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Energy is available intermittently ———

We need to handle frequent power failures!
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Practical solutions based on checkpointing, restoring, and finalizing state.
(Surbatovich et al. OOPSLA 2019, OOPSLA 2020, PLDI 2021, PLDI2023),

This work:

Fundamental logical underpinning of these operations.

& 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
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Outline

O A type system based on adjoint modalities and independence principle
0 Correctness as a logical relation

1 Conclusion
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Type system based on adjoint logic rules
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' L2:=1L2+L1
Volatile memory ]
Unstable values |TInt
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Type system based on adjoint logic rules
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Outline

= A type system based on adjoint modalities and independence principle
0 Correctness as a logical relation

1 Conclusion
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Correctness of programs

Every intermittent execution of the program can be

simulated by a continuous execution of it.
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Logical relation for correctness

An intermittent execution of a well-typed program can be
simulated by its continuous execution.
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Term relation - base case : we observe nothing

___/ 0
) e &l Cunit]] always true!
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Term relation - inductive case
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Value relation
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Main results

& Fundamental theorem: Syntactically well-typed programs are

semantically well-typed.

& Adequacy theorem: Semantically well-typed programs are correct.

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.

", let w:=2 in

Future work

let w:=2 in
f. Ll:=w+Ll ; Ll:=w+Ll
 L2:=L2+L1 . L2:=L2+L1

& Not all variables need to be checkpointed

) c [[Cunit]]

s Shared memory concurrency
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Value Relation
V[tunit]™ = {(v|Md|n1 NV |skip,y|Md| oo | NV2 |skip) s.t.NV: = NV}

VL,Tunit]]m — {(’)’1 |Md | n1 | NV, |V1 | skip, Y2 |Md | oo | NV |V2 | Skip) -1
Commit("yz- |Md| NV, |Vz) = ’)’i I NV; A\
(v1 |[Md | n1 | NV7 | skip, 2 | Md | oo | NVy | skip) € V[Tunit]™}

V[1Cunit]™ = {(v1|Md|n |NV1 |1k, v2 |Md| oo | NV2 | V2 |c2) s.t.
restore(yi,Md,NVi,k) = NVo|Vo|co A
(v1 [Md[n[NVo[Vo|co, 72 [Md|oo [NV2|Va|c2) € E[Cunic]™}

V[[nathCunit]]m — {(’)’1 |Md| ° | NV, |E # in(n > O,Tlﬁ}),’)’z |Md | o0 | NV2|V2|C2) s.t.
\V/n>0.(’)/1 | Md | n NV1| TK, Y2 | Md | o0 |NV2|V2| Cz) - V[[T Cunit]]m}

V[ (nat~1Cuis)]™ = {(y1 [Md] - [NV1[Vi]|le #in(n > 0,1k),¥2 | Md | oo [NV2[V2|c2)
s.t. PwOf£(vy1,Md, NV1,V1) =7y |V A
("yi |Md| . |V,,NV1 |€# in(n > O,TK,),")’Q |Md|OO|NV2 |V2|Cz)
€ V[nat ~» tCuni:]™}

V[Cunie] ™ = {(y1[Md[n1|[NV1|Vi]e1, v2|Md|oo | NV2|Vz2|c2)
s.t. either
n1=0A (y1|Md| - |[NV1|Vi|le#in(ni > 0,7Tc1),
v2 |[Md | 0o | NV2 | V2 |c2) € V[|(nat ~»T Cunit)]™, or
1 > 0A (’)’1 |Md|n1|NV1|V1 |Cl,’)’2|Md|OO|NV2|V2|CQ)
€ V[{1T unit]™}
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VL,Tunit]]m — {(’)’1 |Md | n1 | NV, |V1 | skip, Y2 |Md | oo | NV |V2 | Skip) -1
Commit("yz- |Md| NV, |Vz) = ’)’i I NV; A\
(v1 |[Md | n1 | NV7 | skip, 2 | Md | oo | NVy | skip) € V[Tunit]™}

V[1Cunit]™ = {(v1|Md|n |NV1 |1k, v2 |Md| oo | NV2 | V2 |c2) s.t.
restore(yi,Md,NVi,k) = NVo|Vo|co A
(v1 [Md[n[NVo[Vo|co, 72 [Md|oo [NV2|Va|c2) € E[Cunic]™}

V[[nathCunit]]m — {(’)’1 |Md| ° | NV, |E # in(n > O,Tlﬁ}),’)’z |Md | o0 | NV2|V2|C2) s.t.
\V/n>0.(’)/1 | Md | n NV1| TK, Y2 | Md | o0 |NV2|V2| Cz) - V[[T Cunit]]m}

V[ (nat~1Cuis)]™ = {(y1 [Md] - [NV1[Vi]|le #in(n > 0,1k),¥2 | Md | oo [NV2[V2|c2)
s.t. PwOf£(vy1,Md, NV1,V1) =7y |V A
("yi |Md| . |V,,NV1 |€# in(n > O,TK,),")’Q |Md|OO|NV2 |V2|Cz)
€ V[nat ~» tCuni:]™}

V[Cunse] ™ = {(y1[Md[n1|[NV1|Vi]e1, v2|Md|oo | NV2|Vz2|c2)
s.t. either
n1=0A (y1|Md| - |[NV1|Vi|le#in(ni > 0,7Tc1),
v2 |[Md | 0o | NV2 | V2 |c2) € V[|(nat ~»T Cunit)]™, or
1 > 0A (’)’1 |Md|n1|NV1|V1 |Cl,’)’2|Md|OO|NV2|V2|CQ)
€ V[{1T unit]™}
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Value Relation
V[tunit]™ = {(v|Md|n1 NV |skip,y|Md| oo | NV2 |skip) s.t.NV: = NV}

VL,Tunit]]m — {(’)’1 |Md | n1 | NV, |V1 | skip, Y2 |Md | oo | NV |V2 | Skip) -1
Commit("yz- |Md| NV, |Vz) = ’)’i I NV; A\
(v1 |[Md | n1 | NV7 | skip, 2 | Md | oo | NVy | skip) € V[Tunit]™}

V[1Cunit]™ = {(v1|Md|n |NV1 |1k, v2 |Md| oo | NV2 | V2 |c2) s.t.
restore(yi,Md,NVi,k) = NVo|Vo|co A
(v1 [Md[n[NVo[Vo|co, 72 [Md|oo [NV2|Va|c2) € E[Cunic]™}

V[[nathCunit]]m — {(’)’1 |Md| ° | NV, |E # in(n > O,Tlﬁ}),’)’z |Md | o0 | NV2|V2|C2) s.t.
\V/n>0.(’)/1 | Md | n NV1| TK, Y2 | Md | o0 |NV2|V2| Cz) - V[[T Cunit]]m}

V[ (nat~1Cuis)]™ = {(y1 [Md] - [NV1[Vi]|le #in(n > 0,1k),¥2 | Md | oo [NV2[V2|c2)
s.t. PwOf£(vy1,Md, NV1,V1) =7y |V A
("yi |Md| . |V,,NV1 |€# in(n > O,TK,),")’Q |Md|OO|NV2 |V2|Cz)
€ V[nat ~» tCuni:]™}

V[Cunse] ™ = {(y1[Md[n1|[NV1|Vi]e1, v2|Md|oo | NV2|Vz2|c2)
s.t. either
n1=0A (y1|Md| - |[NV1|Vi|le#in(ni > 0,7Tc1),
v2 |[Md | 0o |[NV2 | V2 |c2) € V[|(nat ~»T Cunit)]™, or
1 > 0A (’)’1 |Md|n1|NV1|V1 |Cl,’)’2|Md|OO|NV2|V2|CQ)
€ V[{1T unit]™}
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Md|b>0:nat | 2| XIFc1 <c2: Cunit
iff Vn,m > 0. Vy,NV,V.s.t.NV |VIF vy 2| 2.
(y|Md|n|NV|V]|ci,y|Md|oo | NV |V |c2) € E[Cunit]™

Term Relation

E[Cumit]™ ™ = {(7y1 |Md | n1 | NV1 | V1| c1,72 | Md | 0o | NVa | V2 | c2) s.t.
A.(y1 | MA' | nh | NV] | V1| c)) s.t.
Y1 |Md|n1|NV1|V1 |Cl _>:rred’yi |Md'|n'1|NV'1 |V’1 |C,1/\
3.(v5 | Md" | oo | NV | V5 | cb) s.t.
’)’2|Md|OO|NV2|V2|62—)*’)’§|Md’|OO|NVI2 V’2|C,2/\
(i |Ma’ | mf | NVS | V4 | ¢h,7h | MA’ | oo | NV | V4 | ¢h) € V[Cunse] ™)

E[Cunic]” = {(71 |Md|7n1|NV1|Vi]eci,72 |Md|oo|NVz|Va|cz)}

Value Relation
V[tunit]™ = {(v|Md |n1 | NV; |skip,y|Md| oo | NVz2 |skip) s.t.NV; = NV2}

V[[J,Tunit]]m = {(’Yl | Md | 1 | NV, |V1 I skip, Y2 | Md | o0 | NV | Vs | Skip) s.t.
Commit(7y; |Md|NV; |V;) =~1 |NV; A
(71 [Md | n1 [ NV7 [ skip,y2 |Md | oo | NV; | skip) € V[Tunit]™}

V[1Cunit]™ = {(y1|Md|n|NV1|1TkK,v2 |[Md| oo |NV2| V2 |c2)s.t.
restore(y1,Md,NVi,k) = NVo | Vo |co A
(71 |Md|n|[NVo|Vo|co,v2 |Md|oo|NV2|V2|c2) € E[Cunic]™}

V[nat~>1Cunit]™ = {(71|Md| - |[NV1i|e#in(n > 0,1k),v2|Md|oo|NV2|V2|c2) s.t.
Vn>0.(71 |[MA | n [NVy| 1K, v2 |[Md | 00 [NV2|V2|c2) € V[T Cunic]™}

V[l (nat~1Cunie)]™ = {(72 [Md| - [NV1[Vi|le #in(n > 0,1TK), 2 [Md |00 [NV2[V2|c2)
s.t. PwOf£f(y1,Md,NV1,V1) =7 | V' A
(71|Md| - |V ,NVyi|e#in(n > 0,Tk),v2 |Md|oo|NV2|V2|c2)

€ V[nat ~» 1Cunit]™}

V[Cunse]™ = {(71[Md|n1|[NV1|Vi]e1, 72 |Md|co|NV2 | V2 |c2)
s.t.either
n1 =0A (’)’1 M4 | - | NV4 |V1 H,(-: # in(n1 > O,Tcl),
v2 |[Md| 0o | NV2 |Va|c2) € V[I(nat ~»71 Cuit)]™, or
nit>0A (’71 Md | n, | NV, |V1 ICl,’YQ |Md|OO|NV2 |V2 ICQ)
€ V[{1 unit]™}
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Semantic typing

jit|b>0:nat | 2;-lFc<c:Cuit b:mnat | 2IFp: TCuis
b:nat | 21F ¢;p: TCunit

(P-SEQ-SEMANTIC)

(20 | Yo = InitWorld:(£2; p)

b : nat | 2 I Ckpt[alD, p](co); P : TCunit

(P-CKPT-SEMANTIC)
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