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What a Great Half-time Show
Congratulations, Pierre-Louis
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What a Great Half-time Show
Congratulations, Pierre-Louis

And it has been way too long,
at the opening workshop of PPS,
with a talk on contracts for ho languages
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Contracts: Logical Assertions in Component Interfaces

» statically checkable, e.g,, types
» behavioral assertions, typically checked at run-time
» temporal assertions, e.g., race conditions, sequencing

» quality of service promises, e.g., # of requests handled
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Contracts: Beyond Types impose Ob//ggt/’@ns)

5 /( make promises )
densure x >= 0.0 //4§§ﬁ>//

dee e re sgrt >= 0.0
Wl - fhc Ssquarc root edls
gletlgitc s agr: (double x) {

E a little bit
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Contracts: Beyond Types impose ob/igations)

5 /( make promises ]
densure x >= 0.0 /%4§§ﬁ>//

dee e re sgrt >= 0.0
Wl - fhc Ssquarc root edls
gletlgitc s agr: (double x) {

E a little bit

densure x >= 0.0

e Sl alos (x - sgrt * sgre)< EESHTEHN
@ ieenplte the square rooft of

slentiieotic " sart (double x)  {

) a lot more
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Contracts: Pointing Fingers

module mathematics module client
_—)
Shaeeian .  SOrC lmport mathenma s
Stepem ((— 1)
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Contracts: Pointing Fingers

module mathematics module client

ESe@iEn s SOr T

iy ”

importyath%;?tics:
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Contracts: Pointing Fingers

module mathematics

SaEeiEe: Sqrt

-
client falled to

KL

module client

1mport mqthematlcs:

oblige, blame client

>
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Contracts: Pointing Fingers

module mathematics module client
_—)
Shaeeian .  SOrC import mathema Eitesie
StepaetEol — > — 1
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Contracts: Pointing Fingers

module mathematics module client
_ﬁ
P e Sort import pREhemsEEsE
sqrt(? Y;’(l
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Contracts: Pointing Fingers

module mathematics

SaEeiEe: Sqrt

module client

import Rathene et

-

blame mathematics

KL

mathematics broke promise,

>

v
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Contracts: Beyond Types

class ModuleBrowser {

@require window.topFrame () .isTopLevel ()
eildimoltisceHandler (Event e, i Posim Seolji

}
) state of the world
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Contracts:

Beyond Types

@iiels = Turn

ez aicc v ond setPlaced () . 5
Elamviave " boolecan 1sPlacedSet ()

fecguire 1sMergerPosition (p, nyBoa=eclSs
@ensure setPlacementCalled ()
elidiipiltaceHorel (Hotel h @ PosinicmiucN

J

drequire 1sPlacedSet ()
Decision retrieveDecision () {

J
simple temporal
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ez aicc v ond setPlaced () . 5
Elamviave " boolecan 1sPlacedSet ()

fecguire 1sMergerPosition (p, nyBoa=eclSs
@ensure setPlacementCalled ()
elidiipiltaceHorel (Hotel h @ PosinicmiucN

J
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Decision retrieveDecision () {

J
) simple temporal
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Contracts: Beyond Types

(grid-scene image?)
(event-handler
(delta-x delta-y n m x-labels y-labels)
(->1 ((x natural-number/c)
#:pre/name (x)

(provide
Seleishiiale b OlUT
PR e et N S B[ Li stof X] ] [[Listof Y]] —>* Image [Nat Nat —>#%"X Y]
AR s e deliEas v=delta x—-labels y—labels) creates:
et Y grid of "size (* ' n x-delta) x (* m y-delta)
G cEkamlc BRI Mt tlles ot Size x—delta . x'y-delta
X labeled with x-labels x y-labels
e o een t-handler 'that deals with mouse clicks for this grid
;» (event-handler x y) = (an-x-lablel, a-y-label)
R e RIS Mot selclick in the tile labeled (an-x-lablel, a-y-label)
ST RN SN a s ral-—nunber /c) (m natural-number/c))
((delta-x natural-number/c)
(delta-y natural-number/c)
Eitelbells "1 1St YY)
il o= R R o )
#:g9rid? (grid? #t))
EEIREvATIANe e s —abed s correct f of “x.'labels!”
(or (unsupplied-arg? x-labels) (= (length x-labels) n))
#:pre/name (m y-labels) "correct # of y labels"
(or (unsupplied-arg? y-labels) (= (length y-labels) m))
(values

from code base

(y natural-number/c))
"X in proper range"

Leas ibheis bl sieniaf =Gl t-nals e [T B - Eob & RENE SO’ Sic! Ballen o e T3l By uf= - 315 1))
#:pre/name (y) "y in proper range"
one bhersRl one L MoTa e ele Rrattie (¥ Bink= Rt vl WA & LB VASE Cithn B SR B e A T b )
Wellie st (XIS FE (unsUpplied-arg?. x—-labe s} any/c (apply: or/ il uicinis
(yl (L6 (unsupplied-arg? y—labelis}. any/c (appily or/c i 1Talociicsucisissmim
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Contracts: Beyond Types

ST RN SN a s ral-—nunber /c) (m natural-number/c))
((delta-x natural-number/c)
(delta-y natural-number/c)
Eitelbells "1 1St YY)
(y—-labels 1list?)
#:g9rid? (grid? #t))

EEIREvATIANe e s —abed s correct f of “x.'labels!”

(or (unsupplied-arg? x-labels) (= (length x-labels) n))
#:pre/name (m y-labels) "correct # of y labels"

(or (unsupplied-arg? y-labels) (= (length y-labels) m))
(values

B Sscene image?)

delta-y n m x-labels y-labels)
natural-number/c) (y natural-number/c))
bre/name (x) "x in proper range"

bbbl ollalars el oo paite (S slo Erd d MRS D el s o i o S Iy w15 180 1)
f:pre/name (y) "y in proper range"

one bhersRl one L MoTa e ele Rrattie (¥ Bink= Rt vl WA & LB VASE Cithn B SR B e A T b )

(provide
Seleishiiale b OlUT
PR e et N S B[ Li stof X] ] [[Listof Y]] —>* Image [Nat Nat —>#%"X Y]
AR s e deliEas v=delta x—-labels y—labels) creates:
e epeaphitfegallgrild 'of "size (*'n x—delta) x (* m y-delta)
G cEkamlc BRI Mt tlles ot Size x—delta . x'y-delta
X labeled with x-labels x y-labels
e o een t-handler 'that deals with mouse clicks for this grid
;» (event-handler x y) = (an-x-lablel, a-y-label)

R e RIS Mot selclick in the tile labeled (an-x-lablel, a-y-label)

from code base

Wellie st (XIS FE (unsUpplied-arg?. x—-labe s} any/c (apply: or/ il uicinis
(yl (L6 (unsupplied-arg? y—labelis}. any/c (appily or/c i 1Talociicsucisissmim
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Contracts for Object-Oriented or Functional Languages

Eiffel I1s object-oriented.

Objects are legitimate values.

ViV arre thnere no contracts oRkCBjEEiE

Or contracts on higher-order functions!
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Contracts for Object-Oriented or Functional Languages

Higher-order programming In Eiffel

ilekelelciaiee fTFunction {
eleitiviie apply (double X ;

J

class Differentiator {
densure ddx.isSlopeOfTangent ()
IRineEren ddx (IEunction &)

J
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Contracts for Object-Oriented or Functional Languages

Higher-order programming In Eiffel

ilsleeie faice TFunction |
eleitiviie apply (double X ;

J

class Differentiator {
e I S e RS A SR S e R e
IRineEren ddx (IEunction &)

J
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Contracts for Object-Oriented or Functional Languages

Eiffel flattens contracts

fie—e fcice Function |
glotlielic apply (double X);

J

interface IDifferentiated extends Functionf{
@ensure isSlopeOfTangent (x)
delilolie "apply (double X) ;
boolean 1sSlopeOfTangent (double x)

J

wilielse Differentiator {
ERiiEferentiated d/dx (Function &)

J

J
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Contracts for Object-Oriented or Functional Languages

Eiffel's approach relies on

-- hominal class types

-- duplication of types for contracts
& AI==1RIE PASE EX4EIL GRcE
Becahiitaciattachicd tor Bl

-- closed world of software projects
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Contracts for Object-Oriented or Functional Languages

Higher-order contracts in Racket, 1999--2002

feeeiide /contract
[d/dx
e (L
(fprime
=l

(y

(define (tangent?

e el 2 e gl 2
cesulis ©F ©llehs

((x real?))

eESlllEe @8 Do lliE ¢
(and/c real? (tangent? £ x) )} Sl

RS )

Findler and Felleisen: ICFP 2002
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Contracts for Object-Oriented or Functional Languages

Racket's approach imagines
-- an open, growing project
- with post-hoc imposition of contracts on values

-- that Is, a structural approach to Imposing assertions
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Contracts for Object-Oriented or Functional Languages

So what’s the big deal?

feeeiide /contract
[d/dx
e (L
(fprime
=l

(y

(define

(Cangent?

B shecal 2 reall 2)Em)
et OfF @ dx

|k eERl 2y

result of fprime:
(and/c real? (tangent? £ x) )} SEEE

RS )
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Contracts for Object-Oriented or Functional Languages

So what’s the big deal?

[d/dx
(->d

feeeiide /contract

Was e al 2 real?)))
R =Bkl Of d/dx:

(Eaiesaii e

=t @ (X real?))

oipe maisloile el im on el = -

5 leinelie aeleEllle

(tangent? f x)))))

(define

iEcimegcnE 2 = X))

.)

You cannot check this property
when the function returns.
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Contracts for Object-Oriented or Functional Languages

module mathematics

S weiatr s d/dx

module client?3

import £f Ffroms eyt

IE L)

module client
geernt d/dx
il dx ()
SSqeerlt ; T

|

module client?

Import £ fieomclfEciu

re-exXporks: il
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Contracts for Object-Oriented or Functional Languages

module mathematics moauiiccllfitc b

e D ; v
S meiety d/dx f?<:/ ;é?’from clicni=g

U?QF;”\\ I
jilelcitllle *client module  elirenin’
lneent d/dx SRR B
el dx () import £/ freom etk
Pl ; L' i Shglshdelehaie s ot
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Contracts for Object-Oriented or Functional Languages

module mathematics lefelbilc el e € o
EF @@ i?<z/ QE?Vfrom clicmheg
dlame E( T i
.{gjﬁe\\ T
eEMic e 1ent moduile eSS i
lneent d/dx SRR R ey
el dxx (T) import f’" from el BT
Pl ; L' i Shglshdelehaie s ot
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Contracts for Object-Oriented or Functional Languages

module mathematics

SV @@ -

moauiiccllfitc b

lame

e > ”
?<v/ /é?’from ¢l e nisg

AyS

|

module client
iNEiemE d/ dx

- EB

EPdEOrT :

module client?

R
_mport £’ from ‘elaicink

re-exXporks: il

Wrap object with contract checker
that carry along source information.
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Contracts for Objects and Functions are Complicated

Semantics!
B de e contracts mean!
B deecs blame mean!

Pragmatics!
-- Is blame useful/correct!
-- Is there “enough” blame!
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SEPMIANTICS




e ccE o | e e | anceh ey
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Interface

e ccciE o | o e I ineh (e}
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Interface

e, | e e I 1neE (ereiil
= [ £ —> t

@ehitracts:

Gl=— i L (AX:D.e) | ¢ —> c | ¢ = sehiiNe
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Interface

e, | e e I 1neE (ereiil
= [ £ —> t

@ehitracts:

e—if oL (AxX:D.e)l | ¢ —> c | ‘¢ > sehiiNe

predicates
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Interface

e, | e e I 1neE (ereiil
= [ £ —> t

@ehitracts:

ei—if o (AxX:D.e)l |lc —> cll ¢ = sethiiNe

predicates
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Interface

e, | e e I 1neE (ereiil
= [ £ —> t

@ehitracts:

= [ owne] 1[5 o1 [F 5 e

predicates dependent
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@l rneF(c )
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Sy VA

@l rneF(c )

@l iicines

C[ -—--

]
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Sy VA

@l rneF(c )

@l iicines

Cl ———-

]

Values flow through contracts,
and contracts do their work.

Wednesday, September 11, 13




€Tt (odd T el

Sy VA

@l iicines

Cl --—-

]

For flat domains, check the
value and let it thru if okay.
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€Tt (oddzanaN

S EL R e el il -

cl —

For flat domains, produce an
error if check doesn’t hold.

Milner: TCS 1976; Plotkin: TCS 1978, Scott |GESESE,
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i (odd? —> even?, Ax: inE =S

S EL R e ellalca -

AX.€e

For function domains, 2?
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e (odd? —> even?, AxX:inE b aN
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e (odd? —> even?, AxX:inE b aN

For function domains,
prune “bad” behavior.

Milner: TCS 1976; Plotkin: TCS 1978, Scott |GESESE,
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e (odd? —> even?, AxX:inE SN

OUCH!

Milner: TCS 1976; Plotkin: TCS 1978, Scott |GESESE,
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e (odd? —> even?, AX:iInE SN

J Q. Q. 0

QOJ
g

>
e
\Y
=
n
e
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e (odd? —> even?, AX:iInE SN

Thanks for observably
sequential functions
and two errors

Cartwright, Curien, Felleisen: IC [995
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Contracts Compose Fairs of Error Projections in ObsSeqfun

-- the Idea works at all contract levels

-- contracts come with a natural order:
@eERe) rel =c| -l
(cl-dom,cl-rng) C (c2-dom,c2-rng)
iff c2-dom E cl-dom,
and c2-rng C cl-rng

-- contracts are Dana Scott's data types:

el =0 oy cl E el
e « L cl => ¢ c —> cl E @ — e

Findler; Blume, Felleisen: UC Tech. Rpt. 2004
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Life 1s good and practical

-- greatly simplified implementation

Findler & Blume: FLOPS 2004

-- produced significant performance benefits

-- guided many contrac
functor-like modu
flirsicalass drssEs

Sl
contl

Dle eljeens

nuations

Findler 2004--present
L Implementation efforts

es Strickland & Felleisen, IFL 2008

Strickland et al., TORIEASSIEHES
Dimoulas et al;; ESEIE AT

Takikawa et al, ES@RFCHE
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Still the model Is imperfect

-- works for flat and higher-order contracts

Findler, Blume, Felleisen; UC TechaRB s
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Still the model Is imperfect
-- works for flat and higher-order contracts

-- but 1t all completely falls for dependent contracts

et — > Unit?)
el
e real——real.
@Rl (. ... (E O0).. L) == e

—— and this kind of code Is realistic!

Findler, Blume, Felleisen; UC TechaRB s
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Probing HO Values is

Real

fpleeiide /contract
ol /e bl

o (L

(fprime
(—>d

= ee

o o
r 7

(y

(define (tangent?

el pe st R

resMllt Ok El/ er:

@ real?))

e SR @ iRl
(and/c real? (tangent? £ x) RSN

s ) =)
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Probing HO Values is Real

feleen7lide /contract
[d/dx
B eilmE (> real? real?)))
B ulE of d/dx:

(fprime
e (x real?))
g el le del Bt Shalakig1=) C
(y (and/c real? (tangent? £ oSl

EXBERET=

feEslGl- (tangent? £ x) ...)
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Probing HO Values is Real

ferowide/ contract
Lchdebe
B> rcal? real?)))
B ulE of d/dx:
(fprime
@l (> Teal ?) )
g el le del Bt Shalakig1=) C

expensive

feEslGl- (tangent? £ x) ...)

(y (and/c real? (tangent? £ x)iiinilsse

feeermide / contract
el
B e (> real? real?)))
el ie sl of d/dx:
GEeoraime” (—> real? real?))
#post (test-tangent-randomly fprime f£))])

e ile (rangent? £ x) ...)
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Semantics fails to explain pragmatics,

especially the proper assignment of blame.
T — T —
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Semantics fails to explain pragmatics,

especially the proper assignment of blame.
B — T ——

[t hid a lingering bug for over a decade.
e — E—
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ERAGMATICT

From a strictly operational point of view,
semantics are unnecessary. lo specify a
language, we need only give Its syntax

and pragmatics.
-- James Morris, MI T 1968
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PRAGMATICS

OPERATIONAL WORKINGS

N

OPERATIONAL SEMAN TICS




Pragmatics Means “whos fault is it”

module mathematics

SV @@ -

dlame

leehiliec11ent
geernt d/dx
el dx ()
SSqeerlt ; T

/
{

lefelbilc el e € o

?<:/ ;f’from client?

4 !
\

=

AR

module client?

Import £ fieomclfEciu
re-exXporks: il
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Pragmatics Means “whos fault is it”

module mathematics

SV @@ -

dlame

E Why?

module client
geernt d/dx
il dx ()
SSqeerlt ; T

module client3

T »
?<i/ ;é?’from client?
<

module client?

re-exXporks: il

Import £ fieomclfEciu
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Cl

e ocdd? - > ecven?) —> Af.flaw (EE0

IS Nt . F (L))

5 (S AEAVAH G

]

- O

ez ¢

C[ -—--

]
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e [ I |

iliei(((0dd?| —> even?) -> Af.flat (50 =
IS lnc— > nt. (1)) ]

S @A e il = -

o
e
P
E
n
d
e
n
t
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e [ I |

iliei(((0dd?| —> even?) -> Af.flat (50 =
IS lnc— > nt. (1)) ]

S @A e il = -

el

Who to blame?
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Reductions: No Blame Assignment

e flac (Ax:Db.e), v)=>
1f e(v) {v] s

ke (e > (Ax.c'), ) =)
AX.1ntf (¢!, T {1nEEciseN

Findler & Felleisen: ICFP 2002
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eV A M Contracts Correct by Definitien

el (ot (Ax:D.e), V)

gwE e Cl(c->(Ax.c’), T) ==
pxiantrf [P,Cl (¢’ , £ (Intf | @ RIS I

Findler & Felleisen: ICFP 2002
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eV A M Contracts Correct by Definitien

e O] (flat (Ax:b.e), v) —
1f e(v){xl e REs

intf [P,C](c->(Ax.c’), f) =>
Ax.intf[P,C] (c’, £ (intf[C,P] (E .

consumers become

producers; producers
becomes consumers

Findler & Felleisen: ICFP 2002
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eV A M Contracts Correct by Definitien

e O] (flat (Ax:b.e), v) —
1f e(v) {v] ek

ERSER e > (Ax.c' ), R s

}\xl. SLEE[P,C] @ f (intf[C, P] (c, x)))

consumers become
producers; producers

the argument x
flows into ¢

becomes consumers - -
without protection

Findler & Felleisen: ICFP 2002
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eV A M Contracts Correct by Definitien

e O] (flat (Ax:b.e), v) —
1f e(v) {v] ek

ERSER e > (Ax.c' ), R s

}\xl. SLEE[P,C] @ f (intf[C, P] (c, x)))

consumers become
producers; producers

the argument x
flows into ¢

becomes consumers - -
without protection

Findler &(Eelleisen)ICFP 2002
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RIESEEITAME: Contracts May Violate Comtraets

meies B, C| (flat (Ax:b.e), v) —%
1f e(v){v}i erE|H

s [P, C] (¢ > (Ax.c?), - B) >
e micE [P, C] (¢! {x:—1ntfifE; Cie e
L (1nttf [ €, B REchts

Blume & MacAllister |FP 2006
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Theorem (Greenberg, RIErce; ScV VeI D NP O)

The picky pragmatics detects all the contract
violations that the lax pragmatics discovers
and then some.
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Theorem (Greenberg, RIErce; ScV VeI D NP O)

The picky pragmatics detects all the contract
violations that the lax pragmatics discovers
and then some.

But picky may blame the wrong component.
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violations that the lax pragmatics discovers
and then some.

But picky may blame the wrong component.

Wednesday, September 11, 13



DEfinition (Dimoulas, Findler; Flanagan, Felleisen, POPL 20 | I)

VM may be blamed for a contract violation iff
it controls the flow of a value through a
contract and the value violates a part of the
contract that belongs to M's obligations.

Theorem (Dimoulas, Findler, Flanagan, Felleisen, POPL 20 | |>

The lax pragmatics never blames the wrong
module; picky may blame the wrong module.

But lax may fail to discover a contract violation.

Wednesday, September 11, 13
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it controls the flow of a value through a
contract and the value violates a part of the
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But lax may fail to discover a contract violation.
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Definition (bimouss Tobin-Hochstadt, Felleisen, ESOP 2012)

A contract system falls to discover a
contract violation It a bad value can migrate
from one module to another without flowing
through a contract boundary.
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to slip through w/o checking.
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Definition (bimouss Tobin-Hochstadt, Felleisen, ESOP 2012)

A contract system falls to discover a
contract violation It a bad value can migrate
from one module to another without flowing
through a contract boundary.

Theorem (bimouks Tobin-Hochstadt, Felleisen, ESOP 2012)

The picky pragmatics falls to discover

<IN

1O S

ract violations, but lax may allow values

ip through w/o checking.

Nerther lax nor picky are “good’ pragmatics.
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Nerther lax nor picky are “good™ pragmatics.
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INDY BLAME: Contracts May Blame Contracts

Beimi R, €, K| (flat (Ax:b.e), vy =
1f e(v){v}i erE|H

s R @ K| (c—>(Ax.c'), £) >
v« el [P, C,K] (c/' {x:=1ntf[R,EK L tcHds
f(intt |[P,C, K tcHs

Dimoulas et al: PO RIESEES
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INDY BLAME: Contracts May Blame Contracts

BeiEE R, C K| (flat (Ax:b.e), v} =
1f e(v){vl ere(EEn

B P, C,K] (c—>(Ax.c’), £f) =
AX.intf[P,C,K] (¢’ {x:4intf[P,K,K])(c, x) }
' )

contracts are
independent

components, and they
become consumers

Dimoulas et al: PO RIESEES
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Theorem (pimouis et al: POPL 201 1, ESOP 2012)

Ihe indy pragmatics detects all contract
violations and assigns blame to a module
that controls the flow of the bad value.
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Theorem (pimouis et al: POPL 201 1, ESOP 2012)

Ihe indy pragmatics detects all contract
violations and assigns blame to a module
that controls the flow of the bad value.

And there 1s no “but’ other than
the proof Is horribly complex.
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Biciis periect

-- correct blame uncovered bugs In our Implementation

-- complete monitoring became our design guide

-- correct blame with complete monitoring
together have become the foundation of our
Typed Racket (gradual typing) research program
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CONCLUSIONS




Two Semantic Frameworks for HO Contracts

B B i semantics of * perfect reduction pragmatics

“concrete data structures”
- with an ugly subject reduction

* It IS elegant theory proof

* It's imperfect but easy-to-use * but practical implications
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T HE END

S0 thanks again for CDS,
SIPCIE alfel o Erors




