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Optimization of maintenance resources to maximize the system 

availability is a major concern in different manufacturing systems. 

Therefore, a lot of effort is put to construct optimization models to 

reach the maximum availability level and to reduce the costs of lack 

of availability. However, despite these efforts, data uncertainty in the 

real world problems was neglected in proposed models which results 

models with sophisticated nonlinear constraints. In this article the 

budget uncertainty model of optimization is considered and its 

counterpart in resources allocation for maintained systems is 

presented. The proposed model takes into account the degrees of 

conservativeness to introduce a robust model of optimization. This 

model is capable of maximizing the availability for the maintained 

system under certain conditions. The capability of the model in 

controlling the effects of uncertainty is investigated by means of 

simulation studies and reasonable results concluded. 
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<	� � ���� 4W� �M N$/ 	� �6�	1� #��� ��=� #	�    �$WC �W�� � 	W�
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����� 0���/ 42! #(	�"����������  #(	� "��C ��	[��� .

k��+ ����� 9" 8�� (� �$�A 4�$� #	� 0���/ �� ����� #(	�

k��+ �� ��=	�C ����� #	�$&�C .��I�� �	���� �  N$/ 8��

�(	� 4� �M N$/ ��. "� �� �6@ �- �� 4� �M 4� �M N$/ " #�

�+����� ��
1! #��� ��� � ����� � �@ $&��3$&�C .  

  

  F#. �2�� ��6EG H�I ;�� 1�  

  �W���� �W@ $��@ |��  �W���� " �W?, F0(" F    " J�W+ �W� �W�� ! #

����� 8��O�� K1�W
� ���	E! #	������ �,:.� ��� ! '�	�� # 

 	WW� ;WW�!�! �WW� �WW@ $��WW
�
ic%Fiw%F

iv%Ficm%
 
" 

icrec%  ���� 0	WW>&

�WW� 0A (� N�$WW@ �WW� " ��WWC�(	WW� � ;WW�!�! �WW� 	WW�  #[ ]ˆ,
i i i

c c c+ F

[ ]ˆ,i i iw w w+F[ ]ˆ,
i i i

v v v+F[ ]ˆ,i i icm cm cm+
 

 "[ ]ˆ,
i i i

crec crec crec+ 

 $��W
� 0	1�� '�(�! V� #���.c
JFw

JFv
JFcm

J "crec
J  �

�/��?�i;�!�! �� �@ 4�� ��	�
ic%Fiw%F

iv%Ficm%"
icrec%  #���

0A�� � �M��P 	�$C	� .�� 8����	�� W���� V� �� 0���� 0��!�  #	W�

��� 0	>& ��( KQC �� � l��:  

  

)\\ (      [ ]ˆ 0, 1c c

i i i i ic c c iξ ξ= + ∈ + ∀%  

  

)\^  (     [ ]ˆ 0, 1w w

i i i i iw w w iξ ξ= + ∈ + ∀%  

  

)\`    (   [ ]ˆ 0, 1v v

i i i i iv v v iξ ξ= + ∈ + ∀%  

  

)\a (      [ ]ˆ 0, 1cm cm

i i i i icm cm cm iξ ξ= + ∈ + ∀%  

  

)\b    (   [ ]ˆ 0, 1crec crec

i i i i i
crec crec crec iξ ξ= + ∈ + ∀%  

  

 0A � �WWW@c

i
ξFw

i
ξFv

i
ξ Fcm

i
ξ  "crec

i
ξ  ���	WWWE! #	WWW������

      ���� � 0	W��& �W@ $��W
� VW� " �[W. 8�W� K1�
�   0	W>& � 	W�

�� $��� .        0	W��& ���W� �W.	�/ �W�� 0A � �W@ 4W�	, 8W�� ��ξ 

��  �(	� � $�&��![0,1]      �(	W� 4W� �M N$W/ <$W� F$W��@ ����! #�

�� $���3 .  

# F# .�")�� ��6EG H�I ;��1�  

   �(	W� 4W� �M N$W/ <$� S���C ���     4W� �M N$W/ <$W� #��W� #�

�+���  �&	W��& �.	�/ '�+ �@ �"	[! 8�� 	� F4�� l�	. ��& #�ξ 

 K{� s	� 0��@ V� (� $�	B&Γ $C	� ��>�� 0A �� h����.  

  

)\c(      [ ]ˆ 0, 1 ,
cc c c

i i i i i i

i

c c c iξ ξ ξ= + ∈ + ∀ ≤Γ∑%  

  

)\d([ ]ˆ 0, 1 ,
ww w w

i i i i i i

i

w w w iξ ξ ξ= + ∈ + ∀ ≤Γ∑%  

  

)\e ([ ]ˆ 0, 1 ,
vv v v

i i i i i i

i

v v v iξ ξ ξ= + ∈ + ∀ ≤Γ∑%  

  

)\f([ ]ˆ 0, 1 ,
cmcm cm cm

i i i i i i

i

cm cm cm iξ ξ ξ= + ∈ + ∀ ≤Γ∑%  

  

)^g([ ]ˆ 0, 1 ,crec crec crec crec

i i i i i i

i

crec crec crec iξ ξ ξ= + ∈ + ∀ ≤Γ∑%  

  

� ����� 4W� �M N$/ 	� ���� ��� ��	
� #��� ����� #(	�  #	W�

  4��"$W2� �W@ 4�� ����+ 8��	� <	B&� �� l��    	W� � ��W+�� #	W�

4� �M N$/ �� �+�!  8W�� � � Z$� '�	! " ���@ J	I� ��+�� #	�

$�@ ����@	� 4�	,.  

  

%. ����� ;����
,�) DE� ���,�� 12��  

�	���� ���� �� ��	1� 8��  ��	* <$� #��� ����� k��+ V� �� ��

MRO
� �@ 0A <�	 � ����� <$�  FRMRO

m �� ��[3 ���� ��C

�����3 . �T, 	� Z$� '�	! �$1� 0��@ ���>�� <	B&� �� <$� 8��

4��"$2�  ��	W
� ����� #	�MRO  4W�� .    �	W2� #��W� �W���� �

���� 4� �M N$/ 0��@C� ��Q�" "� (� �@U� ��	
� � 	�  �$WC �	

����� ��� ��	[��� ����� #(	����@.  

  

  F% .�2�� ��6EG H�I 1�
� ���,�� ;��1�  

����@ Z$� 4�	, 8�� �  �W@ 4�� Z$� '�	! �$1� 8���>�� 0��@

��
��� S��! 	� 8��"�]\c [$C �R�� .    8W�� � �W@ 8W�� �� �+�! 	�

����� �� 9"$� #(	��� 4�	, 8��!	2� �$C �� F�(���*��� �&�	@

�� K�/$�@ .  

�� |�� 9" 8�� iB-�� ���� ��� #��� 4�	, 8��!$� �@ ��C  #	�

�� } � �M��P  <�E, ���� ��� ��	
� � �%�� �	B/ �� F$��

�� l	[!� �&	�( 4�	, 8��!$���6@ �@ $��� �{@�$, 	�����	* #

                                                 
1   Maintenance Resources Optimization (MRO) 
2  Robust Maintenance Resources Optimization (RMRO) 
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 #��� ;�!�! 8�$� $��@ 	��=� � ��= �$1�

i
c%F 

i
w%F 

i
v%F 

i
cm%

 
" 

icrec%  ���	1� ;�!�! ��ˆ
i ic c+ Fˆ

i iw w+ Fˆ
i iv v+F 

ˆ
i icm cm+ " ˆ

i icrec crec+ �� ��& ��� ����3��	
� " ��C #

MRO �� K,���3 .  

�(	� 4� �M N$/ ��Q�" #	�B� �� S��" ���?� #�)^\ ( 0A (� �@

 N	& 	�1RMRO �� �	������ <$� F��C ��	
� ����� #(	�

MRO  S��" ���?� �)\g (�� �R�� �$��.  

  

)^\(

( )

( )

( )

( )

( ) ( ) ( )

1 1

1

1

1

1 1

1

1
max 1

1 1 1
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ˆ ˆ
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n

S

i i i
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i

n

i i i

i

n
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n n

i i i i i i i

i i

n
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i

A
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sto C c c y

w w y W

v v y V

rec crec crec q T y cm cm CM

rec

y N i

rec i

=

=

=

=

= =

=

  
 = − 
  + − +    

≥ +

+ ≤

+ ≤

+ + + ≤

≤

∈ ∀

≥ ∀

∏

∑

∑

∑

∑ ∑

∑

  

  

���	2� �@ ��Q�" 8���&�	@����� 9" 8��! F4�� ����� #(	�

�� ��	� 	�
�����%�� " $C	� ��	
� K, #��� #	Q������ #	�

MRO �� � 8��!$� �@ 	?&A (� 	�� r��@ ��	[��� 0A K, #��� 0��!

�� ����3 ��& � 4�	, �$1� (� #�	�( 0���� �� F��C Z$� '�	!

�� ���	@���3 .����� 9" V� ����� � 0���� �@ ����� #(	�

���	2� ��	
� #��� 4�� ����! K�	M 0A #	@MRO  ���� ��I�!

����C.  

# F% . �����  ��6EG H�I ;�� 2� �)�J,�� �� ���,�� 12��

�")�� 1�  

��
��� 9" ;�/ 	� �6�	1� #���]\c[ ���	2� �$C �� �@ �&�	@

�� K�/8� F$�@ � �Q
�"���& " <	!]\dF\e"\f [<� " �  #"	M]^g 

 "^\ [���C$&��@ ���� ��	� .9"0A #�	��>�* #	� �/	� ��= 	�

47� K�	
� #" �� 0A <	�/� 4�6�	M N$/ " ����� ��	
� 0$C �!

������� ��

3 #	������ 	� #(	�9,� .  

 �� " t��"�H]^^ [����� K�	
� #����� ��

3 #(	�   j	W= �-

����� k�Y	Y q����H ���� ����� ��

3 #(	�  <	WB&� �� �H $&�

  �W/��?� 4W2! � 4� I" 8��!$� ��G6�/ �H 4�� ����+ 8��	� #�

��	�� (����� #��� 	�$�H ����H 	� .  0A ��WG�" 4W2! �&	[�	��  F	W�

����� K�	
� (� #	�
� <�	 � ����� <$� K, K�	M F��

3 #(	�

0	�( � �6�+ $�Y$��
�& #�. ����� 9" V� �%�� #�� (�  #(	W�

��	&�� K�	
� #��� �������� " t��
!�� S��! ��= #��]^`  "

^a [ �W��	2� 0���� �� V� (� �@ $C ����    ��W��! KW�	M 0A #	W@

����& ��	
� ��7� �+� �� �%�� #�� (� " $C	�$����� . 9" 8��

 K�	
� #" �� 0A <	�/� 4�6�	M �W����    8�W�O�� " ��W

3 #(	W�

������� ��& �B�@�! #(	� $C	�.  

N$/��� " t��
!�� 9" � 4� �M]^`  "^a [�+��� " 4�� #�

�� |�� ��$ ! �� �{@�$, �@ ��CΓ 4��"$2� ;���I (� 	!   	W� 	W�

�� ����! Z$� '�	!$�@ . ��Γ �	[, ����� 4 �$/ V� " $���3

  ���� ��$W ! #"	W
� 	� ��QY�@ �[��	& ��2.    � �W �M �W�P #	W�

4��"$2��� �-���� Z$� '�	! 	� 	�$C	� . �@ ��	%�� ;�!�! 8�$�

 �{@�$,Γ  4�� �� ����� ����� k��+ $�@ ����! ;���I 8�� (� 	!

$&	� $���= ����� 	 �M �$�A .� #�� (�   (� ��W� �W@ � M��� � �%�

Γ      	W� F���W�� �W���� k��W+ (	� $�@ ����! Z$� '�	! ;���I (� 	!

�� �M	� ����� �� V���& " �+�� ��s	� <	��,�$&	�.  

����� (� �B��1! �@ 9" 8�� ��(	� 4� �M N$/ 	� ����� #(	� #�

 S��" 8���3 ��& � 	� F4��)\c( F)\d( F)\e ( ")\f ( 0A <	�/� "

 ��	
� #" ��MRO <$� F
2RMRO    4W�� �W� ��( ��. ��

��$�A:  

  

)^^(                      

( )[ ]

( )

( )

( )

( ) ( ) ( ) ( ) ( )

1
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1
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i
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n
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n
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A
I rec d

s to c y C

w y W

v y V

crec rec q T y cm cm CM

β

β

β

β β

=

=
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= −
+ − +

+ + + +

  
  

  

+ Γ ≤

+ Γ ≤

+ Γ ≤

Γ + Γ ≤

∏

∑

∑

∑

∑ ∑
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ˆ ˆmax

ˆ ˆmax

c c c c c c c c c
c c

c

v v
v v v v v v v v v

v

w w w w w w w w w
w

S t S J S t J S

c c

i i t t

i S

v v

i i t t
S t S J S t J S

i S

w w

i i t
S t S J S t J S

i S

c c

v v

w w

c y c y

v y v y

w y w

β

β

β

⊆ = Γ ∈
∈

⊆ = Γ ∈
∈

⊆ = Γ ∈
∈

  

 
 

 
 

+ Γ − Γ

+ Γ − Γ

+ Γ − Γ

 
 Γ =   

 

 
 Γ =   

 

 Γ =  

∑

∑

∑

U

U

U

( )
{ }{ }

( )

( )
{ }{ }

( )

, , \

, , \

ˆ ˆmax

ˆmax

w w

crec crec
crec crec crec crec crec crec crec crec crec

crec

cm cm cm cm cm cm cm cm cm
cm

t

crec crec
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y
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5�LM�:  

 <$� "� 0��� <�	 � �	B]� ���� ��)^^ ( ")^` ( �� $��@ |��

V� #�(�cΓ "*y F�$C ����( )*
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c c
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 ��	
� 0	3"�)^b (�� ��( ��. ��$C	�:  
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*
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c c

i i i

c c

i

c

y p

s to p c y

p i J

β ω

ω

ω

∈
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∑

  

  

 ����� k��+ �@ 4�� ���$� �U�)^a ( 	�)^b(  	� ��& 0A ")^c ( �����

�� ;�!�! 8�$� " 4��4��"$2� #��� 0��! S��" �� h���� #	�

)a( F)b ( ")c (0A ����%�	+ 	� �@ ���& K�/ ��. 8��� �� � 	�

 <$�)^^( <$� F)^` ($�A $���= 4�� ��.  

  

N. ��
O� P	�,�  

 ��	
� ���?! ���� ���� ��MRO " "���	@ � �$C �R�� <	{� F

	@	Q�"]\^[ �$C ����3 ��& � � �M 	�����	* 0A � �@ 42! $&�

4�� �$C ����3 ��& � ��$?� 0��� � �M ��P S���C . 8�� �

�� ��
�� ��( L�* (� KQ>�� #$���! ��
�� V� <	{� �&��& $C	�

�� ��
�� ��( �� �@ �@ $C	� ��	I� J��+� 	� J�+ #"	, $&��!

 <"$+ � J��+� 8�� �	E7>�\ �4�� �$C �R�..  
  

    
 ;��" . +,-��
	2 �� Q��
� 5�/0���4] #[ 

Subsystem MTBF MTTR Design Cost Weight Volume 
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Corrective maintenance 
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a dbg `g ag `b `b `g ^ 

b bgg `g cg dg cg bg b 
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�$C X7>� �$1�0A � �M # <"$+ � 	�\  ����3 ��& �

��  <"$+ � �����! 8�� �@ ��C^ 4�� �$C �R��..  
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 îc ˆ
iw ˆ

iv ˆ
icm ˆ

icrec 

  #K #K ## #N #.& 

# ##  & #K  >  .# 

% ## %# #&  &  .> 

N #K  N  N  # K.& 

V #N #& #> #K # 

  
���� 8���3 ��& � � �M 	� <"$+ #	�\  <$�MRO  � �M��P "

���� 8��� 8���3 ��& � <"$+ S��! 	�^  <$�
1RMRO 

) <$�

^\(
 

 "
2

RMRO ) <$�^` �+����	2� ##	@ `  (�b ( V�@ ��

N�& ����GAMS  k��+ " ���E! ����� ���	1� �@ 4�� �$C K,

<$� (� V� �� ����� <"$+ ��M (� 	�` �� $C	�.  

                                                 
1 Mean Time Between Failure  
2 Mean Time To Repair 

 <$� K, (� K.	, Z$� '�	! �$1� �@ 0A 	�MRO  8���>��

� ���� j	E�=� ��= �� � �$1� � �QY�@ ����! #�(� �� 	�� 4�

��� $���= �+��	& �6@ �- �� $�A 4�� �� k��+ F	�����	* .  

 <$� #��� �$�A 4�$� ���	1� �%�� Z�- (�RMRO1  �����

�� �+����,:� K�	M ��	@ ��" $C	� Z$� '�	! �$1� � #�

 <$� �� 4B
&MRO �� �$����C .  

��� (� #	�
� �@ 4�� ��	, � 8�� � ��+�� 4� �M N$/ �

���� ��& } 0	�( �� �- �� 	�  8���3 ��& � 46/ 8��� �� $���

0A #��� 4�	, 8��!$� 8Q�� �� 8����� 	 �M KR	
� �&�3 8�� � 	�

��� $���7&.  

 <$� V�@ �� 8����	��
2

RMRO �+� ��$ ! 8���3 ��& � 	� " #

���	2� #	@`  ) (�b  (��	�! #���Γ �$�A 4�� �� �?�	�& 	�

 <$� �� 4B
& 0A Z$� '�	! �$1� �Y�3 �@ 4��MRO  ��	@

 Z$� '�	! 8�� �"	[! �� 4B
& Z:�=� �$1� 8�� 	�� 4�� ���	�

<$� #	�MRO  "RMRO1 4�� ���@ ;!��� �� . 4�� ���$�

� 9��U* #�(� �� Z$� '�	! � �$&� Z:�=� 0��� �+��	& V


 <$� (� K.	, k��+RMRO1 4��.  

�B�	2� ���� �� <$� (� K.	, k��+ 0��� �+��	& <	��,� #

RMRO1���� '�(�! '�	! F�� |�� 4=���Q� � �M��P #	� " ��C

 	�\gggg ��BC 	� (� V� �� �1& <	��,� ���� �� #(	�

4��"$2� <"$+ � �?��& �@ 4�� �$C ��=���* 	�a �R�� ����C.  
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Availability  ٠٧.٣٠ ٩٩.٩٧ Availability  

Feasibility   ١٠٠ ٠.٠٠ Feasibility   

  

 ;��"N. �	)��Z� [B� ;��,7� ;�� �) �4RMRO2 

Condition Number Probability % 

\ (DC) \b` \.b` 

^ (W) cb g.cb 

` (V) ba g.ba 

a (CREC & CM) \ g.g\ 
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 �"$, 4�	, 8��!$� �d/^  �� k��+ 0��� �+��	& 0	Q�� $.�

 � ������ 0���� �� �+�! 	� �U� ��� ��+" 9" 8�� (� �$�A 4��

�� ��& �� <�1 � V
� 8�� 9��U* FZ$� '�	!$� . �@� �� N(s

 <$� (� �$�A 4�� �� ������ ��� ������ ���� �� �@ 4��

1
RMRO 	! <$� (� K.	, ������ ���

2RMRO  �� $��(	�&

 �"$, � �>�����^ag  �$1� � $,�"CM ���
� . �	B/ ��

 �"$, �� � �-���� '�	�� 0���� $�	� �%��b/\  �6 � 4�	, �����

 ��+�! " $� �� ��& �� ��+�! K�	M �$1� �@ ���� ����!
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� �@ 8�� �� �+�! 	�

�������� ���& �&�3	&�3 #	� " '�	�� (� ��	[��� ����� F�,��- ��

����� 8�� " 4�� h	B!� � ���P F4�� � �M ��P ���	1� ��{@� 	�

4�� ���=�� ��s	� 4���� (� 0A #��� ����� ����� k��+ �� ��	�

4�� .����� ��Q�" (� ��	[��� 	� ��	1� 8�� � #��� ����� #(	�

�+��� 4� �M N$/ <$���� k��+ �� F#� �@ ��$�� ����� ��

���	2� �+� 	� 0A 4���U+ 0���� " 4�� ����! K�	M 0A #	@

��BC (� ��	[���$C $��	! #(	� . � <�* �&	�( 9(� �1& <	�/�

<$�� ��! F��	
� #(	�9" # 8�� K, ���� �� #	Q��� ��� #	�

 � 4� �M N$/ ���� 8��O�� " ��	
�MTBF  "MTTR 

�� ��!/ �� $�&�$&��3 ���� �!A �	 �	�� #��� #���� 0��� .  
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