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Deadlock-freedom

let s = CreateSignal in

Await s SetSignal s
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Deadlock-freedom
No one to wait on
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let s = CreateSignal in

Await s



Deadlock-freedom
Signals and obligations
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let s = CreateSignal in

Await s SetSignal s

<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)
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Circular dependencies
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let s = CreateSignal () in
<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}

Deadlock-freedom
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Await s SetSignal s

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)



Deadlock-freedom
Levels

let s = CreateSignal 𝔩 in
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<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}
<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

Await s SetSignal s

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}
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Absence of infinite recursion

(μ loop n. 
  if n = 0 then () 
  else 

loop (n-1)) 10
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<latexit sha1_base64="mBGf9oVQHC41N4ZqD0FObb5/pNU="></latexit>

{n · cp(�)}

<latexit sha1_base64="mBGf9oVQHC41N4ZqD0FObb5/pNU="></latexit>

{n · cp(�)}
<latexit sha1_base64="aUUzWbUApPPI5D0kE6Clg4ZhwkM="></latexit>

{(n� 1) · cp(�)}



Absence of infinite recursion

(μ loop n. 
  if n = 0 then () 
  else 

burn δn receive δn-1 in 

loop (n-1)) 10

Call permissions
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Absence of infinite recursion

(μ loop n. 
  if n = 0 then () 
  else 

burn δn receive δn-1 in 

loop (n-1)) 10

<latexit sha1_base64="XUyx8R0qeRzpaMKN1A97OTOC7Sk="></latexit>

{cp(�n)}

<latexit sha1_base64="XUyx8R0qeRzpaMKN1A97OTOC7Sk="></latexit>

{cp(�n)}
<latexit sha1_base64="0ATREQp8QYxKtZd/ZVB2mLkD2dw="></latexit>

{cp(�n�1)}

Call permissions
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let s = CreateSignal 𝔩 in

17

<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}
<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

Await s SetSignal s

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="N0LBVF9RiVtGFh2wgBhDEG989z0="></latexit>

{obs(;)}



Busy-waiting
let s = CreateSignal 𝔩 in

SetSignal s

18

(μ loop (). 
  if !s then () 
  else 
    loop ()) ()

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}

<latexit sha1_base64="N0LBVF9RiVtGFh2wgBhDEG989z0="></latexit>

{obs(;)}



Busy-waiting
let s = CreateSignal 𝔩 in

SetSignal s
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(μ loop (). 
  if !s then () 
  else 
    loop ()) ()

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}

<latexit sha1_base64="N0LBVF9RiVtGFh2wgBhDEG989z0="></latexit>

{obs(;)}



(μ loop (). 
  if !s then () 
  else 

    burn δ0 in loop ()) ()

SetSignal s
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<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

let s = CreateSignal 𝔩 in
<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}

Busy-waiting <latexit sha1_base64="N0LBVF9RiVtGFh2wgBhDEG989z0="></latexit>

{obs(;)}

<latexit sha1_base64="iTBteDhv1Y62FyY9bYWGfM07MGo="></latexit>

{obs(;) ⇤ cp(�0)}



(μ loop (). 
  if !s then () 
  else 

    burn δ0 in loop ()) ()

SetSignal s
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<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

let s = CreateSignal 𝔩 in
<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}

Busy-waiting <latexit sha1_base64="N0LBVF9RiVtGFh2wgBhDEG989z0="></latexit>

{obs(;)}

<latexit sha1_base64="iTBteDhv1Y62FyY9bYWGfM07MGo="></latexit>

{obs(;) ⇤ cp(�0)}



(μ loop (). 
  if !s 
         then () 
  else 

    burn δ0 in loop ()) ()

let s = CreateSignal 𝔩 in 
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<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

SetSignal s
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="CCbaLZq8CNIn+brVUjMRRDC2w+0="></latexit>

{obs({s}) ⇤ sig(s, l, false)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="N0LBVF9RiVtGFh2wgBhDEG989z0="></latexit>

{obs(;)}

<latexit sha1_base64="iTBteDhv1Y62FyY9bYWGfM07MGo="></latexit>

{obs(;) ⇤ cp(�0)}



(μ loop (). 
  if !s 
         then () 
  else 

    burn δ0 in loop ()) ()
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<latexit sha1_base64="abNA86Tgjdh+IV7OT+WYM4V/S40="></latexit>

{cp(�1) ⇤ obs(;)}

<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)

SetSignal s
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

let s = CreateSignal 𝔩 in 
CreateWaitPerm s δ1 δ0;

<latexit sha1_base64="jmVHoR7mo5iYpSqw++gJycn7TjQ="></latexit>

{obs({s}) ⇤ sig(s, l, false) ⇤ waitp(s, �0)}

<latexit sha1_base64="iTBteDhv1Y62FyY9bYWGfM07MGo="></latexit>

{obs(;) ⇤ cp(�0)}



(μ loop (). 
  if ⟨if !s then () else wait s δ0; 
      !s⟩ then () 
  else 

    burn δ0 in loop ()) ()

let s = CreateSignal 𝔩 in 
CreateWaitPerm s δ1 δ0;
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<latexit sha1_base64="abNA86Tgjdh+IV7OT+WYM4V/S40="></latexit>

{cp(�1) ⇤ obs(;)}

<latexit sha1_base64="jmVHoR7mo5iYpSqw++gJycn7TjQ="></latexit>

{obs({s}) ⇤ sig(s, l, false) ⇤ waitp(s, �0)}

<latexit sha1_base64="Qe2BMFZlmt7wKxA9JItCFRzIIa4="></latexit>

{obs(;) ⇤ waitp(s, �0)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="T+U+0LpBCNtsve0PSsbkHXZCl1Y="></latexit>

{obs(;) ⇤ waitp(s, �0) ⇤ cp(�0)}

SetSignal s
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="s9DoOsG9sUfaDmi9l5ut8rLwGnI="></latexit>

{obs({s})}

<latexit sha1_base64="bLej2g7ZoVxMrcce8RMoe7B65Lw="></latexit>

9b. sig(s, l, b)



(μ loop (). 
  if ⟨if !f = 42 then () else wait s δ0; 
      !f = 42⟩ then () 
  else 

    burn δ0 in loop ()) ()

let f = ref 41 in 
let s = CreateSignal 𝔩 in 
CreateWaitPerm s δ1 δ0;

⟨f %:= 42; SetSignal s⟩
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<latexit sha1_base64="abNA86Tgjdh+IV7OT+WYM4V/S40="></latexit>

{cp(�1) ⇤ obs(;)}

<latexit sha1_base64="zgjI0VUCAZCNDOX9bXXWzUs0K3I="></latexit>

9b, n. sig(s, l, b) ⇤ f 7! n ⇤ n 6= 42 ! b = false

<latexit sha1_base64="MIJYnNwSBWRfuYt4wS8l9fvqvNY="></latexit>

{obs({s}) ⇤ sig(s, l, false) ⇤ waitp(s, �0) ⇤ f 7! 41}

<latexit sha1_base64="Qe2BMFZlmt7wKxA9JItCFRzIIa4="></latexit>

{obs(;) ⇤ waitp(s, �0)}

<latexit sha1_base64="T+U+0LpBCNtsve0PSsbkHXZCl1Y="></latexit>

{obs(;) ⇤ waitp(s, �0) ⇤ cp(�0)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="A4Txrds5NUc1SSBiTmyW+kYm5+E="></latexit>

{obs({s})}



(μ loop (). 
  if ⟨if !f = 42 then () else wait s δ0; 
      !f = 42⟩ then () 
  else 

    burn δ0 in loop ()) ()

let f = ref 41 in 
let s = CreateSignal 𝔩 in 
CreateWaitPerm s δ1 δ0;

⟨f %:= 42; SetSignal s⟩
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<latexit sha1_base64="MIJYnNwSBWRfuYt4wS8l9fvqvNY="></latexit>

{obs({s}) ⇤ sig(s, l, false) ⇤ waitp(s, �0) ⇤ f 7! 41}

<latexit sha1_base64="Qe2BMFZlmt7wKxA9JItCFRzIIa4="></latexit>

{obs(;) ⇤ waitp(s, �0)}

<latexit sha1_base64="T+U+0LpBCNtsve0PSsbkHXZCl1Y="></latexit>

{obs(;) ⇤ waitp(s, �0) ⇤ cp(�0)}
<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="nBTZdu7yAEtHMkIz6pgzOjQOegU="></latexit>

{obs(;)}

<latexit sha1_base64="A4Txrds5NUc1SSBiTmyW+kYm5+E="></latexit>

{obs({s})}

<latexit sha1_base64="abNA86Tgjdh+IV7OT+WYM4V/S40="></latexit>

{cp(�1) ⇤ obs(;)}

<latexit sha1_base64="zgjI0VUCAZCNDOX9bXXWzUs0K3I="></latexit>

9b, n. sig(s, l, b) ⇤ f 7! n ⇤ n 6= 42 ! b = false



let f = ref 41 in

(μ loop (). 
  if !f = 42 then () 
  else 
    loop ()) ()

f %:= 42

25

Busy-waiting
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“Classic” spec for terminating spinlock
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“Classic” spec for terminating spinlock

28

<latexit sha1_base64="+spJgroBzjFOPswB42DKwKfNo2M="></latexit>

{R ⇤ 0  n} create l n {lk .9�. is lock(�, lk , l, n,R)}
is lock(�, lk , l, n1 + n2, R) WV is lock(�, lk , l, n1, R) ⇤ is lock(�, lk , l, n2, R)

{is lock(�, lk , l, 1, R) ⇤ obs(O) ⇤ l � O} acquire lk {9s. locked(�, s) ⇤R ⇤ obs(O [ {s})}
{is lock(�, lk , l, 0, R) ⇤ locked(�, s) ⇤ obs(O)} release lk {obs(O \ {s})}



“Classic” spec for terminating spinlock

28

<latexit sha1_base64="+spJgroBzjFOPswB42DKwKfNo2M="></latexit>

{R ⇤ 0  n} create l n {lk .9�. is lock(�, lk , l, n,R)}
is lock(�, lk , l, n1 + n2, R) WV is lock(�, lk , l, n1, R) ⇤ is lock(�, lk , l, n2, R)

{is lock(�, lk , l, 1, R) ⇤ obs(O) ⇤ l � O} acquire lk {9s. locked(�, s) ⇤R ⇤ obs(O [ {s})}
{is lock(�, lk , l, 0, R) ⇤ locked(�, s) ⇤ obs(O)} release lk {obs(O \ {s})}



Locking patterns

29

acquire lk 
%// … 
release lk

acquire lk 
%// … 
release lk

✅
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%// … 
release lk

acquire lk 
%// … 
release lk

✅
acquire lk 
%//no release %// no acquire ❌

acquire lk 
x %:= true

%// busy wait for x 
release lk

%// acquire/release in different threads 
let x = ref false in

❌



Locking patterns

29

acquire lk 
%// … 
release lk

acquire lk 
%// … 
release lk

✅
acquire lk 
%//no release %// no acquire ❌

acquire lk 
x %:= true

%// busy wait for x 
release lk

%// acquire/release in different threads 
let x = ref false in

❌Module controls termination reasoning
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Atomic triple for a lock

31

<latexit sha1_base64="AWt++h82tIszLIZoT4jJQC57F68="></latexit>

hb. lock state(lk , b)i acquire lk hlock state(lk , true) ⇤ b = falsei ,



Proving atomic triples

32

<latexit sha1_base64="AWt++h82tIszLIZoT4jJQC57F68="></latexit>

hb. lock state(lk , b)i acquire lk hlock state(lk , true) ⇤ b = falsei ,
<latexit sha1_base64="AMptbDKwKYKgUoK1Jh2+GzHPT6o="></latexit>

8�. hb. lock state(lk , b) | lock state(lk , true) ⇤ b = false V �i �⇤ wp acquire lk {�}



Proving atomic triples

32

<latexit sha1_base64="AWt++h82tIszLIZoT4jJQC57F68="></latexit>

hb. lock state(lk , b)i acquire lk hlock state(lk , true) ⇤ b = falsei ,

CAS(lk,false,true)

%// …

%// …

<latexit sha1_base64="AMptbDKwKYKgUoK1Jh2+GzHPT6o="></latexit>

8�. hb. lock state(lk , b) | lock state(lk , true) ⇤ b = false V �i �⇤ wp acquire lk {�}



Proving atomic triples

32

<latexit sha1_base64="AWt++h82tIszLIZoT4jJQC57F68="></latexit>

hb. lock state(lk , b)i acquire lk hlock state(lk , true) ⇤ b = falsei ,

<latexit sha1_base64="r/ymCNwXBXDpZ7WHnhMcavDyc9M="></latexit>

{9b. lock state(lk, b)}
CAS(lk,false,true)

%// …

%// …

<latexit sha1_base64="AMptbDKwKYKgUoK1Jh2+GzHPT6o="></latexit>

8�. hb. lock state(lk , b) | lock state(lk , true) ⇤ b = false V �i �⇤ wp acquire lk {�}



Proving atomic triples

32

<latexit sha1_base64="AWt++h82tIszLIZoT4jJQC57F68="></latexit>
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We propose:


• Modular specifications for total correctness of busy-waiting concurrent 
modules


We currently have:


• VeriFast proofs of spinlocks and ticketlocks


• Some building blocks in Coq/Iris


• The belief that the approach scales to cohort locks
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HeapLang<
Head step rules

• Convention: \ has precedence 
over ⊎


• θ : thread id


• τ : “thread phase”, to prevent self-
fueling busy-waiting


• AtomicBlock uses big-step 
evaluation relation that matches 
the operational semantics but 
precludes forking
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Total correctness logically atomic triples
With liveness assumption
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<latexit sha1_base64="uZmrBEPMqecvYXproletXH7FiI8="></latexit>

h~x⇣r X.P i e h~v.QilE ,

8�, ⌧, O,R,↵,�. obs(⌧, O) �⇤ h~x
�

⇣r X.P |
↵

~v.Q V �il;O>\E �⇤ wp e ↵ � {�}

h~x
�

⇣r X.P |
↵

~v.Q V �il;OE ` |VE ;9~x. P ⇤ dle � O ⇤
✓�

8O0
. l � O

0 ⇤ (9r0. R(r0) ⇤ (r0 = r _ cp(⌧ 0, �0
e
) ⇤ ~x 62 X ⇤ obs(⌧, O0)) �⇤

wp+; �

⇢
cp(⌧, �e) ⇤R(r) ⇤ obs(⌧, O0) ⇤ (P ⌘�⇤; E h~x

�

⇣r X.P |
↵

~v.Q V �il;OE )

��
^

�
R( ) ⇤ obs(⌧, O) �⇤ wp+; ↵

�
8~v.Q ⌘�⇤; E �

 �◆

We reflect “rounds” of waiting with r/R. An example is the current 
owner of a ticketlock changing. This is our approach to enable 
waiting based on a module’s internal termination argument (e.g. the 
ticket-based queue).



“Tricky client”
Unfair spinlock is terminating in the right context
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acquire lk 
x %:= true 
release lk

%// busy wait for x 
(μ loop (). 
  acquire(lk); 
  let d = !x in 
  release(lk); 
  if d then () 
  else loop ()) ()

let x = ref false in

Terminating for fair locks under fair scheduling

x %:= true

Terminating for fair and unfair locks under fair scheduling


