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Optimal control of energy efficiency for
machine tool manufacturing systems

WANG Yan, JI Zhi-cheng†
(School of IoT Engineering, Jiangnan University, Wuxi Jiangsu 214122, China)

Abstract: By considering the energy flow characteristics, we put forward an optimal control scheme for the energy
efficiency of a machine tool manufacturing system. Wireless sensors are employed to build the energy consumption network
for the manufacturing system, and an energy-efficiency communication protocol is developed to transmit the real-time
manufacturing data. With the sampled real-time data, we design the energy efficiency optimal control scheme for both the
single manufacturing machine and the comprehensive production resources. For a single manufacturing machine, the no-
load efficiency between any two stages is optimized in the control scheme. For the comprehensive production resources, a
multiple-objective optimal control scheme is developed for minimizing the manufacturing cycle, reducing the machine idle
time and improving the product quality. Since this is a discrete combinatorial optimization problem, we solve it by using
the MA-NSPSO (memetic algorithm-non-dominated sorting particle swarm optimization) algorithm, and select the most
proper energy efficiency control strategy from the Pareto solution set by using analsis hierarchy process (AHP) decision
method. Finally, the effectiveness of the proposed method is illustrated by examples and simulation.
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1 ÚÚÚóóó(Introduction)
ÅK´C��E��Ø%,¡éDÚÅK�¬�
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Fig. 1 Energy efficiency optimal control of machine tools

8c,ÅK�¬U�`zïÄÌ�8¥uÅ�É
Ú�O��E�¡,lïÄ��þ���©�Eâ!
U!�EL§+�!U!ÅK�¬UÑA5©Û�ï

�3���[2]. IS	Eâ!U���)�O�ã�
�þz�O,À^!U.>Å�Ü�[3–4]. �EL§+
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2 ���EEEXXXÚÚÚUUUÑÑÑaaa������äää(Energy consumpt-
ion sensor network of manufacturing system)

2.1 UUUÑÑÑaaa������äää���...(Model of energy consum-
ption sensor network)
�E�mXÚUÑa��ä´3�E�mS|^

�ª£O(radio frequency identification, RFID)Eâ!
Ã�Daì!Ã�Ï&�ä¼��m��!:�)�

êâ!�uêâ!¥�êâ±9Ô�êâ,ÏLé¤I
&E�Â8!�nÚ©Û,�)�¹ÄJøk��û
ü�â[7–8].
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Fig. 2 Deployment of energy consumption sensor network
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äò�m¢�&ED4�ÄÕ,±�B+nÚNÝ.
3�y¢^5Ä:þ,��BïÄ,é�m�ä�
.�XeA:b�:

bbb��� 1 ÄÕÜÝ3ål�E�m���/�,
¿�ÄÕ�UþØÉ��.

bbb��� 2 Ã�Da�ä¥�!:�éþ!/©

Ù3�E�m¥,Ð©Uþ��Ó.

bbb��� 3 ¤k!:��Ù��¤±�ÒØ2£

Ä,� �®�.

ã 3 UÑa��ä�.

Fig. 3 Model of energy consumption sensor network

2.2 UUUþþþppp���DDDÑÑÑ���ÆÆÆ(Energy-efficiency transmi-
ssion protocol)
�!Äu12.1!¥JÑ�UÑa��ä�.,

JÑ
�«nÜLEACH�Æ©q�ÿÀ(�Ú

PEGASIS�Æ�õaóªÏÕ�ª,�O
�«Ä
u·Üâf+�{�Uþp�´d�Æ.�{nÜ

LEACH�ÆÚPEGASIS�Æ�`:,éqÞ�
ÀJ!©q�{±9ó´�ïáÑ?1
U?,±
��²ï¿~�a�!:�UÑ,ò��ä�)�
±Ï�8�. Äuþãb�,�©æ^8¥ª�{,
ÄuUþ�ål�K,|^·Üâf+�{?1ó
´�/¤ÚqÞ�ÀJ.Äk3ÄÕUì/n �
riÿ«�y©�����!��Ø­U��/«

�,Ùg3z�©qSÏL·Üâf+�{�E�
^�`�qSó,2g3z�q¥�â!:�{U
þ���ÀJqÞ,�ÿÀ!:�{Uþ�Ó�,
ÀJålÄÕC�!:��qÞ,,��qÞ2Ï
L·Üâf+�{�E�^qÞó,¿�âqÞó
¥!:��{UþÚålÄÕ�ålÀJoqÞ.
���qSóÚqÞóÑ/¤�,ÄÕò�EuÙ
�«�S�¤k!:.

·Üâf+�{�1L§Xe,��{�1�
6§ãXã4¤«.

1) �N?è.

âf�N?èæ^�N?è�ª,z��âf
L«²L�¤kDaì!:,'X�²L�Daì
!:ê8�10,�N?è�[2 3 10 6 9 7 5 4 8 1],L
«!:H{l2m©,²L2, 3, 10, 6,,���!
:1,l
�¤H{.

2) ·AÝ�âf·AÝ�L«�H{´»�
Ý,O�úª�

fitness(i) =
n∑

i,j=1
pathi,j , (1)

Ù¥: n�Daì!:�ê; pathi,j�!:i, jm´
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»��Ý.

3) ��ö�.�NÏLÚ+N4�±9�N4
����5�#,æ^�ê��{?1��.

4) CÉö�.CÉö�´æ^�NSÜü��
Å p��üÑ.

ã 4 Äu·Üâf+�UÑ�äÏ&�Æ6§

Fig. 4 Transmission protocol flow of energy consumption

network based on hybrid particle swarm

3 ���EEEXXXÚÚÚUUU���`̀̀zzz������(Energy efficiency
optimal control)

3.1 üüüÅÅÅ���������111UUU���`̀̀zzz������(No-load energy
efficiency optimal control of single machine)
ÅK\óL§óÚm�1$1L§´��Uþ

�ÑL§,´E¤ÅKUþ|^Ç$����Ï�
�.�©Äk�âÅK\óL§�UþA�,òÅ
K�1©�3aG�: ÅKéÄ��1�ã!óÚm
�1�ã!ò
ÊÅ�1�ã. óÚ�m��1�
ã´ÅK�1$1Uþ�Ñ�ÌN.�âóÚm�

1�ã�UþA5,òóÚm�UþÄ�CzL§
©�3��ã: ªÇgdeü�ã!�`ªÇ$1�
ã!ªÇþ,�ã. dÅK$ÄL§��,óÚmª
ÇCz­�Xã5¤«.

ã 5 ÅK�1$1L§

Fig. 5 No-load running process of machine tools

(Ü©z[9, 23]éÅK$1Uþ6�©Û�£
ã,�òóÚm�1!U$1¯K£ã�

minE =w ti+1

ti
[P0(w(t))+k1fn(w(t))+k2fn(w(t)))2]dt=

w ta

ti
[P0(w(t))+k1fn(w(t))+k2fn(w(t)))2]dt+

[P0(w̄(t))+k1fn(w̄(t))k2fn(w̄(t)))2](tb− ta)+w ti+1

tb
[P0(w(t))+k1fn(w(t))+k2fn(w(t)))2]dt,

(2)

s.t. ẇ(t) =





w̄ − w(ti)
ta − ti

, t ∈ [ti, ta),

0, t ∈ [ta, tb],

w̄ − w(tb)
ti+1 − tb

, t ∈ [ti, ta),

ti < ti+1, ta, tb ∈ (ti, ti+1),

fn(w(ti)) = n0,

fn(w(ti+1)) = nf ,

fn(w̄) < n0, nf ,

Ù¥: E�?¿ü�óÚm�1$1L§�UÑ;
w(t)�CªìÑÑªÇ; w̄��1!U$1Cªì

�$`zÑÑªÇ; n0, nf©O��1!U`zå

©��ti�ªà��ti+1éA�Ì¶>Å=�,�®
�~ê; ta�ÅKÌDÄXÚgd~�$Ä��$

`zªÇw̄���; tb�LÌDÄXÚl�$`z

ªÇw̄?\þ,�ã�å©��; P0(w(t))�Ì¶
>Å�1��UÑ; fn(·)�CªìÑÑªÇ�ÌD
ÄXÚ=��m�¼ê; k1, k2�d>Å9Cªìë

êû½�~ê. Äuïá�óÚm�1!U`z�
.,|^�`z��nØ��{,|^MATLAB?
§,�¦)Ñ�1!U$1�`N�5Æw̄, ta, tb.
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3.2 nnnÜÜÜ)))���]]]


UUU���`̀̀zzz������(Energy efficiency
optimal control of comprehensive production re-
sources)
�©3JÑ��mUÑa��äÜÝÄ:þ,

|^�EXÚ�¢�êâ,ïá± á)�±Ï!
~�Åì�=�m!Jp�¬Ü�Ç�`z8I�

nÜ)�]
U�`z�.,¿JÑ^u)ûdõ
8I`z¯K��U`z�{.

3.2.1 êêêÆÆÆ���...(Mathematical model)
Äk�Ñ�'ëê�½Â.

n: �\óó���ê;

m: \óÅì�êþ;

M : ¤k\óÅì�8Ü;

Mij : ó�i�óSj�À\óÅì�8Ü,Ù
¥i = 1, 2, · · · , n, j = 1, 2, · · · , ni, ni�Ló�i�

¤kóS�ê,Mij ∈ M ;

k: Åì�S�Ò; Oij : ó�i�óSj;

Tk: Åìk�¤¤k\ó?Ö��m;

Sijk: ó�i�óSj3Åìkþ�mó�m;

Tijk: ó�i�óSj3Åìkþ��ó�m;

tijk: ó�i�óSj3Åìkþ�\ó�m;

Ti: ó�i�\ó�m;

xijk =

{
1,XJóS3OijÀJ3Åìkþ\ó,

0,ÄK,

Ù¥: n, m, M , Mij , ni, k, Oij , tijkL«Ñ\Cþ;
Sijk, Tijk, Tk, TiL«ÑÑCþ; xijkL«ó��,

�óS�±3õ�Åìþ\ó,�ûüCþ.

1) 8I¼ê. �©± á)�±Ï!~�Åì
�=�m!Jp�¬�Ü�Ç�`z8I,é�8
I�êÆ£ãXe:

i) )�±Ï.=óS���\ó�¤�m:

f1 = maxCi, (3)

Ù¥: CiL«ó�i(i = 1, 2, · · · , n)��ó�m, n

´�\ó�ó��ê.

ii) Åì�=�m. �
¦�Ñ��z,A~�
Åì��=�m:

f2 =
m∑

k=1

∆Tk, (4)

Ù¥∆TkL«1k(k = 1, 2, · · · ,m)�ÅìlmÅ
�Ê�L§¥��=�m.

iii) �¬Ü�Ç.�¬�Ü�ÇÉõ«Ï�K
�,éu)�NÝ
ó,4ö�Ùö�ó<Ú5U
`É�Åì«ú�õ�?Ö´Jp�¬Ü�Ç�k

��{:

f3 =
s∑

j=1

m∑
k=1

NkjEk, (5)

Ù¥: NkjL«\ó1j(j = 1, 2, · · · , s)�óS�
1k�Åì\óó���ê, sL«ó�i�óS�

ê, Ek ∈ [0, 1]«TÅìÚ�Aó<�nÜ¬�á
5, NkjEkL«31k�Åìþ\ó1j�óSó�

�Ü��¬�ê.

2) �å^�: i) )�]
�å�



sijk + tijk 6 Sabk,

a = 1, 2, · · · , n, b = 1, 2, · · · , ni,

a 6= i, b 6= j,

(6)

ª(6)L«Ó��Åì3Ó���U�=U\ó1�
ó�.

ii) ó²6§�å�
Mij∑
k=1

xijk = 1, (7)

Sijk + xijk × tijk 6 Tijk, (8)

Tij 6 Si(j+1), (9)

Ù¥: ª(7)L«ó��,��óS3Ó���U�
=U���Åì\ó;ª(8)–(9)L«ó�óS�k
�^S�å,=3e��óSm©\ócù�ó�
þ��óS7L®²�¤.

iii) Ù¦�å:

Si1k > 0, (10)

maxTk > maxTi, (11)

Ù¥: ª(10)L«ó�m©\ó�m7L�u½�
u0;ª(11)L«z�ó���ó�m�u½�uo
�ó�m.

3.2.2 ëëëêêê���333���¼¼¼���(Parameter online access)
1) ó�Ci�ó�m: ÏLé�ma��ä�Ü

Ý,z�ó�þ���Ù��éA�I\,^ué
ó��)·±Ï��l. ó�i3,�óSþ��

ó�mCi�±�âéÙæ8�m©\ó�(å\

ó��mO��Ñ.

2) Åì��=�m∆Tk: Daì�±éÅì�
�=�m∆Tk¢yi�,¿ò¢�&E�NÝ&E
�'�,XJk�Øö���1,XÚò?1�§
��,¦)�£��(;�þ5.

3) ÅìÚó<�nÜ¬�&EEk: dRFIDæ
8¿ÏLÃ�Daì�äDÑ�ÑÖì,ÏLéL
��ã�mSz�ÅìÚó<�¤ó��Ü�Ç?

1©Û,�ÑnÜ¬�á5Ek.
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3.2.3 MA-NSPSO`̀̀zzz���{{{(MA-NSPSO optimal
algorithm)

�Ä13.2.1!JÑ£ã�]
U�`z¯K´
lÑ�|Ü`z¯K,
âf+�{´áuëY�
m�`z�{,��^âf+�{¦)NÝ¯K´
Ø�1�. Ïd,�©JÑ�«©zÄÏ|�üS
âf+�{MA–NSPSO,òâf+�{���Û|
¢�{,ò�Åir{��ÛÜ|¢�{,²ï�
{��Û|¢UåÚÛÜ|¢Uå;æ^�|�ü
SÚP@ål5¼�Pareto�`)¿JpÙõ�5;
æ^CÉö����{�\ÛÜ�`. �{�A:
3uU
k�/�Pareto�`c÷`z,¦�Pareto
�`)8äkûÐ�©Ù5,äk`û�Âñ5.

1) �|�üSÚP@ålüS.�©ÏL'é,
ÀJNSGA–II¥��|�üSÚP@ålüSüÑ
�¤Pareto�`)8. äNL§´: éÑ�c«+
¥�|��`)��N¿òÙ�311�?¥,3
�{«+¥UYUì|�'Xé�N?1©?,­
EþãL§,��)8Ü¥¤k��NÑ�©��
?��.P@ålDi´Tâfi�ÓPareto�?p¡
�¤kâf�îAp�ål�Ú.âfi�P@ål

�±UìeªO�:

Di =
l∑

j=1

√
p∑

h=1

(fh
i − fh

j )2, i, j ∈ F (s), j 6= i,

(12)

Ù¥: DiL«âf�P@ål; F (s)L«Pareto�
?�s�¤kâf�Ü8; fh

jL«1j�âf�1h

�8I¼ê,�kp�8I¼ê; lL«8ÜF (s)¥
âf��ê.

2) ÄuóSÚÅì�V�âf?è�{. �©
ÄuóSÚÅì�âf?è�ªæ^V�âf,=

âf�z� ^[
n

m
]5L«, n´g,ê,L«��

ó��ó�Ò. m�´g,ê,L«ó����óS
¤éA�\óÅì. ¢S)�L§¥,Åì�?Ò
�½´�ê,²LS�$�����ê��UØ´
�ê,�©æ��þ���?��{. duÅìo
ê´M ,âf¥Åì?ÒØU�LM ,¤±5½T
�þz��������[1,M ],��Ld«m�,
Uì>.��,�ã6.

ã 6 ÄuóSÚÅì�V�âf?è
Fig. 6 Double layer particle coding based on procedure

and machine

3) ÄuóS?è�Åì©��CÉö�.�©
æ^ü«CÉö�5���{�\ÛÜ�`,�«
´ÄuóS?è�CÉö�,CÉ�fÄkl«+
¥À�CÉâf,,�ÀJCÉ �1Ú �2,�
�r�N¥�\óóSé�.,�«´ÄuÅì©
��CÉö�,Äkl«+¥�ÅÀ�CÉâf,
,�ÀJCÉ �1Ú �2,���Å�)Åì?
Ò,r�k�?ÒO�,�)�Åì?ÒØ�uÅ
ìoê.

4) �Åir{�
Jpâf+�{�Âñ�Ý
±9)�°(Ý.�©æ^�Åir{��ÛÜ|
¢�{. |^ª(13)�Å/¦�e��`z),XJ
`z��)`u�c),K�#�c),XJ�u
�c),KØ�#.

xi = xi−1 + λui−1, (13)

Ù¥: xiL«3i− 1ÚS¼��Cq���, λ´5

½�~þ,Ù��û½
|¢��. ui´�Å�)�

ü �þ.

5) �{6§�ã7.

ã 7 MA–NSPSO�{6§

Fig. 7 MA–NSPSO algorithm flow
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3.2.4 ÄÄÄuuuAHP���ÛÛÛ©©©ÛÛÛ���`̀̀zzzûûûüüü���{{{(AHP-
based optimal decision algorithm)

|^13.2!JÑ�`z�{¦)]
U�`
z¯K��|Pareto)8�,I�lù|Pareto)8
¥À����·Ü�)��U����`NÝ�

Y.�©æ^�g©Û{,�â;[XÚéNÝ�
I�­�5?1µ�¿üS,©Ûõ8I`z��
��Pareto)8,ÀÑ���÷¿�NÝ�Y.�©
¤��Ä�Ò´)�±Ï!Åì�=�mÚ�¬Ü

�Ç;©Y�Ò´õ8I�{¦���|Pareto)
8,äN©�(�Xã8¤«.

ã 8 õ8Iûü�AHP4�(�

Fig. 8 AHP hierarchical structure of multi objective decision

ûü���8I¼ê�­�5�g����ó

�m�á!�¬Ü�Ç�p!Åì�=�m��. ^
êi1–9L«��8I¼ê�müü­�§Ý,¿
���äÝ
:

A =




f1 f2 f3

f1 1
1
5

1
3

f2 5 1 3

f3 3
1
3

1




.

���I�þjØÓ´õ8I¯KûüL§���

­�¯K,vkÚ�IO,Ã{�p'�. Ïd,3
nÜµ½Pareto)8�c,I�?1Ãþjz?n,
=�I�A��Ó�C��[0, 1]��S.�©æ^
±e�{5?1Ãþjz?n.

�bijL«�IfjéPareto�YXiþjz���

��,½ÂXe¼ê:

bij =
amax

j − aij

amax
j − amin

j

, (14)

amax
j = max{a1j , a2j , · · · , apj},

amin
j = min{a1j , a2j , · · · , apj},

ª¥: i = 1, 2, · · · , p´µd�Y�êþ; j = 1, 2,

· · · , q´�Ifj�êþ; aij´Pareto�Y¥�Ifj�

�.dþª����Y�ûüÝ
B = (bij)p×q. O
�

D = (Di)p = BWT =
q∑

j=1
bijwj ,

���µd�Y÷¿ÝÝ
(Di)p.

4 ¢¢¢~~~©©©ÛÛÛ(Example analysis)
�©±,¶«�K�EXÚ�¢~,é¢S\

óL§æ8�êâ²?n�,¼�L1ÚL2. L1�
ÅìÚó<nÜá5XêL,L2�Ñ
z�óS
�\óÅì9Ù\ó�m.

L 1 Åì¬�á5XêL
Table 1 Coefficient of machine quality property

?Ò M1 M2 M3 M4 M5 M6 M7 M8

¬� 0.8 0.3 0.9 0.7 0.4 0.8 0.7 0.6

L 2 �óS9Ù\óÅK�mL
Table 2 Procedure and machine time schedule

\ó�mt / h
ó� óS

M1 M2 M3 M4 M5 M6 M7 M8

O11 – 12 – – 14 – 20 –

O12 18 – – 19 – – 11 –

J1 O13 – – 14 9 – 17 – –

O14 – 11 – – 9 – – 12

O15 15 – – 8 – – – 18

O21 – – 12 19 14 – – –

J2 O22 8 – – 9 – – 15 –

O23 16 17 – – – 9 – –

O31 – – – 11 10 – – 13

O32 – – 12 18 – – 14 –

J3 O33 9 – – 15 17 – – –

O34 – 12 – – – 5 – 9

O35 3 – – 4 – 8 – –

O41 – 19 – – 7 – 13 –

O42 – – 8 – 11 – – 16
J4

O43 – 11 – 8 – – 18 –

O44 6 – – – – – 14 9

O51 – – – 22 – 12 17 –

J5 O52 – 18 – – 11 – – 9

O53 9 – 12 – – – – 7

O61 – 11 – – – 9 14 –

O62 8 – – – 6 – – 9

O63 – – 11 – 17 – – 18
J6

O64 5 – – 15 – – 7 –

O65 – 11 – – – 8 – 7

O66 19 – – 7 – 15 – –

1) �EXÚ�ä`z�{�k�5©Û.À�
¶«�K�E�mS50m× 50m�Ý/«���
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�ýïÄDaì!:�©Ù«�,�â�m�ÙÛ,
æ^U/n �©q��{,3d©Ù100�!:
iÿd«�S<!Ô�!óS!��!9Ï\óX

Ú�&E.ÄÕ��I´(50, 300),qÞ�ê8�!
:�5%,�!:�Ð©Uþ©O�0.5 J.

L 3 PEGASIS�MA–NSPSO�{²�Ú�'�
Table 3 Sum of square comparison between

PEGASIS and MA–NSPSO

�¹Óê
�{ ²�Ú�

1% 20% 50% 100%

PEGASIS 5391.23 1420 1760 1912 2028

MA–NSPSO 2502.94 1891 1925 1938 1952

�8�{��©U?�{/¤�ó´Xã9Ú
ã10¤«.

ã 9 PEGASIS�{���ó´

Fig. 9 Link from PEGASIS algorithm

ã 10 MA-NSPSO�{���ó´

Fig. 10 Link from MA-NSPSO algorithm

ã11�3«�{e!:��¹�m�¹. ÏLé
'uy,�©JÑ�Uþp�Ï&�Æ�11�k
�!:�¹Óê'LEACH�{ò�
�1.5�,'
PEGASIS�{�ò�
0.3�.

ã 11 3«�{!:�¹�m'�

Fig. 11 Life span comparison of three algorithm

2) üÅ��U�`z�{�k�5©Û.

À�ÅK\ó��^uüÅ��U�`z�{

��y,d���,ÅK�)��CK6136Cªê
�ÅK.�?¿üóÚm��1�m�T0,óÚm
�1$1=��nk. Äu©¥14.1!JÑ�üÅ�
�?¿üóÚm�1!U$1�.?1`z,æ^
©z[6]�Ñ�!Uz©'½Â:

δ = (1− E0k

T0 × P0k
)× 100%,

ª¥: δ�!Uz©', E0k�ªÇþ,�ãéÄL

ÞL§�Uþ�Ñ, P0k�ÌDÄ¶�1=��nk

���éA�Ì¶�1õÇ.üÅ��óÚm�1
!U`z¢�êâXL4¤«.

L 4 óÚm�1!U`z¢��
Table 4 Experimental value of no-load energy

saving optimization between two pro-
cedure

�1 ®�ëê `z�ÿþ�

L§ T0 nk P0k E0k !Uz©'δ

1 3 600 174 435 16.7%
2 10 1050 277 1144 58.7%
3 40 1200 302 1357 88.8%

3) nÜ]
U�`z�{k�5©Û.

æ^©¥14.2!JÑ�nÜU�]
`z�.
9�{é¶«�K�EXÚnÜ]
U�?1`

z. �{¥ëê��Xe:

w0 = 1.3, c1 = 1.6, c2 = 1.5,

gen = 300, popsize = 50,

CÉÇw1 = 0.35,¦)���Pateto)8XL5¤
«.
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L 5 Pareto)
Table 5 Pareto solution

�� Åì �¬ �� Åì �¬

SÒ �ó �= Ü�Ç SÒ �ó �= Ü�Ç

�m/h �m/h Xê �m/h �m/h Xê
1 60 53 0.0585 26 61 75 0.0599

2 64 82 0.0562 27 63 71 0.0610

3 62 57 0.0568 28 65 64 0.0614

4 66 79 0.0565 29 65 82 0.0575

5 59 68 0.0588 30 69 63 0.0585

6 59 64 0.0610 31 63 83 0.0588

7 60 85 0.0556 32 63 85 0.0585

8 65 85 0.0565 33 64 63 0.0667

9 66 63 0.0575 34 66 62 0.0595

10 62 62 0.0592 35 65 73 0.0602

11 62 72 0.0578 36 66 76 0.0575

12 62 57 0.0680 37 62 80 0.0602

13 64 59 0.0610 38 69 85 0.0585

14 59 72 0.0610 39 69 92 0.0578

15 63 68 0.0568 40 63 78 0.0610

16 64 91 0.0559 41 66 64 0.0595

17 64 60 0.0602 42 62 68 0.0625

18 63 91 0.0562 43 63 85 0.0592

19 64 62 0.0585 44 63 87 0.0625

20 59 75 0.0588 45 66 83 0.0595

21 64 87 0.0575 46 64 82 0.0621

22 68 62 0.0592 47 65 87 0.0625

23 60 89 0.0588 48 67 85 0.0617

24 62 93 0.0585 49 65 91 0.0637

25 62 67 0.0621 50 66 88 0.0629

?
,æ^13.3!��g©Û{AHPl���
Pareto)8¥ÀJ�`U�`zNÝ�Y.²O�
���­¥þWT = (0.10, 0.64, 0.26).O�D =

(Di)p = BWT =
q∑

j=1
bijwj ,���µd�Y÷¿

ÝÝ
(Di)p. �DL =maxDi =D11,`²�Y11�
�÷¿�Y,ÙéA�NÝ)[Aã�ã12.

ã 12 nÜ]
U�`zNÝ[Aã
Fig. 12 Gantt chart of integrated resource efficiency

optimal scheduling

5 (((ØØØ(Conclusions)
�©�éÅK�¬�EXÚ�ïÄé�,l�

�XÚ��Ý,±U�`z�8I,|^Ã�Da
ì�äEâ!̀ z��nØ��{,�Ñ
ÅK�
¬�EXÚ&Euÿ!U�`z¯Kï��{9`

z���{. 8c,ÅK�¬U�`zÄ�þþ´
lÅ���Ý,ÏLÉÚ�O,æ^pU�Ü�J
pU�,mkl���ûü��Ý,)ûXÚ�U
�`z��¯K.,
,ÅK�¬�EXÚ�!U
´��XÚó§,lüÅ��Ý5w,æ^pU�
Ü�´��­�Ú½,�'�e,ÏLüÅSõ°
ÄC���Ó,¦þ~���ÅK�Ä�UÑ,A
O´�âK1Ä�N!°ÄC��$=�Ý,½6
�5'4ØI��UÑ��,éUÑ�K�K��
õ. l�E�mÅ+5w,ØU�Û�3�²üÅ
ÅK¤^��Ü���Ç,k7�é��)�L§
�1�g±U
�Ä:�*	,ÏLé�N\ó6
§�°Ã+�,`z\ó6§5ü$�CUÑ.Ï
d,�©�AÚ�?3ulXÚ���ûü�À�,
(ÜÃ�DaìpU�Ï&,¢yüÅ���nÜ
]
U�`z. XÛl��XÚ�Ý,ïá1�k
��U�`z��µd�INX�þzµ��{´

��?�Ú&¢���.
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