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Abstract − The automatic synthesis of operating procedures for chemical plants improves plant safety and reduces design

costs. However, the existing operating procedure synthesis techniques have limitations in simulating a change of process states

by the operation and selecting operations and subgoals needed to achieve the operational goal. So in this study, we have pro-

posed the integrated framework based on constraint propagation to resolve problems about operation selection due to subgoal

interaction among subgoals and to effectively use the process knowledge. The proposed methodology has been successfully

applied to the process with serious subgoal interaction.
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���9 ��: 104;6 ��< =>? #@ �� A(B C7. D

E FG HI(FGJ�6 KL * �
M, KNO P)%? (: ��!

21%< �Q#� $�[19].

��9 	
��6 RS	T UG� VWB X.9/ ��6 YZ, [

Q, \W�], D^8Q N�� _: FGJ�< `�#� C7#/ O

�
 ab#�[17, 18]. �[6 cd W]?ef g� hiW]< jk

Zld X: NO(operation)6 Zmn(sequence)< j�� 3/ FGJ

� ̀ �(Operating Procedure Synthesis, OPS) Znop, KL! q/ F

GJ�< `�#/r  sB t&, u[ �[� �: Gv!�6 Qw

B xN	, v9	#@ D_#� �8y ^ $�/ ��� z{ FGR

|}~ Zno%?6 �~ � ��� �[6 
WW�� 8�#� �

�y ̂  $/ Zno%? �Gy ̂  $B �%? �W��[1, 5, 8, 10, 13].

��� d� Znop �[ xN6 ^[
� N� N;6 �	� �

�y ^ $/ FGJ�< `�#/r e�`#� �[ ��T Zno

6 x�b�� �: ��: Qw�
n< bx:�. �: i�Qw

(shallow knowledge)( �[ r
f< ��Qw(deep knowledge)( F

GW�%? (w#Q �#@ FGW�6 Z�� �	T (� _�< 0

�#Q �y � ��� NO ��� �9  [� �W �[6 QwB

��? �~#Q �:�. ¡¢�%? d�6 OPS Zno
 3£#�

$/ Qw i¤6 v��p �¥� ¦
 b§y ^ $�[2-4, 6].

(1) NO6 ̈ �/ NO�/ Z��9 ©? ��:�� ![�ª? Z

� ��� 6: NO6 «Vp i¤#Q �:�. �< ��, NO
 ¬

M�� ­ C ®� ¢�d6 ¯°(overflow) ¤W
 ��#/ �±< ²

:�.

(2) ³´6 µVp Zno6 ¶�R! 6 : µV%?j ³·& ¸

L(back flow)/ �+#Q ¹/�� ![:�. �: �[6 [�� �	

jB �ºy � »¼6 ½`\� ¾ / ¿Z:�.

(3) �[6 GÀ«¸� ÁÂ »¼6 ½`, ÃÄ%? ��y ̂  $/ X

ÅB Æ[: G¸� �§N;(global constraint)� ��6 FG Ç\N

; H\? ��#/ XÅB Æ[: Q¸� �§N;(local constraint)p
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286 �������
�º#Qj È66 FGW��9 :Z�%? �~�/ XÅB Æ[:

Z�� �§N;(temporal constraint)p �º#Q ¹/�.

�: d� FGJ� `� É�ÊË6 v��B �Ì#� b§#E �

¥� ¦�[7, 9, 11, 12].

(1) N`Í�(combinatorial explosion)6 v�< . #d X. NO

��� �9  [B X: ��G: �ÅÆÎB �~#ª? !Ï: Ð

Ñ .< ÒB ^ q�.

(2) Ó�hi(subgoal) �
6 WÔO~B (w#Q �#@ ÕÖ× ®

Ø(backtracking) \~B bx:�.

(3) UG: FGJ�/ �Z#Qj N�R6 ¬^� ����� 6:

XÅW�B UG#� �Ùº tQ �:�.

��9 Ú �x�9/ d� �x6 Qw i¤� `� É�ÊË6 v

��B R1Û ÜÝ#� NO� �_�� $/ W� 6�� [D< (

w#d X. ab: �[ Qw6 CLT �[6 dÏ�4xN�( 1

C	 * NO6 i¤ µÞB �Y#�R :�. �: �[� �+#/ �

§N;B 
~#@ NO ��� �9  [6 Q°(guideline)%? ß/

µÞB �Z#�R :�.

Ú �x�9/ NO� 6: �[W]6 �	< (w#d X. �§N

; GÜdÞB �~:�. Lakshmanan[10]
 Y�: �[ �§N; à

�( PCON(Process CONstraints Language)p (�QÏ Cá6 TCON

(Tiny CONstraint Language) Ðâ� ãÀQV Ðâä åæÈçè<  

é: �%? �[B ê� Ðâäy ^ $B � ��� GV4®V0�


 !Ï#�[9-11]. ��� PCONp �[6 FGW�� ¬� �[ W�

�+#/ @� !Q6 ³´u�B �º#Q ¹B � ��� ë �^ �


6 dÏ�( �_�B (w#Q �#@ ì��  �< �í3ª? F

GJ� `��/ �`#Q ¹�. ��9 Ú �x�9/ d�6 �[ �

§N; dÞB ��: �[³´ u�� NO�]� ��y ^ $ î

^[#ï�.

2. �� ��	 
 ���
 ��

2-1. ����� ��

STRIPS(STanford Research Institute Problem Solver) �,R(operator)

d¢6 OPS Znop ¤+6 �[W�� ��6 � _�< �º#@ �

�6 NOB i¤.á #ª? ÕÖ× Y^6 �,R< ab? :�[14-16].

�: NO� �_�� $/ W�� ¿_: W�B [6.á #/ åæ

È v�(frame problem)/ “NO ¬M� 6: ¨�< �í3/ Ênð

(list)� d+� b��j «VB t� d+�Q ¹p b��/ «VB

tQ ¹/�”�� ![(STRIPS assumption)#@ . :�. �< ��,

Fig. 1� ¦p �[�9 ñò x! óôõ $/ �±, ñò y< ö�  �

�
 �[� ÷�/ «Vp �ø� èQ ¹�. ��� ñò x! öºõ

$/ �±, ñò y< öE outlet-1? ^� ³´
 ��:�. STRIPS

assumptionB jkZld X.9/ ñò y6 NO� ab: �,R<

��  ù Y 
W ab? :�. ú, ñò x6 on/off W]� �� ëë

�' ñò y6 NO �,R< ¶�.á :�. ��9 #�6 ��! !

Q� $/ NO �,R! 9? 8�#� ûp �±, ì�� NO �,

R6 ��p ÕÖ× ®ØB ��Zl/ A(
 ��.


�: STRIPS �,R< d¢%? #/ OPS Zno6 Ì�B üý

#d X. ýþ: NOÐâB �~#/ GV0� OPS Znop �ÿ

¨�< ��#/r ab: NOB �6y ^ q>� FGJ�< ��

#/ SU� ��#/ hi� �
6 WÔO~B (w#Q �y ̂  $�.

��9 Ú �x�9/ NO�,R6 3e� �' ��� ³´�?

(flow path)6 W]� �: [D! ab: STRIPS d¢6 NO�,R

6 :�< üý#d X. ��! !Q� $/ dÏ�B ��Ó�6 W

]z^? i¤: ãÀQV NO �,RÐâB Fig. 2T ¦
 �Z:�.

ãÀQV NO�,R6 ë ��p WX��n(:superclass), �� 
´

(:name), »¼ ^Q(:material), ��Q ^Q(:energy), ��6 �G FG

Ç\N;(:precondition), FGÓ �§N;(:constraint), é�/��£ð

(:port), 	Q(purge)6 ¬M @eT 	Q !Ï: »¼ 
(:purge), W] �

^�(:var;� , ��, ¾ , OSW], W P), W] G
w(:state-transition),

»¼ ½`6 !Ï @e 
((:sink)B �í��.

XT ¦p ��6 NO�,R/ HÊ O�. � ãÀQV r
f�


n�9 8 �&, r
f�
n/ Qw6 ¡_� i¤ µÞ%? Qw6

+�~ * 
��B D�y � ��� @� !Q �]([�, [�)6 Q

wB ��#ª? ��: ^Ç6 0�B QA:�. FGhi ��� a

b: NO�,R6 ��� NO� 6: �[W]6 �	< Ð�#d X

. ³´�?6 FGW�B �Ì: ®, ë ��! !Q� $/ �§N;

GÜ(constraint propagation) ÐâB 
~:�. @d9, �§N; GÜ Ð

âp NO�,R6 �� Ó�9 :energy, :material, :state-equation ��

� ����.

2-2. �	�
 ��
 ��� ����

NO� 6: �[W]6 �	 Ð�T �~R! é�: �[W] [D

6 �Ê� í��B é"#d X.9/ [�4[��( [D< Ðù


~y ^ $�á #& ��: ^Ç(level)6 FGhi� ��y ^ $

/ Ð�d! ab#�. �Z ²., Ì�: �]6 [�� Ð��9 [�

� Ð��Q6 ÐÑ «¸B £z#/ 8��B !Q� $�á y � �

�� �~R6 WX æ�(high-level)6 W] é�[D< #X æ�(low-Fig. 1. Simple process.

Fig. 2. Operator of process unit.
���� �39� �3� 2001� 6�
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level)6 W] é�[D? (wy ̂  $/ xN< !Q� $�á zB 6

H:�.

Ú �x�9/ NO� 6: W]6 �	< Ð�#d X. (�QÏ

Cá6 �xR�
 Y�: TCON(Tiny CONstraint Language)� ãÀ

QV ÐâäB  é: �[ �§N; à�( PCON(Process CONstraints

Language)B FGJ� `�� �� ^[#ï�[10]. 

�§N; GÜ� �^< �í3/ �(cell)� � �
6 �§N;(con-

straint)B 
~#@ �6 �B  [#/ µÞB ²:�(Fig. 3). �< ��,

Fig. 3�9 � AT � B6 �B É� $/ �±/ constraint adder6 �

(rule)( A+B=C< 
~#@ � C6 �B x#�, � AT � C6 �%

? � B6 �B x#/ �±/ B=C−A�B 
~:�. ��Q6 �± 

XT ¦p µÞ%? x:�. ú, È66 �[ �^ �
 ©�/ �±, �

§N;%? � �� $/ �' �[ �^6 �B RS%? �	Z�

Ç�. 
�: �,Ï�B 
~#@ NO� 6: �[W]6 �	< Ð

�y � ��� �~R! é�: cdW]T hiW]6 �Ê� í�

�B �"#d X. 6�  ðçè(dependency network) dÏB 
~y

^ $�. ú, �~R! �Ê� �Q ¹/ 9? W¢� W]< é�#/

�±, �§N; GÜ/ 6�  ðçè dÏB �~#@ 
�: Ð�B

8�Zl/ A(B !�3� �Ê�%? í�: cdW]T hiW]

6 é�
 !Ï# î #/ �
�.

d�6 PCON Ðâp �¥� ¦p v���B !Q� $� FGJ�

`�� �`#Q ¹�.

(1) �~R! 9? �' ^Ç6 �[W] [D< é�#/ �±� �

�#/ ramification v�< . y ^ $/ µÞ
 Ð"��á :�. �

< ��, ñò< #. 8À! ³·� $�E � ñò/ öº $�áj

��/ �¬B 80y ̂  $�á :�. 
�: v�/ Qw6 æ�B �

Ê#@ �~#/ �±� ¢$Z . .á �/ v� Ó6 #�
�.

(2) �[6 u[ «¸� �_�� $/ FGW�B (w#d X.9

/ � «¸� WÔO~#� $/ �[6 �' «¸6 FGW�6 
.

! ¢$Z ab#�. ��� d�6 �§N; GÜdÞp 
�: dÏ

B ^My ^ q/ Ì�B !Q� $� ��: �[W]6 �	< Ð�

#Q �:�. �< ��, ¢�d %%? �,»
 �K� $/ W]�E

¢�dU�9 ¢�
 ØM�� $�á y � ��� ¢�d 8éx?

¢�»
 8é�� $¥B (w.á :�.

(3) »¼ ̂ Qw
 w (1)-(4)T ¦p Ü
å PCON Ðâ� Lakshmanan

[10]
 �~: ¡¢�( �§N; GÜ É�ÊËB �~y �±, é�£

ð p1� ��£ð p26 &' »¼ ^Q(total material balance)/ p16

³´ FLOW(p1)� p26 ³´ FLOW(p2)B (W S¡#� 8QZ)�

(Fig. 4). �: �C A� _: »¼ ̂ Q(component balance on A)/ p1

6 N� XA(p1)� p26 N� XA(p2)B (W ¡�Zlª? 9? �'

�C6 »¼�
 *
Q ¹� CÊ�� S¡: Ü
å 3< ³·/ �

±/ i¤y ^ q�.

FLOW(p1) + FLOW(p2) = 0 (1)

XA(p1) * FLOW(p1) + XA(p2) * FLOW(p2) = 0 (2)

XA(p1) + XB(p1) = 1 (3)

XA(p2) + XB(p2) = 1 (4)

��9 Ú �x�9/ d� PCON É�ÊË6 Ì�B üý#d X.

ZO��(start-unit)T hi��(target-unit) �
� �+#/ ³´�?6

�]< �º#/ +?F �§N; GÜ É�ÊË(constraint propagation

for OPS, CONOPS)B �¥� ¦
 �U:�. @d9, ³´�?6 �]

/ ,- $/ x�(Block), ./� x�(Trap), ³·� $/ x�(Flow),

Cd� x�(Branch)%? CL:�(Fig. 5).

(1) IF {“hi��6 We³´(upstream) �]! Flow� Branch
�”

AND “� �?W6 ̂ 0��! OS#� $>� We³´6 �

�
 hi�� ��D� è�”}

(1) THEN {“We³´6 »¼�
 CÊ�� ³·/ �±, hi��6

é�£ð�9 !�F 1� �+#/ »¼?ef We³´� �

+#/ ÐÑ »¼� �#@ ���%? ���6 :energyT

Fig. 3. Constraint propagation.
Fig. 4. Simple model for a pipe.

(a) Overall mass balance, (b) Component mass balance on A.

Fig. 5. Types of flow path.
HWAHAK KONGHAK Vol. 39, No. 3, June, 2001



288 �������
:material ��� ���� $/ PCONÐâB 
~#@ W]�

^6 �B GÜZ)�”}

(2) IF {“We³´6 ³´�]! Block, Trap, Branch
�”} OR {“W

e³´6 ³´�]! Branch
�” AND “^0��! OS#Q

¹>� We³´6 ��
 hi��D� èQ ¹�”}

THEN {“W]�^6 �B GÜZlQ ¹/�”}

(3) IF {“��3�9 »¼6 ��� �2
 �+:�”}

THEN {“W]G
w(:state-equation)B 
~#@ W]�^6 �B

GÜZ)�”}

(4) hi ��6 é� �[�^ �
  [�E, � ��6 �§N;G

Ü ÐâB 
~#@ ���^ �B  [:�.

(5) XT ¦p �[B #e³´(downstream)6 ÐÑ ��� ¢ý �

~#@ ¬M:�.

2-3. ��� ���� ��� ����  ! "#

��6 �  xN(topology)/ +?F ��6 [6 * 0!, �[ ³

´6 µV� i¤
 ~
: 8V��å(digraph)< �~#@ �í��.

8V��å/ ��< �í3/ 3$(node, A%? iZ), 3$T 3$�


6 �  _�< �í3/ �è(arc, �%? iZ)? x���(Fig. 6). @

d9, �è� iZ� 3$
(node pair)p ³´6 µV�B 6H:�. �

< ��, 3$ AT 3$ B �
� �+#/ �è6 3$

 {A, B}
E

3$ A�9 3$ B? ³´B 6H#&, j¡ {A, B}T {B, A}! SZ�

�+#E 3$ AT 3$ B�
�/ �µV6 ³´
 !ÏzB 6H:�.

�: ¸L/ �è� �+#/ 3$
6 �9< ©4t� �í��.

ãÀQV r
f�
n?ef ë ��6 (n5n< ��: ®, 8V

��å< �~#@ � #E, ë �� (n5n6 W]�^�p Fig. 7

� ¦
 9? � ��.

³´�? 6"6 ~
zB X. Ú �x�9/ ³´ µV�6 �]<

[W ³´(¶�R! 6 : ³´( SZ� ¸L6 !Ï�
 $/ ³´,

normal flow), Ì¡ ³ (́: µV6 ³´
 �+#& ¸L6 !Ï�
 q

/ ³ ,́ uni-direction flow), �µV ³ (́�µV
 !Ï: ³´, bi-direction

flow)%? �7�. Fig. 8�9 �8 $æ( �((drain line) X� �+#

/ ÐÑ ñòT Ü
å/ �µV ³´
&, check valve/ Ì¡ ³´


� ��Q/ Ðù [W ³´
� y ^ $�.

»¼
 ³< ^ $/ ³´�?/ G¸� �§N;(»¼6 ½`, ÃÄ,

»¼6 �+ 8¿ P), �~8Q �§N;(�~.9/ U9 ��, Don’t

use constraint), ³´�?6 µV�, �Ê� FG hi(operating target)

T ¦p �? �§N;(routing constraints)B :N#@ �;:�(Fig. 9).

¡¢�%? ³´�?< #: »¼³´6 ��µÞp ³´�? W�

�+#Q ¹/ tX6 ñò�B ó= ®� �?W6 ÐÑ ñò< ö�

»¼ ³´B ��Z)�. ��� 
�: µÞp �' »¼6 ³´�?

< ,� NO �Ï W]� <=> ^ $B � ��� FGJ�W� a

b q/ NO
 Óý�� �í×�/ Ì�B !Ø�. ��9 ë Ó�h

i6 ��� ab: ³´�?< ÜÝ#� 9? Óý�Q ¹� N[#

@ NO �Ï W]� <QQ ¹ î .á :�.

j¡ »¼ ^0B X: �?! XÅ»¼� K?�� $� �' ±@

�?! �+#Q ¹/ �±�/ �?6 K?»¼B AB
 Ö�#d X

: 	Q O�
 ¬M��. ú 	Q x�B �C#/ �,R(Purge)T »

¼? K?�� $/ x�B �C#/ �,R(Contamination)< �~#

@ 	Q! ab: x�B ��: �¥, G¸� �§N;B :N#@ 	

Q »¼� µÞB !� K?� x�B 	Q:�.

3. ����� ��� ����� �� ��

	
��6 YZ4[Q N�B X: FGJ�6 `�p, cdW]?

ef h�W]? W]! G
�/ SU� ¢$Z jk��á #/ Ó

Fig. 6. Digraph.

Fig. 7. The connection between units.
(a) Connecting two units, (b) Transferring variable values.

Fig. 8. Direction of flow path.

Fig. 9. Basic routing algorithm.
���� �39� �3� 2001� 6�
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})]
�hi W](subgoal state)< ab? :�(Fig. 10). 
�: Ó�hi W

]/ ¡¢�%? �~R! é�. t>� HÊ O��� $/ �ÅQ

w(��6 iÇ FGJ�)� 6. O���.

Ú �x�9/ ³´�?6 FGW�B �º: NO�,R6 ��B

X. ³´W� (w �,R(Flow-mapping-operator)< [6#�(Fig. 11),


 �,R< 
~#@ FGhi6 ��� ab: ³´B ��Zl/ N

O�,R< ��# î :�.


�: ³´W� (w �,R/ ZO��(start-unit)6 ZO£ð(start-

port)T h���(target-unit)6 � £ð(dest-port) �
� �+#/ x

�[Fig. 11(a)]
� ��(unit)6 We³´[upstream, Fig. 11(b)]4#e³

´[downstream, Fig. 11(c)]� »¼(material-list)
 �D: �]? ³·

/Q< �Ì:�. @d9, ³´W� (w �,R6 �L/ ³´ �]<

ÜÝ#/ Flow, Block, Trap, Branch! $�, K?@e< 
(#/

Contamination� K?»¼6 	Q x�B 
(#/ Purge! $�. �:

��6 �[W] �^6 �B :N#@ ��6 FGW]< ÜÝ:�.

NO�,R6 �� µÞp �[6 ¤+W]T hiW]T6 �
<

\|: ®, � �
< E
/r ab: �[³´ * ��6 W]�^6

�B �	Zl/ NOB ��#@ 
F�Ø�. ú NO� 6. �	�

�[W]6 (w � ��� hiW]6  �� ab: NO ��� $

� ³´W� (w �,R< �~:�.

4. �� �����  ! ��

gc6 OPS Zno[15]p �¥� ¦p �G !Q �]6 XÅW�B

Àèy ^ $�. ú, (1) ù !Q 
W »¼6 ½`, (2) ù �� �
6

³´, (3) u[³´6 �Ì(blocking), (4) u[: 8�x� H/ u[ 	

`»6 84¿, (5) u[ ���  I: 	
 »¼ 84¿ P� 6:

XÅW�B ²:�.

Ú �x�9/ ³´�?� _: �§N;
 �+#/ �±, ³´W�

(w �,RT W]�^< 
~#@ ��T ³´�?6 FGW�B (

w: ®, HÊ [6�� $/ XÅW�� \|#@ ¡�#/ �±�/

¤+6 �[W]! XÅ#�� �Ì:�. �< ��, tank1�9ef

tank2? »¼ A6 ³´
 ÓÌ�E, XÅW�
 ��#/ �±�/ �

¥� ¦
 �í��. @d9, J/ e[(negation)B �í3/ dÔ
�.

(IF [Jflow(tank1, output-port, tank2, input-port, {A}]

THEN [hazard-situation])

�: »¼6 ½`
� ÃÄ%? (. ��#/ XÅW�p G¸� �

§N;%? Æ[#�, contains(?unit, ?port, material)T ¦p �,R<

�~#@ �í��. �< ��, ^�T ,�! ½`��9/ U��/

�§N;p �¥� ¦
 �í��. @d9, ?unitT ?port/ ÐÑ ��T

é�/��£ð� �. �~��/ 6H
�.

(IF [contains(?unit, ?port, {hydrogen}) AND contains(?unit, ?port, {oxygen

THEN [explosion])

5. "# $%&'

GV 0�(forward chaining)� 6: G�9(total order) ̀ � É�Ê

Ëp, h� QV�(goal direction)6 ek� �K�((sequential) NO

Zmn< M#ª? LMNO6 i¤
 �NQj, Ó�hi(subgoal) W

]6 [DT �§N;B 
~: 6"
 !Ï#�.

eC�9(partial order) É�ÊËp `�#/ �[ Ó� NO6 �9

< HÊ  [#Q ¹� �9 [ �§N;(order constraint)jB e!#

ª? ®Ø ��T LM NO Zmn! !Ï#Qj, 6"6 ��! O�

� G�9 NO Zmn?6 GP
 �N�.

Ó�hi6 WÔO~
 �+#/ �±, ì�� NO6 ��p ÕÖ×

®ØB bx:�. �< �� Fig. 12T ¦p �Ì: �[�9 “¢�d3

6 »¼B $æ((drain)#�[Drain(Reactor)=True, Aperture(Valve 3)=

Close, Aperture(Valve 1)=Close, Aperture(Valve 2)=Close]”/ hiW]

< ��#d X. Q� Valve 3B @/ NO( Open(Valve 3)B M: ®

� 2CB d�Ê/ NO( Waitfor(2 min)< M:�. ��� R� NO�

[Open(Valve 3), Waitfor(2 min)]
 Valve 36 W]< Aperture(Valve 3)

=Open%? �	Zlª? Ó�hi( Aperture(Valve 3)=Close/ 8Q

9 ̂  q�. ú Ó�hi Drain(Reactor)=TrueT Aperture(Valve 3)=Close

�
� WÔO~
 �+zB É ̂  $�. j¡ Waitfor(2 min)D� Close

(Valve 3)B Q� M#E, Drain(Reactor)=True/ ��9 ̂  q%ª? ®

Ø
 ��:�.

��� NO �,R6 Y^! û�Q/ �±� �9 [ �§N;j

%?/ SCÛ Ó�hi WÔO~B ��y ^ q%&, eC�9� �


� �+#/ �9 [� �_�� $/ �§N;B 80#Q �:�. 

��9 Ú �x�9/ �[6 �§N;B g�: 
~y ^ $/ �

:N;GÜ dÞB 
~#/ +?F OPS É�ÊËB �¥� ¦
 �

U:�.

(1) �~R?ef ��6 � _�, cdW]T hiW], �[ �§

N;�B é�T� cd	: ®, ³´W� (w �,R< 
~#@ ë

³´�?6 W]< ÜÝ:�.

(2) �[6 ¤+W]T hiW]! 9? ¡�#/ �±, �U�Q `

�� FGJ�< �Z#� å?�Vp �W��.

(3) ¤+W]T hiW]< \|#@ � �
< E¡ ^ $/ NO1

Fig. 10. Schematic of a typical OPS problem.

Fig. 11. Types of flow-mapping-operator.

Fig. 12. Subgoal interaction.
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290 �������
ð< ��:�. j¡ G¸� �§N;� 6. � 
W ��y NO
 q

/ �±, G¸� �§N;B -y ^ $/ 	Q NO1ð6 ��:�.

Ì, 	Q NO( �±� 	Q O�
 �W�E, ¢$Z � NOB X/

NOB RS�%? 0!:�.

(4) 	Q NOB My ^ q/ �±� FGhi< ��#/r ab:

NO
 q/ �±, �~R�� FGhi< ��y ^ q¥B ÉÊ� �

W��.

(5) NO1ð Ó�9 �G FGÇ\N;B jk#/ NOB #� �

�:�. j¡ NO6 �G FGÇ\N;
 jk�Q �: �±�/ �

G FGÇ\N;B jkZl/r ab: NOB Q� ��:�.

(6) ë ��6 �§N; GÜ ÐâB 
~#@ NO ¬M%? (: �

[W]6 �	< Ð�:�.

(7) �	� �[W]! G¸�4Q¸� �§N;B °Y#Q ¹� U

G:Q< Àè:�. j¡ XÅ: �±�/ �[6 W]< NO ¬M 


G%? �ÙÊ� (4) Ì�? 
S: �¥, NO1ð� $/ ��Q NO

�� �. (4)-(7) Ì�< ¢ý ¬M:�. j¡ NO� 6. �	� �

[W]! UG: �±�/ FGJ�� � NOB 0!: �¥, (2) Ì�

? 
S: ®� (2)-(7) Ì�< ¢ý ¬M:�.

6. (" )*+,-� .#

d� \�� eC�9 OPS Zno6 xN/ ^��,B y ^ qB

� ��� 5e agent�B 
~y ^ qQj Ú �x�9 �U: Zn

o xN/ Ðù !Ï#�. �U� OPS Znop Allegro common lisp

for windows 5.01? O��Z%& Fig. 13� ¦p x�b�? 
F�õ

$�. ë x�b�6 dÏp ��T ¦�.

GUI(Graphic User Interface): �~R! �W�[6 � _�, �[6

cdW]T hiW], �:N; P� ¦p [D< é�y � ��� g

��%? `�� FGJ�< �~R�� �Z. t/ Ð[
�.

Knowledge-Base: ë ��6 ãÀQV NO�,R, 	
»¼6 »Ê

�4	
� u�, N�R6 �ÅQw PB �
ò�Ê? O�#@ �

�. � Qw�
n
�.

CONOPS-Classifier: �~R?ef é�Tp �W�[6 Qw� r


f< ��	y � ��� �Ê� ¼6� �\#d ]F �]6  ðç

è? ��Zl/ Ð[
�. ú, �� �
6 »Ê�4dÏ�( (�_

�< 80#� FGJ�6 ̀ �� ab: [D�B 0�#/ ̧ yB ^

M:�.

Mapping-Module: FGW�6 (wB X. ab: Ð[? NO� 6

. �	� �[W]< (w#@ FGW�6 �+ 84¿< �Ì:�.

Safety-Checker: G¸�4Q¸� �§N;B °Y#/ XÅW�
 �

�#/Q6 @e< �Ì#/ Ð[
�.

CONOPS-Planner: Ó�hi �9	, NO�,R6 ��, �Ê� FG

hi6 �� @e< Àè#@ XÅW�B ��ZlQ ¹� hiW]�

 �#/r ab: FGJ�< `�#/ Ð[
�.

Simulator: CONOPS-Planner! �Z: ®DNO6 ¬M%? (: �

[W] �	< 
(#/r �~�/ Ð�d Ð[
�.

Flow-Path-Searcher: ab: �[³´ �?< �;#d X. �~�/

6" Ð[
�.

7. /0 
1

Ú �x�9 �Z: �[ Ðâä� �§N; GÜ d¢6 `� É�

ÊË6 8¨�B �"#d X. Fig. 14T ¦
 Ó�hi �
6 WÔ

O~
 ^± �: �[� �~#@ D_�[20]. d�6 µÞp ë ��

6 cdW]�9 hiW]?6 ��B X: NO
 ÌQ #�j bx

�/ v��j �~9 ^ $B �
�. ú, ë ��6 hiW]�  �

#d X. ù Y 
W6 NOB ab? #/ �±�/ �~y ^ q�

/ Ì�B !Ø�. �: cdW]T hiW]6 �
! >6 qd Uv

� hi��� ab: NO�,R< ��#Q �#� ë Ó�hi�


6 WÔO~B (w#Q �. ì�� NO�,R< �Z#@ N`Í�

6 v�! ��:�.

�[6 cdW]?/ ñò a, x! öºõ $� hydrogen-in�9 hydrogen-

out%? ^�! ³·� $%&, ,�`è(oxygen-tank)U�/ ,�! a

çõ $Q ¹� ñò b, c, y, z/ X-õ $/ W]
�(Table 1). FG

hi/ ,�`è� ,�< a±� × �¥, hydrogen-in�9 hydrogen-

out%? ^�< �Z ³·� #/ �
�. 
 �[6 G¸� �§N;p

“,�T ^�! ÃÄ��9/ U��[Fig. 15(a)]”T “^�T ¼�, ,�

T ¼�/ ÃÄ !Ï#ª? ,�T ^�< ¼�? 	Qy ^ $Qj 	

Qy U 8��/ !n6 b�p nitrogen-out%?j !Ï#�[Fig. 15(b)]”


�. 
 �[p »¼³´B ��#/r ab: Ü
å< �8#� $

d Uv� Lh(bottleneck)¤W
 ��:�. �: ^± ýþ: Ó�h

i WÔO~
 ��#& FGhi< ��#d X. : ñò6 W]!

ù c 
W ©��á :�.

�U: OPS É�ÊËp ab: ÐÑ r
f< cd	: �¥, cd

W]T hiW]< \|#@ ,�`è� ,�< a±/ Flow(oxygen-in,

out-port, oxygen-tank, in-port, {oxygen}) ³´W�B Q� ��:�. ³

´�?6 tX? »¼
 +��!/ �B µQ#d X.(close a)T (close

x)< ��4¬M: ®, �[W]6 �	< �§N; GÜ? Ð�#@

G¸� �§N;6 °. @e< Àè:�. XÅW�
 ��#Q ¹%ª

Table 1. Initial and final states

Units Initial state Final state

a
b
c
x
y
z

Oxygen-tank

open
close
close
open
close
close

open
close
close
open
close
close

oxygen

Fig. 13. Integrated framework.

Fig. 14. The bottleneck problem.
���� �39� �3� 2001� 6�
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o-

gh,
? (close a)T (close x)< FGJ�� 0!:�.

³´�?T �[W]6 �	< (w: �¥, Flow(oxygen-in, out-port,

oxygen-tank, out-port, {oxygen})� .�#/ ³´�?6 ��
 G¸

� �:N;B °Y#� ±@�?! �+#Q ¹%ª? Purge(nitrogen-

in, in-port, nitrogen-tank, out-port, {oxygen})! ����. ,�6 	Q<

X. ab: ³´�?< @/ (open b)T (open y) NOB Q� ��#

@ ¬M: ®, “	Q ¬M� d@: NOp �Z X�á :�”/ dÏ�

u�� 6. (close b)T (close y)< ¬M:�.

Flow(oxygen-in, in-port, oxygen-tank, out-port, {oxygen})� .�#/

³´�?! 	Q�Z%ª? ³´�?< @/ (open c)T (open z) NO

B ��#@ ,�`è� ,�< aF�. � �¥, hydrogen-in�9

hydrogen-out%? ^�< �Z ³·� #d X. Flow(hydrogen-in, in-

port, hydrogen-tank, out-port, {hydrogen})6 ��B Z #Qj .�

³´�?< @/ (open a)T (open x)6 ¬M
 G¸� �§N;B °

Y#ª? NO¬M 
G6 W]? ®d:�. ��� Zno
 ±@�?

< �;#Q �#ª? K?� �?< 	Q:�. 	Q O�� R99 Q

�, “	Qy U 8��/ !n6 b�p nitrogen-out%?j !Ï#�

[Fig. 15(b)]”�/ �§N;B jkZld X. (close c)T (close z) N

OB ¬M: ®, (open b)T (open y) NOB ��#@ K?�?< 	Q

: ®, �Z (close b)T (close y) NOB ¬M#@ 	Q O�B �W:�.


� Flow(hydrogen-in, in-port, hydrogen-tank, out-port, {hydrogen})<

X: ³´�?! AB
 	Q�Z%ª? (open a)T (open x) NO ¬

M%? FGhi! ����. ��9 `�� g� FGJ�  �/ �

¥� ¦�. {(close a), (close x)), (open b), (open y), (close b), (close y),

(open c), (open z), (close c), (close z), (open b), (open y), (close b), (close

y), (open a), (open x)}.

8. 2 �

��
� \�� �e µwB �~#/ d� FGJ� ̀ � µÞ�p

�[ �§N;B ê� 
~y ^ q� Ó�hi�6 ýþ: (�_�

? (: N`Í�6 v�< �J#� . #Q �:�. ��9 Ú �x

�9/ 
�: v�< . #d X. FGW�6 �	< (w#@ Ó

�hi�
� �+#/ WÔ (�_�< ÜÝ: ®� NO�,R< �

�#� �§N; GÜ dÞB 
~#@ NO ¬M� 6: �[W]6

�	< Ð�#/ #` åæÈçè< Y�#ï�. �: �U� µÞ�B

Ó�hi�6 WÔO~
 ̂ ± ýþ: �[� �~#@ � 8¨�B é

"#ï�. ú, FGW�B �º: NO�,R6 ��
 �ºF d� µ

Þ�/ �Ê Ú �x�9 �Z: �§N; GÜ dÞp ³´�?6 u

�B ÜÝ#@ Ó�hi ��� ab: NO�,R< �Z. E � �

�� �9  [B X: [D< ��:�. ��9 Ó�hi�
� ýþ

: WÔO~B !Q� $/ �[� �~y �±, ì�� NO�,R6

��%? (: ®d< ��Z� Ç�.

V®, �[6 Z�� �§N;B �� ^ $/ µÞ� z{ �ÆÐ 	


��6 FGJ� `�B X. ab: Qw�
n6 O�, �Ê� �

' Zno�6 ̈ f� ��< X. ab: Zno �lgÂ(architecture)

6 Y�
 bx��.

3 


Ú �x/ e,�
| �,dh�x�6 ¡e �x\ QA%? ^M

�Z%& 
� ��$i��.
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