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Abstract The appearance of multi-processor and multi-mode scheduling problems marks

a development trend that becomes more complicated and flexibility-oriented. Through recur-

sive microstructure method, the thesis offers a uniform definition for the current scheduling

problem as well as some complex problems that are hard to be clarified with traditional

methods. In terms of principal-subordinate structure, general flexibility degree (GFD) is

used here as an indicator to measure the scheduling flexibility, and GFD classification pro-

vides a ground for linear and integer programming solution to the problem. Quantitative

experiment not only verifies that appropriate flexibility can effectively optimize the best

solution of the scheduling problem, but also results in a statistical conclusion towards the

reasonable machine group size.
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1) �KN���xUv�#�?�_Li`/9t[1∼5]

;

2) �0v�5Sei�w~i,�z1[6∼9]
;

3) �5�w�'5N/��kmL~i�5Si;�v��>_~i��o.\6#�m�hg :	
1) kH:�&�i#��T9<V�?#��'��1�H
.KN�:'k0s�9X�kqskU :%�z1U�gz1iLiv�#��)�k3i���
2) )�	�B�5SiD*zq�p)�5SC�i℄eoy	v��e�Ky:iz℄`/��!zq_v�#�i��?�S{��?,%Bo	[1 v�#�8G�ki#k����C#k<V�?m&�B�i..iv�#��s���?��!zq_℄℄B�5Si.! GFD, ("	p5S�25S\8�I8G_! #�i5SHb����!T_j3{Pbn4b'_3{5S�?	�v�#�i*'FK�

2 y�&�l��B&Z	�k6�B�v�2)PT�� n ;�V2)Xg�<	T = {T1, T2, · · · , Tn} =

{Tj}
n
j=1. B{B�w M = {Mi = (pi1, pi2, · · · , pin)}m

i=1 _ n �E� Rn ?iM=tw� Q pij #XB�Mi �<2) Tj iM��pij = ∞ d�%d Tj 2),��Mi B�?�<�_~ 1. B (F, ar) _N�S Rn ?? F N - �^n�; ∃Rn ?�#twQ {Ui}
m
i=1, 	

∀i 6= j, � Ui ∩Uj = φ, � ∃{fi}
m
i=1 ⊂ F , ar(fi) = |Ui|, S fi(Ui) = Mi, �> Ui _ Mi � fi .i��? (microstructure, MS), {Ui}

m
i=1 _ M � {fi}

m
i=1 .i��?���pnB�> Ui i�u ul �B���> Mi �B�,�\P?�����?5�B��S�uT�,
i5U?�B�UB�,_Bo7`Cei�_~ 2. ; M 5�\8,
i��? {Ui}, {Vi}, � ⋃m

i=1 Ui =
⋃m

i=1 Vi, �> M 5�5S��? (Flexible MS, FMS), r�>5Si�7���>�5�0S��? (Rigid MS,

RMS), r�>0Si��'i�zq Rn ?i��wI ⋃

,
⋂

∈ T ,	� u = (p1, p2, · · · , pn), v = (q1, q2, · · · , qn) ∈

Rn, u
⋃

v = (
1

1/pj + 1/qj
)n
j=1 = (

pjqj

pj + qj
)n
j=1, u

⋂

v = (max(pj , qj))
n
j=1, '> ⋃

,
⋂�(X�PXwI��46(�PXwI�&Y�w ◦ .??P(nYwI��>nYwI�v�#�7iB�,��,
iwI.�??,
i��?�� 1 7�B�, Mi−15�PX��?�Mi+1 5�(X��?�Mi 5�<VUnY��?�� α|β|γ  K��v�#�71 5^#Si#��bG��?9# 1.% 1 x�%���A"L

Table 1 Classifying scheduling problems according to microstructure2!6_$Tjw�$� α|β|γ YU ����nLOu α = Pm 	����bl=Z$� )QLOu α = Qm 	����8tLOu α = Rm 	����>�<� α = O 1TQY���=Z$� eD<� α = F 1TQY���3*<� α = J 6TQY���+{LOu β = fixj 1T)Y���LOu$� )QLOu β = sizej 6T)Y���yVLOu β = setj 6T)Y���'�LOu$� – – 1ToZ���
– – 6ToZ���
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α|β|γ  K�,�%.i&�KNt#��o.�9t�h��&�i<VnY��?#���e|!Rn' Cmax.

� 1 RZ�*Z�p[��A
Fig. 1 Series-wound, shunt-wound and hybrid microstructure

3 >X��B{Æ8V_~ 3.
⋂

◦(
⋃

◦
⋃

◦ · · ·
⋃

) >�<VUwI�v�#�	vnY<VUwI7PXwIW�iB�>�<t�|B�>�Vt�<VUwI??i<V��? (Principal-subordinate microstructure, PSM) #��	v�P�v�i.7io.�I	
1) �5�kzNg�WÆmiNgB�[��<B��NgB���<B�5��	>S�
2) �k}<t{GFi�}$)��<tU$)�)�5�GN�$)5Ui6s�
3) �Xi7{S{i{8E�G��9B�CR7i<B�J�5��f�<�WitS�[�<gAS�aiG5m�;,�m
�R�i|G�℄�GÆmi�KNt#�[10] � PSM #���[i7t)K���'�#G_���u��	
1) GiBqhS	�{�iB�_k3i�� PSM #�7ik}<t�,
Vt
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2) Gm� “v� ”, uT,m?�
-��<t�R�E`�ziGN�v��Ngm2)�uTv���m5ÆB�Ri�P�_~ 4. Vt ul BhiB�,in℄�Vt5S� (flexibility), (�� fl. {�VtiVt5S�Bv�O5S� (General flexibility degree, GFD), |	

GFD =
∏

l

fl (1)�,
i��?.�
kVtBoh�,
iB�,���OBo	BnkVt2Ah�{kB�,�uT GFD _k6%$n�
GFD _ PSM #�i5S�℄�d GFD=1 M�� (1) UB(	 ∀l � fl = 1, |nkVt0�h�
kB�,�uT _k80Si�?�0S��?.�wI�V�_B�y��?)�iD*E+�v�#�Bo;5! �yE GFD i�9�5S�,�?I�#�i~�h���o. '	5S�CU5S�[\8�I'P�h�

4 8V>X��By�&�l#"
4.1 ℄r{�\xng

GFD = 2 M�,Lk�S�BVt u1 _�kip5S�Vt�Bhi\B�,�
M1 U M2. ��|B�,yVt;�0S�?�,P2)U M1, M2 7` M�uT	�2Xk8v����OBo	 M1 U M2 E`i2)i/_rY'Pv$�SY�k6MC t, � t MC)��u1 k+U M1 [��� t MC)_��*U M2 [��V��0Xg��QkUB��kiv���7'PÆz�|B�g(2T�v����d	

xij =

{

1, MiE`Tj , i = 3, 4, · · · , m; j = 1, 2, · · · , n

0, #� (2)

yij =

{

1, Mi� t MC�E`Tj, i = 1, 2; j = 1, 2, · · · , n

0, #� (3)

y′
ij =

{

1, Mi� t MC_E`Tj, i = 1, 2; j = 1, 2, · · · , n

0, #� (4)Qq9� 2 {X�
� 2 t OD u1 � M1 W M2 *�l
Fig. 2 u1 shift to M2 from M1 at time t
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min Cmax

s.t.
n

∑

j=1

max









pij ,
1

∑

ul∈Ui

(1/qlj)









xij − Cmax 6 0, i = 3, 4, · · · , m (5)

n
∑

j=1

max











pij ,
1

∑

ul∈U−

i

(1/qlj)











yij − t 6 0, i = 1, 2 (6)

n
∑

j=1

max











pij ,
1

∑

ul∈U+
i

(1/qlj)











y′
ij − (Cmax − t) 6 0, i = 1, 2 (7)

m
∑

i=3

xij +

2
∑

i=1

yij +

2
∑

i=1

y′
ij = 1, j = 1, 2, · · · , n (8)

xij ∈ {0, 1}, i = 3, 4, · · · , m; j = 1, 2, · · · , n (9)

yij , y
′
ij ∈ {0, 1}, i = 1, 2; j = 1, 2, · · · , n (10)

t > 0 (11)

Cmax > 0 (12)7 pij #X<t Mi �?2) Tj iM��qlj #XVt ul �?2) Tj iM��;�
/*zi8n�Ui #X<t Mi [�iVtwY�	� i = 1, 2, U−
i , U+

i  '#X Mi � t MC�_[�iVtwY� (5) SJ M1, M2 �i|t��� Cmax )��?�<2)�
(6) S M1, M2 �rk��E`i2)� t MC��?� (7) S M1, M2 �r���E`i2)V t MC=T�� Cmax ��?� (8), (9), (10) S{�2)0� �kU� kxNi 0-1 $n ℄� nm + n 6�Pn ℄ 2 6�Æm	� n + m + 2 6�	� GFD = 3, Jk} 3 5S�Vto��;�0SVt�uTBo3{� GFD = 2Kti��'Pv��+T� 1 r 2 U�k|BhgT� �� (5)∼(12) w�70Xg�� 1 6 t  ℄�oy7vi yij , y′

ij |B�
4.2 fr{`�\xng	� GFD �[i�I�d GFD _unM�;0�Qk}�5S�Vt�Nh?Js�Bo3{p5Si��JKN�/�\P?��$nHb�w&��\2�	� GFD�[i�I�PM��.n�9��d GFD �YnM��m��a�Fi$nHb����!	� GFD �[i#��%"	B�/i (preemptive) �I��Go.5SHb����{�iVth�iB�,'PRY�RYn��O5S� GFD. ��B�/�{o	2Xk6v����OBo'P`div$�S7
��?iM��$��M�b � GFD 6�� S = {S1, S2, · · · , SGFD} = {Sk}

GFD
k=1 , nk��	vk8��?�M�G�� ℄ tk. BM�� k 7 Mi iVtwY� Uik, i = 1, 2, · · · , m;

k = 1, 2, · · · , GFD. v�#�i�e|!�1_!nkM��iM�G� tk, oy�M��
k 7B�, Mi/Uik /_E`i2) Tj i�T xijk , SOM�G� Cmax TC�
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min Cmax

s.t.
GFD
∑

k=1

m
∑

i=1

xijk − 1 = 0, j = 1, 2, · · · , n (13)

n
∑

j=1

max









pij ,
1

∑

ul∈Uik

(1/qlj)









xijk − tk 6 0, i = 1, 2, · · · , m; k = 1, 2, · · · , GFD

(14)

GFD
∑

k=1

tk − Cmax = 0 (15)

xijk > 0, i = 1, 2, · · · , m; j = 1, 2, · · · , n; k = 1, 2, · · · , GFD (16)

tk > 0, k = 1, 2, · · · , GFD (17)

Cmax > 0 (18)7 (13) �'nk2)���,P�?�(14) SnkM��7;2)i�?M��,:O)M��iM�G��(15) SOXiM�m�7M��iM�G�)U�	�)5SHbiT��K��M��;k��n;2)�|BO?�$iv����M��i/_rYyM���2)i�<rY,y:�e�K�)5SHb ℄6n� (mn + 1)GFD + 1, d m U GFD kzi�I.�Hx� O(n)
[11]

.

5 S~8V��B-)y��N?k5S��?.i5SHbw��SR{5S��?	v�#�'P*'�>_B��o.{!3 [10] in4wJb' k����f\6B�,??iv�#��nkB�,� 5 }B�{R?��qh5S��?	�v�#�iy:�	�0S��? (GFD = 1)U5S�TCi5S��? (GFD = 2).5S��?.iv��K C′
max 3{?k 0-1 Hb���w�Pbn4woy0S��?.i LPT w�n4�JK!3 [10], v�#�PTe�n' 100. X�	��3{ 3�!G0S��?.iT�v��K Cmax. (1�Kb�# 2 7�% 2 7U��A,(GM

Table 2 Optimized result by flexible microstructure3*o C� 3*N� Q�L Q�L
�-o !/&� 1T�� (GFD = 1) 6T�� (GFD = 2)

n m LPT x� Cmax 	< C′

max UD C′

max 	< C′

max/Cmax UD C′

max/Cmax

6 3 [1,20] 22.53118 22.53118 21.09139 18.77591 0.93754 0.83333

9 3 [1,20] 30.82401 30.82401 30.48363 28.16544 0.98894 0.91375

6 3 [20,50] 76.68288 73.03131 70.90555 64.87371 0.97128 0.88830

9 3 [20,50] 108.39184 105.2348 104.5323 99.79732 0.99332 0.94833

8 4 [1,20] 24.24534 22.24343 20.85619 18.53567 0.93972 0.83331

12 4 [1,20] 31.12127 31.12127 30.49198 23.95622 0.97962 0.76977

8 4 [20,50] 76.97813 74.01743 71.86189 66.93618 0.97143 0.90433

12 4 [20,50] 107.4480 105.3412 104.7442 102.62340 0.99434 0.97420

10 5 [1,20] 23.33781 22.44020 21.22435 18.68304 0.94853 0.83257

10 5 [20,50] 78.81735 74.35599 72.38549 68.26103 0.97381 0.91803Bo?G	3{5S�?_�v��K0?��0S�?iT�-��;S��2�T� 1.1%∼6.2%)��6'�T�C�2 23%,:0?��3{ LPTw�hGiT� �
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� 3 x��M	D�.IzkF-
Fig. 3 Relation between solution and machine group sizeV� 3 7Bo?G�5S��?�C*>v�#�T� 4% W��yEB�,Hxi?I��;*>�s��F, �T[*>�,��<�#vB�,iHx�F�`7iq� (2∼6 } / R) _��N9i�

6 �j��?���#Z&�v�#��q5�#k_o�`vS�i�t��!3{��?��	kKLi�KNtv�#��|<VU�KNtv�#�'P_5S� K�8Gi\85SHb�� '`{�p5S�U25S�i�I�z℄Pb#v�`d��5S���C0?*>v�#�i�;T� ��`diB�,Hx (	� 2 B�,#�� kYNSHx� 2∼6 )�) �CP1*>�iT[e� 1�G7;�iB�.2�>_z℄n4�
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