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An Effectful Modal Language

A 11A BIN Chan A
e I Ax A e le e In x printle e

I let x e inez
1 box e I let box x e in e

f Tx A Δ Δ x A

Ditte A



Typing Rules

Dirt 1 Dittn.IN

Dit x Ate B Dire A B Ditte A

Dirtax A.e A B Dittee B

Ditte Chan Diftein
Dirt printle e 1

Apte A bit x A tea C a AET
A Ttletx e inez C Δ Ttx A



Modal Typing Rules

AE Δ
Δ Fte A

D te A
Δ r t boxle A

Ditte A D x A t tea c
Δ r t let box a e in ez c



Reduction Rules with Box

e e

box e boxle let box x box v in e upde

Ax A e Culae print e n
wream C

e e e e e ed

e e eies ve vez

e ee
let x vine updez let see ine let x e ine



What are we proving

If i te A then e

A closed term never writes



Preliminaries

If e e then chans w are the channel names in w

chans

Chans Wr c n of
Chans wow chans w Uchans w

Let E C be a subset of channel names



Preliminaries

If e e then chans w are the channel names in w

chans

Chans Wr c n of
Chans wow chans w Uchans w

Let C C be a subset of channel names



A Kripke Logical Relation

C A channel set AND

Vi In new type indexed

family of sets of ferms

Viian Sc Ieee C

VÉ B I E C v'eVÉ e EE
VGA boxer l've V1

e le chansen EC ve Vac



A Kripke Frame

W P Chan

e le chansen EC ve Vac

safe print IT
f e Vchan IN 1



C Closure

If e e and chans a C then ee EA iff e e Ef



C Closure

If e e and chans a C then ee EA iff e e E't
Proof Assume et e and chans a C

Assume e e EAC

By definition e V ve VE chanscw EC

By transitity e

Since chans a EC andchans w EC chans a w C

Hena each



C Closure

If e e and chans a C then ee EA iff e'eEf
Proof Assume e e and chans a C

Assume e e EAC

Hence e V chans NEC ve Vac

By determinacy e e sit w a w

Since chans a w EC chans W C

Hence e e Ef



Kripke Monotonicity
If C C then

2 Proof by

1
induction1 VE E VE on types

2 Ei EÉ

Adding more allowed channels allows

more programs



Kripke Monotonicity
If CEC then VEEVA and EEEEE
Case A B

i Assume VA B

2 Hence C 2C EVE e EBC

WTS C 2C e Vac e

3 Assume C c e VAC

4 Since C 2C 2C

5 By 2 4,3 V EG
C VE VÉ B



Kripke Monotonicity
If CEC then VEEVA and EEEEE
Case A B

i Assume VA B

2 Hence C 2C EVE e EBC

WTS C 2C e Vac e

3 Assume C c e VE
4 Since C 2C 2C

5 By 2 4,3 V EG
C VE VÉ B



Kripke Monotonicity
If CEC then VEEVA and EEEEE
Case A B

i Assume VA B

2 Hence C 2C EVE e EBC

WTS C 2C e Vac e

3 Assume C c e VE
4 Since C 2C 2C

5 By 2 4,3 V EG
C VE VÉ B



Lifting to Substitutions

Va I V 8

Var A 8 a Se Va ve

Vf E V 8174

Vfx A 860 uh lrevf.ve Vac

Vair 8 a Se Va re Vf



Fundamental Lemma

If Ditte A and side Vair then side eEf



Fundamental Lemma

If Ditte A and side Vair then side eEf
x AET

Case Δ r t x A

1 Sir e V8 r Assumption

2 Sir x 2 x Def of side

3 267 VE Det of Vair
4 26 EAC since VAC Ef



Fundamental Lemma

If Ditte A and side Vair then side eEf
x A Δ

Case Δ r re A

1 Sir e VS r Assumption

2 Sir E 8 x Det of Side

3 8 a VA Det of Vair
4 8 x Vat Kripke Monotonicity

5 86 EAC since VAC Ef



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ f printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

W V chanscw EC ve VEnan Det of Ethan



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

W V chanscw E C ve VEnan Det of Ethan
7 VEC Def of Venan



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

w V chans w EC ve VEnan Det of Ethan
7 VEC Def of Venan
8 sie e v chans w EC vk.VN Def of Eh



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dir t e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

w V chans w EC ve VEnan Det of Ethan
7 VEC Def of Venan
8 sie e v chanscw EC e UN Def of EE
9 VK.VE Defof VI



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

w V chans w E C ve VEnan Det of Ethan
7 VEC Def of Venan
8 sie e v chans w C r'e VI Def of EE
9 VK.VE Defof VI
10 print v v

wron C Rule



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dir t e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

w V chans w E C ve VEnan Det of Ethan
7 VEC Def of Venan
8 sie e v chans w EC ve VE Def of EE
9 VEVE Defof VI
10 print v v

wron C Rule
11 print Side Side

w w wrino C Transitivity of



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

w V chanscw EC ve VEnan Det of Ethan
7 VEC Def of Venan
8 sie e v chans w EC ve VE Def of EE
9 VEVE Defof VI
10 print v v

wron C Rule
11 print Side Side

w w wrino C Transitivity of
12 Chans w w wr v.v EC immediate



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ f t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

w V chans w EC ve VEnan Det of Ethan
7 VEC Def of Vchan
8 sie e v chans w EC ve VE Def of Eh
9 VEVE Defof VI
10 print v v

wron C Rule
11 print Side Side

w w wrino C Transitivity of
12 Chans w w wr v.v EC immediate
13 1 E Vf Def of Vf



Fundamental Lemma
Dirte Chan Airtel IN

Case Δ r t printee e 1

1 Sir e Vfr Assumption
2 Dir re Chan Subderivation
3 Dirt e IN subderivation
4 side Ectan Induction
5 Sir e E EIN Induction
6 sie e

w V chans w EC ve VEnan Det of Ethan
7 VEC Def of Venan
8 sie e v chans w EC ve VE Def of Eh
9 VEVE Defof VI
10 print v v

wron C Rule
11 print Side Side

w w wrino C Transitivity of
12 Chans w w wr v.v EC immediate
13 1 EVI Def of V9
14 print side side e Ef Det of EE



Fundamental Lemma
D re A

Case Δ f boxle A

1 Side Vair Assumption
2 Di re A Subderivation



Fundamental Lemma
D re A

Case Δ f boule A

1 Side Vair Assumption
2 Di re A Subderivation
3 8 E V84 Def of Sir



Fundamental Lemma
D re A

Case Δ f boxle A

1 Side Vair Assumption
2 Di re A Subderivation
3 8 E V84 Def of Sir
4 Si ee E Induction



Fundamental Lemma
D re A

Case Δ f boxle A

1 Side Vair Assumption
2 Di re A Subderivation
3 8 E Vf Def of Sir
4 Si ee E Induction
5 box Site V chans w c ve V Def of



Fundamental Lemma
D re A

Case Δ f boxle A

1 Side Vair Assumption
2 Di re A Subderivation
3 8 E V84 Def of Sir
4 Si ee E Induction
5 box Site V chans w C ve V Def of Eca
6 Sir boxle v Det of firle

ity



Fundamental Lemma
D re A

Case Δ f boxle A

1 Side Vair Assumption
2 Di re A Subderivation
3 8 E Vf Def of Sir
4 Si ee E Induction
5 box Site V chans w c ve V Def of Eca
6 Sir boxle v Det of firle
7 chans w EC Since OEC



Fundamental Lemma
D re A

Case Δ f boxle A

1 Side Vair Assumption
2 Di re A Subderivation
3 8 E Vf Def of Sir
4 Si ee E Induction
5 box Site V chans w C ve V Def of Eca
6 Sir boxle v Det of firle
7 chans w EC Since dec
8 Ve V1 Kripke monotonicity



Fundamental Lemma
D re A

Case Δ f boxle A

1 Side Vair Assumption
2 Di re A Subderivation
3 8 E Vf Def of Sir
4 Si ee E Induction
5 box Site V chans w C ve V Def of Eca
6 Sir boxle v Det of firle
7 chans w EC Since dec
8 ve V1 boxlule Vfa Kripke monotonicity
9 Sir boxle E EE Def of ECA



Fundamental Lemma
Dirt e D A D x A rte B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dirre A Subderivation
3 Δ x Air te B Subderivation



Fundamental Lemma
Dirt e D A D x A rte B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dirre A Subderivation
3 Δ x Air te B Subderivation
4 Side EEGA Induction



Fundamental Lemma
Dirt e D A D x A rte B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dirre A Subderivation
3 Δ x Air te B Subderivation
4 Side EEGA Induction
5 Sir e

w w̅ Def of Efa



Fundamental Lemma
Dirt e D A D x A rte B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dirre A Subderivation
3 Δ x Air te B Subderivation
4 Side c EGA Induction
5 Sir e

w w̅ Def of Efa
6 Chans w EC



Fundamental Lemma
Dirt e D A D x A rte B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dirre A Subderivation
3 Δ x Air te B Subderivation
4 Side EEGA Induction
5 Sir e

w w̅ Def of Efa
6 Chans w E C
7 JE VSA Det of VIA



Fundamental Lemma
Dirt e D A D x A rte B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dir re A Subderivation
3 Δ x Air te B Subderivation
4 Side EGA Induction
5 Sir e

w w̅ Def of Efa
Chans w C

É Je VSA Det of VIA
8 w̅ box v VE VA



Fundamental Lemma
Dirt e D A D x A r t e B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dir re A Subderivation
3 Δ x Air te B Subderivation
4 Side EGA Induction
5 Sir e

w w̅ Def of Efa
Chans w C

É Je VSA Det of VIA
8 w̅ box v ve VA
9 8 v x a e V5 x Air Def of Vair



Fundamental Lemma
Dirt e D A D x A rte B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dir re A Subderivation
3 Δ x Air te B Subderivation
4 Side EGA Induction
5 Sir e

w w̅ Def of Efa
6 Chans w E C
7 JE VSA Det of VIA
8 w̅ box v ve VA
9 8 v x 2 e V5 x Air Def of Vair
10 T8 ru o e e Induction



Fundamental Lemma
Dirt e D A D x A r t e B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dir re A Subderivation
3 Δ x Air te B Subderivation
4 Sir e e EGA Induction
5 Sir e

w w̅ Def of Efa
6 Chans w E C
7 JE VSA Det of VIA
8 w̅ box v ve VA
9 8 v x 2 e V5 x Air Def of Vair
10 8 a is e e Induction
11 let boxbc side in 8bandine Bycongruence

let box x box v in68 scx ide 8 w dig e rules



Fundamental Lemma
Dirt e D A D x A r t e B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dir re A Subderivation
3 Δ x Air te B Subderivation
4 Sir e e EGA Induction
5 Sir e

w w̅ Def of Efa
6 Chans w E C
7 J E VSA Det of VIA
8 w̅ box v ve VA
9 8 v x 2 e V5 x Air Def of Vair
10 8 a is e e Induction
11 let boxbc side in 8bandine Bycongruence

let box x box v in68 scx ide 8 w dig e rules
12 fir let boxled eine't 8 updine Det of Sir e



Fundamental Lemma
Dirt e D A D x A r t e B

Case Δ f t let boux eine B

1 Sir E V5 r Assumption
2 Dir re A Subderivation
3 Δ x Air te B Subderivation
4 Sir e e EGA Induction
5 Sir e

w w̅ Def of Efa
6 Chans w E C
7 J E VSA Det of VIA
8 w̅ box v ve VA
9 8 v x 2 e V5 x Air Def of Vair
10 8 a is e e Induction
11 let boxbc side in 8 badirJe Bycongruence

let box x box v in68 scx ide 8 w dig e rules
12 fir let boxled eine't 8 updine Det of Sir e
13 Sir let boxed eine Ef Congruence



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Di Tx At e B Subderivation
1 Sir f Vfr Assumation



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Di Tx At e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e VA B



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x A t e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e E V B
2 Assume C 2C VE



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x At e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e E V B
2 Assume C 2C VE
3 8 O Visit Kripke Monotonicity



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x A t e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e V B
2 Assume C 2C VE
3 8 O Visit Kripke Monotonicity
4 Ax 8 d e s v6 80,2 2 e Reduction



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x A t e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e V B
2 Assume C 2C VE
3 8 O Visit Kripke Monotonicity
4 Ax 8 474 e s v6 80,2 2 e Reduction
5 uh 8 8,212 8 2 v6 Def of subst



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x A t e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e V B
2 Assume C 2C VE
3 8 O Visit Kripke Monotonicity
4 Ax 8 474 e s v6 80,2 2 e Reduction
5 uh 8 8,212 8 2 v6 Def of subst
6 Sibuld E VI Dx A Det of Vbr



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x A t e B Subderivation
1 Sir E Vfr Assumation
WTS Sir 7x e V B
2 Assume C 2C VE
3 8 O Visit Kripke Monotonicity
4 Ax 8 d e s v6 80,2 2 e Reduction
5 um 8 8,212 8 2 v12 Def of subst
6 Sibuld E V8 Dx A Det of V5 r

7 Sib uld e e Eps Induction



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x A t e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e V B
2 Assume C 2C VE
3 8 O Visit Kripke Monotonicity
4 Ax 8 474 e s v6 80,2 2 e Reduction
5 um 8 8,212 8 2 v6 Def of subst
6 SibVN E V8 Dx A Det of Vbr
7 Sib Vlad e e Eps Induction

8 Sir Axe VE B



Fundamental Lemma
Di T.sc A t e B

Case Δ Trax.e A B

O Air x A t e B Subderivation
1 Sir f Vfr Assumation
WTS Sir 7x e V B
2 Assume C 2C VE
3 8 O Visit Kripke Monotonicity
4 Ax 8 474 e s v6 80,2 2 e Reduction
5 uh 8 8,212 8 2 v6 Def of subst
6 Sibuld E V8 Dx A Det of Vbr
7 Sib uld e e Eps Induction

8 Sir Axe V B
9 Sir axe E E'a B VA B EA B



Capability Safety
If t e A then e

Proof a D e V

a D e e EAD

e c Ef
e ve Vad chanca

Since Chan w w

All channels must be passed in as arguments


