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Fundamental logical underpinning of these operations.

This work:

Prior work:

Crash types based on adjoint logic  

A type system to rule out incorrect intermittent executions 

A logical relation to prove that all well-typed programs are correct

Intermittent execution in energy harvesting devices
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Combine stable and unstable values

Validity cannot depend on truth
(Benton 1994),  
(Pfenning and Davies 1999), 
(Reed 2009)

Truth Validity
↑

↓
A validB true

Independence principle:

(Pruiksma et al 2020)

Stable values cannot depend 
on unstable values

Unstable Stable
↑

↓x : τu x : τs
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Term relation
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Term relation - base case : we observe nothing

    , ∈ ℰ[[ Cunit ]])(
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always true!
0
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Term relation - inductive case
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    , ∈ ℰ[[ Cunit ]])(
𝖭𝖵1

 𝙲1  𝙲2

𝖭𝖵2𝖵1 𝖵2

Irreducible
 *

 𝙲′ 1

  

𝖭𝖵′ 

1 𝖵′ 1

iff
m+1
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Term relation - inductive case

    , ∈ ℰ[[ Cunit ]])(
𝖭𝖵1

 𝙲1  𝙲2

𝖭𝖵2𝖵1 𝖵2

Irreducible
 *  *

 𝙲′ 1

  

𝖭𝖵′ 

1 𝖵′ 1

 𝙲′ 2

  

𝖭𝖵′ 

2 𝖵′ 2

iff
m+1
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Term relation - inductive case

    , ∈ ℰ[[ Cunit ]])(
𝖭𝖵1

 𝙲1  𝙲2

𝖭𝖵2𝖵1 𝖵2

Irreducible
 *  *

∈ 𝒱[[ Cunit ]])( ,
 𝙲′ 1

  

𝖭𝖵′ 

1 𝖵′ 1

 𝙲′ 2

  

𝖭𝖵′ 

2 𝖵′ 2

iff
m+1

m+1
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Value relation

iff∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m+1
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Value relation

iff

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m+1
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Value relation

iff

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1
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Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1



26

Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

∈ 𝒱[[ ↓ (nat ⇝ ↑ Cunit) ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1
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Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

∈ 𝒱[[ ↓ (nat ⇝ ↑ Cunit) ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1

چ

Finalize
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Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

∈ 𝒱[[ ↓ (nat ⇝ ↑ Cunit) ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1

چ

Finalize

Equal final states

چ
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Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

∈ 𝒱[[ ↓ (nat ⇝ ↑ Cunit) ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1

چ

Finalize

Equal final states

چ

چ

Wipe out
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Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

∈ 𝒱[[ ↓ (nat ⇝ ↑ Cunit) ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1

چ

Finalize

Equal final states

چ

چ

Wipe out

چ

Energy input
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Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

∈ 𝒱[[ ↓ (nat ⇝ ↑ Cunit) ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1

چ

Finalize

Equal final states

چ

چ

Wipe out

چ

Energy input

چ

Restore
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Value relation

iff

or

(nat ⇝ Cunit)↑↓↓ unit↑ ∨Cunit =

∈ 𝒱[[ Cunit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

∈ 𝒱[[ ↓ ↑ unit ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

∈ 𝒱[[ ↓ (nat ⇝ ↑ Cunit) ]]

 𝙲′ 1  𝙲′ 2

    )( ,
𝖭𝖵′ 

1 𝖭𝖵′ 

2𝖵′ 1 𝖵′ 2

m

m+1

چ

Finalize

Equal final states

چ

چ

Wipe out

چ

Energy input

چ

Restore

چ

Call term relation 
(index m)
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Fundamental theorem: Syntactically well-typed programs are 

semantically well-typed. 

 Adequacy theorem: Semantically well-typed programs are correct.

Main results

Every intermittent execution of well-typed programs can be 

simulated by a continuous execution of them.      
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Summary

 A logical interpretation of intermittent execution. 

 Crash types to specify how stable and unstable portions interact. 

 A core calculus for Crash types. 

 A logical relation for correctness of intermittent executions.

Future work

 Not all variables need to be checkpointed 

 Shared memory concurrency

let w:=2 in 
L1:= w+L1 

L2:= L2+L1 

Checkpoint 

    , ∈ [[ Cunit ]]

let w:=2 in 
L1:= w+L1 

L2:= L2+L1 

Checkpoint 

)(
𝖭𝖵1 𝖭𝖵2𝖵1 𝖵2
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Semantic typing


