APENDICE A

PASSO A PASSO PARA A CONFIGURAGAO DO PLANPAS

A configuragao do PlanPAS, dado que ja se possui um arquivo . XML com o “plano-

solugao”, considera a inicializacado do servidor OPC e da PLC Interface, bem como a

configuracdo da prépria interface do PlanPAS. No exemplo abordado, a arquitetura de

comunicacgao ¢€ ilustrada na Fig. A.1. A rede de comunicagao é formada por um CLP e dois

computadores pessoais. Neste caso, o usuario acessa a interface do PlanPAS em um

computador pessoal PC1, no qual também esta alocado o cédigo do Parser. No computador

pessoal PC2 estdo alocados a PLC Interface e o Servidor OPC para comunicagdo com 0s

moédulos de E/S do CLP. A rede foi arquitetada de modo a permitir que o usuario consiga

acessar o sistema operacional do PC2 via PC1, com compartiihamento de monitor e

periféricos.
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Figura A.1. Arquitetura de comunicacéo para o exemplo abordado.

Primeiramente o usuario inicia e configura o servidor OPC, neste caso, o MatrikonOPC
Server for Omron PLCs (MATRIKON OPC, 2011). A configuragédo do servidor pode ser feita
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manualmente ou carregando-se um arquivo de configuragdo prévia, a Fig. A.2 ilustra o
processo de abertura do programa e carregamento de um arquivo com a configuragéo
prévia para o servidor OPC. O servidor configurado é apresentado na Fig. A.3.

Ap6s iniciado e configurado o servidor OPC, ainda no PC2, o usuario devera proceder
a configuracao da PLC Interface. A Fig. A.4 a imagem da iniciagdo da PLC Interface através
da execucgado do aplicativo “OPCBridge” e o processo de carregamento do arquivo de
configuragcao é apresentado na Fig. A.5. A PLC Interface configurada para o problema é
ilustrada na Fig. A.6.

Com o servidor OPC e a PLC Interface iniciados e configurados, o usuario deve
passar para a configuracao da interface do PlanPAS. Este procedimento € realizado no PC1
e consiste na definicao da “tabela de-para” e no carregamento do arquivo contendo o “plano-
solugao” com pré-condicoes e efeitos. A Fig. A.7 e a Fig. A.8 ilustram o processo para
carregar uma “tabela de-para” na interface do PlanPAS. Ja o processo para carregar o
arquivo com o “plano-solucdo” é ilustrado na Fig. A.9 e na Fig. A.10. A Fig. A.11 apresenta a
interface do PlanPAS configurada com a “tabela de-para” e o snapshot inicial obtido do
arquivo do “plano-solugao”.

Apo6s a configuragdo da interface do PlanPAS, o usuario deve “analisar” o “plano-
solugao”, antes de executar as agdes planejadas no sistema real. O botéo “Analisar” executa
uma tarefa que acessa as informagdes do “plano-solugéo” e, para cada agéo planejada,
busca na “tabela de-para” a sua respectiva saida digital. A Fig. A.12 ilustra a saida dada
pelo PlanPAS para a tarefa inserida no botao “Analisar”.

O procedimento descrito até aqui habilita a execugdo do plano no sistema pratico.
Para isso, 0 usuario devera apenas clicar o botdo “Enviar’ e acompanhar o processo de
execugao das agdes planejadas. Caso um estado planejado nao seja atingido em um tempo
limite, a interface acusa uma mensagem de erro e o sistema é interrompido

automaticamente. A Fig. A.13 ilustra o acionamento do botao “Enviar”.
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Figura A.3. Servidor OPC configurado.
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Figura A.5. Abrir arquivo de configuracao do cliente OPC.




119

i ]
Configuracies
Identificadaor | Tipo | ArCessn | Valor |
% output1 VT_BOOL  Total False
% output2 VT BOOL  Total False
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i Entradaz
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5 a2 VT_BSTR  Leitura 0
S AIn3 VT_BSTR  Leitura 0
fDInt VT BOOL  Leitura True
$DIn2 VT BOOL  Leitura False
$DIn3 VT BOOL  Leitura False

Figura A.6. Cliente OPC configurado.
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Figura A.7. Carregar “tabela de-para”.
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Figura A.8. Abrindo arquivo de configuragao da “tabela de-para”.
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Figura A.9. Carregar arquivo com snapshot inicial e “plano-solugao”.
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Figura A.10. Abrindo arquivo de configuracao do snapshot inicial e “plano-solucao”.
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Figura A.11. Interface do PlanPAS configurada.
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Figura A.12. Saida do PlanPAS para a tarefa “Analisar”.
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Figura A.13. Acionamento da tarefa “Enviar”.



A tabela de relacionamento, ou “tabela de-para”, contém todas as ag¢des possiveis do
dominio que se deseja aplicar o PlanPAS. No caso da bancada didatica utilizada com
estudo de caso deste trabalho, um levantamento das caracteristicas do dominio permitiu
mapear um total de 127 ag¢des possiveis de ocorrer em algum momento no sistema. Todas
estas acdes devem ser relacionadas com um atuador correspondente e os seus respectivos

parametros de acesso via servidor OPC. A Tab. B.1 apresenta a “tabela de-para” completa

APENDICE B

referente ao dominio da bancada didatica estudada.

TABELA DE-PARA COMPLETA

Tabela B.1. “Tabela de-para” para o estudo de caso analisado.

Acao Saida Digital Atuador correspondente

MOVE V1 F1 A2 .Output4 Motores para Direita
MOVE V1 A1 F1 .Outputd Motores para Direita
MOVE V1 A1 A2 .Outputd Motores para Direita
MOVE V1 F1 A1 .Output3 Motores para Esquerda
MOVE V1 A2 F1 .Output3 Motores para Esquerda
MOVE V1 A2 A1 .Output3 Motores para Esquerda
LOAD V1 F1 LEVELS .Output1 Bomba 1

LOAD V1 F1 LEVEL7 .Output1 Bomba 1

LOAD V1 F1 LEVEL6 .Output1 Bomba 1

LOAD V1 F1 LEVEL5 .Output1 Bomba 1

LOAD V1 F1 LEVEL4 .Output1 Bomba 1

LOAD V1 F1 LEVEL3 .Output1 Bomba 1

LOAD V1 F1 LEVEL2 .Output1 Bomba 1

LOAD V1 F1 LEVEL1 .Output1 Bomba 1

UNLOAD V1 A1 LEVELS8 .Output2 Bomba 2

UNLOAD V1 A1 LEVEL7 .Output2 Bomba 2

UNLOAD V1 A1 LEVEL6 .Output2 Bomba 2

UNLOAD V1 A1 LEVEL5 .Output2 Bomba 2

UNLOAD V1 A1 LEVEL4 .Output2 Bomba 2

UNLOAD V1 A1 LEVEL3 .Output2 Bomba 2

UNLOAD V1 A1 LEVEL2 .Output2 Bomba 2

UNLOAD V1 A1 LEVELA1 .Output2 Bomba 2

UNLOAD V1 A2 LEVELS8 .Output2 Bomba 2
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UNLOAD V1 A2 LEVEL7 .Output2 Bomba 2
UNLOAD V1 A2 LEVELG6 .Output2 Bomba 2
UNLOAD V1 A2 LEVEL5 .Output2 Bomba 2
UNLOAD V1 A2 LEVEL4 .Output2 Bomba 2
UNLOAD V1 A2 LEVEL3 .Output2 Bomba 2
UNLOAD V1 A2 LEVEL2 .Output2 Bomba 2
UNLOAD V1 A2 LEVEL1 .Output2 Bomba 2
PARTIAL_ORDER A1 C1 LEVELS .Outputb Bomba 3
PARTIAL_ORDER A1 C2 LEVELS .Outputd Bomba 3
FINAL_ORDER A1 C1 LEVELS8 .Output5 Bomba 3
FINAL_ORDER A1 C2 LEVELS8 .Output5 Bomba 3
COMPLETE_ORDER A1 C1 LEVEL8 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVELS8 | .Output5 Bomba 3
PARTIAL_ORDER A1 C1 LEVEL7 .Outputd Bomba 3
PARTIAL_ORDER A1 C2 LEVEL7 .Output5 Bomba 3
FINAL_ORDER A1 C1 LEVEL7 .Output5 Bomba 3
FINAL_ORDER A1 C2 LEVEL7 .Outputd Bomba 3
COMPLETE_ORDER A1 C1 LEVEL7 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVEL7 | .Output5 Bomba 3
PARTIAL_ORDER A1 C1 LEVELG6 .Output5 Bomba 3
PARTIAL_ORDER A1 C2 LEVEL6 .Output5 Bomba 3
FINAL_ORDER A1 C1 LEVELG6 .Outputd Bomba 3
FINAL_ORDER A1 C2 LEVELG6 .Outputd Bomba 3
COMPLETE_ORDER A1 C1 LEVEL6 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVEL6 | .Output5 Bomba 3
PARTIAL_ORDER A1 C1 LEVEL5 .Output5 Bomba 3
PARTIAL_ORDER A1 C2 LEVEL5 .Outputd Bomba 3
FINAL_ORDER A1 C1 LEVEL5 .Outputd Bomba 3
FINAL_ORDER A1 C2 LEVEL5 .Output5 Bomba 3
COMPLETE_ORDER A1 C1 LEVEL5 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVELS | .Output5 Bomba 3
PARTIAL_ORDER A1 C1 LEVEL4 .Outputd Bomba 3
PARTIAL_ORDER A1 C1 LEVEL4 .Outputd Bomba 3
FINAL_ORDER A1 C1 LEVEL4 .Output5 Bomba 3
FINAL_ORDER A1 C2 LEVEL4 .Output5 Bomba 3
COMPLETE_ORDER A1 C1 LEVEL4 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVEL4 | .Output5 Bomba 3
PARTIAL_ORDER A1 C1 LEVEL3 .Outputd Bomba 3
PARTIAL_ORDER A1 C2 LEVEL3 .Output5 Bomba 3
FINAL_ORDER A1 C1 LEVEL3 .Output5 Bomba 3
FINAL_ORDER A1 C2 LEVEL3 .Outputd Bomba 3
COMPLETE_ORDER A1 C1 LEVEL3 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVEL3 | .Output5 Bomba 3
PARTIAL_ORDER A1 C1 LEVEL2 .Output5 Bomba 3
PARTIAL_ORDER A1 C2 LEVEL2 .Output5 Bomba 3
FINAL_ORDER A1 C1 LEVEL2 .Outputd Bomba 3
FINAL_ORDER A1 C2 LEVEL2 .Outputd Bomba 3
COMPLETE_ORDER A1 C1 LEVEL2 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVEL2 | .Output5 Bomba 3
PARTIAL_ORDER A1 C1 LEVEL1 .Outputd Bomba 3
PARTIAL_ORDER A1 C2 LEVEL1 .Outputd Bomba 3
FINAL_ORDER A1 C1 LEVEL1 .Outputd Bomba 3
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FINAL_ORDER A1 C2 LEVELA1 .Output5 Bomba 3
COMPLETE_ORDER A1 C1 LEVEL1 | .Output5 Bomba 3
COMPLETE_ORDER A1 C2 LEVEL1 | .Output5 Bomba 3
PARTIAL_ORDER A2 C1 LEVELS .Output6 Bomba 4
PARTIAL_ORDER A2 C2 LEVELS .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVELS8 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVELS8 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVELS8 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVELS8 | .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL7 .Output6 Bomba 4
PARTIAL_ORDER A2 C2 LEVEL7 .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVEL7 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVEL7 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVEL7 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVEL7 | .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL6 .Output6 Bomba 4
PARTIAL_ORDER A2 C2 LEVELG6 .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVELG6 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVELG6 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVEL6 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVEL6 | .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL5 .Output6 Bomba 4
PARTIAL_ORDER A2 C2 LEVEL5 .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVEL5 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVEL5 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVEL5 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVELS | .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL4 .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL4 .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVEL4 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVEL4 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVEL4 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVEL4 | .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL3 .Output6 Bomba 4
PARTIAL_ORDER A2 C2 LEVEL3 .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVEL3 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVEL3 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVEL3 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVEL3 | .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL2 .Output6 Bomba 4
PARTIAL_ORDER A2 C2 LEVEL2 .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVEL2 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVEL2 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVEL2 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVEL2 | .Output6 Bomba 4
PARTIAL_ORDER A2 C1 LEVEL1 .Output6 Bomba 4
PARTIAL_ORDER A2 C2 LEVEL1 .Output6 Bomba 4
FINAL_ORDER A2 C1 LEVELA1 .Output6 Bomba 4
FINAL_ORDER A2 C2 LEVELA1 .Output6 Bomba 4
COMPLETE_ORDER A2 C1 LEVEL1 | .Output6 Bomba 4
COMPLETE_ORDER A2 C2 LEVEL1 | .Output6 Bomba 4




APENDICE C

DIAGRAMA LADDER PARA A ABORDAGEM COM PA

As préximas paginas deste apéndice apresentam o diagrama Ladder completo para o
estudo de caso da bancada didatica considerando a abordagem com planejamento

automatico.



127

[Program Mame : NewProgram1]

[Section Mame : Sectioni)

==5{317) MOV{DZ1) Move
I: 2011 [¥1] a
51 Source word
D1 0100 £51
0 Di=stination
=5{322) ] <=B{31T} MOV{DZT) Move
I: 2011 I 2011 D1 i
51 51 ESoume word
D1 Diz 0100 £51
0 20% Di=stination
=5{322) ] <=B{31T} MOV{DZT) Move
I: 2011 I 2011 v 2
51 51 Source word
D1z 013 0100 £51
20% 0%k Di=stination
=5{31T) ] <5{312) MOV{D21) Mowve
I: 2011 1: 2011 03 3
51 51 Source word
D13 D14 D100 E51
A% 407 Di=stination
=5{3Z7) ] =512} MOV(D21) Mowve
1: 2011 1: 2011 [=E) 4
51 51 Source word
o4 D15 0100 £51
40% B0 Di=stination
=532} ] ==5{31T) MOV{D21) Mowe
1: 2011 1: 2011 D5 5
51 51 Sourse word
D15 [x1]] 0100 &51
L B0t Di=stination




MOV(D21)

3]

g
8

MOV(D21)

o7

g
8

MOV(D21)

g
8

MOVD21)

g
a

3]
i7
T
20
)
23
9
Fail
10
-
1
12
n

MOV(DZ1)

Di0

g
8

] <=5{317})
1: 2011 I: 2011
51 51
D16 o7
B0 TO%
B(327) <=5{217}
12 2011 1: 201
51 51
o7 (W]
0% 8%
*B(3Z2) <=5{317)
12 2011 1 201
51 31
(] (T E]
BO0% 0%
=532z =537
I: 2011 1: 2011
51 51
(O E] 020
B0% 100%
=E{3ZZ)
I: 2011
51
]
100%
<=5{317})
1. 2012
52
11

MOV(DZ1)

1]

=
=

Mowe

[+

Souwrce word

£51
Drestination

Mowe

T
Sowrce word

ES1
Diestination

Move

2
Sourpe word

ES1
Di=stination

Move

]
Source word

&S1
Diestination

Move
10

Sowrce word

ES1
Di=stination

Move
4]
Souwrce word

ES2
Diestination

128



13

MOV(021)

14

(Wl

g
2

MOV(D21)

15

MOV(D21)

42

Da

MOVDZT)

i7

=
e

MON{D21)

D&

=
=

»5{327) <=5{317)
I 2012 T 201z
sz sz
o 0z
10% 20%
*5{327) <=5{317}
T 2012 T 2012
sz sz
0z 012
0% 0%
=5(327) <=5{31T)
T 2012 T 2012
5z 5z
03 04
0% 40%
*3{322) <=5(317)
I 2012 I 2012
gz sz
oid D15
40% E0%
»B{322) <=5{217}
I 2012 I 2012
g2 sz
] 1]
0% 60%
>5{322) <=5(317)
I 2012 I 2012
sz sz
Die o7
B0% 0%

MOV(D21)

D

=
2

Move

Sowrce word

&52
Drestination

Move
2
Sowrce word

ES2Z
Drestination

Move

3
Sowrce word

ESZ
Dr=stination

Move

4
Source word

£52
Di=stination

Move

1

Source word

&52
Destination

Move

(31

Souwrce word

£S2
Diestination

129



19

&1

21

BT

24

>5(322) =537 MOVID21)
T 2012 T 2012 o7
sz sz
oiT 013 5151
0% B

| s <=5(317) MoV
T 2012 T 2012 0%
sz sz
0ig gE] Dol
8% a0

| >spazz) <=8{317) Mov(Dz1)
T 2012 T 2012 g
sz sz
3] 020 5101
0% 100%

| =E3ZE) MOV(D21)
B [
sz
[wii] oo
1007%

=531} MOV(D21)
BFES ]
1
ol ooz
10

s5327) || <=s@m MOV{0Z1)
T 2073 BFE] ]
53 53
o b1z i
0% 0%

130

Move

T
Source word

&52
Drestination

Move

2
Source word

£S2
Di=stination

Move

4
Source word

£32
Destination

Move
10

Sowrce word

ESZ
Drestination

Move
1]

Sowrce word

&53
Drestination

Move

Sowrce word

£53
Drestination



MOV(DZ1)

D2

g
(&

MOV(DZ1)

[EE]

g
(ot

MOV(DET)

g
(!

MOV(D21)

2
(5!

MOV(D21)

g
g

3

MOV{021)

>5{322) ==5{217)
I 2012 I 2012
53 53
Diz o1z
0% 0%
>5{322) <=8{317)
. 2012 I 2012
53 53
D1z r)
0% 0%
=5{323) <=5{217)
. 2012 I 2012
=3 =2
Did D15
4% 5%
>5{322) <=5{317)
. 2012 I 2012
g2 g2
DiE Di6
50 B0%
>5{322) ==5{117)
I 2012 I 2012
=2 53
][] o7
B0% 0%
=3322) <=3{317)
. 2012 I 2012
53 53
DiT D18
0% BO%

oT

g
(]

Move

Z
Souwrce word

£53
Destination

Move

3
Sowrce word

ES3
Diestination

Move

4
Source word

£S3
Di=stination

Move

R

Source word

£53
Diestination

Move

[+

Source word

£33
Di=stination

Move

T
Souwrce word

&53
Destination

131



4

=5{31T) ] ==5{31T)} MOV{D21)
1: 2013 1: 2013 oé
53 53
Dig D D102
B0 0%
=B{3Z7) <=8{31T) MOV{D21)
1: 2013 1: 2012 5]
53 53
D19 020 D102
0% 100%
*5(322) MOV{D21)
1: 2013 D10
53
] D102
1003
AS00.00 A900.01 A300.02 A500.02 A500.04 AS900.05 W30.03
ID/1 | IVA | | | !
I I I I I I Lt
MemB1 MemB2 MemDir Mam.Esg MemB4 MemB32
W30.03 WT0.01 WrD.03
| | | | !
11 1T (W
Marcacso Inicisl  Btnlniciar
Wr0.03 1: 0.00 Wa4d.01
| | | | !
11 1T (W
Al niciar fci
1: 0.02 Wid.00 1: 0.01 W40.01 W4D.02
| 11 1 11 {2
fic Etspa Inicial fc2 Az
W40.02
]
Ao
1: 0.01 Wi10.00 1: 0.02 W4D.01 W4D.03
| | o 1 1 b
fc2 Etapa |nicial fic: Az
W40.02
Auxd
1: 0.00 1: 0.01 1: 0.02 W40.02 W40.02 WD 04
Lt 11 1 11 Lt 2
fel fc2 ] Auxd A2

Mowe

]
Source word

&53
Diestination

Mowe

]
Siowrpe word

ES53
Diestination

Mowe

0
Source word

&53
Di=stination

Marcacao Inicial

Aucelniciar

Bt

Al

Aaced

132



42 W3l.0D
120 H T
=5(313) -
1: 2011
51
D30
Security
43 Wl
132 | H 5y
5312} et
I: 2012
52
D3
Security
44 Wa1.0z
134 | { T
=5312) et
I: 2012
53
Dad
Security
48 AS00.0D I 00D Q:1.02 Q:1.03 Q1.0 Q: 1.00
136 | | | | 11 1 11 i
M=mB1 fci Dir E=q B2 {Veiculo)
45 AS00.01 I: 0.0 Q: 1.02 Q: 1.03 Q: 1.00 Q: 1.04 W100.0D
42— | | 1 it | % O
MemB2 fc2 Dvir E=q B1 (Forneced... B4 (Atacadist...
I: 002
—
fcl
50 W100.00 Q@ 1.05 W31.00 1.0
151 ! | 11 i
B2 (Atscadist... StopB2
5 AS00.02 Q: 1.00 1.0 Q: 1.04 Q1056 Q:1.03
155 | | . 1 1 i
MemDir B {Fomeced... B2 (Vaicul) B4 (Atacadist... B2 (Atacadist...
W02
|
11
A
Wdd.04
_| |_
Auccd
52 AS00.03 Q: 1.00 1. Q: 1.04 Q105 Q102
183 | | 1 11 1 1 i
Mem.E=g. B1 (Fomeced... B2 [Veicul) B4 (Atscadist... B3 (Atacadist...
W02
A2
53 A200.04 Q: 1.01 Wwa1.02 Q: 1.04
170 || 11 11 O
MemB4 B2 {Veicuk) StopB4
54 AS00.05 Q1.0 Wa1.01 Q: 1.05
174 | | 11 11 i
MemB2 B2 {Vei culo) StopB2
&R

Figura C.1. Diagrama Ladder completo para a abordagem com PA.

StopB2

StopB3

StopB4

B1 {Fomecedor)

B2 (Veiculz)

E=q

Dir

B4 (Atscadista Z)

B2 (Atscadista 1)

133



APENDICE D

DIAGRAMA LADDER PARA A ABORDAGEM CLASSICA

As préximas paginas deste apéndice apresentam o diagrama Ladder completo para o

estudo de caso da bancada didatica considerando a abordagem classica com IEC 61131-3.
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Figura D.1. Diagrama Ladder completo para a abordagem classica.
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ANEXO A

TRABALHO FONSECA E TAVARES (2012)

O trabalho a seguir, entitulado Didatic Test Bench for Automated Planning, foi
apresentado no COBEM 2011 e publicado como capitulo de livro no ABCM Symposium
Series in Mechatronics — Vol.5. Section V — Intelligent and Distributed Manufacturing
Systems (ISBN978-85-85769-50-5, Rio de Janeiro, Brasil, 849 — 858).
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DIDATIC TESTING BENCH FOR AUTOMATED PLANNING

Joido Paulo da Silva Fonseca, jpaulosfonseca@gmail.com
José Jean-Paul Zanlucchi de Souza Tavares, jean.tavares@mecanica.ufu.br
Federal University of Uberlandia, Jodo Naves de Avila Avenue, 2121 — Uberlandia MG

Abstract. In the last 50 years there were developed many tools related with artificial intelligence, such as expert
systems, neural networks, genetic algorithms, fuzzy logic and especially, automated planners, however, it has not been
properly disseminated in practical applications. Specifically automated planners emerged in 1971 with the STRIPS or
“Stanford Research Institute Problem Solver”, the first automatic solver problems. The development of the automated
planners created a standard formal language called PDDL or “Planning Domain Definition Language”. In 2008,
itSIMPLE was developed as a knowledge engineering tool used for modeling planning domains to several automatic
planners, in order to develop a plan that meets the requirements of the project. tSIMPLE assists in plans evaluations
and to better understand the problem situation, but it is still far from the real applications. It is then necessary evaluate
if it is possible to apply the solutions of these tools in practical cases. This paper proposes the development of a
didactic testing bench for application of automated planning tools, and thus evaluates the actual distance between
theoretical plans and practical systems. In this case, the didactic bench simulates motion systems, widely used in
manufacturing process and logistics. With this objective, this bench was developed to simulate a system of product
distribution from a supplier to two distinct customers using an autonomous vehicle controlled by a Programmable
Logic Controller (PLC), responsible for transporting product programmed in function of the customer stock variation.
The supply of product is performed using a water electropump that loads the car at the supplier and unload the car at
customers. Each customer caters to an internal electropump in its own reservoir in three different predefined demands,
it means, fixed, probabilistic and uncertain. These different demands are based on real cases of a large petrochemical
company. The car is commanded by two 12V DC motors so that the vehicle can moves to the right or left side,
depending on system needs. There are three mechanical microswitch on the bench, in customers and supplier
positions. Each customer and the vehicle have an internal level sensor to assist the product stock control. When the
customer level sensor reaches critical level, the customer makes a request for a pre-defined amount of product delivery
by the vehicle, which may transport more than customer needs. The level state analysis and vehicle position are PLC
inputs; and electropump in charge and vehicle movement are PLC outputs. PLC and automatic planning tools are
integrated and a solution-plan example is presented. This bench can split decision accountability from PLC to
automated planner tool and it provides practical examples to evaluate automated planners solutions in mechanical
systems.

Keywords: Programmable Logic Controller — PLC, Automatic Planning Tools, Didactic Testing Bench, Supervision
and Control, Supply Chain Management

1. INTRODUCTION

Industrial automation always deals with new technologies and approaches, although, their implementation requires
time and expertise. Artificial intelligence is one of them.

In the last 50 years there were developed many tools related with artificial intelligence, such as expert systems,
neural networks, genetic algorithms, fuzzy logic and especially, automated planners, however, it has not been properly
disseminated in practical applications. Specifically automated planners emerged in 1971 with the STRIPS or Stanford
Research Institute Problem Solver (Fikes and Nilsson, 1971), the first automatic solver problems. The development of
the automated planners created a standard formal language called PDDL or Planning Domain Definition Language
(Vaquero, 2007).

Despite of PDDL, this area still focused on new automatic problem solvers until 2008, when itSIMPLE was
developed as a knowledge engineering tool used for modeling planning domains to several automatic planners, in order
to assist plan analysis whether it meets the requirements of the project or not. tSIMPLE helps plans evaluations and to
better understand the problem situation, but it is still far from the real applications. With this assistance, it is possible
evaluate if it is able to apply the Automated Planning solutions of these tools in practical cases.

This paper proposes the development of a didactic testing bench for application of automated planning tools, and in
thus evaluates the actual distance between theoretical plans and practical systems using PLC — Programmable Logic
Controller. This paper focuses on bench development and characteristics. Until today automated planning tools are still
applied to theoretical problems. With this bench it is possible to verify and validate automated planning results for a
specific and didactic system through itSIMPLE modeling process, assisting automatic planning tools deployment.

This paper presents Strips and Artificial Intelligence review in section 2, followed by itSimple. Section 4 shows
Didactic Testing Bench schema. ItSIMPLE Didactic Test Bench model is presented in Section 5 and the Didactic
Testing Bench integrated with PLC (Programmable Logic Controller) solution is showed in section 6. Discussion and
conclusion are presented in section 7, followed by Acknowledgments, References and Responsibility Notice.
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2. STRIPS AND ARTIFICIAL INTELLIGENCE

The creation of Artificial Intelligence occurred in 1940s when McCulloch and Pitts (1943) proposed an artificial
neural network whose goal was to simulate the human brain in computational operations. Since then, there were
developed many tools related with artificial intelligence, such as expert systems, neural networks, genetic algorithms,
fuzzy logic and especially, automated planners, however, it has not been properly disseminated in practical applications.

The history of Automated Planning as an area of Artificial Intelligence began in the 1960s, from scientific work
focused on general problem solvers development (especially with the use of first order logic). However, only in the
early 1970s, a planner able to effectively make use of representations of the domains during the obtaining solutions to
problems was proposed by researchers at Stanford Research Institute. Emerged here the STRIPS (Stanford Research
Institute Problem Solver) (Fikes and Nilsson, 1971), it would be, beyond a reference, a pioneer in the field of
Automated Planning.

The STRIPS was very famous for its formulation and representation of actions (or operators). With a simple
formulation, this planner was the beginning of the Automated Planning Classical Era that lasted until the beginning of
the 1990s (Ghallab et al., 2004 apud Vaquero, 2007).

In mid 1995, the story of Automated Planning got a big boost when Avrim Blum presented the planner
GRAPHPLAN (Blum and Furst, 1995) which used a method of extracting plans differentiated by the graphs. Its
simplicity combined with its superior performance to the planners of the time stimulated the development of new
techniques and research planning. This planner marked the beginning of the Automated Planning Neoclassical Era
which revived the research on the classical planning problems.

3. ITSIMPLE

The itSIMPLE - Integrated Tools Software Interface for Modeling PLanning Environments — is an integrated design
environment whose the main objective is minimize the problems found during the project life cycle and real
applications of planning, predominant phases of requirements, modeling and analysis, when the different participants
viewpoints should be taken into consideration (Vaquero, 2007). In 2008, itSIMPLE was developed as a knowledge
engineering tool used for modeling planning domains to several automatic planners, in order to develop a plan that
meets the requirements of the project. ItSIMPLE assists in plans evaluations and to better understand the problem
situation, but it is still far from the real applications.

The itSIMPLE have flexibility to work with different languages, such as UML (Unified Modeling Language), XML
(eXtensible Markup Language), PDDL (Planning Domain Definition Language) and Petri Nets, moreover, the designer
can use the same features modeled in Use Case, Class and States Diagrams to also evaluate this situation with different
agents and resources as well as new restrictions.

A planning domain modeling with itSIMPLE follows the sequence described by UML (Unified Modeling
Language) literature. Initially, the Use Case Diagram is drawn up — this step the designer defines the constraints (pre-
conditions and post-conditions) for each Use Case; next the designer draw the Activity Diagram — stage where one has
the action and decisions necessary for the problem objective is defined; the next step it is the preparation of Class
Diagram — where it is done the modeling of the domain’s static structure based on the description of use cases; the next
UML diagram is the State Diagram — here the designer is responsible by the relevant classes dynamics aspect definition;
the development of the last diagram it is the problem modeling and is known as Object Diagram — this step is divided
into three diagrams namely the repository, the initial snapshot (where is determined the initial scene) and the snapshot
goal (where is determined the goal scene). The Snapshot allows the user to instantiate classes (creating objects), give
value to the attributes of each instance of classes and associate the objects according to the situation that the designer
wants to build. (Vaquero, 2007)

With the aim of clarify this modeling will present a simple example modeled in itSIMPLE. The Blocks world is one
of the most popular domains of Automated Planning in Al. This domain is composed by a robotic arm, three blocks and
a table. The arm can move only one block at a time. The Figure 1 illustrates this domain.

As described previously, the modeling process starts by building the Use Case Diagram. Based on the
characteristics of the Classic Blocks World, the diagram could be constructed with only four use cases (with their
restrictions), it means, “Pick up block”, “Put down block”, “Stack block” and “Unstack block”. All of these use cases
are performed by the robotic arm, in other words, in this domain there is only one agent Hand, as presented in Fig. 2.

The Blocks world Class Diagram is modeled based on the description of Use Cases. The main elements of the Class
Diagram are blocks, hand and table, as showed by Figure 3. In this model only two classes have dynamics aspects
relevant to be represented and analyzed: Hand (Agent Class) and Block (Resource Class). Focusing exclusively in the
Hand class is possible to trace the transitions between the states (the actions) and their respective pre and post
conditions in the Hand State Diagram (Figure 4).

Following the modeling process, the planning problems can be modeled by two Snapshots (Objects Diagram)
representing the initial state and the final (goal) state of the problem with three different blocks: A, B and C (Fig. 5).
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Figure 1. Illustration of the Blocks World.

@ @
..
/ Hand \

-

Put down block Unstack block

Figure 2. Use Case Diagram of the Blocks World.

Iding

holding

42
<<Agent>>
Hand

handempty - Boolean

pickUp(hand: Hand, x: Block, table: Table)
putDown(hand: Hand, x: Block, table: Table)
stack{hand: Hand, x: Block, y: Block, table: Table)
unstack(hand: Hand, x: Block, - Block, table: Table)

Figure 3. Class Diagram of the Blocks World.

stack(hand: Hand, x: Block, v: Block, table: Table)

putDownthand: Hand, s Black, table: Tabls) o
Hand holding x ™y I Hand empty ™y
tand.huldmg = % and hand.handempty = false J tﬁﬂd-m‘d‘ng = null and hand. handempty = true J
Unstack{hand: Hard, = Block, v: Black, abls: Tabls)

pickipihand: Hand, x: Block, table: Table)
Figure 4. State Diagram of the class Hand.

Initial state presents A block on B block on C block on the Table. Final state presents C block on B block, on A block
on the Table.

This domain, modeled in UML is automatically converted to PDDL by itSIMPLE, and this result can be accessed by
different planners. These planners, according to their functionality, develop an action plan from the initial state to the
goal. Each planner is free to generate a different plan, everything will depend on their characteristics, their robustness
and the platform it is inserted.
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In this planning problem, the planner must use the hand agent to modify the block’s position in order to reach the
final state. In the test phase with planners, for verification and refinement of the model, this domain was performed with
the algorithm Metric-FF (Hoffmann, 2003), one of several planners available in itSIMPLE.

Figure 5. Initial and Final Snapshot of the planning problem related with Blocks World.
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The Metric-FF solved the problem modeled with an action plan of 6 steps. The solution-plan for this planning
problem is represented bellow.

PUTDOWN H1 A TABLE1l

STACK H1 B A TABLEl
PICKUP H1 C TABLE1l
STACK H1 C B TABLEl

(G WENE N

4. DIDACTIC TESTING BENCH SCHEMA

UNSTACK H1 A B TABLEL

UNSTACK H1 B C TABLEL

From the issue raised, the distance between the use of automated planning software and implementation in real
cases, this paper proposes to develop a didactic testing bench. The Fig. 6 illustrates the initial idea for the development

of this bench.
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Figure 6. Illustration of the proposed system.

In this case, the didactic bench simulates motion systems, widely used in manufacturing process and logistics. With

this objective, this bench was developed to simulate a system of product distribution from a supplier to two distinct
customers using an autonomous vehicle controlled by a Programmable Logic Controller (PLC), responsible for
transporting product programmed in function of the customer stock variation.
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As shown in Fig. 6, the Didactic Test Bench is composed by 1 (one) vehicle, 1 (one) supplier reservoir, 2 (two)
customers reservoirs and 2 (two) client demands electropumps. The vehicle must receive product on the supplier
reservoir and carry it up the customer reservoirs. The level of each customer reservoir will be a function of client
demand for each customer, represented here by electropumps. These client’s electropumps simulate three different
types of demands (it means fixed, probabilistic and uncertain) based on real cases of a large petrochemical company.
The product comes as demand return to the supplier reservoir, closing the cycle and ensuring the continued functioning
of the system.

5. DIDACTIC TEST BENCH MODEL IN ITSIMPLE

The modeling process begins by the construction of the Use Cases Diagram. An analysis of the characteristics of the
proposed problem allows us to notice that this diagram is composed of two agents, one vehicle and another customer.
The agent Vehicle will be the responsible for carrying out of Use Cases Move, Load and Unload. While the agent
Customer will be the responsible by the Use Cases Unload, PartialSale (for partial deliveries), FinalSale (to fulfill
partial deliveries) and CompleteSale (for full deliveries). The Use Case Unload requires the activities of the agents
Vehicle and Customer simultaneously. The Fig. 7 illustrates the Use Case Diagram of the domain in question.

@

"

_

Load
Vehicle oe

PartialSale

@ i FinalSale
Customer\

Following modeling process the static structure of the domain represented by Classes Diagram must be done based
on the description of the Use Cases. The main elements of this domain are the Vehicle, the Customers, the Supplier and
the Client Class. In addition to these Classes, the diagram is formed by the LevelTransf (responsible for the
discretization of quantities of product sold and displayed by the level sensors) and Global (containing all global
variables of the domain), the first being a Resource Class and the second a Global Class (stereotype <<utility>>).

In this model the Vehicle Class has two attributes: maxlev (Int), identifying the maximum level of the vehicle’s
reservoir; and /ev (Int), representing the current level. The Customer and Supplier Class are generalizations of the Place
Class, which has a single attribute busy (Boolean), identifying the state's place as the presence or absence of vehicle.
Besides the attribute busy, inherited by the generalization, the Customer Class has more three attributes: capacity (Int),
identifying the capacity of the reservoir; /level (Int), representing the current level of product; and critical level,
identifying the critical level of the customer. The ClientDemand Class has three attributes: amount requested (Int),
representing the amount requested by demand; amount received (Int), representing the amount received so far; and
attended (Boolean), identifying if their demand has been met or not. The LevelTransf Class has only one attribute called
amount_transfered, which represents the discretized value of the transfer level. Finally, the Global Class has three
attributes: distance (p1:Place, p2:Place) (Int) symbolizing the distances between places in the domain (values in cm);
transportcost symbolizing the cost of transport in a real system, to solve planning problem (minimization goal); and
lostcost representing the cost for an incomplete delivery, to solve planning problem (another minimization goal).

Moreover, the Vehicle Class has an association isAt with the Place Class in order to identify which place the vehicle
is at the exact moment, and the ClientDemand Class has an association buysfrom with the Customer Class to identify
which is the Customer responsible for fulfill the demand of each Client.

To ensure proper functioning of the system, Agents Classes must take actions to ensure the functionality of the plant.
So the Vehicle Class has three operators: move, load and unload. And the Customer Class has other three operators to
ensure the supply demand: partialsale, finalsale and completesale.

The Class Diagram resultant of the static structure modeling of the model is show in Fig. 8.

In this model, only two classes have dynamics aspects relevant to be represented and analyzed: Vehicle and
Customer (both Agent Class). For instance, for the Vehicle Class, the behavior can be model taking in consideration the
following points:

Figure 7. Use Case Diagram of the Bench.
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Figure 8. Class Diagram of the Bench Domain.

1. An agent object of Vehicle type can be found in three relevant states: “Moving from an origin place to a
destination place”, “Stopped in the Supplier place and Load the Vehicle’s reservoir” and “Stopped in the
Customer place and Unload product”;

2. Actions that can affect an object of Vehicle type are all that it performs, in order words: move, load and unload
(performed by own Vehicle Class);

3. The pre and post-conditions of actions that the objects of Vehicle Class performs are extracted from
descriptions of Use Cases and these are represented in OCL (Object Constraint Language) [OMG - Object
Management Group, 2003];

The Fig. 9 shows the States Diagram of the class Vehicle.

move(v: Vehicle, origin: Place, destination: Placel[.. . ]f...

{ Is in a place \,

load(: wehicle, s: Supplier, ni LevelTransFi[... 0.,

f Level \,

L )
-7

unload(v: wehicle, a: Customer, n: LevelTransf[... 1/, ..

Figure 9. States Diagram of the Class Vehicle.

As a result of the union of expressions of States Diagram of the two classes Vehicle and Customer, it is need to
represent all actions in OCL. Following the representation of the action in OCL related with Move action from Vehicle,
with pre and post conditions.

context Vehicle::move(v: Vehicle, origin: Place, destination: Place)
pre:
-- Vehicle conditions
v.isAt = origin and origin.connected->exists(p : Place | p = destination) and origin.busy = true and destination.busy = false
post:
-- Vehicle conditions
v.isAt = destination and destination.busy = true and origin.busy = false and transportcost = transportcost + distance(origin,destination) *10

As described above, the global variable transportcost, observed in Class Diagram sums each vehicle’s move action
distance and is multiplied by a standard cost of 10 (ten).
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After these representation, the planning problems can be modeled by two distinct Snapshots (Objects Diagram)
representing the initial state and de final (goal) state of the problem. For didactic reasons, this paper admits only two
Clients (cl and c2) fulfilled by Customer al and a2 respectively. As initial situation that the Customer al are at level 1
and the Customer a2 are at level 2, the Vehicle is at zero level of product, and the Vehicle stays at the Supplier position.
The Customer al receives a demand of 9 (nine) from the Client c1 and the Customer a2 receives a demand of 8 (eight)
from the Client c¢2. From this scene the planner may reach Clients demands minimizing the transport cost and lost cost
due partial sales. Thus, the final scene is the Vehicle parked at Supplier position and Customers c/ and c¢2 with level 10.

This problem is show in Fig. 10 (represented the Snapshot Initial) and in Fig. 11 (represented the Snapshot Goal).
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Figure 10. Snapshot Initial of a planning problem in the Bench Domain.
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Figure 11. Snapshot Goal of a planning problem in the Bench Domain.

The test phase for verification and refinement of the model was performed with the Metric-FF algorithm
(HOFFMANN, 2003). The planner Metric-FF solved the modeled problem with a plan composed by 12 (twelve) steps.
The solution-plan for this problem, illustrated in Fig. 10 and Fig. 11, is represented bellow.

LOAD V1 F1 LEVEL 5
MOVE V1 F1 A2

UNLOAD V1 A2 LEVEL 5
MOVE V1 A2 F1

LOAD V1 F1 LEVEL 7
MOVE V1 F1 Al

UNLOAD V1 Al LEVEL 7
MOVE V1 Al F1

LOAD V1 F1 LEVEL 4

: MOVE V1 F1 A2

0: UNLOAD V1 A2 LEVEL 4
1: MOVE V1 A2 F1

HEROLVUOoJoOUd WNhE O

6. DIDACTIC TESTING BENCH INTEGRATED WITH PLC SOLUTION



ABCM Symposium Series in Mechatronics - Vol. 5 Section V - Intelligent and Distributed Manufacturing Systems
Copyright © 2012 by ABCM Page 856

The bench and the vehicle were developed in wood. The Bench’s project can be viewed in Fig. 12 and the Vehicle’s
Project in Fig. 13.
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Figure 13. Top view, right side view and front view of the vehicle.

The electrical project for the system can be visualized in Fig. 14. The movement of the vehicle requires the
performance of two motors. To control these motors this Bench uses the L293 Driver. The electropumps are powered
by an external source 12V/20A and electrical relays are used for power transmission. Current transmitters provide level
sensors’ signal processing for 4-20mA PLC analog input. These transmitters are a Wheatstone bridge type.

The solution-plan with twelve actions must be translated in Ladder Language. Each action can be viewed as a
specific PLC memory address as described in Tab. 1. These memory address can turn each action on when pre
conditions are validated. Figure 15 presents partial Ladder Diagram related with the four initial actions (W10.00 to
W10.03). This Bench is using Onrom CLP CJ1M CPU13 ETN (ONROM Corporation, 2001).
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FC1,FC2,FC3: Mechanical limit switches;
SN1, SN2, SN3: Level sensors;

T1, T2, T3: Current transmitters;

K1, K2, K3, K4: Electrical relays;

B1.B2, B3, B4: Hydraulic electropumps;
M: Electrical motors.

Figure 14. Electrical scheme for the system Bench.

Table 1. Stage x PLC Memory Address

Stage PLC Memory Address
0 W10.00
1 W10.01
2 W10.02
3 W10.03
4 W10.04
5 W10.05
6 W10.06
7 W10.07
8 W10.08
9 W10.09
10 W10.10
11 W10.11

Figure 15. Partial Ladder Diagram for the planning domain Bench.

This paper results is the physical Testing Bench which is able to receive solutions from planner by Ladder programs
and execute them. The Fig.16 shows physical Bench s photos.
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Figure 16. Bench’s photos.

7. CONCLUSIONS AND FUTURES WORKS

This paper showed a Didactic Testing Bench integrating automated planning tools and PLC. It can be possible to
note that automated planning tool allows optimization results, in this case, cost minimization. With itSIMPLE Model it
is possible to generate several initial and final Snapshots, related with real cases. Each generated solution-plan action
must be mapped as PLC Language, in this case, Ladder Diagram, to be implemented in real Bench. On the other hand,
it is not possible to generate a cyclic and recursive solution, it means, each problem requires another initial snapshot and
a new solution-plan must be created. In this direction, itSIMPLE and PLC must be integrated properly with a specific
interface to reach real-time system requirements. This is an initial study which intends to stimulate automated planning
deployment. In this direction, only an ordinary example was presented to demonstrate how an action plan can be
mapped in Ladder Diagram. There is a need to compare planner solutions in more complex examples, as Tavares and
Fonseca (2011).

The future work is the development of an automated interface between the automatic planner and the PLC. This
interface is better described in Tavares et al (2011)
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Abstract

Automated planning systems have been developed for more
than 40 years, however, their practical application in real
problems is still restricted and, many times, a challenge.
One of the reasons for such restriction lies on language
ruptures. On the one hand, automated planning systems
provide a plan with a sequence of actions represented in the
Planning Domain Definition Language (PDDL); on the
other hand, real systems use equipment as Programimable
Logic Controller (PLC), which utilizes languages such as
Ladder and centralizes sensor and actuation activities. This
paper presents a mechatronics approach integrating
automated planner in industrial systems based on PLC
network. First, the planning domain was modeled using
itSIMPLE. Next, the model was evaluated by two
automated planners (Metric-FF and SGPlan6) in respect to
optimization specific metrics, m this case, costs
minimization. The best plan was chosen to be implemented
in the practical system. The sequence of actions defined n
PDDL was translated in a Sequential Flow Chart and then,
translated in a Ladder diagram, to be implemented in PLC.
A practical example is done in a didactic bench, and finally
a comparison between real and planned results is presented
and discussed.

Keywords: Automated  Planning; Manufacturing
Automation; Programmable Logic Controller (PLC);
Didactic Bench; itSIMPLE.

Introduction

Discrete systems based on Programmable Logic
Controllers (PLC) are widely used on the
manufacturing automation processes. The
internationally recognized efficiency allied to their
robustness guarantees their success in industrial
applications. On the other hand, for some years
several studies have been showing artificial
intelligence techniques like neural nets, genetic
algorithms, specialized systems, fuzzy logic,
automated planning as enhancement proposals for
practical systems. Specifically, the automated
planning emerged in 1971 with the presentation of the
first automated planner: Stanford Research Problem
Solver (STRIPS) (Fikes and Nilsson 1971). According

to the authors, automated planners consist in a system
for automatic resolution of problems. Automated
planners runs a search algorithm, based on a model,
specifics criteria, an inputs’ set (initial state) and a
goal (final state); to define the best sequence of
actions.

On the other side, most of commercial PLC work
with very simple programming languages, such as
Ladder and Sequential Flow Chart (SFC) while
automated planners make use of a huge formalism
provided by Planning Domain Definition Language
(PDDL) (Fox and Long 2003) - an international
standard for automated planners.

However, what can be seen is a great abyss
between those development standards, making it
difficult to integrate newer technologies in industrial
applications like, for example, automated planners in
manufacturing. Tavares and Fonseca (2011)
presented an initial study to evaluate this gap between
the theoretical field and practical systems by use of a
recurrent problem on a supply chain, through a simple
proposal.

This work presents a mechatronics approach
integrating automated planners in industrial systems
based on PLC network. First of all theoretical
foundation is presented, followed by methodology
with planning domain and problem definition. The
integration between plan and PLC is showed for this
specific scenario comparing planned and actual results
applied to a didactic bench. Discussion and
conclusion is presented, followed by bibliographies.

Theoretical Foundation

Next paragraphs present the theoretical base of this work.
Initially it reviews automated planning concepts, followed
by the itSIMPLE system (Vaquero 2007), and finally there
is a brief description about PLC and its programming
languages.

Following Ghallad ef al. (2004) classical Planning
requires eight restrictive assumptions, it means, finite
system X, fully observable, deterministic, static, a set of
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goals state S,, a linearly sequence of action (a; ... a,).
implicit time and off-line planning.

State transition system X is a tuple of (S, A, E, y), where
S is a set of state, 4 is a set of action, F is an exogenous
event and 7 is a state-transition function.

It's possible to think of a modern manufacturing process
as sequence of actions and whose completion can be
detected by sensors responsible to the controllers'
observation. These actions can be performed by devices,
numerically controlled machines, automated guided
vehicles, conveyor belts, manipulator robots, etc. Therefore
these actions consist of relatively complex programs in
different languages. also including PLC programming
languages.

So the sequencing hereby referred can be seen as a
translation activity from plans produced by automated
planners to control programs for devices and machines.
Even though the perception and actuation processes can
also be performed by PLC: it’s noted that this level of
language is not suitable to fit automated planners results.
The designing process by itself is not feasible in a low
level language as Ladder. even though in the end. it’s
desired to have a way to automatically stimulate the plan or
sequence of actions when using PLC and detect the
termination condition of these actions with sensors
perceptions (Tavares et al. 2011).

The possibility of applying new design tools for
planning and scheduling systems in this type of integration,
with the precision, dependencies’ analysis, adaptability and
intelligent behavior insertion advantages becomes,
therefore, very attractive.

Until recently this possibility was very remote, since the
automated planning’s problems were solely treated with
model problems, and extracted directly in formal
specification languages such as PDDL. However, since the
beginning of this century, a discussion has taken over the
automated planning community, which refers to the
possibility of utilizing those artificial intelligence
techniques in real problems, as manufacturing ones.

Actual problems of great interest have been analyzed
with such techniques like logistical problems in port
systems (Dahal et al. 2003) or in logistics on the loading
and unloading of oil in the Sao Sebastiao’s port (Sette et al.
2008), or even in the raw oil routing in pipelines (Li et al.
2005).

The itSIMPLE System

The itSIMPLE system (Vaquero et al. 2009) was designed
to allow the user to have a disciplined design process to
create knowledge models from different fields of
automated planning. The process suggested and
implemented in the domain model design tool follows a
cyclic sequence of stages inherited from the Software
Engineering and Knowledge Engineering combined with
experience gained in the design of planning applications.
The software provides a different approach for modeling
the planning domain. Its main feature is to enable the entire
modeling process to be done through Unified Definition

Language (UML) diagrams (OMG 2010). As the group of
the PDDL language experts, and its formalisms, is very
limited, itSIMPLE opened the door for a larger group of
people to be able to model the planning domain from a
graphical language. Hence, the software consists in a tool
capable of translating the UML model to a corresponding
PDDL that can be used by automated planners allowing
then to verify and compare different planners with the
same domain description.

The itSIMPLE environment incorporates a set of
representation languages and theories capable of dealing
with requirements and knowledge engineering, in
association with the project life cycle, as shown in Figure
1. Among the wvarious specification and modeling
languages, the itSIMPLE proposes the utilization of the
semi-formal language UML, a diagrammatic language
widely known and used in the software and requirements
engineering, for the initial steps in building the model and
the domain knowledge. Classical Petri nets (Murata 1989)
are used for dynamic verification of the plans. And as the
community in AI Automated Planning uses PDDL as a
standard representation of domains and also as an input
representation to the planners, the itSIMPLE integrates this
language as well (up to version 3.0 of PDDL) in its design
process (Vaquero et al. 2009).

. Planners” input

i (SGPlan, FF, MIP5-XX,
SATPlan, LPG-TD)
JAnalysis | XPDOL . Plans analysis
. —a .

. Refinement

. User interface
. Diagram

. Medeling

Figure 1: itSIMPLE’s structure and languages. (Vaquero et al.
2009)

In the current version, itSIMPLE can communicate with
the main planners available in the literature. Therefore, the
process of choosing a planner is not in fact done, and this
version of the system simply prepares the application
domain (practical manufacturing processes and most of the
planning problems) for all planners included. In a future
version it is intended to eliminate this process, choosing
only the planners most appropriate for the problem at hand.

The itSIMPLE is currently a public domain software’.
This system participated in the three editions of the
International Competition on Knowledge Engineering for
Planning and Scheduling (ICKEPS), ranking first in the
third edition in 2009.

Programmable Logic Controllers

The PLC are electronic equipment used in flexible
automation systems. There are very useful and versatile

1 uSIMPLE. Available at http://code google com/p/itsimple/
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working tools for applications in command and control
systems, therefore they are widely used in industrial
markets. The PLC allows the development and easy
manipulation of the logic to actuate on the outputs
according to the inputs. Thus, we can associate different
input signals to control various actuators connected at exit
points (Oliveira 1993).

With the evolution of microprocessors, it was the
increased processing power and memory of the PLC that
started to become attractive, besides all fields of industrial
activity and also the area of building automation working
in climate control, alarms. and illumination. The current
generations of controllers have advanced control functions,
availability of a large number of inputs and outputs, as well
as ease of communication with supervision systems and
smart sensors and actuators.

The languages used in PLC are basically among the five
languages defined by IEC 1131-3, which are the Ladder
Language, Function Block Diagram. SFC. and other
textual languages like Instructions List and Structured
Text.

The Ladder diagram is a graphical programming
language derived from the representation of the circuit
diagram which makes use of relay controllers directly
connected. This diagram is characterized by power lines on
the right and left of the diagram: these are linked by
current paths with switch elements (normally open
contacts, normally closed contacts) and coils. Figure 2
illustrates an example of Ladder diagram language related
with bushing process of two different parts (A and B).

part_typed drilling ok
||
|

— 71
I a

bushing inserted

|
|
part

positioned

part_typeld

Figure 2: Ladder diagram language example, (Tavares 2011)

Commercially, SFC and Ladder languages are the two
most representative of the PLC languages universe.
According Miyagi (1996), the Ladder diagram corresponds
to a logical representation based on the circuit diagram of
relays, whose utilization was widespread before the rise of
the PLC, which explains the preference for this type of
language for most programmers. On the other hand the
SFC development was motivated by the interest in
graphical tools to represent explicitly the functions to
describe sequential processes for industrial applications.

Methodology

Having presented the theoretical foundation for this work,
the methodology used for its development follows Vaquero

et al. (2009). Nevertheless. the process and problem of
domain modeling has been entirely developed using the
itSIMPLE software.

Planning Domain Modeling

Initially it was developed a Didactic Test Bench (Fonseca
2011) where it would possible to evaluate the application
of automated planning in practical systems. This bench is
composed by one vehicle, one supplier reservoir, two
customer reservoirs and two pumps to satisfy several
demand from clients. The vehicle must receive product
from the supplier reservoir and carry it up to the customer
reservoirs. The level of each customer reservoir will be a
function of client demand for each customer. Customer
reservoir is emptied by its own electro-pump and fulfilled
by the electro-pump of the vehicle. Physically, the product
is delivered directly to the supplier reservoir, closing the
cycle and ensuring the continued functioning of the bench.
Figure 3 shows actual photos of the Didactic Bench.

Figure 3: Didactic bench photos.

The modeling process begins at the construction of the
Use Cases Diagram. An analysis of the characteristics of
the proposed problem allows the identification of three
agents, the supplier, the vehicle and the customer. The
agent Supplier will be responsible for carrying out the Use
Case Load, the agent Vehicle will be responsible for
carrying out the Use Cases Move, Load and Unload while
the agent Customer will be responsible for the Use Cases
Unload. PartialOrder (for partial deliveries), FinalOrder
(to fulfill partial deliveries) and CompleteOrder (for full
deliveries). The Use Case Load requires the activities of
both Vehicle and Supplier agents simultaneously while the
Use Case Unload requires the activities of both Vehicle
and Customer agents. Figure 4 shows the Use Case
diagram of the Bench domain.

Proceeding with the modeling process, the static
structure of the domain represented by Classes Diagram
must be conceived based on the description of the Use
Cases. The primary elements of this domain are the
Vehicle, the Customers, the Supplier and the Client Class.
In addition to these Classes, the diagram is formed by the
LevelTransf (responsible for the discretization of quantities
of product sold and displayed by the level sensors) and
Global (containing all global variables of the domain), the
first being a Resource Class and the second a Global Class
(stereotype <<utility>>). Figure 5 shows the Class
diagram of the Bench domain.
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Figure 5: Bench’s Class Diagram

Each class must have attributes and methods that
represent the behavior of real objects in the system. For
example. the Vehicle Class has the necessary information
to instantiate all objects of the Vehicle Type these
information are the class’s attributes. In this model the
Vehicle Class has three attributes: maxlevel (Int),
correspond to the maximum level of the wvehicle’s
reservoir; critical lev (Int), correspond to the minimum
level of the vehicle’s reservoir: and /ev (Int). representing
the current level. Moreover, the Fehicle Class has an
association isA4f with the Place Class in order to identify
which place the vehicle is at the exact moment. To ensure
proper functioning of the system, Agents Classes must take
actions to ensure the functionality of the plant. So the
Vehicle Class has three operators: move, load and unload.
The other classes follow the same methodology. The
modeling of this domain can be found in better detail in
Fonseca and Tavares (2011).

Automated planners work in such a way that, given an
initial situation and a final situation, an algorithm scans a
search tree in order to find the best solution for the
characteristics of the project, which may be minimize or
maximize processing timme, operation costs and time ete.

The metrics developed in this model, which can be
considered minimization of costs, are fransportcost and
lostcost (cost for postponed demand), according to Figure
6. The loss cost naturally is something agreed by a clause
in the contract between supplier and distributor and, for
this specific case was chosen arbitrarily a weight of value
50.

These variables are defined as attributes of the Global
Class and its logical representation is given at the State

Diagrams as rules of the actions of Vehicle (Figure 7) and
Distributor (Figure 8). By definition, the state diagram is
where the classes with relevant dynamic characteristics are
modeled.

transportcost = Lransportcoat +
discance (origin,descinacion)* (v.levsl)

lostcost = lostcost +
50* {c.amount requested - c.amount received)

Figure 6: Metrics of the model.
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Figure 7: Vehicle's State Diagran.
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Figure 8: Distributor's State Diagram.

Problem Definition

The problem to be solved is to move, load and unload the
vehicle vI in order to aftend the demand of Clients. For
practical example, initially the Vehicle is stationed under
the Supplier reservoir; the Distributors reservoir al and a2
contains 20% of available stock, the same value of the
critical one.

Moreover, the Client ¢/ has an unmet demand of 70% of
Distributor reservoir al. while the Client ¢2 has an unmet
demand of 100% of Distributor reservoir al. The final
state, defined as a goal snapshot is: Vehicle stationed at the
original position (Supplier); Clients ¢/ and c¢2 with
attended demands; Distributors reservoir al and a2 with
intermediate level. specifically 50%. The Figures 9 and 10
shows the initial snapshot and the goal snapshot
corresponding to this problem.

4 )
..|-r-% -

Figure 9: Initial snapshot
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Plan Definition

The itSIMPLE has a significant number of automated
planners, such as SGPlan6 (Hsu and Wah 2008), Metric-FF
(Hoffmann 2003), MIPS-XXL (Edelkamp and Jabbar
2008). LPG-td (Gerevini et al. 2004), HSP (Bonet and
Geffner 2000) etc. This work presents the result obtained
with the Metric-FF and the SGPlané planners., which
generated the plan-solutions described below, in Figures 11
and 12, respectively. These possible solutions lead the
Vehicle v/ to perform the actions sequentially to take the
system from initial situation to goal situation.

The Integration between Plan and PLC

The plan-solution was translated directly in a SFC model,
and, the base of PLC Ladder program. After Ladder
deployment, the solution-plan could control the Didactic
Test Bench that has the Omron CJIM ETN21 CPU13 PLC
(Omron 2001).

Initially. the sequence of actions defined by the plan-
solution model is translated directly into a discrete event
model of the SFC type. The model development follows a
logic in which every action defined in the plan-solution
sequence is related fo a state in the SFC. The model begins
at the initial snapshot and ends in the goal snapshot. The
intermediate states are linked with the preconditions and
post-conditions of each action as transitions receptiveness
between states of the SFC model. The SFC model which
corresponds to the plan-solution suggested by the Metric-
FF planner is partially presented in Figure 13.

For each sensor and actuator variables were assigned in
the PLC according to Tables 1 and 2.

As the comparison function block of CX-one
(programming software of Omron CJIM CPU13 PLC)
works with memory locations, the comparison between the
levels perceived by sensors with the expected level in each
plan states was performed by auxiliary memories. For this,
the perceived values of the level sensors were stored in
auxiliary memories, as described in Table 3. The values
perceived by the analog input 10.00 (vehicle level sensor)

were stored in the memory location DI100; values
perceived by the analog input 10.01 (distributorl level
sensor) were stored in the memory location D101; and the
values perceived by the analog input 10.02 (distributor2
level sensor) were stored in the memory location D102.

: LOAD V1 F1 LEVELS

: MOVE V1 F1 Al

: UNLOAD V1 Al LEVELS

1 MOVE V1 Al F1

: LOAD V1 F1 LEVELS

: MOVE V1 F1 AZ

: UNLOAD V1 A2 LEVELS

: MOVE V1 AZ F1

COMPLETE ORDER Al C1 LEVEL7
10: LOAD V1 Fl LEVELZ

11: MoVE V1 Fl1 &l

12: UNLOAD V1 Al LEVELZ

13: MOVE V1 Al F1

14: PARTIAL ORDER A2 CZ LEVELS
15: LOAD V1 Fl LEVELS

16: MOVE V1 Fl AZ

17: UNLOAD V1 AZ LEVELS

18: MOVE V1 A2 F1

19: FINAL ORDER A2 CZ LEVEL2

Figure 11: Metrie-FF s plan.
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: LOAD V1 Fl1 LEVELE

: MOVE V1 F1 AZ

: UNLOAD V1 AZ LEVELS

: MOVE V1 A2 F1

: PARTIAL CRDER AZ CZ LEVELS
LOAD V1 F1 LEVELS

: MOVE V1 F1 AZ

: UNLOAD V1 A2 LEVELS

: FINAL ORDER AZ CZ LEVELZ
10: MOVE V1 AZ F1

11: LOAD V1 F1 LEVELS

12: MOVE V1 Fl Al

13: UNLOAD V1 Al LEVELS

14: MOVE V1 A1 F1

15: COMPLETE ORDER Al Cl1 LEVEL7
16: LORD V1 Fl1 LEVELZ

17: MOVE V1 F1 Al

18: UNLOAD V1 AZ LEVELZ

19: MOVE V1 A1 Fl

Figure 12: SGPlan6’s plan.

Lo T TSRS IR SO A T - N O T )

To implement the plan-solution in the PLC. both
attributes and operators of each class (represented in the
Class Diagram) should be associated with a state set of the
sensors and actuators of the Bench. For example, the action
2: (MOVE V1, F1, Al) corresponds to the movement of
the vehicle to the left, in other words, digital output 3
(Q1.02) enabled and digital output 4 (Q1.03) disabled. The
pre-condition for enabling Q1.02 is the vehicle stationed in
the supplier, in other words. fc! activated which is the
same as digital input 1 (10.00) enabled:; the vehicle level
sensor should indicate 100%, which corresponds to the
auxiliary memory D100 = 3784: and the distributors” level
sensors 1 and 2 should indicate 20%, which corresponds to
the following values for the auxiliary memories:
D101=736 and D102 = 1061 (sensor values differ among
themselves in a percentage scale and have been adjusted
according to a static calibration process, precisely due to
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the fact that uncertainties exist in the real world elements)
When the system reaches the state presented, the digital
output Q1.02 must be enabled. allowing the movement of
the vehicle to the left until the post-condition for this action
is achieved. The post-condition for this action is the
vehicle stationed on distributor al, in other words, fc2
activated or digital input 2 (I0.01) enabled and reservoir
levels similar to those perceived in the precondition. This
should occur for all actions in the Plan. Thus, Table 4
represents part of the firom/to Table needed to facilitate the
interface between the plan-solution presented above and
the construction of the Ladder diagram used in the PLC.

smapshat

fel=1 e 51420% and 52<70% wed 53T

Legend

TC1 Supphers microswich central
Watr

2l cu = 1o left
1.0 Sl cutpul dreve molors 1o gt

Figure 13: SFC corresponding to plan-solution.

Table 1: Digital input

Microswitch Digital Input
fel 10.00
fe2 10.01
fe3 10.02
Table 2: Digital output
Actuator Digital Output
Bl QL.00
B2 Q1.01
Drive motors to left Q1.02
Drive motors to right Q1.03
B3 Ql1.04
B4 QL.05

Table 3: Analogic Input x Auxiliary Memory Location

Table 4: Partial from/to Table

Snapshot/
Action Plan PLC
Initial
Snapshot - -
(isAt vl f1) 10.00=1
(=(lev v1)2) D100=1322
(=(level al)2) D101=736
(=(level a2)2) D102=1061
(=(amount reveived c1)0)
(=(amount reveived ¢2)0)
Q1.00=1 until
Action1 | (Load vl fl level 8) D100=3783
(isAt v1 f1) 10.00=1
(=(lev v1)10) D100=3784
(=(level al)2) D101=736
(=(level a2)2) D102=1061
(=(amount reveived c1)0)
(=(amount reveived ¢2)0)
Q1.02=1 and Q1.03=0
Action 2 | (Move vl fl al) until 10.01=1
(isAt v1 al) 10.01=1
(=(lev v1)10) D100=3784
(=(level al)2) D101=736
(=(level a2)2) D102=1061
(=(amount reveived c1)0)
(=(amount reveived ¢2)0)
Q1.05-1 until

Action 19 | (Final order a2 c2 level 2) [ D102=1958

Goal

Snapshot | (isAtvl f1) 10.00=1
(=(lev v1)2) D100=1322
(=(level al)5) D101=1854
(=(level a2)5) D102=1773

(=(amount reveived c1)10)

(=(amount reveived ¢2)7)

Level Sensor Analogic Input ;E:ar?
S1 12001 D100
S2 12002 D101
53 12003 D102

The actions of the plan-solution are represented in the
PLC by the memory addresses W10.xx where xx is the
value given to the plan-solution’s action (Table 5).

Thus, we started with a bench’s model, which it was
used by an automated planner in order to generate a plan
from the requirements given. This plan was translated into
an operational language, so that, joining it with the
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mapping of the PLC inputs and outputs. it was possible to
make the Ladder diagram corresponding to the plan-
solution. Figure 14 illustrates a part of the Ladder diagram
obtained through the methodology described for this paper.

In this case the initial snapshot W10.00 event enables
the relay W20.00 (Trans0). This relay marks the transition
between the initial snapshot and Action 1 (LOAD V1 F1
LEVELS). This action is associated directly to power of
the electro-pump 1 by enabling digital output Q1.00. In
addition, Action No. 1 is subjected to non-enabling the
transition 1 (between this action and the next). This, on the
other hand, will be enabled as soon as the vehicle’s level
sensor indicates 100%, which corresponds to the auxiliary
memory D100 = 3784. At this point, the Action No. 0 is
disabled and Action No. 1, enabled. This process continues
until the system reaches the goal snapshot.

Table 5: Plan Actions and the PLC s Memory Addresses

Action | PLC’s Memory Addresses

1 W10.01

2 W10.02

3 W10.03

17 W10.17

18 W10.18

19 W10.19
e _“ﬁr_ s (| weem [| sem —A?}M_l =

B ] 1]
S
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Figure 14: Partial Ladder Diagram of Bench’s Domain.

For validating the model developed in itSIMPLE, the
real costs of the plan-solution were accounted and
compared with planning costs. The Figure 15 shows the
comparative result between Planning Transport Cost and
Actual Transport Cost, for the planner Metric-FF. Since the
Figure 16 illustrates the same result for the planner
SGPlan6. The Table 6 presents the results expected and
obtained at the goal snapshot.

The transport cost is a function of distance and level
transferred. However, the uncertainty of practical system.

mainly caused by level sensors. generated a discrepancy
between the Planning and Real Transport Cost.

1000
= Pianming Transport
RO Cost
BOU =—Heal Iransport Lost
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1 2 34 56 /¢ 89101112141415161/ 1814

Figure 15 Development of the real and planning transport cost
Jor the planner Metric-FF.,
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Figure 16: Development of the veal and planning transport cost
Jor the planner SGPlané.

Table 6: Comparison berween goal snapshot modeled and tested.

State S1(%) S2(%) | S3(%)
Model Goal State - 50 50
Tests
Metric-FF | State 19 B 47 34
SGPlan6 | State 19 - 61 43

Discussion and Conclusion

We can note that, by the automated planning methodology,
it is possible to: define the objective state for the system
and then act with demand forecast, anticipating the
distributors” stock for future deliveries and market
variations; apply the variables optimization metric for
minimization of costs: simulate behavior of real system
before the practical implementation.

Nevertheless, the results show that the modeling and
planning capacity of a system is directly associated with
the reliability of the instrumentation system. Systems with
high level of uncertainty related with instrumentation
measures, can feed planning techniques with wrong data
reducing its efficiency. Despite sensors uncertainty, plan-
solution can be based on a forecast demand. This work

2012 TAMPRA Workshop, June 26, 2012, Atibaia, Sdo Paulo, Brazil 43



doesn't deal with stochastic demands and re-planning
activities.

However, there are more complex situations where the
processing time becomes a variable to be minimized.
According to recent studies (Huang et al. 2011), when the
processing time is presented as a new variable in the
model, a way to optimize this variable is by parallelization
process, by the distribution of actions and processes on
different machines . Another solution to reduce automated
planning processing time is introducing Partially
Observable Markov Decision Process (POMDP) (Ghallab
et al. 2004).The analysis of such cases is a further work for
this project.

This work ratifies the applicability of automated
planners in practical cases and their use in manufacturing
automation. Moreover, new horizons are opening for the
automation community of regarding the possibility to use
Artificial Intelligence to complete control a productive
process, considering specific cases and object-oriented and
not only a generic case.

The best of all worlds for the automated planning
application in manufacturing automation would be the
integration of disparate languages, in this case, PDDL and
Ladder. This integration would be possible by developing
an application able to realize an interface between PLC and
itSIMPLE. Thus, we can mention another further work,
which is the development of an application for the
automatic integration between the planner allocated in
itSIMPLE and the process controller from Petri Nets to
Ladder. This interface is PLC dependent.
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