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Abstract − In this study we have proposed a new operating procedure synthesis (OPS) methodology to overcome the limi-

tations of the earlier work. The proposed approach is based on partial order planning algorithm to solve the safety and valve

sequencing problems, and choose and order actions from the operators so as to achieve a given set of operational goals with

satisfying a given set of safety constraints. We have demonstrated that the proposed OPS system is capable of solving prob-

lems that no previous system could solve.
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 ����� ���� �����

� ����� ��   ��! "#$%�� &� '() *+� ,�.

-. /0��1 23� ����4% 5� 67�89 �:% �;�

8�<� => ?9@A B
C 5� DC�9 EF� ?9� =� G

H I J
KL
 55 67�89 E! MN� E�. -. OP (�

� QR ?ST UV�W, �X YZF[ G. QR% 40-61%, \]G

� Y$^F[ G. QR% 10%, (_ `*[ G. QR% 13-30%�

�Q�9 E�.

=>� ����� OP (�� ]a�b cd�� efPgh �L

�! OP (�� ij. kdl�T ^��9 mn�! _�% ij

��. o ��� phfq(initial state)[Yr s: tufq(final or goal

state)[ 0v(w(constraint)� xy(violation)�Q z9 cd�{ kd

tuT |�Pg!} ij. kdl�T ^��! ~% j���[1-7].

h�$F[ ��. u� kdl�(Standard Operating Procedure, SOP)!

OSHA� ��cd�� h�� �ZL� �� ��� OP��Q��f

?q��*SQ (� P� �L� 8! �, h�L� � }%r, SQL

� 8! kdf�, *�L� � ��(sample), %ff� @A1 R�8�

E! /9(alarms),  �9 6� (_ �% HP8� E�� .�[8-11].

6Ym� kdl� ^�(Operating Procedure Synthesis, OPS) P��

� ��� $�� * E! (_4(�, ��T ��>)1 KL� � ��

f�(hazardous condition; �T 4�, *�b 
�! �^8��! c

��! (w),  �9 ��� � ��j� ?%� �#(�, pipe-1�

valve-11 R�8� E�) �% ��8� E! Q��%�(knowledge

base)T %�.�. %�. Q��%� h� OPS P��� Q�� J?

�) * E�   ¡¢> �£¤� �(C ¥¦! /§, P��� *�

� �j8! P¨% ${ ©ª�! �5� CQ9 E�[12, 13].  �«

h¬ OPS P��� Q� u­1 ®9�¯� °� ±05� CQ9 E

� kdtu ?%� ²§ ³. f´_�(interaction)� �%! 6µ¶

����� $�) /§, (^·@ ±0(combinatorial explosion)T *

��� LT @¸�Q ¹�! º5� CQ9 E�[14-16].

=>� » R���! h¬� d¼�(total-order) ®9�¯� º5�

½¾�h �L Ym¼�(partial-order) ®9�¯� h�F[ . ���

�� kdl� ^�h¿� 0P�9 ����� $���   SÀ��

ÁD�Â�.

2. �� ��

G�QÃ m�� #Ä¿� Fikesb Nilsson% STRIPS(Stanford Re-

search Institute Problem Solver)T O@. %Å Æ{ @d�� �;.

±0 ÇÈ� É�8Ê�. ��$F[ #Ä¿� ij. ��j�! domain,
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state, action% E�. �T 4�, Fig. 11 Ë% Ì O� block ��(V1,

V2)b . O� bleed ��(BV1)[ ��8� E! ��(domain)�� k

dtu� |�� ij. ��� on/off (_(action)� � ��b Í%Î

� fq(state)� => �	 ��T �9 Ï¡� �!QT HÐ�{ %

LL� CÃ��. �	 P5��� state! Table 11 Ë� �� Ñ�

(predicate logic)« H0 Ñ�(propositional logic)[ ���Q�, �� f

N. ��! Table 2b Ë� function literalsT %�.�.

h¬� OPS ±0��
 °% É�� STRIPS� (_ u­¿� � (

_� ��(w ��¤(precondition-list), ÒÓ ��¤(add-list), Ô0 �

�¤(delete-list)� N YmF[ «Õ� ¶Ö×(modeling).�. �h�,

��(w ��¤!   (_% `�8h �L Ø� �Z8�� �! ?

`(fact)� «ÙÚ9 ÒÓ ��¤b Ô0 ��¤!   (_� `� Å�

«Ù«! À1T h�.�. o, ��(w ��¤� ?`4� ¶Ì �Z

�! (_� ̀ �� fq�¨� ÒÓ ��¤� ?`4� MC�Û« Ô

0 ��¤� E! ?`4� Ô0�� Ü[k fqT A�PÝ�. �T

4�, Þßh (_� «ÙÚ! STRIPS R
]�� ��(w(precondi-

tions)� ÞßhC �Q(off)8� E�� &� «ÙÚ�, À1(effects)!

Þßh� Ca(on)� �L Sà% áQ9 Þâ% ã¡ä� �Ø.�(Fig.

2). -. Fig. 4! forced reboiler ��(Fig. 3)�� pump-201� CaPÝ

Å, domain� fqC �å{ æ��!QT ç �� è9 E�.  �«

����� �X ?%� ²§ ¾é. 7q� f´_�1 a$ Ûa%

@A�ê[ STRIPS h�� (_ u­� $^�Q z�.

2-1. �� �����

STRIPS P��F[ 6u8! ë7 #ÄP��4(linear planning systems)

� è�ì tu4� í� ¼�6[ . î� �«ï �ð6[ |�LC

W�  ñò� ij. (_4� #Ä(plan)� ë7$F[ MCL¨�.

�h�, #Ä%ó (_% MC8! Pô�(sequence) ��¤T �Ø�

� %~� OPS m�� kdl�� Lõ.�.

%�. ë7 #Ä*ö ��� 0��(C º¼�� �­�h ÷k �

5% EF« tu4 ¨� f´_�F[ GL /�C °% �j8! Å

ø(backtracking)T ]è S@�{ 89 #Ä*ö 1� phYr ùj


C ú� NY?û4üQ ��� Úý� &F[þ ÿ��¨% ��� ¾

é
C Æ�! º5� CQ9 E�.  �ê[ (_4 ?%� ¾é. f

´_�� Ú��9 E! ����� $��h�! °� .#5� Cì

�. �P �L ����� ¾é. �X[ �[ R�8� E! �¤�Æ

�(T CQê[ �	 (_� À1! R�8� E! �� �X[ dÍ

8� �� �X� �� fqb f´ ¨�8h ñ±%�.

2-2. ��� �����

ë7 #ÄP��4� º5� ½¾�9] �! 	âF[ �ë7 #Ä

*ö ��G #
$ #Ä¿(hierarchical planning) ��1 Ym¼� #

Ä¿(partial-order planning)% ���{ 8Ê�. ABSTRIPS�� ��

P
� #
$ #Ä¿� � (_4� ��(w4 ù�� ùj
C ú

� ~4� �ð6[ Ô0&F[þ tu4� #
$F[ Mf��9 s

f� �
� Mftu4� �ZPg! . Mf#Ä(abstract plan)� �

Fig. 1. A double block and bleed valve arrangement.

Table 1. Example statements in the first order predicate calculus

Predicate Meaning

open(valve-1)
�activate(heater-104)
contents(pipe-5, methane)
pressure(vessel-1, medium)

valve-1 is open
heater-104 is not active
pipe-5 contains methane
vessel-1 is at medium pressure

Table 2. Example statements in the function literal representation

Predicate Meaning

aperture(valve-1) is open
state(heater-104) is off
contents(pipe-5, methane) is true
pressure(vessel-1) is medium

valve-1 is open
heater-104 is not active
pipe-5 contains methane
vessel-1 is at medium pressure

Fig. 2. Example of a STRIPS-like operator.

Fig. 3. A forced reboiler shown with valves.

Fig. 4. State transition caused by starting pump-201.
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h’
� �L� ��, %~� Ø� ��L� Mf#
(abstraction hierarchy)

� => Nm�&F[þ #Ä� *ö�! ��%�. % ��� =�W

�[ ùj�Q z� NY?û4� 6. 9ý! �[ Ø�� �{ Mf

#Ä� �) * E� ÿ��¨� 6· ß�P� ��.

.� NOAH P��F[Yr P_� Ym¼� #Ä*ö ��� s�

�� d�(least commitment strategy)� ?��! ��F[� . #Ä

� %�! (_4� Ym¼�b (_4� �&� æ*4� ¥G�

(binding)� 6. Ym0v� ��&F[þ #Ä*ö 1� ac � ij

. (_41  4� 6. 0v4�� 5ì$F[ YCL «¨�. Ym

¼� #ÄP��4� ë7 #ÄP��4%« d¼�(total order)#ÄP

��4� �L 3ij. í� ��4� �. Åø @A� <�P� *

EF�, #Ä� ��P ë7$F[ Ð��Q z9 í� �eF[ Ð�

) * E�! �5% E�.

Ym¼� #ÄP����! �«� �ö$G Ym¼� #Ä*ö �

¨F[   * E! � Mf �
 Ú��� ÿ� À!� " Çe� ØX

! 0�j�[! ��1 Ë� ~% E�. o, (1) Ym#Ä4 ù �# ~

� ë$�#%! #Ä ë$ 0�b (2) ë$� #Ä% �&�9 E� Ø

|� tu41 �&(threat)4 ù �# ~� �� L�) ~GQT ��

�! tu/�& ë$ 0�, (3) Ø|� tu4 ù �# ~� §ë$F[

�') ~GQT ���! tu ë$ 0�, (4) �	 S7� �&Yr

�� 0ÛL�)QT ���! �& ë$ 0� �%�.

3. OPS 	
�� 
���

3-1. Planner

OPS P����� planner! � �%d¤(agent)T %��� 0v(

w4� xL�Q z9 ��� phfq�� ��! tufq[ cd�

{ 
|) * E!Q� �YT (º�! È)� *�.�(Fig. 5).

fq )Î(state graph)T h�F[ . OPS! ­J fq�� ��!

tufq� 
|�h �L� ij. /[T  )Îf�� ÿ��� @

¸.�.  �« % OPS P����! ��� ¶Ö×1 cdkd� �

#� ±0T *h �. ¶Ö×%  )Î Ú� �&8�� .�.

Means-ends �¿(phfqb tufq� �%T �+��   �%T

,%!} ij. (_� ��! �¿)� /� µ-� ?��h �L Å

eM.(backward chaining or regression)� %�L� .�. -. kdl

�C cd.QT ÁD�h �L kdl�� Çe� . º#ï ¶?L

� .�. ÅeM.1 least commitment /0¿� ?��! planner� /

§, ��� "Æ ®9�¯% 6º1 ¾é�� action synergy((_� �

. ��fq æ�� ¶?)b Ë� ±0T L��h �2�.

6Ym� deM.(forward chaining or progression)� ?��! OPS

P��� #Ä*ö(kdl� ^�)�!} °� P¨� j.�. Fusillo

b Powers[4], Rivasb Rudd[15] P��� P��� À!� efPgh

�L �3) * ,! /�µ-(positive operator)� ?��Â�. Hwang

[7, 8] �� deM.1 ÅeM.� ?�. �%���(hybrid) P���

4��9 EF«, deM.5ì� ÅeM.� �L @¸� ù¨tub

6^�� (_� ¼�T ¥[éh �L �P #Ä*ö% %���� �

�! º5� CQ9 E�. -. (_4� �� A��9 «� ¼�T �

�&F[ subplan ?%� 781 f´_�� L��h �L J#Ä

(replanning) *ö% ij��.

3-2. Safety evaluator

dÈ 0v(w(global constraint)� º¼1 ��fq/f�4� u­.

~F[ Fusillob Powers� �L� ��F[ ?�8Ê�. �T 4�, ‘Do

not mix chlorine and methane unless the system temperature is higb

Ë� ~%�. %�. 0v(w� ��f�� «ÙÚ! ��¤[ u­8

� �	 ��fq��� ��f�� «ÙÚ! ��¤� ¶9 j�4�

:% ;%W Lõ ��f�% ¬J.�9 ¨è��.

dÈ 0v(w� xy �YT ÐG�h �L � #Ä*ö 1� ù�

E! kdl�T "Æ.�. �� kdl�C cd. fq�� P_��

� #Ä*ö 1� ù� dÈ 0v(w� xL�Q z!�W, ��� s

: kdl�
 cd. ~F[ ¨è.�. ��f�� �Fg! ~% H

<. kdl�4� #= ì�PÝ�! ~� P¨ >�%ê[ ��� k

dl�� 6�� cd"ÆT �! ~�� ì�ùG kdl�� 6��

cd�� "Æ�! ~% 2 À!$%�.  �« Rivasb RuddC O@

. OPS P��� 0?. ¶9 P��4� @�. ��� �¨ Ú��

¬J�! dÈ$ 0v(w� $l�{ ��Q ¹�9 E�.

3-3. Process simulator

STRIPS h�� planner! �+$ ¨º. A�T ?��� B?8�

� (_� ��(w1 À1T «ÙÚ! j�[ ��8� E�. �	 f

q�� �	 (_� ��h d� (_ ��(w� j�4% ¶Ì ;%

W (_% `�8� À1C «ÙC�.

 �« STRIPS h�� plannerT `N#� $��h5 °� .#T

CQ9 E�. D%�W (_�  E� ºQ OO� (_ `�F[! �

� * ,! À1T «ÙF * Eh ñ±%�. %~% ¥[ action synergy

%�. @1, %�. action synergy! (_� �. ��fq� æ� ¶

?b ��� (_ Pô�� ��� ²§ ùj�{ ?�8! j�%�.

4. ���� ���� ������

4-1. �	�
� �
� ��

s��� d�� �� CQ 6c% ¬J) /§� ë$ CÃ. (_

N¤T .��� fq�¨� y�T ß��) * E� ²§ S���.

�T 4�, Í%Î[Yr Éß8� E! GH� 0Û�9] ) /§, i

j. (_% ‘purge with chemical ?c’>9 .�W, %ñ� æ* ?cT I

Ûk fq� H�« 
�[ .�P� % æ*� =� GH% ¥G�8

! ~� J¡èê[ ÅøT s��) * E�! �5� CQ9 E�.

Ym¼� #Ä¿� s��� d�F[ � ù¨tu(subgoal)T |��

W� @A�! 78(conflict)� L��h �L ¼� 0v(w(ordering

constraint)� YC.�. �h�, ¼� 0v(w� x<yb Ë� 7q[ u­

89   �Ø! ‘action x comes before action y’T ��� 78� í��

tuC .î |�� Å� �	 (_%   tuT Y�(negation)�! /§

T �.�. ¶9 ù¨tu4% |�8W � ù¨tu4 ?%� f´ G1

�#T «ÙÚ! ¼� 0v(w� %��� (_� ¼�T J(�.�.

KÎ(pump1)b 1r(heater1)T (_�� LM(column1)F[ GH�

��, ¼NPg! ��(Fig. 3)� Ym¼� #Ä¿� $�L �]. ��

� kd 0v(w� “KÎT Ca�h d� 1rT _aP��! c�Fig. 5. The structure of the proposed OPS system.
���� �39� �3� 2001� 6�
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�”%�. D%�W GH� OP% ¬J�Q z! /§, 1r� ÍQ%

§ý8h ñ±%�. �b Ë� �¿� ?��� kdl�T ^�. �

1, Plan ordering constraints[(Action2: START-PUMP1)<(Action3: START-

HEATER1)]- ‘KÎT �� Ca�9 C ��, 1rT _a�>’- 9 0

P�Â�.

-. #
P¨� <�Pg! ²§ S�. h¿F[ intelligent variable

� %��! �¿% E�. �T 4�, Fig. 31 Ë� ���� (_ ‘start

heater-201’� heater-2011 R�8� E! KÎT «ÙÚh �L æ*

?pT CQ9 E�. �� ��� nO� KÎC E�W, ?p! nî� �[

�� ë$% CÃ�ê[ ç¹� (_ë$F[ G. RSC ÅøT *

��{ ��. %�. ~� �Q�h �L codesignation1 noncodesignation

�#T %�.�. �h�, codesignation �#! ‘symbol≈symbol’� 7q[

u­8� Ì symbol% Ë� :� C�� ��! ~� �Ø.�. �T

4�, ‘?x≈pump-1’� æ* ?x� :% pump-1%�� .�! ~� «Ù

��. -. noncodesignation �#! ‘symbol symbol’[ u­8� Ì

symbol% Ë� :� C��! cT� «Ù��. �T 4�, ‘?x ?y’!

æ* ?x� :1 æ* ?y� :% ���! ~� �Ø.�.

4-2. �
�� �
� ���� ����� ���� ��

����� kdtu |�� � NY tu4� �ð[ *�L� )

  ¡¢> ù¨tu ?%� P¨$%9 G1$G �#T ¶Ì �ZP

��� CÃ��. ��$F[ @� �X� kdl�! �7�8�

(formalized) E! /§C °F� @� ��� kdl�
 �# �
�

µ-� CQ9 `�8! /§C °Fê[ �[ R��% E! Ym�

hÃ º��[ #
�) * E�. �T 4�, ‘the compressor is isolated’

>! f� �
(high-level)� kdtu! ‘the suction, discharge and bleed

valves of the compressor are all closed’[ N CQ �� �
(low-level)

� kdtu[ #
�C CÃ��. %b Ë� �¿� � tu4 ?%�

¬J�! f´_�� Ø� #
$F[ u­�� Ì! ~%�.

 �« %b Ë� �¿� f� �
� kdtub �� �
� NY

kdtu4 ?%� �X�� SQL� 8! ramification problem� �

FÝ�. �T 4�, Fig. 61 Ë� Þßh� �Q(�� �. kdtu

! Fig. 71 Ë% «U * EFê[ f� �
� kdf�G ‘isolated

(compressor) is true’! �� �
� kdf�G ‘aperture(suction) is closed’,

‘aperture(bleed) is closed’,  �9 ‘aperture(discharge) is closed’[ N

m���(Fig. 8).  V} Fig. 9b Ë� ^�1��� (_ depressure�

��(w1 kdf�G ‘isolated(compressor) is closed’b� 78� G

��Q ¹�ê[ bleed ��T Ï! (_� *��Q z!�. o, P�

�� ‘isolated(compressor) is true’b ‘aperture(bleed) is closed’ ?%�

�#T %L�Q ¹.�. %�. ramification� ±0! ¶9 kdf��

2 %f Ð�% 3CÃ. h»f�(primitive conditions)F[ Ð��� L

�) * E�. %b Ë� ±05� L��h �L f� �
� ‘isolated

(compressor) is true’ f�� h»f�G ‘aperture(suction) is closed’, ‘aperture

(bleed) is closed’, ‘aperture(discharge) is closed’[ Ð��W, (_ depressure

T �&F[ @A�! 78� @¸) * E�(Fig. 10). %b Ë� ~�

tuÐ�(goal expansion)%>9 .�.

 �« #
$G �(� 7q[ kdtuT Nm��� u­.�9

)Q>
 ÈP �	 tuT �� ë$�� `��#%� ±0T L�

L� .�. % 1��� $�� * E! �¿F[! � ù¨tu� §

ë ¼�T Ø� �LÌ9   ¼�6[ $��! �¿% E�. �T 4

�, ��� on/off (_�� GH OP� �L ij. /[T �� @¸

�
� §ë ¼�T �L W! ~� �.�. o, f� �
� kdtu

T �� |�. ��, �� �
� kdtuT |��
� �� ç¹�

f� �
� kdtu ë$F[ G. ÅøT �Q) * E�. % �¿

� ù¨tub (_ ë$� `*T kdl� A�� ph º#�� Ø

� J¡ ÅøT ,� * E! �W, CÃ�% E! �� kdl�4�

0Û�! ÈÀ1T Cì�.

ù¨tu ?%� f´_�� L��h �L ?�� * E! �� �

¿F[ (_� N¤G ²Æ[ (_(macro action)% E�. �T 4�, Þ

ßh� @�. ÙÓ(type)� ÞßhT �Q(off)PÝ Å, ¶r� �X

(spin)% �Q) ñüQ h�ý� 8! /§C E�. o, ¶r� �X%

�Q) ñüQ! ÞßhC YaùG(active) ~F[ ¨è8{ ¶Ö×

(modeling) 8Ê�! �Ø%�. % /§� Lõ�! ²Æ[ (_� Fig.

111 Ë% u­��. Þßh� �QT �L G. Z�� A[. tuÐ

�� %��� u­�! �¿
 CÃ��(Fig. 12).

ÞßhT *��h �L _a� ùQPg9 C Å� �P ÞßhT

CaPg! /§, *��! ac�! ÞßhC ûf ùQ fq� W�

E�� .�.  �« ²Æ[ (_� ?��Q z9 tuÐ�� %�.

�W, OPS P��� *��! ac� ÞßhT CaPg! (_% �

 ≈/
 ≈/

Fig. 7. The breakdown of the goals in the compressor problem.

Fig. 6. The compressor problem.

Fig. 8. A hierarchy of literals.

Fig. 9. An example of the ramification problem.

Fig. 10. Conflict in a plan.
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)

LQ! ~� J� * ,�. =>� ²Æ[ (_� ù¨tu4 ?%� ¬

J�! ¾é. G1�#b f´_�� L��!} ²§ S�. *ºF

[ %�) * E�.

» R���! �b Ë� �;. h¿� ?��h �L tuÐ�%

CÃ. (_R
]T Fig. 131 Ë% 0P.�.

4-3. � !" #$%& '( )*+,- ./

h»$G �ë7 Ym¼�(nonlinear partial-ordered) OPS ®9�¯�

Fig. 14b Ë�. �ë7 Ym¼� ®9�¯% �å{ _a8!QT ®¡

�h �L Fig. 15b Ë� ��� $�L �h[ �]. o, ��� ph

� 
�C inlet-1�� outlet-1[ O�9 E�. 
�b \�*�� �^

� �. ·@% @A8Q z
� �W� ]\� inlet-2�� outlet-1[

O�{ �� s: tufqT |�Pg! kdl�T ^��! ±0%

�. � (_R
]� ��(w1 À1, f�(frame axioms) (º µ-�

Table 31 Ë% ��.�.

�ë7 Ym¼� ®9�¯G /§, tufq� tu ù�� �«G

(flowing methane)� ë$. Å,   tuT |��!} ij. (_R


] (establish x)� x� methane� ¥G��� ̀ ��W (explosion)% @

A&� planner! G�.�.  �« �ë7 ®9�¯� ÅøT P
�

Q z9 ��� S@Pg! (_R
]� À1T ��P� * E! �

� (_R
]4� ^¡� Ø� `��ê[ ��% @A�Q z
� .

�. %�. �¿� ‘promotion’%>9 .�. o, % �0� /§, (explosion)

� Jh �L (establish hydrocarbon)� ��h d� Ø� (purge x)T

�.�. ë7 ®9�¯G /§, ¶9 æ*! oP ¥G� 8Q� �ë7

$ ®9�¯� æ* xT õm¨ ¥G��Q z� fq[ ��. ­J A

�8� E! ù¨tu! {not(flowing x) and (equal inert-gas x)}%�.

�h�, (flowing methane)� tufq�� j��9 Eh ñ±� x�

S�. ¥G� 6f� oxygen %�. =>� �ë7 ®9�¯� not

(flowing oxygen)� |��h �L stop-flow (_R
]T ?��� �

�PÝ�. %_{ �� A�� kdl�! (stop-flow oxygen) > (purge

oxygen) > (establish-flow methane)1 Ë�. � �1T jv�W, ë7 d

¼� ®9�¯� RSC ÿ� /�T �j�Q� �ë7 ®9�¯� Å

øT �Q z9 `� CÃ. kdl�T ^�L `� ® * E�.

5. �� ��

Fig. 161 Ë� ���� 1r(heater)b Þßh(compressor)� Ca,

Fig. 11. The macro action representation of turning off a compressor.

Fig. 12. The goal expansion representation of turning off a compressor.

Fig. 13. The representation of the expansion operator.

Fig. 14. Basic algorithm for partial ordered OPS.

Fig. 15. Example of planning problem.

Table 3. Data of planning problem

Item Contents

Intial state (flowing oxygen)
not(explosion)

Goal state (flowing methane)
not(explosion)

Operators (stop-flow x)
pre-conditions: (flowing x)
post-conditions: not(flowing x)
(establish-flow x)
pre-conditions: ()
post-conditions: (flowing x)
(purge x)
pre-conditions: not(equal inert-gas x)
post-conditions: not(present x)

(flowing inert-gas)

Frame axioms (present methane) & (present oxygen) => (explosion
(flowing x) => (present x)
���� �39� �3� 2001� 6�
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]\(methane)1 a�(chlorine)� SÓ���� OPA�1 Ë� � C

Q� kdtuT �ZPg! kdl�T ̂ ��9] �Â�. �Z8��

�! 0v(w1 ph�s: ��fq! �� Table 4, 5b Ë�.

% ±0� Lb� �� ÞßhT Ca�9 «� 1rT _aPÝ Å

� ]\� SÓ. ��, òQJF[ a�T SÓPg! ~%�. ^��

s: kdl�! ��1 Ë�.

(1) Open valve v1.

(2) Start compressor comp-1.

(3) Start heater htr-1.

(4) Close valve v1.

(5) Open valve v7.

(6) Close valve v7.

(7) Open valve v2.

(8) Open valve v8.

(9) Open valve v3.

(10) Open valve v5.

(11) Close valve v2.

(12) Open valve v4.

deM.� �. ë7 d¼� ^� ®9�¯� t$ Qe�� YZ1

R=$G (_ Pô�T ��ê[ cd(_� u­% �29 ç¹� (

_� ë$F[ RSC ÅøT *��Q�, �ë7 Ym¼� ®9�¯�

Fig. 17��   * E! ~1 Ë% ^��! 1� ù� (_� ¼�T

Ø� ���Q z9 ¼��� 0v(w�� YC�ê[ Åø <�b c

d (_ Pô�C CÃ��.

6.  �

h¬� ë7 d¼�(linear total-ordered) OPS P��� cd(_� u

­�Q ¹)   ¡¢> °� ÅøT *��ê[ RSC #
P¨� j

��Û« LT @¸�Q ¹�! /§C °�. %�. º5� L��h

�L 0c� �ë7 Ym¼� OPS ®9�¯� Oë. �ë7 0vY

C ®9�¯�, s��� d�� ?��� . #Ä� %�! (_4¨

� ¼�b % (_4� �&� æ*4� ¥G�� 6. Ym0v(partial

constraints)� ��&F[þ #Ä*ö 1� ac � ij. (_R
]

41  4� 6. 0v4�� 5ì$F[ YCL «¨�. -. ÿ��

À!�1 tu4� À!$G Mf�T �L� #
$G �(T CQ�

@� ��� 0v(w1 kd @�� u­) * E! �¿� ?�.�.

0c� P��� 0v(w% ¾é. ����� kdl� ^�� $

�L » �1   SÀ�� ÁD) * EÊ�. eÅ�! *�� �£¤

�(� $É) * E! kdl�� ^�1 &e ��� \]G phº

#�� kd�(operability)� ÁD) * E! OPS P��� O@% j
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Fig. 16. Simplified flowsheet of chlorination process.

Table 4. Process constraints

  1
  2
  3
  4
  5
  6
  7
  8
  9
10
11

not{contains(chlorine) and contains(methane) and temperature != high}
not{contains(water) and contains(HCl)}
not{contains(oxygen) and temperature != low}
not{contains(methane) and contains(oxygen)}
not{vent1 = open and contains(?any_toxic)}
not{drain1 = open and contains(?any_toxic)}
not{vent2 = open and contains(oxygen)}
not{vent2 = open and contains(chlorine)}
not{separator_line = open and contains(?any_non_condensable)}
?any_non_condensable = {oxygen, nitrogen}
?any_toxic = {chlorine, methane, HCl, chloronated_hydrogen}

Table 5. Initial and final state

Initial state Final state

temperature=low
pressure=low
contains(system, nitrogen)
contains(system, oxygen)
contains(system, water)
closed(all valves)

temperature=high
pressure=high
contains(system, HCl)
contains(system, methane)
contains(system, chlorine)
open(v3)
open(v4)
open(v5)
open(v8)

Fig. 17. The partially ordered operating procedure.
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