
A�4�=
	 

 [1]  A���	��� ���

�. 2548. ����	���#�%����

�&���������
��"**�,*������%���'**�7��+,	,�>�

�����$�	!�"��
�
�	�. ,�
	�����>�!������
 

�3�,�
	���	��4��1����� , �����
��,3�+� 24-145 

English Journal 

 [2] Albino,V.,M. Dassisti,and G.O.Okogbaa.1995. 

Approximation Approach for the Performance 

Analysis of Production Lines Under A Kanban 

Discipline. International Journal of Production 

Economics, 40:197-207 

 [3]  Chambers,M. and C.A.Mount-Campbell.2000. 

Process Optimization via Neural Network 

Metamodeling. International Journal of Production 

Economics,79:93-100 

 [4]  Fulya A.,Berna D.,Akif A.B. 2006. Buffer 

Allocation and Performance Modeling in 

Asynchronous Assembly System Operation :A 

Artificial Neural Network Metamodeling Approach. 

Applied Soft Computing , 266: 384-395 

Book 

    [5]  Monden Y.1994 Toyota Production System:  

    An Integrated Approach to Just-In-Time . 2nd ed,    

    Chapman & Hall.,Tokyo 

302







Contents

ANSCSE14   Mae Fah Luang University, Chiang Rai, Thailand 

March 23-26, 2010 

G00039 Probabilistic Knowledge Discovery from Medical Databases 

Kerdprasop, N. and Kerdprasop, K. 
543

G00041 Classify Freshwater Fish Using Morphometric Analysis and Image 

Processing Technique 

Khamchuay, P., Jaroensutasinee, K., and Jaroensutasinee, M. 
 

549

G00059 Misalignment Compensation of Sheet Metal Forming Tool by Loop-

shaping Controller 

Poodchakarn, S.  Sriprapai, D., Budcharoentong, D., 
Saimek, S., and Thanadngarn, C. 
 

554

G00062 Model Based Motor Vehicle Segmentation and Type Classification 

Using Shape Based Background Subtraction 

Chiverton, J.  and Uttama, S. 
 

565

G00063 Histogram Specification for Variable Illumination Correction of Face 

Images 

Chiverton, H. and Chiverton, J. 

571

G00066 Data Hiding and Security for Printed Documents 

Chotipanbandit, P. and Vongpradhip, S. 
 

575

G00068 The Geometry and Electronic Structures of Functionalized Single-

Walled Carbon Nanotubes by Carboxyl Groups on Perfects and 

Defect Tubes 

Lokavee, S., Udomvech, A., and Kerdcharoen, T. 
 

581

G00070 An Improvement of Rainfall Estimation in Thailand 

Using FY-2C Numerical Data 

Sa-nguandee, I., Raksapatcharawong, M., and Veerakachen, W. 
 

587

G00075 Survey of Metaheuristic Methodology for Solving Container Loading 

Problem 

Khamkaew, R. and Somhom, S. 

593

G00080 Variation Analysis of Neural Network Based Approximation Function 

Pongjanla, S. and Anussornnitisarn, P. 
598

G00081 Artifitial Neural Network and Kriging Model Approximatios for The 

Deterministic Output Response 

Rungrattanaubol, J., Nakjai, P., and Na-udom, A. 
 

603

G00082 Analysis of Centers Initialization on K-means Performance  

in Clustering Problem 

Sukhasem, R.  and Anussornnitisarn, P. 
 

610

G00089 Structural Model of Blood Vessels in Heart Using Lindenmayer 

Systems 

Ritraksa, S., Chuai-Aree, S., and Saelim, R. 
 

619

G00090 Multilayer Neural Networks for contacting load model of Distributive 

Tactile Sensing 

Nakjai, P.  and Rungrattanaubol, J. 
 

626



G00080 

ANSCSE14   Mae Fah Luang University, Chiang Rai, Thailand 

March 23-26, 2010 

598 

Variation Analysis of Neural Network Based Approximation 

Function 
 

S. Pongjanla
1,C, P. Anussornnitisarn

2 
1,2 Department of Industrial Engineering Faculty of Engineering, Kasetsart University, 50, 

Phaholyothin Rd., Jatujak, Bangkok 10900, Thailand 
C  E-mail: g5065209@ku.ac.th ;  Fax: 02-5796804;  Tel. 083-9299341  

 
 
 
ABSTRACT 
 

Using discrete event simulation is a popular choice in complex system 
evaluation. However, to identify the right set of system parameters, which give the best 
system performance, is a time consuming process due to stochastic uncertainty 
behavior of system simulation. This research demonstrates an alternative method to the 
discrete event simulation as a system model where system performance can be 
evaluated within a short period of time in comparison to discrete event simulation. 
However, typical approximation function based neural network need to be re-trained 
when setting environment has changed. This research intends to address both weakness 
in the time of simulations and a rigid structure of system learning of neural network. 

The objectives of this research is to develop and study the scalable artificial 
neural network system for approximating performance function in case study of the 
buffer optimizing of pull-control system of multiple workstations, the network system 
separated 3 types of single workstation by training data from simulation are initial 
workstation, intermediate workstation and final workstation, approximation by 
interconnecting 3 types of network systems and to study factors that affect the 
performance function approximation efficiency, performance measure are the average 
number to meet demand (sale), the average number to not meet demand (lost sale), the 
average of work-in-process and the average cycle time.  

From the study, the neural network system can use to approximate performance 
measures of this case study system. The approximation function based neural network 
does not only determine the mean of the stochastic system performance but also its 
variation (the length of the mean confidence interval). Therefore, we can use this 
approximation function based neural network to find the size of appropriate buffer 
much more quick than does the method by simulation optimization.  

 
Keywords: Artificial Neural Network, Function Approximation, Stochastic Search, 
Variation analysis.  

 
 
 

1. INTRODUCTION 
Stochastic process is a conveniently mathematical model used for study but there are 

some difficult limitations if the system is complicated or has numerous detailed elements.  
The limitations, however, could be solved by simulation model used for the study of complex 
process.  It could adapt to be concordant with real production system also.  Finding an optimal 
solution for the model of the system required all possible answers which were impossible in a 
practical way, especially the system having several related factors due to tremendous 
situations that were possible in the future.  Nevertheless, a resolution of this problem was 
using artificial neural network, a technique for evaluation, to analyze only partial data 
gathered from the model.  This method did not depend on data distribution and was able to be 
applied on incomplete data as well to produce the evaluation with high accuracy (Piromya, 
2006)[6].  Notwithstanding, the process study based on uncertainty had to acquire flood of 
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data for the artificial neural network.  If the system had a large number of input parameters, it 
would be hard to simulate the situation for data collection in the network.  Process allocation 
into subunits of the process study based on uncertainty was very helpful to immensely reduce 
quantity of data (Chambers, 2000)[2], especially a queuing system including pull control 
system with buffer called Kanban system.  Thus, the application of process allocation into 
subunits before synthesis of expanded system would obviously decrease time spent on the 
large process study with abundant input parameters (Manusak, 2007)[4]. But stochastic 
system determine mean and variation, so if require representable real system, we will 
approximate mean and variation. 

 
 
2. THEORY AND RELATED WORKS 
The production pull control system had special characteristic such as the data production 

would flow reversely to the flow of material (Monden, 1994)[5].  The latter production 
process would take necessary material when needed by using Kanban card to bring the 
material of the earlier production process.  After that, such process had duty to only produce 
sufficient amount to reach equal number of taken materials or following the Kanban card.  It 
could be said that the latter process would control the production rate of the earlier process as 
shown in Figure 1. 

 
 
 

 
 
 
 
  Workstation   Buffer  Product flow  Demand 

flow  
 

Figure 1 Pattern of pull control system 
 

Albino (1995)[1] applied the creation of the queuing system’s model by using Markov 
process to evaluate behavior of the pull production process.  This method aimed to increase 
efficiency of throughput time evaluation and work-in-process for Kanban system analysis and 
design to suit real production line.  A significant characteristic of this evaluation was simple 
allocation of production line used for the queuing system like M/M/1/L.  The result found that 
the behavior of the pull production process and other greater production lines could be well 
evaluated by this method. 

 
The artificial neural network system was a processing technique developed by basic 

principles of creature’ neural network.  The artificial neural network worked like a brain to 
collect knowledge through learning process and keep it as weight which was adjustable when 
accepting new things.  General aspects of the developed network were different weight of 
connection link between each node and signal.  The weight value was regarded as the 
knowledge gathered for specific problem resolution.  There was a function within the node to 
determine output signal or called transfer function. The characteristics of node in the artificial 
neural network were presented in Figure 2. 

Process 
1 

Process 
2 

Process 
N 

Customer 
Demand 
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Figure 2 Neural Network Model 
 
Chambers (2000)[2] investigated the buffer size of the queuing system by studying 

possibility of single workstation building to forecast the result of the queuing system.  The 
single workstation was connected following the queuing system of two products and used the 
back-propagation artificial neural network to teach the network.  According to the situation 
simulation, the connected workstations in the queuing system could predict the performance 
value of the system which was an approximate with the result of the situation simulation. 

 
Piromya (2006)[6] used the back-propagation artificial neural network to assess the 

performance of the pull production process consisting of 3 and 4 workstations.  The data 
applied for teaching neural network was collected from the situation simulation to examine 
the result of different data of entire possible situation of the system.  It found that the 
evaluation of the artificial neural network was a very good level.  Besides, when there were 
more data in the network, the efficiency of system’s performance evaluation also increased 
too. 
 

Fulya (2006)[3] applied the back-propagation artificial neural network to identify the 
buffer quantity in asynchronous assembly systems by using the data from situation simulation 
to compare with a prediction method, regression metamodels.  The analysis showed that the 
back-propagation artificial neural network could be used as the suitable model to identify the 
buffer quantity with low sensitiveness. 

 
Manusak (2007)[4] developed and studied the scaleable artificial neural network system 

for performance function approximation in case study of the buffer optimizing of pull control 
system of multiple workstation ,the network system separate 3 types of single workstation by 
training Data from simulation are initial workstation network , intermediate workstation 
network and final workstation network , approximation by interconnecting 3 types of network 
systems. From the study, the scaleable artificial neural network system can use to 
approximate performance measure of this case study and from this studying factors that affect 
the performance efficiency, increasing the factor of number of workstation in the system 
make the efficient of approximation decreased. For sample size used training network 
increased make the efficient of approximation increased. 

 
 
3. EXPERIMENTAL or COMPUTATIONAL DETAILS 

 

Because of stochastic system determine mean and variation, therefore approximation 
function not should consider only mean but it should approximate variation too. This research 
used concept of  Scaleable Aritifitial Neural Network System : SANN for create pull system 
model, in order to be training data for neural network. The situation simulation of the pull 
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production control system was divided into three types of single workstation including initial 
workstation, intermediate workstation and final workstation.  The initial workstation was the 
first workstation and the intermediate workstation was the second workstation to the 
workstation n-1, n is number of total workstations in the system and the end single 
workstation was the last workstation or ‘n’ workstation. 
 

After that, two models of the situation simulation were created.  The same model was used 
for all three types of single workstation.  The data collected from the situation simulation of 
each workstation was brought for the network teaching to produce the two types of the 
networks.  The pull production control system with several workstations could be built by 
SANNS to link each workstation and evaluate 8 performance values including average 
response time of sale, variation response time of sale, average response time of lost sale, 
variation response time of sale, average of cycle time (CT), variation of cycle time (CT), 
average of work-in-process (WIP) and variation of work-in-process (WIP). 

 
The artificial neural network was a hidden layer with 23 nodes using two levels of data 

taught in the network at 30% and 50% of all data.  Probability of processing time was normal 
distribution with standard deviation at 5% of the processing time (PCT) of each workstation 
only.  The PCT value was between 0.8-1.2 separated by 0.1 time unit in each interval.  The 
highest buffer size (B) was 5 while the lowest buffer size was 2.  The demand rate (DR) was 
dispersed as exponential distribution with average of one processing time at 0.8, 1.0 and 1.2 
of time unit.  The reliability (R) was 0.75, 0.875 and 0.99 while the down time (DT) occurred 
during machine repair and obstructed working.  This research defined the down time as the 
exponential distribution with the average at 2, 4, 6 and 8 of time unit then compared with the 
result from SANNS and computerized situation simulation. 

 
The method of network connection started from checking the pull production control 

system if there was any workstation with highest processing time or not.  If such workstation 
was found, it would be defined as a bottleneck workstation.  Then the average of demand rate 
of any earlier workstation of the bottleneck workstation would be equal to reverse value of 
time to submit into each type of networks.  The outcome was the average of production 
interval regarded as the input rate for the next workstation. This process would thoroughly run 
in whole workstations as demonstrated in Figure 3. 

 
 
 

Initial
workstation

Intermediate
workstation

Final
workstation

PCT(1)

DR(1) R(1)

PCT(n)

DR(n) DT(n)DT(1) R(n) DR

B(n) Sale(n)
[Mean, Variation]

Lost Sale(n)
[Mean, Variation]

WIP(n)
[Mean, Variation]

CT(n)
[Mean, Variation]

B(1)

DT(n) R(n)

PCT(n)B(n-1)B(n-1) B(n)

CT(n-1) CT(n-1)

 
 

Figure 3 Connector of workstation 
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4. RESULTS AND DISCUSSION 
 
R-square was used to measure the efficiency of the result as illustrated in Table 1.  
 

Table 1. R-square values of the result 
 

3 
workstation 

R2 of Mean R2 of Variation 
Train 30% Train 50% Train 30% Train 50% 

Sale 0.80 0.80 0.77 0.77 
Lost Sale 0.81 0.82 0.76 0.76 
Cycle Time 0.72 0.72 0.54 0.54 
WIP 0.87 0.88 0.58 0.58 

 
5 R2 of Mean R2 of Variation 

workstation Train 30% Train 50% Train 30% Train 50% 
Sale 0.55 0.53 0.51 0.53 
Lost Sale 0.68 0.71 0.51 0.49 
Cycle Time 0.26 0.43 0.03 0.05 
WIP 0.32 0.36 0.09 0.07 

 
When consider efficiency value from the test, the result found that variation of cycle time 

and work in process are the lowest. The R-square value of variation of lost sale, sale are 
highest at 0.76, 0.77 severally. The R-square of the average work in process is highest at 0.88 
and the average cycle time is lowest at 0.72. 
 
 

5. CONCLUSION 
 

The resulted indicated that scaleable artificial neural network approximate mean accurate 
than variation.  When the tendency of the efficiency value evaluated by SANNS decrease, the 
workstations in the pull production control system will increased but when input data train 
increased, accuracy will increase too. Even if extend number of work station affect R-square 
decrease, tendency of R-square are follow 3 work stations. 
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