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Contributions

Extension of Gronski and Flanagan 2007

Strengthen results by adding translation ¢ (Ay — A¢)
Add dependent versions of A¢ and Ay
» Highlight differences between picky and lax A¢

Extend ¢ and ¢ to dependent languages
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Contracts: Latent vs. Manifest

e Latent (A¢)

» Purely dynamic
» Transparent to type system
» Two blame labels

* [ - "My fault”
* [' - “Someone else’s fault”
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Contracts: Latent vs. Manifest

e Latent (A¢)

» Purely dynamic
» Transparent to type system
» Two blame labels
* [ - "My fault”
* [ - “Someone else’s fault”

e Manifest (Ay)

> Refinement types with casts
» Records most recent check in type
> Single blame label (/ - “Invalid cast”)
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Non-dependent A\¢

@ Simply-typed Lambda Calculus with latent contracts

@ Contracts only over base types
o ({x:B|th"

» t may only have x free
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Non-dependent \¢

Simply-typed Lambda Calculus with latent contracts

Contracts only over base types

({x:B|tH

» t may only have x free
¢ Ac = Ay

> Preserves behavior

» Homomorphism

* Base type contracts — base type casts
* Function contracts — function casts
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Non-dependent A¢ Syntax and Evaluation

Synta: W E_ConsT
B = Bool | ...
k== true | false | ...
(Az:Ti. o) v —c t{z:= v} E-BETA
~ 0 E_CCHECK
{z:B | th' k —¢ ({:B | t}, t{z := k}, k)
Types and contracts
T == B| Thi—T _—— E_OK
¢ u= {x:B|t} | aca— e ({a:B | t} true k)" —c k
Terms, values, results, and evaluation contexts E_FAIL
t ::’: z \’ k| )\’z:Tl.lg | tite | | ({o:B | t}, false, k) —s. 11
[N X !
ARCENR IR _  tcDEcow
von=k } Azl:Tl-tz [ (" | (v )l w ({er = )" w) v —e ()" (v () 0))
T v | f
!
- . B .
E ou= (1t v[] | {z:B]|th{].k) et . CoMPAT
Elh] —e Et]
E_BLAME

Efl] —.
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Non-dependent A¢ Type Rules

@ Checks occur in empty context (0)

@:B + t : Bool T.BASEC
Fe {z:B |t} : B -
Fea: T Fe o To
—_— T_FUNC
Fearme:Ti— T
ti — ¢ true implies f — true TImp

Ft Dt

Tre: 7T e
TR T_CONST
LTy bt To
e v Y e e
Pbbh:Ti—-T The:h
Tktt: e e
Fec:
f T T_CONTRACT
N
m T-BLAME
OFk:B  0F t: Bool
. : : = =
< {z:B |t} : B bt ? MEEE @ e
0+ ({2:B |t} k) : B
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Non-dependent \y

Simply-typed Lambda Calculus with refinement types and casts

Only base types can be refined

Raw types
» x: B — {x:B]true}
<51 = 52)’
» Cast from type S; to S,
» Only one blame label
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Non-dependent \y

Simply-typed Lambda Calculus with refinement types and casts

@ Only base types can be refined
@ Raw types
» x: B — {x:B]true}
° <51 = 52)’
» Cast from type S; to S,
» Only one blame label
@ Yy — Ac

» Preserves behavior
tyc(k) and tyn(k) must agree on "type skeleton”
> if fyc(k) = B; — B> then tyh(k) = {X s B | 51} — {X ' B | 52}
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Non-dependent Ay Syntax and Evaluation

Types _ F_CONST
S = {z:B|si} | S — 5 kw — [k](w)
Terms, values, results, and evaluation contexts F_BETA

(Az:S1. s2) wo —n so{z == wa}

s ou= | k| AnSi.s2 | sis2 |
] (S =S | (@B s} s, k)
w o ou= k| AmSis | (S1=8) | ({&:B | 51} = {#:B | 22})' k —n ({2:B | 52}, 52{ := k}, k)’
(S11 — Si2 = So1 — Sa2) w F_CCHECK
q w
-_ F_OK
Foi= (sl w(l | ({=B]sh1.0) | @B o}, rue B —n |
- F_FAIL
({z:B | s},false, k)’ —n 11
Erase © 3 5 Sy ) F_CDECOMP
— S12 = 821 — S2) w)w' —p
{=:B|s}] = B o o [
S S S S
Si— 8] = [Si)— LS (S12 = S22)" (w ({S21 = Su1)" w'))
51 —h 52
Raw Flo] —n Pl F-CoMeat
[{z:B|s}] = {x:B|true}
—_— FB
S = 8] = [8i]—[8] T —n 0l LAME
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Non-dependent Ay Type Rules

@ Again, checks occur in empty context (()

Vk € Kp. b sife :=k} D sofz =k}

Abs: S
z:S €A
AFz S S-Var
AFETond S_CONST
F S AzSi b os: S S.LAM
AF Az:Si.s2: S1— S B
AFsi:S—8% AbFs:S
AFsism:5 S-Ave
FS FS 5] = LS
5 5 L5 = 15 s.Cast
AF (Si=%) 8 =8
S SB
AFfi:S BLAME
Ak s: S S FSi<:Sy S.Su
AbFs: 8 -
O+ k: {z:B|true} 0+ sy : {:Bool | true}
F{zB|s} F s> siz:=k)
0+ ({@:B | 51}, 52, k) : {@:B| s}
S_CHECKING
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SSUB_REFINE
F {z:B | s1} <:{z:B| 52}
F 821 <: S F S12<: 52
_— SSuB_FUN
F 81— S12<: 81 — Sa2
sy — true implies s; —} true S.Imp
F s D s
F {z:B | true} SWE-Raw
c{z: Fos o {a:
z:{z:B | true} s : {z:Bool | true} SWE_REFINE
= {z:B| s}
S )
—_—a SWF_Fui
FS o5 N
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Non-dependent Translations

@ Interesting parts deal with casts and contracts

@ Everything else is translated homomorphically
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Non-dependent Translations

@ Interesting parts deal with casts and contracts

@ Everything else is translated homomorphically
) ¢ : )\C — >\H
» Mimic two blame labels -

$((c)"") = Ax: [el. (g(c) = Te]) ({Te] = ¢(c)))
» Descend into contract predicates - ¢p({x: B | t}) = {x: B| ¢(t)}
» Split function contracts - ¢(c1 — @2) = ¢(c1) — ()
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Non-dependent Translations

@ Interesting parts deal with casts and contracts
o Everything else is translated homomorphically
) ¢ : )\C — >\H

» Mimic two blame labels -
S(()") = Ax - [€]. (¢(c) = [e]) (([e] = ¢(c)))
» Descend into contract predicates - ¢p({x: B | t}) = {x: B| ¢(t)}
» Split function contracts - ¢(c1 — @2) = ¢(c1) — ()
Y Ay — Ac
» Duplication of blame label - ¥((S; = $)!) = (¥(S1, S2))
» Use cast target predicate -

v({x:B|si},{x:B|%})={x:B[¢()}

» Translate domain contravariantly -

P(S11 = S12, 521 = S22) = Y(Sa1, S11) — Y(S12, S22)
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Non-dependent Translations

@ Interesting parts deal with casts and contracts
o Everything else is translated homomorphically
) ¢ : )\C — >\H

» Mimic two blame labels -
S(()") = Ax - [€]. (¢(c) = [e]) (([e] = ¢(c)))
» Descend into contract predicates - ¢p({x: B | t}) = {x: B| ¢(t)}
» Split function contracts - ¢(c1 — @2) = ¢(c1) — ()
Y Ay — Ac
» Duplication of blame label - ¥((S; = $)!) = (¥(S1, S2))
» Use cast target predicate -

v({x:B|si},{x:B|%})={x:B[¢()}

» Translate domain contravariantly -
Y(S11 = S12, 521 = S22) = ¥(S21, S11) > Y(S12, S22)
@ Both ¢ and 1 preserve behavior in a strong sense
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All Is Well?
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Being Picky

@ Problem: picky A¢ can blame more than lax A¢
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Being Picky

@ Problem: picky A¢ can blame more than lax A¢
Example (Abusive Contracts)
I = {x : Int | true} N = {x : Int | nonzero x}

ar—a=f:(N—1)—{z:Int | f 0=0}
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Being Picky

@ Problem: picky A¢ can blame more than lax A¢
Example (Abusive Contracts)
I = {x : Int | true} N = {x : Int | nonzero x}

ar—a=f:(N—1)—{z:Int | f 0=0}

@ Using Lax A¢

(((c1 —> &) Af : Int — Int . 0) Ax : Int . x) 5 =% 5

Michael Hansen (Indiana University) Contracts Made Manifest October 27, 2010

12/ 26



Being Picky

@ Problem: picky A¢ can blame more than lax A¢
Example (Abusive Contracts)
I = {x : Int | true} N = {x : Int | nonzero x}

ar—a=f:(N—1)—{z:Int | f 0=0}

@ Using Lax A¢
(((c1 —> &) Af : Int — Int . 0) Ax : Int . x) 5 =% 5

e Translation to Ay - ¢(f)

» Domain contract of f is effectively rechecked (due to cast)
> Results in blame
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The Axis of Blame

Same blame

More blame
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Dependent A¢ Changes

@ Not much — contracts and types barely interact
@ Track blame labels throughout contract well-formedness check
@ Choose picky or lax decomposition

Contracts and contexts Typing rules
z:T € e el
c = T_VART _— V.
- TFz:T Tro:le |VARC
Operational Semantics _ Phe i Fele: T T_CONTRACT
Tk ()" :T->T )
((z:cr = @) 0) v —c {erfz = P (v ()" 0) I,:B b ¢ : Bool T REEC
E_CDECOMPLAX T o o -REFINE
< T {e:B|t}: B
- E_CDECOMPPICKY , ' '
((z:e1 = ey v) v —s P e Ty Doaey " e To T_FUNC
. . . 7
(e2{z = (e)™ 0 PN (v ({e)" 0)) P e e T — T
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Dependent Ay Changes

Types

S == {x:B|s} \

Operational semantics

((2:811 — S12 = :521 — Sa2) w) w' —p
[(S12{z := (S = Su)'w } = Saa{z := w'})']
(w ((S21 = Su)'w')

F_CDEcomp
Typing rules

Ak s (2:8 — S2) AF s S

S_App
AF 515 Sofz = s}
A, z:{z:B | true} - s : {:Bool | true} SWE_REFINE
A+ {z:B|s} -

SWF_FuN

A, z:{z:B | true} F 51 D 52
A+ A{z:B| s} <: {z:B| s}

Ak Sy < S A, z:8|F Si2 <: S22
SSuB_FUN
Ak z:811 — S12 < 2:S21 — Sae

SSUB_REFINE

[Vo. (A | o A o(s1) — true) implies o(s2) —j, true|
AbF s D s

S_IMP
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Denotations of types and kinds
se[{z:B|s}] < s —5 il
vV (BkeKp.s —} k

A so{z ==k} —], true)
Vq € [S1]. s q € [S2{z := q}]

Vk € Kp
s{z = k} € [{z:Bool | true}]

s€fr:S — %] =
{z:B|s}e[+] <

S - Sex] <= Se
A qu [S1]- Sa{z :=q} € [4]

Semantic judgments
Vost Al o:
AES < S << [[a(Sl)]] C [0(S2)]
AEs: S < ) € [o(9)]
AES < a(S) e[+

Closing substitutions
OED
SCS_EMPTY

w SCS_EXT
= s}

z:5,A = of
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Example 1 - lax Ac — Ay (1/2)

Example

cii—>ci2="f:(x:{x:Int|true} — {y : Int | nonzero y})

o ={z:Int| fO=0}

<(f C11 —— C12) — C2>” (/\f 0)) ()\X 0)
off = M0 ((MF.0) ((c11 — c2)/(Ax.0)))
of{f = 01"

Ax.0)0 =0

(
(
(
(
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Example 1 - lax Ac — Ay (2/2)

Example
ci1—>cp="1:(x:{x:Int|true} — {y : Int | nonzero y})

o ={z:Int| f0=0}

O(f i (ci1—> ci2) —r @) = 1 d(x: a1 — c12) = ¢(2)
S1 =x:{x:Int | true} — {y : Int | nonzero y}

[S1] = [Int] — [Int]

f:5— Az [Int].(((S1= [S1])){([S1]=S1)f))0=0

When f = Ax.0, the co-domain cast to nonzero fails
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Example 2 - lax Ac — Ay (1/2)

Example

ci1 — ci2 = (x: {x:Int | nonzero x} — {y : Int | true})

o ={z:Int| fO=0}

<(f C11 —— C12) — C2>” (/\f 0)) ()\X 0)
off = M0 ((MF.0) ((c11 — c2)/(Ax.0)))
of{f = 01"

Ax.0)0 =0

(
(
(
(
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Example 2 - lax Ac — Ay (2/2)

Example
c11 — ci2 = f: (x: {x: Int | nonzero x} — {y : Int | true})

o ={z:Int| f0=0}

O(f i (ci1—> ci2) —r @) = 1 d(x: a1 — c12) = ¢(2)
S1 = x: {x: Int | nonzero x} — {y : Int | true}

[S1] = [Int] — [Int]

f:5— Az [Int].(((S1= [S1])){[S1] = S1)f))0=0

When f = Ax.0, the domain cast to nonzero fails
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Example 3 - Ay — picky A¢ (1/2)

Example
S1=f:(x:[Int] — {y : Int | nonzero y}) — [Int]
So="f:(x:[Int] = [Int]) —» {z:Int | f 0 =0}

S11 = [Int] — {y : Int | nonzero y} S12 = [Int]
w = (Af : 511 — S12.. 0) w' = (Ax : [Int] . 0)

So1 = [Int] — [Int] Soo={z:Int | f0=0}
((S1 = So)w) w' = (S12 = Sx2) (w ((S21 = S11) W'))

» Co-domain of S;7 not enforced!
Soo{f :=w'} =} (W 0)=0) —} true
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Example 3 - Ay — picky A¢ (2/2)

Example
S1=f:(x:[Int] — {y : Int | nonzero y}) — [Int]
So="f:(x:[Int] — [Int]) - {z:Int | f 0 =0}

S11 = [Int] — {y : Int | nonzero y} Soo={z:Int | f0=0}
c =9(51,%) = ¥(S11 — S12, S1 — S22)

f:4(Sa1, S11) — (S12{f := (S21 = S11) f}, S22)

a=v¢(5u1) c=19(5)

({(c1 = )(Af : Int . 0)) (Ax : Int . 0)

E_.DECOMP_PICKY: c{f := (c1)v'} where v/ = (Ax : Int . 0)
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Big Picture

¢ and v correspond exactly in the non-dependent case
First-order dependence does not change this

» Contracts can't be abusive
Higher-order dependence

> ¢ from lax A¢ can blame more
» 1) to picky A¢ can blame more

@ Caveats

» No recursion
No side-effects (other than blame)
No contracts or refinements over functions
Constraints on types
* tyy(K) < [tye(k)]
* sqrt must be subtype of [Float — Float]
* Domain must be defined for all Kgoas!

vvyy
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Dependent Translation into Ay (1/2)

¢ from dependent Ac to dependent Ay

Terms Contexts
6T, a:T, Toba:T) = z s(F0) = 0
o1,z  Tabz:le)) = (dTF c:le))=[e])'z 6(-T,2:T) = (+T),a:[T]
oCHE:T) = k (FT,z:c™) = 6(-T),z:6(T FEY ¢ [c))
ST FAT b Ty — To) = Aa:[Th]. (T, a: Ty b to 2 Ta)
ST Ftt:Ts) = oTkt:Ti— To)p(lFt2: Tr)
GLER:T) = il
SO F (e, t, k) : B) = (605" ¢: B),p(0F t: Bool), k)'
(I + (c)"" :T) = Azfe]. (o Fobe: T) = (d)ﬂ ([e] = (T FLC e ) ) where z is fresh

Types
S L {@:B | t}: B)
ST mier v oot Ty — Ta)

{z:B | ¢(I',z:B + ¢ : Bool)}
z:(T F’C"’ a:Th) — ¢(F,z:a‘," F’c", 2 Ta)

Result correspondence Term correspondence

k~k:B <= kekKp t~s: T <=t —frANs —, gAr=q: T

vew: T — Ty <= Vi~s: Tivt ~ws: Ta

Mafl:T
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Michael Hansen (India

¢ from lax Ac

Value correspondence
k=~ k:B < keKp

vy w: T =Ty <= Vi~e s:Tiovt ~p ws 2 To
Term correspondence

t~y s T <=
s — 5 MVt —ivAs —) wAv = w:T)
Contract / type correspondence
{z:B |t} ~» {z:B|s}: B <
Vk € Kp. t{z := k} ~~ s{z:=k} : Bool
zicy = e~y 1S — S 0 T — Th <
e~ S1t TiA
Vi s: Th.cx{z =t} ~n Sofz:=s}: T2
Dual closing substitutions
T » 6§ <= Vz €dom(). d1(z) ~» &2(z) : [T(z)]

Contracts Made Manifest

Dependent Translation into Ay (2/2)

¢ from picky Ac

Contract / type correspondence

{z:B | t} ~bY {z:B|s}: B <
Vk € Kp. t{z .=k} ~ s{z:=k} : Bool

zier o e N 38 = Sy Ty - Ty =
o ~ES T A
YVt~ s Th.
ez = ()t} A Sofz = ([S1] = S1) s} Te
Dual closing substitutions
Vz:T €T.61(z) ~ d2(z) : T
Va:ch € 1.6y () = (01 (c))! ¢t
(z) = ([c] = 5(5)'s
st.S=ol " ¢t le])
At ~s:|c]

I'Eod =
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Dependent Translation into A¢ (¢)

1) mapping Ay to Ac

Term translation
Uv(z) = =z v(k) = k
vt = Ml P((Si= %)) = (@S, S8)"
Y(Az:S. s) Az:[S].(s)
W(s1 52) U(s1) ¥(s2)
P({z:B | 51}, 52, k)") {e:B | ¥(s1)},9(s2), k)
Type-to-contract translation
W' ({#:B | s} B | }) = {2:B|d(s2)}
Yl (:811 — Si2,w:821 — S22) =
2! (Sa1, S11) — Ul(sm{l = (S = Sii)t z}, Sa2)
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1) into lax A¢

Contract / type correspondence

{e:B|t} ~{z:B|s1} ' {z:B| 2} : B <=
Vk € Kp. t{z := k} ~ sa{az :=k} : Bool

zier s e~ aiS1 — S12 = Soy — Sapt Ty — Ta =
o~ Su='Sn Ty A
Vt ~s: Th.
co{a =t} ~ Si2{z 1= (S = Su1)' s} = Soo{z =5} : T2

) into picky Ac

Contract / type correspondence

{z:B |t} ~~ {z:B|s1} = {:B| 2} : B <>
Vk € Kp. t{z := k} ~< so{z:=k} : Bool

zic = C2 v 2811 — Si12 = 2181 — Sao: T — T
—

ci~vg S = S Ti A
ViVt ~< s : Th.
co{z =t} ~< Sia{z = (So1 = Su)' s} = S{z =5} : T2
Dual closing substitutions

T d§ < Vzedom(l). di(z) ~< da(z) : [[(z)]
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Questions?
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