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BACKGROUND

1. Initially, inpl, xissettol andyis pl p2
set to 2 X =1,y=2

2. pl sends message 1 to p2 receive {N} —

p2 ! Xx;

. - | v/ L = N,
3. |iZtOreZce|ves message 1 and assigns  p2ly; receive (M}
4. pl sends message 2 to p2
z =1, w=2

5. p2 receives message 2 and assigns
2 tow

6. Then, zis equal to 1 and w is equal

to 2 Q
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pl p2
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4. pl sends message 2 to p2 02 1y: z=N;
3. p2 receives message 1 and assigns Le(\;vezeM{.M}
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6. zis equal to 1 and w is equal to 2

. _ pl p2
5. p2 receives message 2 and assigns 2 _ Ve
to w ' ve (N}
. recelive —
3.1 p2 receives message 1 and assigns 1 E% : i{ 7 = N:
to z Y receive {M}
4.1 p1 sends message 2 to p2 —w=M
2. pl sends message 1 to p2 z =1, w=2
1. Then, in pl, xissetto 2 and y is set
to 1
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BACKGROUND

Another Backward Execution in Erlang

6. zis equal to 1 and w is equal to 2

a pz
5. p2 receives message 2 and assigns 2

tow
eceive {N} —

3.1 p2 receives message 1 and assigns 1 2 o ; i I'\\I/; {N}

to z - receive {M}
4.1 p1 sends message 2 to p2 —w=M
2. pl sends message 1 to p2 z =1, w=2
1. Then, in pl, xissetto 2 and y is set

to 1

each process O whole system X @



BACKGROUND

[Lanese+, 18][Lami+, 24]

A system configuration is represented as a pair ,
; and

send(pr,v) .

| SEND | (0,e,S) » (0',€¢',8") )\ is fresh

['; (ps, h,0,e,S) | I = TU{(ps, pr, {v, A\})}; (ps,send(B, e, S, {v,\}) : h, 0", €, S") | 1T

« A IS @ unique identifier carried by each message



BACKGROUND

Erlang’s causal consistent reversible semantics
[Lanese+, 18][Lami+, 24]

-- forward reversible semantics

A system configuration is represented as a pair I'; 11,
I' : global mailbox and II : processes

send(p,,v)

[ SEND | (0,e,S) > (6,¢e,S")  Ais fresh
I (pS*.r h, 6: €, S) |H — Fu{u)sapﬂ {{Un ‘}"})}J <p3:~ EEI'Id(B, €, S:' {U*.r )‘}) :h, Hf: 6,1 Sr) | 11

- Add (p.,p,, {v,A}) to I
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Erlang’s causal consistent reversible semantics
[Lanese+, 18][Lami+, 24]

-- forward reversible semantics

A system configuration is represented as a pair I'; 11,
I' : global mailbox and II : processes

[SEND| (0,e,S) Send(pﬁﬂ)'; (0',€¢',S") \is fresh
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- Update the history



BACKGROUND

Erlang’s causal consistent reversible semantics
[Lanese+, 18][Lami+, 24]

-- forward reversible semantics

A system configuration is represented as a pair I'; 11,
I' : global mailbox and II : processes

[SEND] (G}E, S) send{i‘ﬂﬁﬂ)} (I‘?", EI,SI) \ is fresh

L (ps, 1,0, ¢, 8) [T TU{(ps, pr, {0, AD)}; (ps,send(0, €, S, {0, A}) : h, 0/, ¢/, 5" ) |II

- Update (0',¢",5") in Tl



BACKGROUND

Erlang’s causal consistent reversible semantics
[Lanese+, 18][Lami+, 24]

-- backward reversible semantics

A system configuration is represented as a pair I'; 11,
I' : global mailbox and II : processes

[SEND| T U {(ps,pr,{v,A\})}; (ps,send(8,e, S, {v,A}):h,0" ¢, S")|II
‘_F: <psah:91 €,S>|H

-0, e and S are restored from the history



BACKGROUND

Erlang’s causal consistent reversible semantics
[Lanese+, 18][Lami+, 24]

-- backward reversible semantics

A system configuration is represented as a pair I'; 11,
I' : global mailbox and II : processes

[M] 'Y {(psap'r‘: {U: A})}a (psa Send(ea €, Sa {U: A}) : h: 9": ef: SI) I 11
~ F, @S,h,9,875> IH

« The history is popped from h
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TIME PASSAGE IN ERLANG

1 —module(time).
Er|ang Program Examp|e 1 2 —export([main/@, pl/1, p2/1, p3/01).
3
4
. . 5
main : creates processes : spawn(7MODULE, p3, [1),
p]., pZ and p3 7 spawn(?MODULE, p1, [Pidl),
8 spawn(?MODULE, p2, [Pid]).
9
pl : pauses for 2 1o Jp1(Pid) ->
-11: 11 timer:sleep(2),
milliseconds, then sends - Pid | {1}.
message 1 to p3 13
) 14 p2(Pid) —>
pz ) PauUSeES for 1 15 timer:sleep(1),
millisecond, then sends 16
message 2 to p3 E
p3 : outputs the first 19 receive
. 20 {N} —
recelved message 21 io:format("Received: ~p~n", [N])

N
N



TIME PASSAGE IN ERLANG

1 —module(time).
Er|ang Program Examp|e 1 2 —export([main/@, pl/1, p2/1, p3/0]).
3
4
. 5 fmain() —>
main : creates Processes 6 Pid = spawn(?MODULE, p3, [1),
pl, p2 and p3 7 spawn(?MODULE, pl1, [Pidl),
8 spawn(?MODULE, p2, [Pid]).
9
pl : pauses for 2 10
milliseconds, then sends -
message 1 to p3 13
_ 14
p2 : pauses for 1 .
millisecond, then sends 16 -
message 2 to p3 E
p3 : outputs the first 19 receive
. 20 {N} —
reCEIVed message 21 io:format("Received: ~p~n", [N])

N
N



TIME PASSAGE IN THE ERLANG SEMANTICS 1 -module(time).
2 —export([main/@, pl/1, p2/1, p3/0]).
3
Erlang Program Example 1 4
5  main() ->
6 Pid = spawn(?MODULE, p3, [1),
7 spawn (?MODULE, pl1, [Pid]),
p1 pz p3 mailbox g spawn(?MODULE, p2, [Pid]).
10 pl(Pid) —>
11 timer:sleep(2),
12 Pid ! {1}.
13
. 14 fp2(Pid) —>
recelve 15 timer:sleep(1),
“ ' 27 16 Pid ! {2}.
(pl, p3, 1} Received : 2 16 {2}
18 p3() —>
19 receive
20 {N} —>
21 io:format("Received:
22
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TIME PASSAGE IN THE ERLANG SEMANTICS 1 -module(time).
2 —export([main/@, pl/1, p2/1, p3/0]).
3
Erlang Program Example 1 4
5 main() —>
6 Pid = spawn(?MODULE, p3, [1),
7 spawn(?MODULE, pl1, [Pid]),
: 8 spawn(?MODULE, p2, [Pidl).
pl p2 p3  mailbox ; ’ P
10 pl(Pid) —>
11 timer:sleep(2),
12 Pid ! {1}.
13
. 14 fp2(Pid) —>
recelve 15 timer:sleep(1),
1 : . r” 16 Pid ! {2}.
(p1, p3,1> Received|: 2 -
18 p3() —>
19 receive
20 {N} —>
21 io:format("Received:
22




TIME PASSAGE IN THE ERLANG SEMANTICS

-module(time).

Erlang Program Example 1

main() —->
Pid = spawn(?MODULE, p3, [1),
spawn(?MODULE, p1, [Pidl),
spawn(?MODULE, p2, [Pid]l).

* Running it in CauDEr,
Recelved: 1 be produced instead

W 00 N O U B~ W N

[
®

pl(Pid) —>

Recelved: 1

l.J CLNMCT v VWPV LTy

16 Pid ! {2}.
17

p3() —

-export([main/0@, pl/1, p2/1, p3/0]).

Lack of tlme passag

io:format ("Re



TIME PASSAGE IN THE ERLANG SEMANTICS

-module(time_new).

Erlang Program Example 1 —export([main/0@, pl/1, p2/1, p3/0]).

main() —>
Pid = spawn(?MODULE, p3, [1),
spawn(?MODULE, pl, [Pid]l),
spawn(?MODULE, p2, [Pidl).

- Time passage in Erlang is
represented as
receive after n = ok end

O 00 N O U bW N

- 10 pl(Pid) —>
[Cesarlnl +’ 10] 11 receive after 2 —> ok end,
12 Pid ! {1}.
« receive cl after v’ - exprs end 13 _
. . . 14 QBp2(Pid) —>
IS nOt |nC|Uded N the 15 receive after 1 —> ok end,
reversible semantics in Erlang 13 Pid ! 12}
[Lanese+-18] 18 03() —>
receive

Lack of time pdssage- -



TIME PASSAGE IN THE ERLANG SEMANTICS

1 -module(time_new).
Erlang Program Example 1 2 —export([main/0@, pl/1, p2/1, p3/0]).
3
4
5 main() —>
« Time passage Ta Er|ang IS 6 Pid = spawn(?MODULE, p3, [1),
7 spawn(?MODULE, pl, [Pid]l),
repr_esented as 8 spawn(?MODULE, p2, [Pidl).
receive after n —» ok end 9
. - 10 pl(Pid) —>
[Cesarlnl +’ 10] 11 receive after 2 —> ok end, |
12 Pid T IIr:
* receive cl after v' - exprs end - _
: _ _ 14§ p2(Pid)e=>
IS not included in the 15 receive after 1 -> ok end, I
reversible semantics in Erlang 13 Pid | 12}
[Lanese+,18] 03() >

receive

Lack of time pdssage- -
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REVERSIBLE TIMED SEMANTICS

« We introduce discrete time passage into the reversible
semantics of Erlang following transitions for time passage

.+ % and ¢ represent discrete time passage

« We define transitions for time passage from the following
three properties [Ulidowski+,04 ]

® Maximal progress
® Maximal time synchrony
® Time determinacy



REVERSIBLE TIMED SEMANTICS

e Maximal progress

) - When the system performs
ifT:I — thenD:II A an action, no time passes

- In other words, time
passage has the lowest
priority

if D31 — thenD: 10 ,;Z - In the backward discrete
" ’ time passage, maximal
progress holds



REVERSIBLE TIMED SEMANTICS

® Maximal time synchrony

each X; ...X,, is a delayable process

X1 2X, Xo2X, ... Xm 23X, XpuAX ... X.AX,
F(X1, Xy Xn) 2 F(X], X5, XD)

X1 < X, Xoo X, ... Xme X, XmadXen ...  Xoi X,

F(X1, Xy, X)) — F(X), X5, X0)

- If all active processes advance time by the same discrete
amount, then the system advances time

 In the backward discrete time passage, maximal time
synchrony holds



REVERSIBLE TIMED SEMANTICS

® Time determinacy

if DT 2 T andT: T 2 T T thenT' = I andIl! = TI”

if DI <TI0 and ;I < T7: 11 thenT’ = I andIl’ = II”

- If the system advances time and transitions to both
;M and I'”; 117, then "' =1” and "' = 11"

- In the backward discrete time passage, time
determinacy holds



REVERSIBLE TIMED SEMANTICS

The syntax for receiving messages with a timeout
receive cl after vT — exprs end

« vI' > exprs is a timeout clause

- If no message is received for v’ milliseconds, the expression
exprs IS executed

- v is defined as an integer-typed expression, or the atom
nfinity (= no timeout)



REVERSIBLE TIMED SEMANTICS

expression-level semantics of the receive expression

7 rec(r,cl,v’ —exprs)

(6, C|[receive cl after v’ — exprsend], S) > (0,k,C[]: 5)

 the label includes the timeout clause
* i serves as a place holder for receive action [Lanese+, 18]



REVERSIBLE TIMED SEMANTICS

Process < p,h,0,e,S,t>

- £ Is a timer for receiving message

« The process initiated the receive action

« For untimed behavior, t is set to zero

* 5(d) represents the passage of d units of time in h



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics

rec(ﬂ,,a,vT%emprs)

0,e, S »0',¢e', S’ matchrec(cld, v) = (6;, e;)
[RECEIVE] 1 (e, by, {0, ADY: (Prs s 0,0, 5, 8) | T —
T; (p-,rec(0,e, S, ps, {v,A\},t):h,0'0;,€' [k — €;],5",0) | II

rec{M,H,UT—}prrs) '
» 0, e

5(0,e,8) Ab,e,S

.fj S'J'
| TIMEOUT | A matchmes(cl0,T',) = &

I;(p,h,0,e,S,vT) |11 = T';(p,tout(d,e, S,vT):h,0 e[k exprs|, S, 0)|11

Alive(6;, e;, S;) = (matchmes(cl;0;,Tp,) = @
Vi <n.

rec(rq,cl; ,UE —rexprs;)

A (Gi:ei:‘gi
[DELAY | Ad>0 A Jj <n.Alive(d;,e;,S;)

» 0l el, SN vI —t; > d)

2?2

a(d
T; (p1, he, 01, €1, S1,81) | - - | (D, oy Oy €, Sy )

[;(p1,d(d):hq,01, €[k — receiveazﬁar v — exprs; end], S}, t; + d)
|...{pn,d(d) :hn, 0, € [kn > receivecl, aftervi — exprs,end], S, t, + d)



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics :

rec(ﬁ,,a,UT —exprs)

0,e,S »0',¢e S matchrec(clf,v) = (6;, e;)
[RECBIVE] 0 U {(py, pr {v, ADY; (Prs 1,0, ¢, S, 1) [T=
T (p.,rec(f,e, S, ps,{v,\},t):h,0'0;,€ |k — ¢;],5,0) | II

- Some message is available in the mailbox, receive the
message



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics :

rec(ﬁ,,a,UT —exprs)

0,e,S »0',¢e S matchrec(clf,v) = (6;, e;)
[RECBIVE] 0 U {(py, pr (v, ADY; (Prs 1,0, €, 8, 1) [T =
T (p.,rec(f,e, S, ps,{v,\},t):h,0'0;,€ |k — ¢;],5,0) | II

- Some message is available in the mailbox, receive the
message



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics :

rec(r,cl, v’ —exprs)

6, e, S » 0, ¢e, S matchrec(cl,v) = (6;, ¢;)
[RECEVE] 1 { (p, prsfvs ADY; (P B, 0, €, S,t) [T —
[; (pr,rec(8, e, S, ps, {v,\},t):h,0'0;, €[k — €;],5",0) | 1T

- The process no longer needs to wait for time, then t is
reset to O



REVERSIBLE TIMED SEMANTICS

~ Forward Timed Semantics :

rec(r,cl,v’ —EexTprs)

i(0,e,5) NO.eS

y 0, e, S
| TIMEOUT | A_matchmes(cl0,T',) = @

[;(p,h,0,e, G, vT) )IT = T; (p,tout(8,e, S,vT):h,0 ek — exprs],S’,0) I

- No message is available in the mailbox, and t reaches
, the rule applies



REVERSIBLE TIMED SEMANTICS

~ Forward Timed Semantics :

rec(r,cl,v’ —EexTprs)

i(0,e,S) NO,e S

y 0, e, S
| TIMEOUT | A matchmes(cl0,T',) = @

[;(p,h,0,e,S,vT) |11 = T;(p,tout(8,e, S,vT):h,0 ek — exprs],S’,0) I

- No message is available in the mailbox, and t reaches
, the rule applies



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics : TIMEOUT

7 ..T
rec(k,cl,v —>E;cp1"s]} 0

5(0,e,S) AB,e S

e, S’
[ TIMEOUT ] A matchmes(clf,T,) = @

[;(p,h,0,e,S,vT) |II =T (p,tout(d, e, S,vT):h,0, €k exprs],S’,0)|II

- tout(d,e,S,v") is saved to the history



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics : TIMEOUT

rec(k,cl,v’ —exprs)

i(f,e,S) Ab,e S —
| TIMEOUT | A matchmes(cld,I',) = @

L;(p,h,0,e,S,v") | Il = T'; (p,tout(d, e, S,vT):h, 0, €[k — exprs], ', 0)|II

» 0, e, S

- The process no longer needs to wait for time, then
L Is reset to O



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics :

When all active processes evaluate receive actions and
receive no message, DELAY rule applies

{ Alive(8;, e;, S;) ='\(matchmes(cl:f;. T, ) = @ -|
Vismn. rec(ki,cl;,v; — ELPrEy)
[ A ;t}\z‘,cz‘,di il - JIU} 9:,6;,5:) A ’U;r "ti 2 d,) J
| DELAY | Ad>0 A FJj < nAiivellyes S:)

ald
T; (p1, b1, 01, €1, S1,81)| -« - | (D, oy Oy €, Sy ) 0

[;(p1,d(d):hq,01, €[k — receive?lziter v{ — exprs; end], S}, t; + d)
|...{pn,8(d) :hy, 0, € [kn > receivecl, aftervi — exprs,end], S, t, + d)

ny“Ynir*n



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics :

When all active processes evaluate receive actions and
receive no message, DELAY rule applies

Alive(0;, e;, S;) = (matchmes(cl;6;,1,.) = @
Vi<n.

— T
rec(k;,el;,v; —>e;vp’rs.i}> 9 o

A (Gi:eiasi
[ DELAY | ANd>0Ady < n.AIive(Gj,ej, SJ)

S:)/\ ﬁ?—f}izd)

1y =

4(d
F; p13h1191}615817t1>| s I(pnuhn}9ﬂ1 En:Sn:tn> L)

[; (p1,0(d):hy,0], €[k — receiveazﬁarv? — exprsy end], S1,t; + d)
|...{pn,d(d):h,, 0" € [k, — receivecl, aftervl — exprs,end], S’ t, + d)

- d is saved to the history



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics :

When all active processes evaluate receive actions and
receive no message, DELAY rule applies

Alive(0;,e;,S;) = (matchmes(cl;0;,1,.) = @
Vi<n.

rec(r; ,cli,v?%e:r.p?"s }

A (91': €is Si
[DELAY ] A d>0 A 35 < n.Alive(8;,e;,5;5)

» 0, el, SN vl —t; > d)

11

d)
I <p1:h’1}911€1:‘5‘1:t1)| |<.pﬂu hn, On, Eﬂ?SﬂutH) é{
I {p1,4(d): h1,9’1,el[m — receive cly aftervi — exprsiend],S],t1 + d)
... {pn, 8(d) : hn, 0., €. [kn > receivecl, aftervl — exprs,end], S, ,t, + d)

- The timer of each process advances to



REVERSIBLE TIMED SEMANTICS

Forward Timed Semantics :

When all active processes evaluate receive actions and
receive no message, DELAY rule applies

|r Alive(6;, e;, S;) = (matchmes(cl;6;,T,,) = @ ]
Vi< n. —
I rec(k;,cl;,v; —>r3:1:;[::~1r*3.i).L o'
L e

N S A T —t, > d) |

[ DELAY ] Ad>0 A Fj <nAlive(d;,e;,S;)

ald
T; (p1, b1, 01, €1, S1,81)| -« - | (D, oy Oy €, Sy ) 0

[;(p1,d(d):hq,01, €[k — receive?lzitervif — exprsy end], S1,t1 + d)
|...{pn,8(d) :hy, 0, € [kn > receivecl, aftervi — exprs,end], S, t, + d)

ny“Ynir*n

. because all active processes advance
time by the same discrete amount



REVERSIBLE TIMED SEMANTICS

Backward Timed Semantics

|RECEIVE| T (pr,rec(6,e,S,ps,{v,A},vr):h,0 €, 5, 0)|I11
— I'U (ps, pr, {v, A}); (pr, h,0,e,S,vr) |11

[TiMmeouT | T (p,tout(d,e, S,vr):h,0,¢,5",0) |1l — I';(p, h,0,¢e,S,vr) |1l

[DELAY| T (p1,d(d):h1,01,e1,S57,v1)|...|(Pn,d0(d):hn,On,en,S;,, vn)

o(d
\(—) F; <p1,h1,91,€1,51,’1}1 _d’>| et | (pﬂﬂh’nﬂgﬂ’eﬂ’sn’vn _d>



REVERSIBLE TIMED SEMANTICS

_Backward Timed Semantics

[RECEIVE| T (p,,rec(f,e,S,ps,{v,A\},vr):h,8,¢e,S",0)|II
— U (pS:p’.": {1}: )“})! <p’-":l hwe? €, S: UT) |H

- When rec(6, e, S, p., {v,1},v") appears at the top of h, the
backward RECEIVE rule applies



REVERSIBLE TIMED SEMANTICS

_Backward Timed Semantics

|RECEIVE| T (p,,rec(f,e,S,ps,{v,A\},vr):h,8 €,5",0)|II
— I'U (ps, pr, {v, A}); (Pr, b, 0, €, 5, v7) | 11

- The process restores stored in the history
* I restores stored in the history



REVERSIBLE TIMED SEMANTICS

_Backward Timed Semantics

|RECEIVE] T (p,,rec(f,e,S,ps,{v,A\},vr):h,0,€,5,0) |11
— 1'U (psap‘r’u {U: ’\})? (pTa h’?gﬂ €, S, ’UT> |H

- The history is popped form



REVERSIBLE TIMED SEMANTICS

Backward Timed Semantics

| TiMEOUT| T (p,tout(f,e,S,vr)h,0,¢e,5,0) |11 T;{p,h,0,e,S,vr)|II

* When appears at the top of h, the
rule applies



REVERSIBLE TIMED SEMANTICS

Backward Timed Semantics

[TmMeouT| T (p,tout(d, e, S,vr):h, 0, ¢, S ,0)|IL — T;(p,h,0,e, S, vp)|II

« The process restores stored in h



REVERSIBLE TIMED SEMANTICS

Backward Timed Semantics

[TiMeout] T (p,tout(d, e, S,vr):h,0 ¢, S, 0)|II — T;(p,h,0,e, 8, vr) |11

- The history is popped form



REVERSIBLE TIMED SEMANTICS

Backward Timed Semantics

|IDELAY | T (p1,d(d):h1,01,e1,87,v1)| - | (Pn, 0(d) : hyy Ony €0y S,y V)

)
\(—d) F; <pl:hl:91181151}1}1 _ d’)l tee | (pﬂ!h’ﬂﬂgﬂj Bﬂ}Sﬂ}ﬂn B d>

- When appears at the top of h for a process, all other
processes also have at the top of h and the
rule applies



REVERSIBLE TIMED SEMANTICS

Backward Timed Semantics

IDELAY| T (p1,6(d):h1,01,e1,S7,v1)|...| (Pn,d0(d):hp,Opn,en, S, v,)

o(d
\(—) F; <pl:h159118115131}l o d)l et | <pﬂnhﬂ59ﬂﬂeﬂﬁsﬂ?ﬂ” o d>

- The process restores where d is stored in h



REVERSIBLE TIMED SEMANTICS

Backward Timed Semantics

[DELAY| T (p1,0(d):h1,601,e1,S81,01)| ... | (Pn,d(d): by, On,en, S, vn)

)
\(—d) F: <p1:hl:9118115171}1 _d>| e | (pﬂ.:h‘n!gﬂ? Bﬂ?sﬂ’ﬁ” _d>

- The history form all h in 'l is popped



REVERSIBLE TIMED SEMANTICS

 loop lemma holds for time passage
- Time additivity
6(dy)

8(dg) 5(dﬁd2)

if ;10 I'; I’ and I'"; 1T’ ;11" thenT'; 11 |
Due to loop lemma,
I Y mlandr 1 °%) O then ;17 %) 111
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INTEGRATION TO CAUDER

5(d)

[ 11 [ I

[1 does no action until some process timeout
— choose d for next timeout

* d Is the shortest waiting time of all processes

- If all processes become inactive or receiving with
, no further time passage occurs




INTEGRATION TO CAUDER

@) Process status icon

- Added (V) which means the process is waiting for a time
passage

- Added ] which means the process is ready to time out

2 Global clock

- Added a GUI to display elapsed time (not in the
proceedings)
Time:100

Steps: 1
Proc. Round-robin

Backward Forward

<2
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INTEGRATION TO CAUDER

@) Process status icon

- Added (V) which means the process is waiting for a time
passage

- Added ] which means the process is ready to time out

2 Global clock

- Added a GUI to display elapsed time (not in the
proceedings)
Time:100

Steps: 1
Proc. Round-robin

Backward Forward

<2
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TIME PASSAGE IN THE ERLANG SEMANTICS

1 —-module(time new).
2 -export([main/@, pl/1, p2/1, p3/0]1).
Erlang Program Example | 3
4
5 main() ->
6 Pid = spawn(?MODULE, p3, [1),
pl p2 p3 mailbox 7 spawn(?MODULE, p1, [Pid]l),
8 spawn(?MODULE, p2, [Pid]).
9
10 pl(Pid) —>
11 receive after 2 -> ok end,
12 Pid ! {Lr.
- 13
receive B 14  p2(Pid) ->
Recelved : 2 15 receive after 1 -> ok end,
{pll p3/ 1} 16 Pid "XZ7r:
17
18  p3() —
19 receive
20 {N} —
21 io:format("Received: ~p~n", [N])
22 end.



DEMONSTRATION Forward Execution

» Initial state

A

v _«,Node: nonode@nohost PID: 0 - time:main/0
mail
pl DZ p3 box Time Manual Automatic = Replay  Rollback
0
receive 1 Time:0
“Received : 2" Steps: 1 >
p1, p3, 1} |
P Proc. Round-robin

Forward

Start of Forward execution



DEMONSTRATION Forward Execution

A” | ** Node: nonode@nohost PID: 0 - time:main/0
‘ p roces_ses p3 s Node: nonode@nohost PID: 1 - time:p3/0
wait for time Pl U Node: nonode@nohost PID: 2 - time:p1/1

pa Ssage pZ/ . Node: nonode@nohost PID: 3 - time:p2/1

mail .
1 box Time Manual Automatic | Replay Rollback

0

2ms

_ 1 Time:0
receive R
“Received : 2" Steps: 1 v

{pl, p3, 1} 2 Proc. Round-robin

Backward Forward



DEMONSTRATION Forward Execution

e GUI Changes to | s Node: nonode@nohost PID: 0 - time:main/0
Time: 1’ P 3 . Node: nonode@nohost PID: 1 - time:p3/0

p]_ s Node: nonode@nohost PID: 2 - time:p1/1
I Node: nonode@nohost : 3 - time:p
p2 ! Nod de@nohost PID: 3 - time:p2/1

mail
p3 box Time Manual  Automatic = Replay  Rollback
I 1ms J 0
P2, p3, : 1
receive Times
“Received : 2" Steps: 1 °
1,p3,1
ipl, p3, 1} 2 Proc. Round-robin <

Backward Forward



DEMONSTRATION Forward Execution

° pz and p3 are | *» Node: nonode@nohost PID: 0 - time:main/0
p3 *s Node: nonode@nohost PID: 1 - time:p3/0

|naCt|Ve p]_ s Node: nonode@nohost PID: 2 - time:p1/1
° p 1 Waits for pz *s Node: nonode@nohost PID: 3 - time:p2/1
time passage Manual Automatic @ Replay  Rollback

Time:1
Steps: 1 =

Proc. Round-robin

“Received : 2"
pl, p3, 1} Backward Forward




DEMONSTRATION Forward Execution

¢ GUI Cha ngeS tO *s Node: nonode@nohost PID: 0 - time:main/0
'Time: 2’ p3 *s Node: nonode@nohost PID: 1 - time:p3/0

p]_ ! Node: nonode@nohost PID: 2 - time:p1/1

pz *» Node: nonode@nohost PID: 3 - time:p2/1

mail

pl pz p3 bOX Time Manual @ Automatic @ Replay  Rollback
0
1 Time:2
“Received : 2" Steps: 1 g
{pl, p3, 1} 5 Proc. Round-robin

Backward Forward




DEMONSTRATION Forward Execution

¢ A” processes *s Node: nonode@nohost PID: 0 - time:main/0

are inactive p3 es Node: nonode@nohost PID: 1 - time:p3/0
p]_ *s Node: nonode@nohost PID: 2 - time:p1/1

pz *» Node: nonode@nohost PID: 3 - time:p2/1

mail-|--
Ime
pl p2 p3 box 0 Manual  Automatic =~ Replay  Rollback

Time:2

<>

“Received : 2" Steps: 1
Pl [pih, A3 2 Proc. Round-robin

Backward

End of Forward execution



DEMONSTRATION

« All processes
are inactive

“Received : 2"
pl, p3, 1}

Backward Execution

*s Node: nonode@nohost PID: O - time:main/0
p3 *» Node: nonode@nohost PID: 1 - time:p3/0
p 1 e Node: nonode@nohost PID: 2 - time:p1/1
*» Node: nonode@nohost PID: 3 - time:p2/1

Manual @ Automatic = Replay

Time:2
Steps: 1
Proc. Round-robin

Backward

Start of Backward execution

Rollback

<>

~
v



DEMONSTRATION Backward Execution

°Pp 1 wakes u P v ** Node: nonode@nohost PID: 0 - time:main/0
p3 *s Node: nonode@nohost PID: 1 - time:p3/0

p]_ _«,Node: nonode@nohost PID: 2 - time:p1/1
p2 *s Node: nonode@nohost PID: 3 - time:p2/1

mail
pl P2 P3 pox Time
2ms 1ms 0 Time:2
Steps: 1 °
1 Proc. Round-robin
Backward Forward

“Received : 2"
{p1, p3, 1}



DEMONSTRATION Backward Execution

° The top Of v ** Node: nonode@nohost PID: O - time:main/0
hiStO ry in pl iS p3.-.- Node: nonode@nohost PID: 1 - time:p3/0
timeOUt p1 I Node: nonode@nohost PID: 2 - time:p1/1

mail pZ.-.- Node: nonode@nohost PID: 3 - time:p2/1
0
Time:2
Steps: 1 =
1

Proc. Round-robin

“Received : 2"
‘{pl, p3, 1} Backward Forward




DEMONSTRATION Backward Execution

- All ProCcesses v ** Node: nonode@nohost PID: 0 - time:main/0
Walt for t|me p3 *» Node: nonode@nohost PID: 1 - time:p3/0
passage pl ./ Node: nonode@nohost PID: 2 - time:p1/1

mail p2 *s Node: nonode@nohost PID: 3 - time:p2/1
pl p2 P3 pox IiMe
2ms 1ms 0

Time:2

Steps: 1

Proc. Round-robin
“Received : 2"
{p1, p3, 1}

Backward Forward

<>



DEMONSTRATION

- GUI changes to

Backward Execution

*» Node: nonode@nohost PID: 0 - time:main/0

p3 v ** Node: nonode@nohost PID: 1 - time:p3/0

s Node: nonode@nohost PID: 2 - time:p1/1
*» Node: nonode@nohost PID: 3 - time:p2/1

Time: 1’
pl
. P
mail |
pl p2 p3 box Time
0
1

“Received : 2"
{p1, p3, 1}

Steps: 1

Time:1

Proc. Round-robin

Backward

Forward

<>



DEMONSTRATION Backward Execution

° p3 waits for »s Node: nonode@nohost PID: 0 - time:main/0
time passage p3 v . Node: nonode@nohost PID: 1 - time:p3/0
after reve rSing p1 .~ Node: nonode@nohost PID: 2 - time:p1/1
to receive p2 *s Node: nonode@nohost PID: 3 - time:p2/1

pl p2 3 b OE:( Time
0
Time:1
1 Steps: 1

Proc. Round-robin

“Received : 2"
{pl, p3, 1} Backward Forward

<>



DEMONSTRATION

- p3 waits for
time passage
after reversing
to receive

uiD Value

* Mailbox has
message{2}

Nodes

Src.

*» Node: nonode@nohost PID: 0 - time:main/0
p3 v . Node: nonode@nohost PID: 1 - time:p3/0
pl . Node: nonode@nohost PID: 2 - time:p1/1
p2 *» Node: nonode@nohost PID: 3 - time:p2/1

Mailbox

Dest.
' Time:1

Steps: 1
Proc. Round-robin

Backward Forward

<>



DEMONSTRATION Baclkward Execution

¢ p2 Wda keS u p ** Node: nonode@nohost PID: 0 - time:main/0
p3 v . Node: nonode@nohost PID: 1 - time:p3/0
p]_ . Node: nonode@nohost PID: 2 - time:p1/1
p2 _«, Node: nonode@nohost PID: 3 - time:p2/1

mail
pl p2 P3 box Time
0
Time:1
Steps: 1 °
1 Proc. Round-robin
“Received : 2" Backward Forward

{p1, p3, 1}




DEMONSTRATION

- The top of
history in p2 is
timeout

Backward Execution

v ** Node: nonode@nohost PID: 0 - time:main/0
p3 QNode: nonode@nohost PID: 1 - time:p3/0
p]_ \_:,Node: nonode@nohost PID: 2 - time:p1/1
pz I Node: nonode@nohost PID: 3 - time:p2/1

mail

box Time

O Time:1
Steps: 1

Proc. Round-robin

Backward Forward

“Received : 2"
{p1, p3, 1}

<>



DEMONSTRATION Backward Execution

- All ProCcesses v ** Node: nonode@nohost PID: 0 - time:main/0
wait for time P3 . Node: nonode@nohost PID: 1 - time:p3/0
assage p]_ s Node: nonode@nohost PID: 2 - time:p1/1
p g pz s Node: nonode@nohost PID: 3 - time:p2/1
mail
P3  pox Time
1ms O Time:1
I l Steps: 1 <
p2 p3, 1 Proc. Round-robin
receive< Backward Forward

“Received : 2"
{p1, p3, 1}




DEMONSTRATION Backward Execution

o GUI Changes to v ** Node: nonode@nohost PID: 0 - time:main/0
'Time: O/ p3 _«, Node: nonode@nohost PID: 1 - time:p3/0

“«,Node: nonode@nohost PID: 2 - time:p1/1
~«,Node: nonode@nohost PID: 3 - time:p2/1

mail
p2 P3 pox Time
O Time:0
Steps: 1

Proc. Round-robin

recejve Backward Forward

“Received : 2"
{p1, p3, 1}

<>



DEMONSTRATION Backward Execution

- Back to the
|n|t|a| State v _«,Node: nonode@nohost PID: 0 - time:main/0
mail
pl p2 P3 box Time Manual  Automatic = Replay = Rollback
0
1 Time:0
Steps: 1 *
Proc. Round-robin
2 Forward

End of Backward execution



DEMONSTRATION

* Airline [Hoey+,20] program is a program in which
bookers reserve seats

- Due to a data race, multiple bookers may over sell seats
- Avoid oversell by using Fischer's mutual exclusion

 Fischer's algorithm realizes mutual exclusion with one
shared variable and local clocks for multiple processes



DEMONSTRATION

req

- Uppal model of id=0
Fischer's mutual
exclusion




DEMONSTRATION

This is part of the
Airline-Fischer
program

This lock function
realizes Fischer's
algorithm by using
the passage of time.

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

I lock(FischerId, MyId) —>

V] case readId(FischerId) of
v 0 —
timer:sleep(?DELAY),
rerenerEa,_MyId),
timer:sleep(50), X —C > O
V] Cove=taadldlEiseiverd) of
4 MyId —>
cs(FischerId, MyId);
4 _OtherId —>
lock(FischerId, MyId)
end;
v _OtherId —>

lock(FischerId, MyId)

v cs(FischerId, MyId) —>
io:format("In critical section ~p~n", [MyId]),
writeId(FischerId, 0).

v unlock(FischerId, MyId) —>
writeId(FischerId, 0),
lock(FischerId, MyId).



DEMONSTRATION

When executing this
program in CauDEr,
double-booking of
the same seat does
not occur

In r!ﬂ'i +1 ~~1

- e e e W

| Booked seat
In crifican
| Booked seat
In _crisccees:
| Booked seat
In criticatl
IpSecpr iy eal

section 1
number 3
€action 1
number 2
section 1
number 1
Seéction 1
section Z




DEMONSTRATION Pl

@ ifIZEJ @X{C
bug injection

 This allows two
processes to enter the

id:=0

critical section at the @
same time, violating o=t ol - s 0 ) vt
mutual exclusion P2
® id=0 \;5‘1
U x<c
id:=0
i,x:=0
cs @

wait




DEMONSTRATION

50 lock(FischerId, MyId) —>

. ThlS iS part Of the 51 case readId(FischerId) of
52 0 —
iIncorrect Airline- 53 timer:sleep(?DELAY),
Fischer program 54 ) ) 1’::‘;(1;_7._.(.:.")”1. MyId), O
. . . comment ou Jimer:sleep(50), X —C 2
ThlS IOCk funCthn 56 ase reauiuirischerId)r—of
allows processes to 57 MyId —>
enter the Crltlcal 58 cs(FischerlId, MyId);
. 59 _OtherId —>
SeCtlon at the Same 60 lock(FischerId, MyId)
time 61 end;
62 _OtherId —>
63 lock(FischerId, MyId)
64 end.



DEMONSTRATION

seatManager(NumOfSeats) —>
receive

- When mUItlple {askForNum, Pid} ->
bookers Pid ! {num, NumOfSeats},
. seatManager(NumOfSeats) :
simultaneously check {book, Pid} =5
Seat ava||abl|lty and io:format("Booked seat number ~w ~n", [NumOfSeats]),

Pid ! {booked, NumOfSeats},
seatManager(NumOfSeats - 1)

then reserve the
same seat without end.
proper
synchronization, a
OCCcurs



DEMONSTRATION

When executing
incorrect Airline-
Fischer program in
CauDEr, the 4th seat
IS booked

Due to a data race,
multiple bookers may
reserve the same
seat, and the
number of remaining
seats is -1

In critical section 1

In critical section 2
Booked seat number 3 by 3
Remaining seats: 2

Booked seat number 2 by 4
Remaining seats: 1

In critical section 2

In critical section 1
Booked seat number 1 by 4
Remaining seats: 0
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CONCLUSION

- Extended reversible semantics of Erlang with discrete time
passage

- Integrate to CauDEr with timed reversible semantics

» Our timed semantics may not be minimal for integrating into
CauDEr (0(d) is designed for practical use)

- Timed rollback-and-replay semantics
- Introduce an e-parameter to capture runtime delay
» Support imperative primitives
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