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• Session types ♥ Time 

• Synchronous [Bartoletti,Cimoli&Murgia@FORTE’13] 

• Multiparty asynchronous [Bocchi,Yang,Yoshida@CONCUR’14] 

• restriction to types/protocols that could be used for type-checking 

• limitations to the expressiveness of the calculus 

• Today  

• Designing timed protocols : asynchronous timed duality 

• Checking timed programs : a time-sensitive calculus & typing system

Agenda
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• A timed protocol is not correct by definition

Time & trouble
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S = !!"#.?$#%&"'

S = !!"#(x ≤ 3) . ?%#&'"((x ≤ 2)

S = !!"#(x ≤ 3) . ?%#&'"((x ≤ 3)

• Usually this is handled by adding some conditions 

feasibility [Bocchi, Yang, Yoshida@CONCUR’14],  
interaction-enabledness (CTA) [Bocchi, Lange, Yoshida@CONCUR’15],  
compliance [Bartoletti, Cimoli, Murgia@FORTE’16] 
formation + duality [Bocchi, Murgia, Yoshida, Vasconcelos’18]



• Duality characterises well-behaved systems

Duality & progress

S = !!"#.?$#%&"' S = ?!"#.!$#%&"'S = !!"#(x ≤ 1,x) . ?%#&'"((x ≤ 2) S = ?!"#(y ≤ 1,y) . !%#&'"((y ≤ 2)

S ∣ S

Synchronous

0.4⟶ S ∣ S ⟶ ?"#$%&'(x ≤ 2) ∣ !"#$%&'(y ≤ 2)Int ⟶2 ⟶String

 4



• Duality characterises well-behaved systems

Duality & progress

S = !!"#.?$#%&"' S = ?!"#.!$#%&"'S = !!"#(x ≤ 1,x) . ?%#&'"((x ≤ 2) S = ?!"#(y ≤ 1,y) . !%#&'"((y ≤ 2)

0 0x y

Asynchronous

S ∣ S

0.4 0.4

0.4⟶ S ∣ S ⟶ ?"#$%&'(x ≤ 2) ∣ ?*&#(y ≤ 1,y) . !"#$%&'(y ≤ 2)

0

!Int

0.6 ?Int⟶ ⟶ ?"#$%&'(x ≤ 2) ∣ !"#$%&'(y ≤ 2)

0.6 10

⟶ ⟶2 !String ?!"#$%&(x ≤ 2)

2.6 2

S ∣ S

Synchronous

0.4⟶ S ∣ S ⟶ ?"#$%&'(x ≤ 2) ∣ !"#$%&'(y ≤ 2)Int ⟶2 ⟶String



Receive & asynchrony (1/2)

func S (a chan<- int, b <-chan string, start time.Time){
for {
time.Sleep(400 * time.Millisecond)
t := time.Now()  
a<-10
fmt.Printf("sent int 10 at time %s\n", t.Sub(start))
select{

case c:=<-b : 
t := time.Now()
fmt.Printf("received string %s at time %s\n", c, t.Sub(start))

       case <-time.After(2 * time.Second):  
         fmt.Println("S Failed! String not received within deadline")
  }
 }
}
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1S = µt.!Int(x  1, x). ?String(x  2). t
<latexit sha1_base64="T+BD+6QkOQZoI/4E8slcVqmOxIE="></latexit><latexit sha1_base64="T+BD+6QkOQZoI/4E8slcVqmOxIE="></latexit><latexit sha1_base64="T+BD+6QkOQZoI/4E8slcVqmOxIE="></latexit><latexit sha1_base64="T+BD+6QkOQZoI/4E8slcVqmOxIE="></latexit>



func Sd (a <-chan int, b chan<- string, start time.Time){
for{ 

     select{
case c:=<-a : t := time.Now()

fmt.Printf("received int %d at time %s\n", c, t.Sub(start))
case <-time.After(1 * time.Second): fmt.Println("Sd Failed! …”)

  }
  time.Sleep(600 * time.Millisecond)
  t := time.Now()
  b<-"hello!"
  fmt.Printf("sent 'hello!' at time %s\n", t.Sub(start))

    }
}

https://play.golang.org/p/pagByVB4Gtd

Receive & asynchrony (2/2)
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S = µt.?Int(y  1, y). !String(y  2). t
<latexit sha1_base64="Fm7wJ8H+ZwgtQVqyUSRODw/Nc88="></latexit><latexit sha1_base64="Fm7wJ8H+ZwgtQVqyUSRODw/Nc88="></latexit><latexit sha1_base64="Fm7wJ8H+ZwgtQVqyUSRODw/Nc88="></latexit><latexit sha1_base64="Fm7wJ8H+ZwgtQVqyUSRODw/Nc88="></latexit>



Urgent receive semantics
• Urgent receive semantics: messages are received as soon as  

• they are in a channel, and 
• the time constraint of the receiver is satisfied  

• Urgent receive semantics yields executions that are 
• are a bit more synchronous … 
• … but as asynchronous as when using (common) receive primitives

S ∣ S ⟶ S ∣ S ⟶ ?"#$%&'(x ≤ 2) ∣ ?*&#(y ≤ 1,y) . !"#$%&'(y ≤ 2)!Int

⟶ ⟶

0.4

2 !String⟶ ⟶ ?"#$%&'(x ≤ 2) ∣ !"#$%&'(y ≤ 2)0.6 ?Int ?!"#$%&(x ≤ 2)

0.4 0x y0   
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Urgent receive semantics
• Urgent receive semantics: messages are received as soon as  

• they are in a channel, and 
• the time constraint of the receiver is satisfied  

• Urgent receive semantics yields executions that are 
• are a bit more synchronous … 
• … but as asynchronous as when using (common) receive primitives

Type Progress: (ν1, S1, M1) ∣ (ν2, S2, M2)                                                                satisfies progress if any reachable 
state is either success (end types and empty queues) or allows an action, 
possibly after some delay. 

Theorem (Duality Progress).                                  enjoys progress (ν0, S, ∅) ∣ (ν0, S, ∅)
(when using urgent receive semantics).



Subtyping
Definition (Timed Simulation). Fix s1 = (⌫1, S1) and s2 = (⌫2, S2).
A relation R 2 (V⇥ S)2 is a timed simulation if (s1, s2) 2 R implies:

1. S1 = end implies S2 = end

2. s1
t!m1�! s01 implies 9s02,m2 : s2

t!m2�! s02, (m2,m1) 2 S, and (s01, s
0
2) 2 R

3. s2
t?m2�! s02 implies 9s01,m1 : s1

t?m1�! s01, (m1,m2) 2 S, and (s01, s
0
2) 2 R

4. s1
?) implies s2

?) and s2
!) implies s1

!)
<latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit><latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit><latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit><latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit>

•  Asymmetric as e.g., [Gay&Hole’05][Demangeon&Honda’11] 
[Chen,Dezani-Ciancaglini&Yoshida’14] 

!!"#$%&(x = 0) < : !!"#$%&(x ≤ 2)
?!"#$%&(x ≤ 2) < : ?!"#$%&(x = 0)

?!"#$%&(x ≤ 2) . !!"#$%&(x = 1) < : ?!"#$%&(x = 0) . !!"#$%&(x = 1)
!!"#$%&("#'() < : ?!"#$%&("#'()



Subtyping
Definition (Timed Simulation). Fix s1 = (⌫1, S1) and s2 = (⌫2, S2).
A relation R 2 (V⇥ S)2 is a timed simulation if (s1, s2) 2 R implies:

1. S1 = end implies S2 = end

2. s1
t!m1�! s01 implies 9s02,m2 : s2

t!m2�! s02, (m2,m1) 2 S, and (s01, s
0
2) 2 R

3. s2
t?m2�! s02 implies 9s01,m1 : s1

t?m1�! s01, (m1,m2) 2 S, and (s01, s
0
2) 2 R

4. s1
?) implies s2

?) and s2
!) implies s1

!)
<latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit><latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit><latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit><latexit sha1_base64="CJw2HQpPdgk8SbMojGxs9a4zF9w="></latexit>

•  Asymmetric as e.g., [Gay&Hole’05][Demangeon&Honda’11] 
[Chen,Dezani-Ciancaglini&Yoshida’14] 

!!"#$%&(x = 0) < : !!"#$%&(x ≤ 2)
?!"#$%&(x ≤ 2) < : ?!"#$%&(x = 0)

?!"#$%&(x ≤ 2) . !!"#$%&(x = 1) < : ?!"#$%&(x = 0) . !!"#$%&(x = 1)
!!"#$%&("#'() < : ?!"#$%&("#'()

Theorem (Safe/Progressing Substitution). Let              then
(ν0, S, ∅) ∣ (ν0, S′�, ∅) ≲ (ν0, S, ∅) ∣ (ν0, S, ∅)
(ν0, S, ∅) ∣ (ν0, S′�, ∅)

S′� < : S

enjoys progress.
1) 

2) 
In [Bartoletti,Bocchi,Murgia@CONCUR’18] asymmetric refinement does not preserve 
behaviour/progress (it was “local” and did not assume duality) 



Implementing dual types
“An SMTP server SHOULD have a timeout of at least 5 minutes while 
it is awaiting the next command from the sender” [RFC 5321]

S =?Com(x < 5, x).S0
<latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit>

C =!Com(y < 5, y).C 0
<latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit>
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select{
case <-b : \\ proceed as S’

       case <-time.After(5 * time.Second): \\ explode 
  }

• This protocol can be implemented e.g., in Go, Erlang (timeout pattern), 
Real-Time Java, …

• This protocol cannot be correctly implemented with the calculus in 
[Bocchi,Yang&Yoshida’14]



Wait-freedom [Bocchi,Yang,Yoshida’14]: the solutions of the constraint 
of a receive action must be all after any solution of the corresponding 
send action

i want to 
implement these 

types
S =?Com(x < 5, x).S0

<latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit>

C =!Com(y < 5, y).C 0
<latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit>

delay(4.90).a(b).P 0
s | delay(4.99).a(HELO).P 0

c
<latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit><latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit><latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit><latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit>

a(b).P 0
s | delay(0.09).a(HELO).P 0

c
<latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit><latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit><latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit><latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit>

4.90�!
<latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit><latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit><latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit><latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit>
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Implementing dual types

S =?Com(x = 5, x).S0
<latexit sha1_base64="l2oAeCB77fAulbQIfH2B0BvFt+0="></latexit><latexit sha1_base64="l2oAeCB77fAulbQIfH2B0BvFt+0="></latexit><latexit sha1_base64="l2oAeCB77fAulbQIfH2B0BvFt+0="></latexit><latexit sha1_base64="l2oAeCB77fAulbQIfH2B0BvFt+0="></latexit>

C =!Com(y < 5, y).C 0
<latexit sha1_base64="RlvOmwVhR/aH1lB5Ip6BxCuGtnY="></latexit><latexit sha1_base64="RlvOmwVhR/aH1lB5Ip6BxCuGtnY="></latexit><latexit sha1_base64="RlvOmwVhR/aH1lB5Ip6BxCuGtnY="></latexit><latexit sha1_base64="RlvOmwVhR/aH1lB5Ip6BxCuGtnY="></latexit>



Programs
P ::= av . P

∣ a ◃ # . P
∣ "# v $%&' P &()& P
∣ P ∣ P
∣ 0
∣ "#$ D %& P
∣ X⟨ ⃗a ; ⃗a ⟩
∣ (νab) P
∣ ab : h

∣ "#$%&(δ) . P
∣ an(b) . P
∣ an ▹ {#i : Pi}i∈ I

time-consuming
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an(b) . P
n = 0
n = ∞
n ∈ ℝ> 0

non-blocking
blocking
blocking with timeout

delay(x = 4.90).a0(b).P 0
s

<latexit sha1_base64="fkm0eWpqCNSoxahbKkNcz8zKafI=">AAACC3icbVC7SgNBFJ31GeMrammzJIhJs8xKQC2EoI1lBPOAZF1mJ5NkyOyDmbvisqS38VdsLBSx9Qfs/BsnyRaaeODC4Zx7ufceLxJcAcbfxtLyyuraem4jv7m1vbNb2NtvqjCWlDVoKELZ9ohiggesARwEa0eSEd8TrOWNriZ+655JxcPgFpKIOT4ZBLzPKQEtuYVi1ycwBEh7TJBkXH64qFrnuGKRO1z2Klb92FVuoYQtPIW5SOyMlFCGulv46vZCGvssACqIUh0bR+CkRAKngo3z3VixiNARGbCOpgHxmXLS6S9j80grPbMfSl0BmFP190RKfKUS39Odk8vVvDcR//M6MfTPnJQHUQwsoLNF/ViYEJqTYMwel4yCSDQhVHJ9q0mHRBIKOr68DsGef3mRNE8sG1v2TbVUu8ziyKFDVERlZKNTVEPXqI4aiKJH9Ixe0ZvxZLwY78bHrHXJyGYO0B8Ynz/70pkM</latexit><latexit sha1_base64="fkm0eWpqCNSoxahbKkNcz8zKafI=">AAACC3icbVC7SgNBFJ31GeMrammzJIhJs8xKQC2EoI1lBPOAZF1mJ5NkyOyDmbvisqS38VdsLBSx9Qfs/BsnyRaaeODC4Zx7ufceLxJcAcbfxtLyyuraem4jv7m1vbNb2NtvqjCWlDVoKELZ9ohiggesARwEa0eSEd8TrOWNriZ+655JxcPgFpKIOT4ZBLzPKQEtuYVi1ycwBEh7TJBkXH64qFrnuGKRO1z2Klb92FVuoYQtPIW5SOyMlFCGulv46vZCGvssACqIUh0bR+CkRAKngo3z3VixiNARGbCOpgHxmXLS6S9j80grPbMfSl0BmFP190RKfKUS39Odk8vVvDcR//M6MfTPnJQHUQwsoLNF/ViYEJqTYMwel4yCSDQhVHJ9q0mHRBIKOr68DsGef3mRNE8sG1v2TbVUu8ziyKFDVERlZKNTVEPXqI4aiKJH9Ixe0ZvxZLwY78bHrHXJyGYO0B8Ynz/70pkM</latexit><latexit sha1_base64="fkm0eWpqCNSoxahbKkNcz8zKafI=">AAACC3icbVC7SgNBFJ31GeMrammzJIhJs8xKQC2EoI1lBPOAZF1mJ5NkyOyDmbvisqS38VdsLBSx9Qfs/BsnyRaaeODC4Zx7ufceLxJcAcbfxtLyyuraem4jv7m1vbNb2NtvqjCWlDVoKELZ9ohiggesARwEa0eSEd8TrOWNriZ+655JxcPgFpKIOT4ZBLzPKQEtuYVi1ycwBEh7TJBkXH64qFrnuGKRO1z2Klb92FVuoYQtPIW5SOyMlFCGulv46vZCGvssACqIUh0bR+CkRAKngo3z3VixiNARGbCOpgHxmXLS6S9j80grPbMfSl0BmFP190RKfKUS39Odk8vVvDcR//M6MfTPnJQHUQwsoLNF/ViYEJqTYMwel4yCSDQhVHJ9q0mHRBIKOr68DsGef3mRNE8sG1v2TbVUu8ziyKFDVERlZKNTVEPXqI4aiKJH9Ixe0ZvxZLwY78bHrHXJyGYO0B8Ynz/70pkM</latexit><latexit sha1_base64="fkm0eWpqCNSoxahbKkNcz8zKafI=">AAACC3icbVC7SgNBFJ31GeMrammzJIhJs8xKQC2EoI1lBPOAZF1mJ5NkyOyDmbvisqS38VdsLBSx9Qfs/BsnyRaaeODC4Zx7ufceLxJcAcbfxtLyyuraem4jv7m1vbNb2NtvqjCWlDVoKELZ9ohiggesARwEa0eSEd8TrOWNriZ+655JxcPgFpKIOT4ZBLzPKQEtuYVi1ycwBEh7TJBkXH64qFrnuGKRO1z2Klb92FVuoYQtPIW5SOyMlFCGulv46vZCGvssACqIUh0bR+CkRAKngo3z3VixiNARGbCOpgHxmXLS6S9j80grPbMfSl0BmFP190RKfKUS39Odk8vVvDcR//M6MfTPnJQHUQwsoLNF/ViYEJqTYMwel4yCSDQhVHJ9q0mHRBIKOr68DsGef3mRNE8sG1v2TbVUu8ziyKFDVERlZKNTVEPXqI4aiKJH9Ixe0ZvxZLwY78bHrHXJyGYO0B8Ynz/70pkM</latexit>

a5(b).P 0
s

<latexit sha1_base64="y90Z3QJq0wLa88cLbCJpnG73588=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItYL2VXFD0WvXisYD9gu5Zsmm1Ds8mSzApl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RRWVtfWN4qbpa3tnd298v5By6hUU9akSijdCYlhgkvWBA6CdRLNSBwK1g5Ht1O//cS04Uo+wDhhQUwGkkecErCSTx4vq+FZrXHaM71yxa25M+Bl4uWkgnI0euWvbl/RNGYSqCDG+J6bQJARDZwKNil1U8MSQkdkwHxLJYmZCbLZyRN8YpU+jpS2JQHP1N8TGYmNGceh7YwJDM2iNxX/8/wUousg4zJJgUk6XxSlAoPC0/9xn2tGQYwtIVRzeyumQ6IJBZtSyYbgLb68TFrnNc+tefcXlfpNHkcRHaFjVEUeukJ1dIcaqIkoUugZvaI3B5wX5935mLcWnHzmEP2B8/kDarOQBg==</latexit><latexit sha1_base64="y90Z3QJq0wLa88cLbCJpnG73588=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItYL2VXFD0WvXisYD9gu5Zsmm1Ds8mSzApl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RRWVtfWN4qbpa3tnd298v5By6hUU9akSijdCYlhgkvWBA6CdRLNSBwK1g5Ht1O//cS04Uo+wDhhQUwGkkecErCSTx4vq+FZrXHaM71yxa25M+Bl4uWkgnI0euWvbl/RNGYSqCDG+J6bQJARDZwKNil1U8MSQkdkwHxLJYmZCbLZyRN8YpU+jpS2JQHP1N8TGYmNGceh7YwJDM2iNxX/8/wUousg4zJJgUk6XxSlAoPC0/9xn2tGQYwtIVRzeyumQ6IJBZtSyYbgLb68TFrnNc+tefcXlfpNHkcRHaFjVEUeukJ1dIcaqIkoUugZvaI3B5wX5935mLcWnHzmEP2B8/kDarOQBg==</latexit><latexit sha1_base64="y90Z3QJq0wLa88cLbCJpnG73588=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItYL2VXFD0WvXisYD9gu5Zsmm1Ds8mSzApl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RRWVtfWN4qbpa3tnd298v5By6hUU9akSijdCYlhgkvWBA6CdRLNSBwK1g5Ht1O//cS04Uo+wDhhQUwGkkecErCSTx4vq+FZrXHaM71yxa25M+Bl4uWkgnI0euWvbl/RNGYSqCDG+J6bQJARDZwKNil1U8MSQkdkwHxLJYmZCbLZyRN8YpU+jpS2JQHP1N8TGYmNGceh7YwJDM2iNxX/8/wUousg4zJJgUk6XxSlAoPC0/9xn2tGQYwtIVRzeyumQ6IJBZtSyYbgLb68TFrnNc+tefcXlfpNHkcRHaFjVEUeukJ1dIcaqIkoUugZvaI3B5wX5935mLcWnHzmEP2B8/kDarOQBg==</latexit><latexit sha1_base64="y90Z3QJq0wLa88cLbCJpnG73588=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItYL2VXFD0WvXisYD9gu5Zsmm1Ds8mSzApl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RRWVtfWN4qbpa3tnd298v5By6hUU9akSijdCYlhgkvWBA6CdRLNSBwK1g5Ht1O//cS04Uo+wDhhQUwGkkecErCSTx4vq+FZrXHaM71yxa25M+Bl4uWkgnI0euWvbl/RNGYSqCDG+J6bQJARDZwKNil1U8MSQkdkwHxLJYmZCbLZyRN8YpU+jpS2JQHP1N8TGYmNGceh7YwJDM2iNxX/8/wUousg4zJJgUk6XxSlAoPC0/9xn2tGQYwtIVRzeyumQ6IJBZtSyYbgLb68TFrnNc+tefcXlfpNHkcRHaFjVEUeukJ1dIcaqIkoUugZvaI3B5wX5935mLcWnHzmEP2B8/kDarOQBg==</latexit>

C =!Com(y < 5, y).C 0
<latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit>



Programs
P ::= av . P

∣ a ◃ # . P
∣ "# v $%&' P &()& P
∣ P ∣ P
∣ 0
∣ "#$ D %& P
∣ X⟨ ⃗a ; ⃗a ⟩
∣ (νab) P
∣ ab : h

∣ "#$%&(δ) . P
∣ an(b) . P
∣ an ▹ {#i : Pi}i∈ I

time-consuming
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S =?Com(x < 5, x).S0
<latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit>

delay(4.8  x < 5).a(HELO).P 0
c

<latexit sha1_base64="l9v9BSZQlTH/+WYqTvV0Wcipa1g="></latexit><latexit sha1_base64="l9v9BSZQlTH/+WYqTvV0Wcipa1g="></latexit><latexit sha1_base64="l9v9BSZQlTH/+WYqTvV0Wcipa1g="></latexit><latexit sha1_base64="l9v9BSZQlTH/+WYqTvV0Wcipa1g="></latexit>

delay(x = 4.99).a(HELO).P 0
c

<latexit sha1_base64="2qVQILuTwHbhhe2jjLSxOUK9NLY="></latexit><latexit sha1_base64="2qVQILuTwHbhhe2jjLSxOUK9NLY="></latexit><latexit sha1_base64="2qVQILuTwHbhhe2jjLSxOUK9NLY="></latexit><latexit sha1_base64="2qVQILuTwHbhhe2jjLSxOUK9NLY="></latexit>



There are also typing rules…

8t : ⌫ + t |= � , t  n
8t  n : �, b : T ` P . �+ t, a : (⌫ + t[� 7! 0], S) � not t-reading

� ` an(b).P . �, a : (⌫, ?T (�,�).S)
<latexit sha1_base64="ag4hFMvNGAix5Mziaq7ziYkMC4c="></latexit><latexit sha1_base64="ag4hFMvNGAix5Mziaq7ziYkMC4c="></latexit><latexit sha1_base64="ag4hFMvNGAix5Mziaq7ziYkMC4c="></latexit><latexit sha1_base64="ag4hFMvNGAix5Mziaq7ziYkMC4c="></latexit>

� ` b : T ⌫ |= � � ` P .�, a : (⌫[� 7! 0], S)

� ` a b.P . �, a : (⌫, !T (�,�).S)
<latexit sha1_base64="1yCgS1pEPPIofYhiHlXFCaaBlLg="></latexit><latexit sha1_base64="1yCgS1pEPPIofYhiHlXFCaaBlLg="></latexit><latexit sha1_base64="1yCgS1pEPPIofYhiHlXFCaaBlLg="></latexit><latexit sha1_base64="1yCgS1pEPPIofYhiHlXFCaaBlLg="></latexit>

8n 2 � : � ` delay(n).P . �

� ` delay(�).P . �
<latexit sha1_base64="LDNWPzk8yJvYUDsJHrZySy9jtEw="></latexit><latexit sha1_base64="LDNWPzk8yJvYUDsJHrZySy9jtEw="></latexit><latexit sha1_base64="LDNWPzk8yJvYUDsJHrZySy9jtEw="></latexit><latexit sha1_base64="LDNWPzk8yJvYUDsJHrZySy9jtEw="></latexit>

� ` P . �+ n � not n-reading

� ` delay(n).P . �
<latexit sha1_base64="LSoRDXqWmxCl5PeDp9QGH0o27xc="></latexit><latexit sha1_base64="LSoRDXqWmxCl5PeDp9QGH0o27xc="></latexit><latexit sha1_base64="LSoRDXqWmxCl5PeDp9QGH0o27xc="></latexit><latexit sha1_base64="LSoRDXqWmxCl5PeDp9QGH0o27xc="></latexit>

[send]

[rcv]

[delay1]

[delay2]
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S =?Com(x < 5, x).S0
<latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit><latexit sha1_base64="5pc+PCZdRAhVpOjfxtiSCCjxe4w=">AAACInicbVBbSwJBGJ21m9nN6rGXIYkMQnajqKBI8qVHw7yAisyOow7OXpj5NpRlf0sv/ZVeeiiqp6Af07hKlHZg4HDOd5nv2L7gCkzz00jMzS8sLiWXUyura+sb6c2tivICSVmZesKTNZsoJrjLysBBsJovGXFswap2vzDyq/dMKu65dzD0WdMhXZd3OCWgpVb6PFXCl/iq4RDoAYQFz4lwIx4b2iJgUXZwcXI4OPiRCO1HudI+xriVzpg5MwaeJdaEZNAExVb6vdH2aOAwF6ggStUt04dmSCRwKliUagSK+Xo+6bK6pi5xmGqG8eII72mljTue1M8FHKu/O0LiKDV0bF05OkVNeyPxP68eQOesGXLXD4C5dLyoEwgMHh7lhdtcMgpiqAmhkuu/YtojklDQqaZ0CNb0ybOkcpSzzJx1e5zJX0/iSKIdtIuyyEKnKI9uUBGVEUUP6Am9oFfj0Xg23oyPcWnCmPRsoz8wvr4BzZiilA==</latexit>

C =!Com(y < 5, y).C 0
<latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit><latexit sha1_base64="zSCjKpBC5ZnKVkmm9smJB9Rs084=">AAACInicbVDLSgMxFM3UV62vqks30SJWkGFGFBUUit24rGAf0JaSSTNtaOZBckcYhvkWN/6KGxeKuhL8GNMHoq0HAodz7iP3OKHgCizr08jMzS8sLmWXcyura+sb+c2tmgoiSVmVBiKQDYcoJrjPqsBBsEYoGfEcwerOoDz06/dMKh74dxCHrO2Rns9dTgloqZO/yJXxFd5teQT6AEk58FLcGo1NHBGxtBhfnh7Fhz8SoYPULB9gjDv5gmVaI+BZYk9IAU1Q6eTfW92ARh7zgQqiVNO2QmgnRAKngqW5VqRYqOeTHmtq6hOPqXYyWpzifa10sRtI/XzAI/V3R0I8pWLP0ZXDU9S0NxT/85oRuOfthPthBMyn40VuJDAEeJgX7nLJKIhYE0Il13/FtE8koaBTzekQ7OmTZ0nt2LQt0749KZSuJ3Fk0Q7aQ0VkozNUQjeogqqIogf0hF7Qq/FoPBtvxse4NGNMerbRHxhf32kqolg=</latexit>

delay(4.90).a(b).P 0
s | delay(4.99).a(HELO).P 0

c
<latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit><latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit><latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit><latexit sha1_base64="exyvnyS4ANucoarsmfA8FLoS0B0="></latexit>

a(b).P 0
s | delay(0.09).a(HELO).P 0

c
<latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit><latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit><latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit><latexit sha1_base64="AzyRhEbKyDq3eS/iQZsiCeOqNDc="></latexit>

4.90�!
<latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit><latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit><latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit><latexit sha1_base64="3TYyyt/SQFHg/uvo1vuV65S8my8="></latexit>
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What is a missed deadline?

is this really a 
violation of 
progress?

�! failed | delay(0.09).a(HELO).P 0
c

<latexit sha1_base64="x/g0EC/2k8czePzM4pOp6Fa7XfY="></latexit><latexit sha1_base64="x/g0EC/2k8czePzM4pOp6Fa7XfY="></latexit><latexit sha1_base64="x/g0EC/2k8czePzM4pOp6Fa7XfY="></latexit><latexit sha1_base64="x/g0EC/2k8czePzM4pOp6Fa7XfY="></latexit>

• Failing semantics:  
• See system’s behaviour beyond failure of some parts (-> error handling)  
• Reveals relationship between untimed progress and time safety



Programs
P ::= av . P

∣ a ◃ # . P
∣ "# v $%&' P &()& P
∣ P ∣ P
∣ 0
∣ "#$ D %& P
∣ X⟨ ⃗a ; ⃗a ⟩
∣ (νab) P
∣ ab : h

∣ "#$%&(δ) . P
∣ an(b) . P
∣ an ▹ {#i : Pi}i∈ I

∣ "#$%&'
∣ "#$%&(n) . P

time-consuming

run-time
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Subject reduction? 
(νab)(νcd ) a5(e) . de.0 ∣ c5(e) . be.0 ∣ ab : ∅ ∣ ba : ∅ ∣ cd : ∅ ∣ cd : ∅

Well typed
∅ ⊢ P ▹ a : (ν0, S), b : (ν0, S), c : (ν0, S), d : (ν0, S)

S = !!"#(x ≤ 5,∅) . &"'

P ⟶ Φ6(P) = (νab)(νcd )(#$%&'( ∣ #$%&'( ∣ ab : ∅ ∣ ba : ∅ ∣ cd : ∅ ∣ cd : ∅)�!
<latexit sha1_base64="5HGaMYpigWa8Ze8OhvDpJAGBfTI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkAbyma7SZdudsPupFJC/4kXD4p49Z9489+4aXPQ1gcDj/dmmJkXpoIb8LxvZ219Y3Nru7JT3d3bPzh0j47bRmWashZVQuluSAwTXLIWcBCsm2pGklCwTji+K/zOhGnDlXyEacqChMSSR5wSsNLAdftCyVjzeAREa/VUHbg1r+7NgVeJX5IaKtEcuF/9oaJZwiRQQYzp+V4KQU40cCrYrNrPDEsJHZOY9SyVJGEmyOeXz/C5VYY4UtqWBDxXf0/kJDFmmoS2MyEwMsteIf7n9TKIboKcyzQDJuliUZQJDAoXMeAh14yCmFpCqOb2VkxHRBMKNqwiBH/55VXSvqz7Xt1/uKo1bss4KugUnaEL5KNr1ED3qIlaiKIJekav6M3JnRfn3flYtK455cwJ+gPn8wes1JOq</latexit><latexit sha1_base64="5HGaMYpigWa8Ze8OhvDpJAGBfTI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkAbyma7SZdudsPupFJC/4kXD4p49Z9489+4aXPQ1gcDj/dmmJkXpoIb8LxvZ219Y3Nru7JT3d3bPzh0j47bRmWashZVQuluSAwTXLIWcBCsm2pGklCwTji+K/zOhGnDlXyEacqChMSSR5wSsNLAdftCyVjzeAREa/VUHbg1r+7NgVeJX5IaKtEcuF/9oaJZwiRQQYzp+V4KQU40cCrYrNrPDEsJHZOY9SyVJGEmyOeXz/C5VYY4UtqWBDxXf0/kJDFmmoS2MyEwMsteIf7n9TKIboKcyzQDJuliUZQJDAoXMeAh14yCmFpCqOb2VkxHRBMKNqwiBH/55VXSvqz7Xt1/uKo1bss4KugUnaEL5KNr1ED3qIlaiKIJekav6M3JnRfn3flYtK455cwJ+gPn8wes1JOq</latexit><latexit sha1_base64="5HGaMYpigWa8Ze8OhvDpJAGBfTI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkAbyma7SZdudsPupFJC/4kXD4p49Z9489+4aXPQ1gcDj/dmmJkXpoIb8LxvZ219Y3Nru7JT3d3bPzh0j47bRmWashZVQuluSAwTXLIWcBCsm2pGklCwTji+K/zOhGnDlXyEacqChMSSR5wSsNLAdftCyVjzeAREa/VUHbg1r+7NgVeJX5IaKtEcuF/9oaJZwiRQQYzp+V4KQU40cCrYrNrPDEsJHZOY9SyVJGEmyOeXz/C5VYY4UtqWBDxXf0/kJDFmmoS2MyEwMsteIf7n9TKIboKcyzQDJuliUZQJDAoXMeAh14yCmFpCqOb2VkxHRBMKNqwiBH/55VXSvqz7Xt1/uKo1bss4KugUnaEL5KNr1ED3qIlaiKIJekav6M3JnRfn3flYtK455cwJ+gPn8wes1JOq</latexit><latexit sha1_base64="5HGaMYpigWa8Ze8OhvDpJAGBfTI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KokIeix68VjBfkAbyma7SZdudsPupFJC/4kXD4p49Z9489+4aXPQ1gcDj/dmmJkXpoIb8LxvZ219Y3Nru7JT3d3bPzh0j47bRmWashZVQuluSAwTXLIWcBCsm2pGklCwTji+K/zOhGnDlXyEacqChMSSR5wSsNLAdftCyVjzeAREa/VUHbg1r+7NgVeJX5IaKtEcuF/9oaJZwiRQQYzp+V4KQU40cCrYrNrPDEsJHZOY9SyVJGEmyOeXz/C5VYY4UtqWBDxXf0/kJDFmmoS2MyEwMsteIf7n9TKIboKcyzQDJuliUZQJDAoXMeAh14yCmFpCqOb2VkxHRBMKNqwiBH/55VXSvqz7Xt1/uKo1bss4KugUnaEL5KNr1ED3qIlaiKIJekav6M3JnRfn3flYtK455cwJ+gPn8wes1JOq</latexit>
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Subject reduction does not hold in general



Subject reduction!
Definition (Live process). P̂ is live if, for each P̂ 0 such that P̂ �!⇤ P̂ 0 :

P̂ 0 ⌘ (⌫ab)Q̂ ^ a 2 Wait(Q̂) =) 9Q̂0 : Q̂ �!⇤ Q̂0 ^ a 2 NEQueue(Q̂0)
<latexit sha1_base64="MarAtkLLvGr1wLj0DenMSx64WoY="></latexit><latexit sha1_base64="MarAtkLLvGr1wLj0DenMSx64WoY="></latexit><latexit sha1_base64="MarAtkLLvGr1wLj0DenMSx64WoY="></latexit><latexit sha1_base64="MarAtkLLvGr1wLj0DenMSx64WoY="></latexit>

Theorem (Subject Reduction). Let erase(P ) be live. If ; ` P . ; and
P �! P 0 then ; ` P . ;.

<latexit sha1_base64="HEZFAiSYix03k4CN51H4g+CDIjc="></latexit><latexit sha1_base64="HEZFAiSYix03k4CN51H4g+CDIjc="></latexit><latexit sha1_base64="HEZFAiSYix03k4CN51H4g+CDIjc="></latexit><latexit sha1_base64="HEZFAiSYix03k4CN51H4g+CDIjc="></latexit>

Theorem (Time Safety). If erase(P ) is live, ; ` P . ; and P �!⇤ P 0 then
P 0 is fail-free.

<latexit sha1_base64="au4NYizeeWvolLTxbaY9yHuE/OY="></latexit><latexit sha1_base64="au4NYizeeWvolLTxbaY9yHuE/OY="></latexit><latexit sha1_base64="au4NYizeeWvolLTxbaY9yHuE/OY="></latexit><latexit sha1_base64="au4NYizeeWvolLTxbaY9yHuE/OY="></latexit>
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• Duality, subtyping, & urgent receive. 

In summary
In [Bartoletti,Bocchi,Murgia@CONCUR’18] asymmetric refinement does not 
preserve behaviour/progress (it was “local” and did not assume duality) 

• Dual types cannot be (correctly) implemented with previous work 
on Multiparty Asynchronous Timed Session Types

A time-sensitive calculus with: parametric receive, delays with arbitrary but 
constrained delays, and explicit failures upon timeout

A typing system for processes (with delegation) that satisfies subject reduction 
and time safety

Considerations on the meaning of progress and failure in a timed context
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Future work
• Time-sensitive protocol design and implementation EP/N035372/1 

• expressiveness (flexible timing schedules) + run-time adjustments
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Thank you!
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