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ProcneJ: A Context-Oriented Programming Language
for Real-Time Systems

YUKI YASUHARAY'®  SoSUKE MoRIGUCHI}'?)  TAKUO WATANABE!®)

Abstract: Real-time constraints are required typically in embedded systems. They can be regarded as cross-
cutting concerns and thus make real-time programs bulky. The goal of this work is to propose a description
method of real-time constraints and their modularization technique using the idea of context-oriented pro-
gramming. In our language Procnel, separating the descriptions of event-based state transitions and class
definitions enables modular development of real-time programs. In addition, by generating timed automata
from the state transition parts, we can verify the consistency of real-time constraints using UPPAAL model
checker. In the presentation, we will present the basic idea of our method and will show how it is beneficial
for describing real-time systems through examples.

Keywords: Real-Time Systems, Context-Oriented Programming
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Fig. 2 Timed automaton of DeskLamp Ver.1
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process Lampl ({
event press: * Lamp.press();

init layer Off{
transition: press? then Low;

}

layer Low{
transition: after (50) press? then Off;

transition: before(49) press? then Bright;

© 00 N O Ut R W N

}
layer Bright{

o
= o

transition: press? then Off;

=
)

}
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B3 7AZ 77 Verl ®7nt Al
Fig. 3 Process description of DeskLLamp Ver.1
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1 | public class Lamp({

2 private long activateTime;

3 public void print (String str) {

4 System.out.println(str);

5 }

6 public void press () {print ("Base_Process");}
7 public long currentTime () {

8 return System.currentTimeMillis();

9 }

10 layer Off{

11 activate{print ("Activate Off");}

12 deactivate{print ("Deactivate_Off");}
13 public void press () {

14 print ("Press,_in Off");

15 proceed() ;

16 }

17 }

18 layer Low{

19 activate(
20 print ("Activate_Low");
21 activateTime=currentTime () ;
22 }
23 deactivate{print ("Deactivate Low");}
24 public void press () {
25 print ("Press,_in_Low");
26 print ((currentTime () —activateTime) +" _ms");
27 }
28 }
29 layer Bright{
30 activate{print ("Activate_Bright");}
31 deactivate{print ("Deactivate_Bright");}
32 public void press () {
33 print ("Press_in_Bright");
34 }
35 }
36 |}

Activate Off
Press 'p’ : p
Press in Off
Common Process
Deactivate Off
Activate Low
Press 'p’ : p
Press in Low
2431 ms
Deactivate Low

Activate Bright

Activate Off
Press 'p’ : p
Press in Off
Common Process
Deactivate Off
Activate Low
Press 'p’ : p
Press in Low
8360 ms
Deactivate Low

Activate Off

B4 FR277 Verl ®r 7 AFd
Fig. 4 Description of DeskLamp Ver.1
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Fig. 5 Result of DeskLamp Ver.1 (Quickly)
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Low Bright

FadeOut t:=0

change?
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Fig. 7 Timed automaton of DeskLamp Ver.2

1 | process Lamp2 extends Lampl {

2 event change: x Lamp.change();
3 layer Low{

4 transition tl: change? then FadeOut;
5 }

6 layer FadeOut{

7 within t2 [45, 55]({

8 then Off;

9 }

10 }

11 |}

B8 7AY7Y7 Ver2 ®7 0t ik
Fig. 8 Process description of DeskLLamp Ver.2
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1 | public class Lamp({

2 ...

3 layer Off{...}

4 layer Low{

5

6 public void change () {

7 print ("Change_in_Low");

8 }

9 }
10 layer Bright{...}
11 layer FadeOut {
12 activate{
13 activateTime=currentTime () ;
14 print ("Activate _FadeOut");
15 }
16 deactivate(
17 print ("Deactivate_FadeOut") ;
18 print ( (currentTime () —activateTime) +" _ms");
19 }
20 }
21 |}

9 FTRI I Ver.2 DV 7AiM
Fig. 9 Class description of DeskLamp Ver.2
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B 10 7A2 77 Ver2 DHIHER
Fig. 10 Result of DeskLamp Ver.2
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Fig. 11 Timed automaton of DeskLamp Ver.3
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1 | process Lamp3 extends Lamp2{

2 declared int intensity=0;

3 layer Low{

4 modify tl: with{intensity=10;};

5 }

6 layer FadeOut{

7 remove t2;

8 periodic (10, 3): when(intensity>0)

9 with{intensity-=2;1};
10 transition: when (intensity<=0) then Off;
11 }

12 |}

B 12 7A2 77 Ver.3 ®7 1+t Ak
Fig. 12 Process description of DeskLamp Ver.3

1 | public class Lamp({
2 process declared int intensity;
3
4 public void showIntensity () {
5 print ("Intensity_: " + get_intensity());
6 }
7 layer Off{...}
8 layer Low{...}
9 layer Bright{...}
10 layer FadeOut {
11 activate{
12 activateTime=currentTime () ;
13 print ("Activate _FadeOut");
14 showIntensity () ;
15 }
16 deactivate(
17 print ("Deactivate_FadeOut") ;
18 print ( (currentTime () —activateTime) +" _ms");
19 }
20 }
21 |1}

B 13 7A27 77 Ver.3 ®7 7 Aidih
Fig. 13 Class description of DeskLamp Ver.3
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Activate FadeOut
Intensity : 10

Press 'p’ or ’c’: Deactivate FadeOut

912 ms
Activate FadeOut
Intensity : 8
Deactivate FadeOut
999 ms
Activate FadeOut
Intensity : 6
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Intensity : 4
Deactivate FadeOut
1000 ms
Activate FadeOut
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Intensity : O
Deactivate FadeOut
100 ms
Activate Off
B 14 FA77v7 3 OHhER
Fig. 14 Result of DeskLamp Ver.3

BBIIAE Y FANEEBRINS, BATERI N
activate 7H v 7 & deacitvate 70y ZIZZNFh
Ay B2z n, KEonEMAL /G S R
OIS, F72, BATERINALETAY v FIEA
W7 FADRA Ny FEd, $a3AYy FHTHR
HE N3 proceed() XV Y FiE, FPFVAL—%IZko
THKHISIEH LS N T3 EDOFEA X Y v K2 H 3L
BANEEHEI NG, X502, BEEE LI v gedE
BT 272007 4 =V FR, AV vy FOMEQE IR
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BT B ETDIEETH S, F T AL —FITK > Tlong
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He3Nb, 77 ADA v A% v 2{LEHKEIC,
ZHN{LT 5. ScheduledExecutorService &, fHE
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clock_

1 | public class Lamp implements Contextual, Runnable({

2 ...

3 public Lamp () {

4

5 __clock_=0;

6 ScheduledExecutorService ex;

7 ex=Executors.newSingleThreadScheduledExecutor
()7

8 ex.scheduleAtFixedRate (this, 0, 100,

9 TimeUnit .MILLISECONDS

10 )i

11 }

12 private long __clock_;

13 public long getClock () {return __ clock_;}

14 public void run() {__clock_++;}

15 |}

B 15 Lamp 7 7 ANONIEBZ v v 7127 3 923

Fig. 15 Implementation of the internal clock in Lamp class
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transition: before(49) press? then Bright;

DEBHHN DA,
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DEHICEHEING, I T__pcjLamp3BAAClock
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process Lamp3{

event press: x Lamp.press();

event change: x Lamp.change();

init layer Off{
transition: press? then Low;

}

layer Low{
transition: after (50) press? then Off;
transition: before (49) press? then Bright;
transition tl: change? then FadeOut

with{intensity=10;};

}

layer Bright{
transition: press? then Off;
transition: change? then FadeOut

with{intensity=20;};

}

layer FadeOut({
periodic (10, 3): when (intensity>0

with{intensity-=2;};

transition: when (intensity<=0) then Off;

K 16 AW#D Lamp3 7’0tk A
Fig. 16 The generated process description for Lamp3
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IN/T7 4 —=)IVF__clock DEP AL 7-EHZRAT
%, BRdFOF = v 72X, ZORETD_ clock

after (Lamp 1) : execution(x Lamp.press()) &&
target (1) {
InstancelayerManager lm=lamp.getLayerManager ();
if (lm.isActive ("Low") &&
((l.getClock () -__pcjLamp3BAAClock__)>=50)) {
1lm.deactivate ("Low") .activate (

l.createlLayerForName ("Off"));

}

17 press A XY MZEATEZREAL Y Ay PETFANAL R
Fig. 17 The pointcut/advice for press event
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Table 1 The translation table from processes to timed au-
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Fig. 18 The state chart of Toaster
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SRYVHIREING [51h ey hEHTTLVE]

1 | public class Warming extends ToasterState{
2 private static ToasterState _instance=new
Warming () ;
3 private Warming () {}
4 public static ToasterState getInstance() {
5 return _instance;
6 }
7 public void release(Toaster toaster) {
8 toaster.toasterAPI.heaterOff();
9 toaster.toasterAPI.upBread() ;
10 toaster.stopBuzzTimer () ;
11 toaster.changeState (Waiting.getInstance());
12 }
13 public void toggle (Toaster toaster) {
14 toaster.toasterAPI.togglePush();
15 toaster.toasterAPI.heaterOff();
16 toaster.toasterAPI.upBread() ;
17 toaster.stopBuzzTimer () ;
18 toaster.changeWarmState () ;
19 toaster.changeState (Waiting.getInstance());
20 }
21 |}
B 19 Warming 7 7 X

Fig. 19 Warming class
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1 | public class Toaster(

2

3 private int buzzTime=100;

4 ScheduledExecutorService ex;

5

6 protected void startBuzzTimer () {

7 ex=Executors.newSingleThreadScheduledExecutor

()

8 Runnable pinger=new Runnable () {

9 public void run() {toasterAPI.buzzSound();}
10 }i
11 ex.scheduleAtFixedRate (pinger, O,
12 buzzTimex100,
13 TimeUnit .MILLISECONDS
14 )i
15 }
16 protected void stopBuzzTimer () {ex.shutdown();}
17|}

B 20 Toaster 7 7 A
Fig. 20 Toaster class
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1 | public class Toaster(

2 protected ToasterAPI toasterAPI;

3 process declared int cookTime;

4

5 public void release() {toasterAPI.upBread();}
6 public void toggle () {toasterAPI.togglePush();}
7 layer Waiting{...}

8 layer Holding{...}

9 layer Cooking{...}

10 layer Warming{

11 activate{

12 toasterAPI.heaterKeep();

13 toasterAPI.buzzSound();

14 }

15 deactivate({}

16 public void toggle () {

17 toasterAPI.heaterOff ();

18 proceed() ;

19 }
20 public void release() {
21 toasterAPI.heaterOff ();
22 proceed() ;
23 }
24 }
25 |}

B 21 F—RI—RTLDYFAFB
Fig. 21 Class description of Toaster

1 | process Toaster({

2 declared int cookTime = 0;

3 bool warmState = false;

4 int buzzTime = 150;

5

6 event release: * Toaster.release();

7 event toggle: x Toaster.toggle();

8

9 init layer Waiting{...}

10 layer Holding{...}

11 layer Cooking{...}

12 layer Warming{

13 periodic (buzzTime, 10):;

14 transition: release? then Waiting with{

cookTime=0; };
15 transition: toggle? then Waiting with{
warmState=!warmState; };
16 }
17 |}

B 22 F—RA¥—LRAFLDT 0L AR
Fig. 22 Process description of Toaster

kA —Fr~ b (B 24) ZHWTERT S, 20
I—WFIFFETHRAAVE =R =IZHAL, IRy % 1|
g, 1RS> %2 [\ L 720 TH 600 HAZIRIFHELS %
ZlltRb, 20, SHRYVEMLCGHHEZBIE 5.
300 FAZRFRIRSB L 22 H 72 TW k7L Z L ON DIRfE
1295, FAMPKT T2 E =27 —I3RIIREEIC 2 5,
FHHELHHE T U ERRIFE L 228, 2 —FHBW Lz

10



B 23 F—RY—DKHA— <Y
Fig. 23 Toaster Timed Automaton
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Fig. 24 User Timed Automaton
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1 | test User target Toaster({

2 int n;

3 init layer StateO{

4 transition: insert! then Statel with{n=0;};

5 }

6 layer Statel{

7 transition: inc! when (n<2) with{n++;};

8 transition: start! when(n==2) then State2;

9 }

10 layer State2{

11 within[300, 350]({

12 toggle! then State3;

13 }

14 }

15 layer State3{

16 within[950, 1000]{

17 toggle! then Statel;

18 }

19 }

20 |}

B 25 1—¥DF7AF7OEA
Fig. 25 Test process of User

A[] not deadlock Satisfied
A[] user.State0 imply toaster.Waiting Satisfied
A[] user.Statel imply toaster.Holding Satisfied
A[] user.State2 imply toaster.Cooking Satisfied
A[] user.State2 imply toaster.warmState | Not Sateisfied
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1 | process Lamp3{
2 clock __pcjLamp3BAAClock__;
3 clock _ pcjlamp3PeriodicClock__;
4 event press: x Lamp.press();
5 event change: x Lamp.change();
6 init layer Off{
7 transition: press? then Low
8 with{__pcjLamp3BAAClock__=0;};
9 }
10 layer Low({
11 transition: when (___pcjLamp3BAAClock__>=50)
12 press? then Off;
13 transition: when(__ pcjLamp3BAAClock__<=49)
14 press? then Bright;
15 transition tl: change? then FadeOut
16 with{intensity=10;
17 __pcjLamp3PeriodicClock__=0;};
18 }
19 layer Bright {
20 transition: press? then Off;
21 transition: change? then FadeOut
22 with{intensity=20;
23 __pcjLamp3PeriodicClock__=0;};
24 }
25 layer FadeOut {
26 invariant: __pcjlLamp3PeriodicClock__<=10+3;
27 transition: when (intensity>0&&
28 __pcjLamp3PeriodicClock__>=10)
29 then FadeOut
30 with{intensity-=2;
31 __pcjLamp3PeriodicClock__=0;};
32 transition: when (intensity<=0) then Off;
33 }
34 |}
A1 BEHRY < 7 022 g o 7 a2 2 Ed

Fig. A1 Process description after time constraint macro trans-

lation

A2 BELRDEX
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Class

Declared Var
Layer

Activate

Deactivate

LayerMethodDecl

ProcessDescript

Process

TestProcess

Decl

Clock

Event
DeclaredVar

InitLayer
Layer
Invariant
Within

Transition
TimeConst
Sync

Guard
Destination
Update
After
Before

Periodic
Remowve
Modifier

TransitionModifier
PeriodicModifer

class id {
(DeclaredVar)™
(vardecl)™
(methoddecl)™
(Layer)™

}

process declared vardecl;

layer id {
(Activate)?
(Deactivate)?
(LayerMethodDecl)™
}

activate { (exp)™ }

deactivate { (exp)” }

(after | before)? methoddecl
B A2 77ABoW
Fig. A-2 Syntax of class description

(Decl)*

Process?

TestProcess?

process id extends id {
(Decl)™
(InitLayer)?
(Layer)™

}

test id target i¢d extends id {
(Decl)*
(InitLayer)?
(Layer)™

Clock | Ewvent | DeclaredVar | wardecl | functiondecl
clock id ;
event id: exp ;

declared wvardecl ;

init Layer

layer id { (Invariant)? (Within)? (Transition | Periodic | Remove | Modifier)™ }

invariant ezp ;

within id [ exp , exp 1 { ((Guard)? then id (Update)?)™ }

transition id? : (TimeConst)? (Sync)? (Guard)? (Destination)? (Update)? ;
After | Before | After s Before

d! | ad?

when (exp)

then id

with{(exp)™}

after(ezp)

before(exp)

periodic(ezp , exp) id? : (TimeConst)? (Event)? (Guard)? (Update)? ;
remove id ;

TransitionModifier | PeriodicModifier
modify id : (Event)? (Guard)? then id (Update)? ;
modify id (exp? , exp?) : (TimeConst)? (Event)? (Guard)? (Update)? ;
B A3 7ut2iddoffx
Fig. A-3 Syntax of process description
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