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Forward Execution in Erlang

BACKGROUND

Erlangにおけるcausal consistencyとはなにか

historyがあること

p1 p21. Initially, in p1, x is set to 1 and y is 
set to 2

2. p1 sends message 1 to p2

3. p2 receives message 1 and assigns 
1 to z

4. p1 sends message 2 to p2

5. p2 receives message 2 and assigns 
2 to w

6. Then, z is equal to 1 and w is equal 
to 2

p2 ! x;
p2 ! y;

receive {N} →
z = N;
receive {M} 
→ w = M;

z  = 1, w = 2

x  = 1, y = 2
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BACKGROUND

コミュニケーションのconsistencyバグについて

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

5. p2 receives message 2 and assigns 
2 to w

4. p1 sends message 2 to p2

3. p2 receives message 1 and assigns 
1 to z

2. p1 sends message 1 to p2

1.  Then, in p1, x is set to 1 and y
is set to 2

数字逆向きにする

p1 p2

p2 ! x;
p2 ! y;

receive {N} →
z = N;
receive {M} 
→ w = M;

z  = 1, w = 2

x  = 1, y = 2
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BACKGROUND

コミュニケーションのconsistencyバグについて

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

5. p2 receives message 2 and assigns 2 
to w

3. p2 receives message 1 and assigns 1 
to z

4. p1 sends message 2 to p2

2.  p1 sends message 1 to p2

1. Then, in p1, x is set to 2 and y is set 
to 1

each process ◯ whole system ×
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BACKGROUND

• λ is a unique identifier carried by each message
• Add (𝑝𝑠 , 𝑝𝑟 , {𝑣, 𝜆}) to Γ 

• Update the history

• Update 𝜃′, 𝑒′, 𝑆′ in Π

A system configuration is represented as a pair Γ ;Π, 
Γ : global mailbox and Π : processes

-- forward reversible semantics

Erlang’s causal consistent reversible semantics

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

-- backward reversible semantics

Erlang’s causal consistent reversible semantics

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

• θ, e and S are restored from the history
• The history is popped from h

A system configuration is represented as a pair Γ ;Π, 
Γ : global mailbox and Π : processes
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BACKGROUND
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p3 : outputs the first 
received message

main : creates processes
p1, p2 and p3

p1 : pauses for 2 
milliseconds, then sends 
message 1 to p3

p2 : pauses for 1 
millisecond, then sends 
message 2 to p3

TIME PASSAGE  IN ERLANG

Erlang Program Example 1
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TIME PASSAGE  IN THE ERLANG SEMANTICS

p1 p2 p3 mailbox

{p2, p3, 2}

1ms

receive

“Received : 2”
{p1, p3, 1}

Erlang Program Example 1

mailboxにおいても時間の経過を縦の線で表す

timer:sleep文をわかりやすくする

2ms
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• Running it in CauDEr,
Received: 1 be produced instead

TIME PASSAGE  IN THE ERLANG SEMANTICS

上いらない
もう少し見やすくする

Erlang Program Example 1

Lack of time passage
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TIME PASSAGE  IN THE ERLANG SEMANTICS

receive afterを強調する

• Time passage in Erlang is 
represented as 
receive after n → ok end
[Cesarini +, 10]

• receive ഥ𝑐𝑙 after 𝑣𝑇 → 𝑒𝑥𝑝𝑟𝑠 end 
is not included in the 
reversible semantics in Erlang 
[Lanese+,18]

Erlang Program Example 1 

Lack of time passage
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• 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

17

REVERSIBLE  T IMED SEMANTICS

(δ)だけだとわかりづらい



⚫Maximal progress
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REVERSIBLE  T IMED SEMANTICS

システムがなにか動作をするなら
time passageを行わない

time passageの優先順位が一番低い

• 逆実行の時もそう

• When the system performs 
an action, no time passes

• In other words, time 
passage has the lowest 
priority

• In the backward discrete 
time passage, maximal 
progress holds
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REVERSIBLE  T IMED SEMANTICS

• 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

⚫ Maximal time synchrony
each 𝑋1 …𝑋𝑚 is a delayable process
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REVERSIBLE  T IMED SEMANTICS

• If the system advances time and transitions to both
Γ′ ; Π′ and Γ” ; Π”, then Γ′ = Γ” and Π′ = Π”

• In the backward discrete time passage, time 
determinacy holds

⚫ Time determinacy
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REVERSIBLE  T IMED SEMANTICS

The syntax for receiving messages with a timeout

receive ഥ𝑐𝑙 after 𝑣𝑇 → 𝑒𝑥𝑝𝑟𝑠 end 

• 𝑣𝑇 → 𝑒𝑥𝑝𝑟𝑠 is a timeout clause

• If no message is received for 𝑣𝑇 milliseconds, the expression 
𝑒𝑥𝑝𝑟𝑠 is executed

• 𝑣𝑇 is defined as an integer-typed expression, or the atom 
infinity (= no timeout)
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REVERSIBLE  T IMED SEMANTICS

• the label includes the timeout clause

• 𝜅 serves as a place holder for receive action [Lanese+, 18]

expression-level semantics of the receive expression with a timeout clause



23

REVERSIBLE  T IMED SEMANTICS

• t is a timer for receiving message

• The process initiated the receive action

• For untimed behavior, t is set to zero

• 𝛿 𝑑 represents the passage of 𝑑 units of time in h

tがなぜ入っているか

afterが入ったから

Process < p, h, 𝜃, 𝑒, 𝑆 , 𝑡>



REVERSIBLE  T IMED SEMANTICS
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Forward Timed Semantics



Forward Timed Semantics : RECEIVE
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REVERSIBLE  T IMED SEMANTICS

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

• The process no longer needs to wait for time, then t is 
reset to 0
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REVERSIBLE  T IMED SEMANTICS
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message
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REVERSIBLE  T IMED SEMANTICS

• No message is available in the mailbox, and t reaches 
𝑣𝑇, the TIMEOUT rule applies

• tout(𝜃, 𝑒, 𝑆, 𝑣𝑇) is saved to the history

• The process no longer needs to wait for time, then t is 
reset to 0

Forward Timed Semantics : TIMEOUT
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REVERSIBLE  T IMED SEMANTICS

• When a process evaluates a receive expression and no 
message is available in the mailbox, and t reaches 𝑣𝑇, 
the TIMEOUT rule applies

• tout(𝜃, 𝑒, 𝑆, 𝑣𝑇) is saved to the history

• The process no longer needs to wait for time, then t is 
reset to 0

Forward Timed Semantics : TIMEOUT
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REVERSIBLE  T IMED SEMANTICS

• When a process evaluates a receive expression and no 
message is available in the mailbox, and t reaches 𝑣𝑇, 
the TIMEOUT rule applies

• tout(𝜃, 𝑒, 𝑆, 𝑣𝑇) is saved to the history

• The process no longer needs to wait for time, then 
t is reset to 0

Forward Timed Semantics : TIMEOUT



Forward Timed Semantics : DELAY
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REVERSIBLE  T IMED SEMANTICS

• d is saved to the history

• The timer of each process advances d; therefore, 𝑡𝑖 becomes 𝑡𝑖 + d

• This rule also follows maximal time synchrony because all active processes advance time by the 
same discrete amount, then the system advances time

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



Forward Timed Semantics : DELAY
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REVERSIBLE  T IMED SEMANTICS

• d is saved to the history

• The timer of each process advances d; therefore, 𝑡𝑖 becomes 𝑡𝑖 + d

• maximal time synchrony because all active processes advance time by the same discrete 
amount

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



Forward Timed Semantics : DELAY
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REVERSIBLE  T IMED SEMANTICS

• d is saved to the history

• The timer of each process advances to 𝑡𝑖 + d

• maximal time synchrony because all active processes advance time by the same discrete 
amount

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



Forward Timed Semantics : DELAY
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REVERSIBLE  T IMED SEMANTICS

• d is saved to the history

• The timer of each process advances to 𝑡𝑖 + d

• maximal time synchrony because all active processes advance 
time by the same discrete amount

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



REVERSIBLE  T IMED SEMANTICS
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Backward Timed Semantics
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Backward Timed Semantics

• When rec(θ, e, S, 𝑝𝑠, 𝑣, 𝜆 , 𝑣𝑇) appears at the top of h, the 
backward RECEIVE rule applies

• The process restores θ, e, S and t stored in the history

• Γ restores (𝑝𝑠, 𝑝𝑟 , 𝑣, 𝜆 ) stored in the history

• The history is popped form h
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Backward Timed Semantics

• When tout(θ, e, S, 𝑣𝑇) appears at the top of h, the backward 

TIMEOUT rule applies

• The process restores θ, e, S and t stored in h

• The history is popped form h
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Backward Timed Semantics
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Backward Timed Semantics
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REVERSIBLE  T IMED SEMANTICS
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Backward Timed Semantics

• When 𝛿(d) appears at the top of h for a process, all other 
processes also have 𝛿(d) at the top of h and the backward 
DELAY rule applies

• The process restores 𝑣𝑖 − d where d is stored in h

• The history form all h in Π is popped
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Backward Timed Semantics

• When 𝛿(d) appears at the top of h for a process, all other 
processes also have 𝛿(d) at the top of h and the backward 
DELAY rule applies

• The process restores 𝑣𝑖 − d where d is stored in h

• The history form all h in Π is popped
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REVERSIBLE  T IMED SEMANTICS

• loop lemma holds for time passage

• Time additivity

Due to loop lemma, 
tがなぜ入っているか

afterが入ったから
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INTEGRATION TO CAUDER

• 𝑑 is the shortest waiting time of all processes

• If all processes become inactive or receiving with 
𝑣𝑇 = 𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦, no further time passage occurs

なぜこうしたか : step数を削減するため
どうしてその値を求められるのか : 最大の
dを使えば良い
つまり待っている時間が短いのを使えば良い
maximal progressのため
receiveから抜けるには、sendするactionが必要だが、すべてのプロセスが
waiting状態だから、sendするプロセスがいないということ
だから、最小の待ち時間分は時間遷移していい

Π does no action until some process timeout
→ choose d for next timeout

ここに数式を入力します。ここつっこまれそう
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INTEGRATION TO CAUDER

① Process status icon

• Added 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)

New ! 

New ! 

New ! 
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TIME PASSAGE  IN THE ERLANG SEMANTICS

Erlang Program Example 1

p1 p2 p3 mailbox

{p2, p3, 2}

1ms

receive
“Received : 2”

{p1, p3, 1}

2ms



• Initial state
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DEMONSTRATION Forward Execution

Start of Forward execution

p1 p2 p3
mail
box

{p2, p3, 2}

1ms

receive
“Received : 2”

{p1, p3, 1}

2ms

アイコンと図でのstateの位置対応づける

0

1

2

Time



• All processes 
wait for time 
passage
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DEMONSTRATION Forward Execution
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• GUI changes to 
'Time: 1’
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DEMONSTRATION Forward Execution
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• p2 and p3 are 
inactive

• p1 waits for 
time passage
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DEMONSTRATION Forward Execution
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DEMONSTRATION

• GUI changes to 
'Time: 2’

Forward Execution
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• All processes 
are inactive
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DEMONSTRATION

End of Forward execution

Forward Execution
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• All processes 
are inactive
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DEMONSTRATION

Start of Backward execution

Backward Execution
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• p1 wakes up
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DEMONSTRATION Backward Execution
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• The top of 
history in p1 is 
timeout
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DEMONSTRATION Backward Execution
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• All processes 
wait for time 
passage
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DEMONSTRATION Backward Execution
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• GUI changes to 
'Time: 1’
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DEMONSTRATION Backward Execution
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• p3 waits for 
time passage 
after reversing 
to receive
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DEMONSTRATION Backward Execution
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• p3 waits for 
time passage 
after reversing 
to receive

• Mailbox has 
message{2}
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DEMONSTRATION Backward Execution

p3
p1
p2



• p2 wakes up

63

DEMONSTRATION Backward Execution
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• The top of 
history in p2 is 
timeout
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DEMONSTRATION Backward Execution
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• All processes 
wait for time 
passage
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DEMONSTRATION Backward Execution
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• GUI changes to 
'Time: 0’
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DEMONSTRATION Backward Execution
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p2

Time

0

1

2



• Back to the 
initial state
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DEMONSTRATION Backward Execution

End of Backward execution

p1 p2 p3
mail
box

{p2, p3, 2}

1ms

receive
“Received : 2”

{p1, p3, 1}

2ms

Time

0

1

2
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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

CauDErで今まで扱えなかった、time passageを含むプロ
グラムを実行できるようになった

フィッシャーの排他制御を説明
airlineプログラムにおいて、フィッシャーのアルゴリズ
ムを用いて排他制御を実現。

時間遷移を用いると、共有変数の数を減らすことができ
る

図で説明
イコールつけたらバグることも説明

Airline参照
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DEMONSTRATION

• Uppal model of 
Fischer's mutual 
exclusion

CauDErで今まで扱えなかった、time passageを含むプロ
グラムを実行できるようになった

フィッシャーの排他制御を説明
airlineプログラムにおいて、フィッシャーのアルゴリズ
ムを用いて排他制御を実現。

時間遷移を用いると、共有変数の数を減らすことができ
る

x – c >0のウパールモデルにする
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DEMONSTRATION

• This is part of the 
Airline-Fischer 
program 

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

プログラムの中にtime passageが入っている

この前はいらない

58行目の意味
x- c > 0

x 

x – c > 0
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DEMONSTRATION

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

バグった結果を見せる
-1になったところ
軽くデモもみせる

あってもなくても

works ok!
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DEMONSTRATION

CauDErで今まで扱えなかった、time passageを含むプロ
グラムを実行できるようになった

フィッシャーの排他制御を説明
airlineプログラムにおいて、フィッシャーのアルゴリズ
ムを用いて排他制御を実現。

時間遷移を用いると、共有変数の数を減らすことができ
る

• This allows two 
processes to enter the 
critical section at the 
same time, violating 
mutual exclusion

バグった時のプログラムも見せる

デモをちゃんと見せる

bug injection



73

DEMONSTRATION

• This is part of the 
incorrect Airline-
Fischer program 

• This lock function
allows processes to 
enter the critical 
section at the same 
time

プログラムの中にtime passageが入っている

この前はいらない

x –c>= 0 の意味になる

x – c ≥ 0comment out
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DEMONSTRATION

• When multiple 
bookers 
simultaneously check 
seat availability and 
then reserve the 
same seat without 
proper 
synchronization, a 
data race occurs

プログラムの中にtime passageが入っている

この前はいらない
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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

バグった結果を見せる
-1になったところ
軽くデモもみせる
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まだrollback、replay semanticsが未実装

actionにdelayが生じた時の振る舞い

時間をdenseにしたときにmaximalprogressやsynchronyの
仮定が壊れたときである

イプシロンというparametorを入れて、シミュレーショ
ンをする ことを考える

77

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 (δ(d) is designed for practical use)

Future work

• Timed rollback-and-replay semantics

• Introduce an ε-parameter to capture runtime delay

• Support imperative primitives

δ(1)で進んでいくのでもいいけど余分な履歴になるから
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