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1. ASSERTIONS, CONTRACTS, AND MEANING

An assert statement captures a logical claim concerning the valugsagram variables as an
executable boolean expression. When the evaluation ofdiregsion produces false, something is
wrong and the evaluation is aborted. This pointis easy tetstdnd for every working programmer,
and it explains the widespread use of assertions [Rosenb888]. Programmers realize that as-
sertions ensure basic program invariants; assertionst agth debugging when failures do happen;
and assertions help reason about code.

Likewise, the behaviorakoftware contracts of Eiffel are assertions that goverfitiveof values
across componehinterfaces [Meyer 1988; 1991; 1992b]. A programmer writesvil boolean
expressions, and the compiler and the execution systentcenéontracts at run-time. A failure
of these run-time checks triggers a report about a contiaktdtion, pinpointing the violator and
explaining the nature of the violation [Findler et al. 2001]

Over the past decade, contracts have received significemtian in the research community.
Projects on extended static checking [Detlefs et al. 1998n&tt et al. 2004] exploit contracts
to statically predict program errors. Similarly, FindlerdaFelleisen [2002] introduce contracts

1We use the terminology of Beugnard et al. [1999] for softwanetracts.
2We use the neutral word component to refer to the pieces dftaae system. Think module, class, procedure, function,
or similar units of code.
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A:2 C. Dimoulas and M. Felleisen

for higher-order values (closures, objects, streams)eméwhich numerous researchers have ex-
panded on [Blume and McAllester 2006; Findler et al. 2004dkr and Blume 2006; Gronski and
Flanagan 2007; Hinze et al. 2006; Xu et al. 2009; Greenbeah 2010].

While Findler and Felleisen [2002] introduce higher-ordentracts as a monitoring and blame-
assignment problem, they do not provide an independentitigfimf what it means for a compo-
nent to satisfy its contract. Blume and McAllester [2006t@nluce a quotient model for a contract
language and provide the first definition of contract satisfa, which resembles the standard se-
mantics for type refinements. This work also points out thatdriginal proposal by Findler and
Felleisen seems to miss contract violations. Findler ef28l04; 2006] explain this discrepancy
with a “contracts as projections” approach [Scott 1976pri3ki and Flanagan [2007] relate Findler
and Felleisen’s higher-order contract to type casts. Tksiilt serves as the basis for a type-oriented
form of extended static checking [Knowles et al. 2006]. WHhiile latter consider only one direction
of the relationship, Greenberg et al. [2010] investigatthlbrections and explain how the addi-
tion of dependent higher-order contracts vastly compisdie picture. Xu et al. [2009] transplant
Blume and McAllester’s ideas to a lazy setting, though wlih goal of using contracts for theorem-
proving purposes. Hinze et al. [2006] and Chitil et al. [2D88d contracts to lazy languages and
end up with two different systems in terms of contract satisbn.

Our paper introduces the novel idea of using the obsenaltiouivalence relation of Plotkin’s
PCF [1977] to study contracts. Observational equivaleadbe most fundamental model of rea-
soning about programs, subsuming equatiohpktalculi, operational quotient models, and equiv-
alences based on denotational semantics [Morris 1968hgusdservational equivalence, we can
define different notions of contract satisfaction as sohgiof observational equations. The simplic-
ity of the definition allows us to examine the relationshipsoag the definitions and to illuminate
various contract-related phenomena.

2. THE IDEAS

Higher-order contract systems borrow notation from typsteays to express assertions for func-
tions. Consider this example adapted from the Racket [&fadtPLT 2010] code base:

(provide/ contract
[ encode
(-> valid-string? code-string?)]

This interface fragment specifies an export caliedode, whose contract says it is a function from
a valid string to a code string. Thal i d- string? andcode- stri ng? predicates can perform any
arbitrary computation and are in general impossible to kiseatically.

SerM CliM

encode

contract:
(-> valid-string? code-string?)

The above diagramiillustrates one way to monitor such cotsira service-providing component,
dubbedSer M creates a link with a service-consuming component, céllé®! The link represents
the export of theencode function, and the contract is depicted as a monitoring systeat watches
the communication on this link.

The nature of this link is bidirectional in the sense thatdlent provides a string to be encoded
and the server returns the encoded string of the given angutoehe client. According to the
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On Contract Satisfaction in a Higher-Order World A:3

contract, the argument has to be a valid string and the re$w@lhcode has to be a code string.
Pictorially speaking, we can rearrange the first diagramansecond one that shows how software
contracts impose obligations on both parties.

SerM CliMm

encode

valid-string?

code-string? K

The second diagram reveals that the creators of componélhtsoivbe able to program to the
expectations of a common contragtlessthey can tease out the respective obligations by reading
the contract text [Meyer 1992a].

While a contract system must allow the separation of a coninéo obligations for the service
provider and obligations for the client of the contract, tient and server pieces must contain
enough information to reconstruct the entire contract. ddrgract system is responsible for check-
ing that the strings that cross the channels satisfy thesponding predicate and if not, blame the
party that failed its obligations.

In a first-order world, distributing obligations is easyettlient is responsible for the function
argument that is checked against the domain contract ansettver is responsible for the result
that is checked against the range contract. In a higherarded, though, things get complicated.
Consider the following example:

(provide/ contract
[ gener at or
(-> (-> nat? prine?)
(-> valid-string? code-string?))]

This interface fragment exports a service calieder at or that, when provided with a prime num-
bers stream, returns an encode function similar to the ame fhe previous example. The contract
says thagener at or expects a function from natural numbers to prime numbersetngdns another
function from valid strings to code strings.

SerM CliM
generator
contragt:
(->
(-> nat? prine?)
(-> valid-stri code-string?))

The simplistic approach to separate client and server atidigs that we followed in the first-
order world does not apply here because both the argumenthanésult are functions, i.e., new
services that come with their own postconditions and prditimms. \We can observe, however, that
the argument values of the argument function are providdtidgerver and the argument values of
the result function are provided by the client. With a simileasoning about the result values of the
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A:4 C. Dimoulas and M. Felleisen

argument and result functions, we conclude that the folgudiagram depicts a realistic separation
of the obligations of the server and the client for the higtweter example.

SerM CliM

generator
nat ?

A 4

K|

prinme?
valid-string?

A

v |

code-string?

Our separation analysis—an informal reformulation of tbhatrtacts as projections perspective
[Findler et al. 2004; Findler and Blume 2006]—implies oneviolis criteria for what it means
for a component such &erM or CliM to meet the obligations of a contract. Lmain(c,m) be
the expression that uses contradb monitor the flow of values from componemitto its clients
and back. Then the separation suggests itattisfiesc if monitoring the component witle is
observationally equivalent to monitoring just the obligas for the other party:

mon(c, SerM) ~ non(obIc"®"[c], SerM) (1)
non(c,CliM) ~ nmon(obISeVeTc],CliM) (1)

After all, the code for the server component is responsii@feeting the obligations on the server,
and if the server-side contract is removable without vesidffect in any context, the code must be
correct as far as those obligations are concerned {¢Q.Similarly, satisfying a client contract must
be equivalent to monitoring just the server contract (&g).

Of course, a software engineer may argue that it is the conmposf the server component and
the client component, i.e., the composite program, that megt the contract and that considering
components in isolation is futile. Pragmatically speakithis engineering perspective says errors
are only errors when there is evidence of their existenca different but related context de Alfaro
and Henzinger [2001] label this approach “optimistic.”

In order to formulate this second notion of contract satisfe, we need a notion of component
composition. Lacking a concrete syntax for now, we wB&rMo, CliM for the composition of
server componer8erMwith client CliM . Equipped with this notation, we say that a server compo-
nentSerMoptimistically satisfies a contracin composition with clienCIiM if

mon (¢, SerM) o, CliM ~ mon (obIC"™[c], SerM) o, CliM
and conversely, th€liM component satisfiesin conjunction with servegerMif
mon (c, CliM ) o SerM~ non (obISe™elc]|, CliM ) oy SerM

Note how this second notion of contract satisfaction ugestyg relations among three items: server,
client, and contract. In contrast, the first notion is expeelswith just binary relations between
components and contracts. The second notion describescbsatisfaction for a composition of
a client and a server while the first notion defines contratisfaation for a server or a client in
isolation. In addition, the first notion implies the seconiile the reverse does not hold.

The rest of the paper translates these informal ideas abotitact satisfaction into the concrete
syntax of a minimal programming language, specifically, iklmavalue variant of PCF [Plotkin
1977] equipped with contracts, which we call CPCF. Sectioacalls the relevant bits about PCF,
extends it with contracts, and introduces observationaivaéence; section 4 shows how to tease
apart higher-order contracts. In this setting, we explorenglly the two notions of contract satis-
faction of this section: sections 5 and 6 and their relati@stly, in section 7 we develop a meaning
for contract checking a la Chitil et al. [2003].

R
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On Contract Satisfaction in a Higher-Order World A5

3. CONTRACT PCF
PCF is a programming language derived from the simply-typealculus [Plotkin 1977]:

Types T i=0 | T—T
0 = num| bool
Temse:=0| —1| +1| ... |tt|ff | (Ax:T€) | X|et+e|e—e

| ene| eve| zero?e) | if etheneelsee | ux:1.e| (e @

We assume a simpldype system for the language; the details are omitted anestgpe omitted
in examples unless needed for disambiguation. As usualsgnes are closed terms and contexts
are terms with holes in the position of an

Next we equip the language with a by-value semantics. Vdmigormalization of the semantics
should work, we rely on reduction semantics [Plotkin 197&|disen et al. 2009]. For conciseness,
we focus on the absolutely necessary elements and skip shefréhe standard formalization. A
value is a numeric constant, a boolean, or a function:

Values v =0 —1] +1| ... |tt]|£ff| (Ax:1.€
Ev.Cixt. F u:=[] | F+e|v+F |F—e|v—F | FAe | Fve
| zero?(F) | if F theneelsee| (Fe) | (VF) |
An evaluation context is a context with the hole in a leftmost-outermost positibine notions of
reduction generate the compatible closure with evaluatioriexts, which is the standard reduction
relation of the CPCF calculus. For example,
Fl(Ax:T1.€) V)] — F[{v/x}€]
F[px: 1.€ — F[{px: 1.e/x}€
are the standard reduction relations for function appboeand recursion.

3.1. CPCF: PCF with Contracts
Adding contracts to PCF requires extensions to the langobiypes and terms:

Types T = ... | con(1)

Terms e == ... | mon'(k,€) | 'errorp
K = flat(e) | K—K | k'S (AX:T.K)
pi=s|c

wherel € N. The resultis CPCF, PCF with contracts.

CPCF integrates contracts and terms with a contract mofuitor: mon' (k. €). Its purpose is to
observe the values that flow fro@to its context and back and to make sure they satisfy corkract
The label on the statement uniquely identifies the mohgorthat in the case of a contract violation
the monitor can issue an error report that pinpoints thelprolsource.

3We conjecture that type polymorphism and type inferencesatieely orthogonal to our goal.
4In an implementation, this labéd the source location of the monitor.
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A:6 C. Dimoulas and M. Felleisen

Here are the typing rules for this language extension:

NN-k:cont) Tke:t I+e:o0— bool
MF'errors:t I Fmon'(k,€) : T I-flat(e):con(o)
NEkp:con(ty) T Hka:con(ty)
Ky —Ko:conTy — 12)

MEkp:con(ty) T;X:T1HKo:con(t)

M EKrS (AX: T1.K2) : con(Ty — T2)

Errors are available at all types. A monitoring term demahésthe first position is a contract for a
certain type and that the second term is a term at that typd, Blflat contract is just a predicate on
base types. In contrast, a functional contract combinesiigiing contracts and creates a contract
for a function type, restricting both its domain type andgaitype. Because contracts can relate
arguments and results, CPCF also comes with dependentdoalctontracts, which supply the
function argument to the range contract so that it can mothdesired relationship.

A program is a term of ground type. Furthermore, we assuntatm@gram contains each label
at most onceAn appropriate set of rules for checking uniqueness ofltaisestraightforward and
omitted. Of course, as the program is reduced to a valuelslabe copied and occur multiple times
in intermediate execution states.

Our syntax ensures that contracts show updn! (K, €) terms only. Intuitively, this term enforces
the contrack between the “server componemand the context of the term, which plays the role
of a “client component.” For flat, first-order values, thistjmeans checking that the valueedias
the desired property. For functions, it requires checkitegarguments to the function and its result.
Finally, for higher-order functional values, the monitayirequires additional checks on the use of
functions as arguments. If this monitoring process distoteat a predicate from an embedded flat
contract does not hold, it raises the excephafrorp The label identifies the original location of
the contract and the subscripindicates which of the two parties has violated the conteacteans
ebroke the contract andblames the context.

Our formal semantics adapts the system of Findler and Bethg2002] to the syntax of CPCF.
We start with some additional terms and evaluation contexts

Terms e = ... | mon(K,€)
Ev. Ctxt. F = ... |mon|z(K,F) pe{sc}

The additional contract terms carry a “blame subscripticwtdetermines whose fault it is when a
run-time check fails. The new terms satisfy appropriaténygonstraints.
Here are the relevant notions of reduction:

F[- Fl-]

o
mon'(K,V) - mon!(K,V) [mon
monlp(flat( e),v) if (e V) thenVelse'errorp, [flat]
monlp(Kl — Ko,V) (AX. monp(Kz, (Vmon—(Kl, x))))  [ho
monp(Kl»—>()\X K2),V) - ()\X.monp(Kz,(Vmonﬁ(Kl, x)))) [lax]

While the first relation rewrites a monitoring term to onelwatblame subscript, the remaining three
use it to enforce contracts:

(1) Aflat contract applies the given predicate to the givdoedf this reduces tdéf, the exception
blames partyp at locationl.

(2) A contract for a functiorv rewrites into a function that checks the domain contracttiier
parameter of this function and the range contract for thelre$ applyingv to it.
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On Contract Satisfaction in a Higher-Order World A7

(3) A dependent contract for a function works like a functibtontract, but it substitutes the argu-
ment forv also into the range contraét.

The two last rules use, which denotes the complement pf meaning ifp = s thenp = c and
vice versa. For first-order functions, this implies that thenitoring system blames the context if
something is wrong with the argument and the function bodlgéfresult does not pass the range
check. In general, for higher-order functions, negativsifians in the contract come with a client
blame label and positive positions with a server label.

As above, these notions of reduction generate the comeatibsure with evaluation contexts,
which in turn represents the standard reduction relatich@fCPCF calculus. In addition, we need
this relation:

Fllerrorp] +— 'errorp

That is, if an error shows up in the hole of an evaluation cantbe program stops.
From here we get a semantics, i.e., a function mapping pnegjta answers:

Answers a:=v | 'errorp.

We say that a program converges|(a) iff e—— a; if the answer does not matter, we writl)).
Conversely, a program divergesf() iff for all €, there exist€” such that whee+—— €, € — €.

3.2. Pragmatics of Contracts

Before delving into our explorations of contract satisfact we illustrate CPCF with a few exam-
ples. While this purely expression-oriented languagedankdules and contract boundaries, it can
mimic them with terms in the role of server components andexds for client components. To link
a server componemtwith a client componert, we just plug the former into the hole of the latter:
Cle]. Or, if the component composition is to respect a contaete fill the hole with a monitoring
term:

Clmon' (k,€)].

Monitoring means that the predicate portions of the contxezapplied to the appropriate base-type
arguments and results of functions. When these run-timekstfail, errors are raised that indicate
which party violates which (uniquely labeled) contract. iByplication, the monitoring semantics
of Findler and Felleisen [2002] says that a component doesatisfy a contract if the monitoring
semantics signals an appropriately labeled error.

5Some authors [Blume and McAllester 2006; Hinze et al. 2006gXal. 2009] use a different reduction rule for dependent
contracts:

monjy(K1 - (AX.K2),V) — picky (Axmon, ({monl5(K1,X) /X}Kz, (vmonls(K1,X))))  [picky]

In this variant of the contract monitoring system, the argotrof a function guarded by a dependent function contract is
passed to the postcondition contract wrapped with the pdition contract. Doing so makes the contract monitoringien
enforce contracts while evaluating contract predicatesnaay catch additional violations of the assertions by tleglicates.
This paper sticks to thkax reduction rules for dependent contracts, and the contedisfaction criteria in the following
sections are capturing the philosophy ofax system. None of the theorems of the paper fails for pieky semantics,
however. This is not a surprise as the notion of contracsfsation is much more relaxed inlax world than in apicky
world.
6The terms “negative” and “positive” are used for contractsf shey were types.
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A:8 C. Dimoulas and M. Felleisen

The following example is loosely adapted from Blume and Megter [2006]

SerM K CliM
Af.if zero?(f 1) then f else f Ko ([T (Ayy)) 2)
wherekp = (f1at(0?) — £1at(0?)) — (Any+— Any)
andO? checks if a number is odd afdyis flat(Ax.tt)

The example shows that higher-order contract monitoring yield unexpected results. The sur-
prise is due to thé&ny— Anyresult contract, which any function should satisfy, yetri@nitoring
system seems to disagree. Many programmers would expésirtoa the server does not explicitly
abuse its argument and promises little about its resultsémeer cannot be held responsible for
anything. But, as the client receives the result of the seaxd applies it to 2, the monitoring sys-
tem recognizes a contract failure and raises an exceptaniby the server. As far as the latter is
concerned, it must ensure that the identity function thatglirom the client to the server is always
applied to odd numbers. Even though the server hands thisidurback to the client as part of the
result, it remains responsible for the function’s domamother words, the server lets its argument
flow unprotected into the context and therefore takes theélr failing to keep its promise to its
client that it will always apply its argument to odd numbers.

Similarly, Xu et al. [2009, p. 2] describe a situation withot@ontract violations where the monitor
discovers only one:

SerM K CliM
AMf(FD) -1 (Any— flat(PZ?)) — flat(PZ?) (T (Axx=1))
wherePZ? checks that a numberis 0

First, they agree with the monitoring semantics in that éxiample should signal an error blaming
the server for producing-1, even though its result contract promises numbers thagraager or
equal to 0. Second, they claim a violation on the client sidenely, that the functiofA\x.x— 1)
does not map arbitrary integers to positive ones.

Here is a modification of the same example without the distrgserver-side violation:

SerM K CliM
Af(F1)+1 (Any— flat(PZ?)) — flat(PZ?) (T (Axx=1))

Xu et al. [2009] insist that the client violates the contratten it hands the server a function that
returns the value-1 when given the value 0. They justify their claim with an egiplreference
to the S\GE contract checking approach [Knowles et al. 2006; GronskiBlanagan 2007]. The
CPCF monitoring semantics, however, reduces this progoaihrand does not signal a violation.

Finally, Xu et al.'s addition of contracts to Haskell raisles question of how to deal with laziness.
One obvious question is whether the monitoring system shsighal an error if an element in a
lazy stream fails its contract yet the program never evalitite element. Laziness, though, also
highlights the problem of contracts that force more streéaments than the function they are to
protect, something that plain CPCF exhibits too.

Although CPCF does not come with lazy streams, we can mimaicd&reams with functions on
the natural numbers. In this context, consider one last pi&m

SerM K CliM
As.(fst9) K1 ([T =1))
wherek; = (Any— Any)+% As.flat(Ar.(PZ? (fst 8))A(PZ? (fst (rst 9))))
andfst isAs.(s0) andrst isAsAi.(s(i+1))

"The differences between the original example and the orendiere are due to the statically typed nature of our language
More precisely Blume and McAllester [2006] use an untyped predicate that accepts any value as the postcondition
contract of the server instead of tAey— Anyfunction contract. We follow the analysis of Findler and Bk [2006] who
show that, in this setting, the most interesting intergi@taof Any is Any— Any.
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On Contract Satisfaction in a Higher-Order World A:9

While this contract forces the firstvo elements of the stream and triggers a contract violaticor err
because the second one is less than 0, the function itselfaldgone element and as such would
not have raised an error. Because the contract is overly,gagaitoring the contract adds behavior
above and beyond the function itself. This implies that inzylsetting a dependent contract should
not explore the function argument more than the functiorsdégain, the literature differs on this
view, with Xu et al. [2009] suggesting that the above exangbleuld trigger an error and with
Chitil et al. [2003] arguing that the contract should be igrtbfor being too strict. Degen et al.
[2010] study the different approaches to contract checfdndazy languages: they formulate and
implement an eager and a delayed contract checking systeariday language and compare them
using monadic semantics. On this basis, they show that eamgract checking does not satisfy
contract idempotence unless severe restrictions are mapos contracts. They also demonstrate
that even though lazy contract checking does not demand restiictions, it gives rise to weird
phenomena because less contract predicates than expeetgtbaked. We show in section 7 that
even if we accept the idea of ldzgontract checking, there is a still wide spectrum of po$itigs.

For the rest of the paper we refer to this kind of contract klmgcasshy to avoid associating this
idea exclusively with lazy languagés.

3.3. CPCF and Observational Equivalence

At this point we are ready to introduce the key relation offoamework: observational equivalence.
We consider a terra; observationally equivalent to a tere if the two are indistinguishable with
respect to answers for all program contexts:

Definition 3.1 (Observational Equivalence in CPCE) Two termsg; andey, are observational
equivalentin CPCFe; ~ ey, if for all contexts C,

—Cley] | 'errory if and only if C[ey] |} 'errorp, and
—Cley] | vifand only ifCley] | V.

That is, if either program converges to a contract error,afrer one must reduce to the same
contract error. Otherwise, they are equivalent if both teate or both diverge. For our proofs, we
also need a value-termination preorder on terms:

Definition 3.2 (Value Approximation in CPCFX). A termey is below a terne; in the term
value-termination preorder in CPCF, written= ey, if for all contexts C, Cles] |} vimpliesC|e;] |
V.

While in the context of pure PCF, this preorder coincideshvabservational approximation
(whose symmetric closure is observational equivalenoel,RCF the two relations differ due the
presence of errors.

Proving contextual equivalence and value approximatioiCCF is at the core of the develop-
ment of our theory. Koutavas [2008, ch. 2] introduces a teghato prove contextual equivalence
for a by-value language based on the untypedlculus, where observational equivalence is defined
via co-termination. The additions of contracts, errors] &ypes to the language are conservative
extensions. Thus their result can be also transferred toFC&@ we use it for establishing our
theoremg?

To keep the paper self-contained, we briefly present thentqab of Koutavas [2008, ch. 2] as
adapted to CPCF. The goal of the method is to define a binaagiorIR that includes the two
terms in question and to demonstrate tRatatisfieSADEQUACY. If s0, its COMPATIBLE closure,

8This notion of lazy contract checking is distinct from theeasf Findler et al. [2007]. For them, lazy checking is a device
for checking contracts on data structures only when needed.

SAll linguistic phenomena observed in lazy languages are jpissent in eager languages but with a type one order higher.
Consider for instance how lazy streams can be represenfadtesrder functions.

190ur results are not tied to the method of Koutavas. Any mefbogroving contextual equivalence, for instance the one
of Ahmed [2006], could be used instead.
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A:10 C. Dimoulas and M. Felleisen

called R®™, is a bi-simulation and as such is closed under evaluatiohralates only terms that
co-terminate. From this we conclude that the bi-simulatoidentical to observational equiva-
lence [Morris 1968] and that in particular the two terms iresfion are observationally equivalent.

Definition 3.3, (Compatible Closure) IRis a binary relation over closed terms of the same type,
R s defined a€[g] R***Cle] if -e: 1, € : 1, andeRe'.

Definition 3.4. (Adequate Relations) A binary relatiddon closed terms of the same type is
adequate if for all closed expressief® such thaie R ¢ if el a for some answea there exists
some answed’ such tha¥ |, & andaR*™d, and ife || & there exists such thae | aandaR™d.

In general, we prove adequacy feby showing that Ik(k) if IHr(k— 1) and that IH,-1(k) if
IHg-1(k— 1), whereR 1 is the inverse oR. The claim IHk(K) is the following induction hypothesis:

IHR(K): for all i < k, if eR*™*€’ ande—— a, then there exista’ such tha€' —— a’ and
arRv™ad.
The key insight is that this induction can be simplified. Agirbased on the induction hypothesis

demands considering all appropriate®* €. The following theorem allows us to use smaller proof
obligations and restrict the proof only &R€'.

THEOREM 3.5. (Simplified Adequacy for CPCF) A binary relation R on closeuis of the
same type is adequate iff for all k,

—foralli<k,if-e:o0,-¢:0, eR€, e—— a then there exists/auch that &—— a. and ¢ R*™*a;

—foralli<k,ifFe:1y -1, F€: T =Tz, F Va: Ty, F VT2, eRE, VARV, and (e ) —— &
then there exists|asuch that(e¢’ v,) —— a/ and g R®*a};

— the above two claims also hold for R

when IHk(k— 1) is assumed.

PROOF SKETCH.The proof is a mild modification of the corresponding probfioutavas [2008,
ch. 2, sec. 2.5}
The method is usually applied as follows:

(1) create amRthat relates the terms in question;

(2) execute the computations described in the theorem;

(3) look for a synchronization point after one or more reducsteps;
(4) and apply the induction hypothesisdt — 1).

If this fails, the “stuck state” tends to suggest additicglaments to be added B After modifying
R appropriately, repeat steps 2 and 3 for the newly added elesnoéR.
The same method can also be adapted to prove that a CPCF lemaparoximates another one.

Definition 3.6. (Adequate Approximation Relations) A binary relatiBron terms of the same
type is adequate iff for all terms € such thate R if el v there exists/ such thaie || v and
VRV,

Based on the definition of adequacy we give the appropridigcition hypothesis:

IHR(K): for all i <k, if eRF™¢ ande—— v, then there exist¢ such tha€ —— V' and
VRXY,

Due to the directional nature of the approximation relatibisuffices to show that if IiH(k — 1)

then IHr(k).

As with contextual equivalence, we can simplify the indocthypothesis.
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THEOREM 3.7. (Simplified Adequacy for Approximation) A binary relatioroR closed terms
of the same type is adequate iff for all k,

—foralli<k,if-e:o,F€:0, erée, e—— v; then there exists\such that &—— V. and v R°*V/;
—foralli<k,ifre:t1— Ty, F€:T1 — T2, FVa:Ty, F Vi To, €RE, VARV, and (e ) — v
then there exists)\such that€ vj,) —— v, and y R®™*v,

when IFk(k—1) is assumed.

PROOF SKETCH.The proof is a mild modification of the forward direction diet corresponding
proof of Koutavas [2008, ch. 2, sec. 2.b].

To demonstrate the proof method, we prove a simple apprdiaméor CPCF. With the value-
termination preorder, we can confirm that monitoring a caettfor a value changes the observable
behavior in a predictable manner. That is, if the progranmaitontract terminates normally, the
program without contracts produces the same value; otkerthie effects of the contract (diver-
gence, extra errors) or a contract error may show up.

PROPOSITION 3.8. mon'(k,€)<e

PROOF SKETCH.According to the method, it suffices to define a binary refaik on terms that
relates at least the two terms from the proposition’s statenmrhen we show that the following
proof obligationP(k) holds for allk:

P(k): if for all i <k, if eF**& ande—— v, then there exist¢ such tha& —— v and
VRV,

whereR®™ is the compatible closure &

Here is a relationR, generated from the proposition’s claim:

eR™¢ eR™¢
mon' (K, €) R€ mon'p(K,e) Re

The standard way to show that the proof obligation holdsjséceed by induction ok By theorem
3.7, itis sufficient to consider only paies € such thaeR€. We show one case of the inductive step
of the proof for the second clause of theorem 3.7. In this,casdocus on termraon'p(Kl — K2,€p)

ande, such thaton!,(K1 — K2, €) Reb,.
Based on the antecedent of the second clause of 3.7, wevpiakd V,, calculate the terms
(mon'p(Kl — K2,€) Va) and (€5 Vv;) and show that if the first term converges to a value then the

second term also converges to a value and the two valueslatedrende R,
We focus on the sub-case whexs—— Vv, and we compute for the first term:

(monlp(Kl — K2, €) Va) Fo monlp(Kz, (Vo monlﬁ(Kl,va)))

By the definition ofR, we know that sincaon'p(Kl — K2,6) R, € R*¥€) holds too. By applying

the induction hypothesis on terrag €, we conclude that i&, —— v, thene, —— vj, andvoR°V,,.
Thus, we can now compute f¢&, Vv, ):

(65 Va) == (Vo Va)
We know thatvo,R*™,. By the definition ofR, we conclude tha.ﬁlonlaKl,Va) R*™v,. and also

mon'p(Kz,(vO monl,p(Kl,Va)))RCtx(\/o v,). Now the desired conclusion thét, v,) converges to a

value ifmon'p(Kz, (Vo monHKl,Va))) converges to a value and the two values are related (Rftfer
follows from another use of the induction hypothesis.
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4. SEPARATING CONTRACTS

Every contract has two parties: a client and a server. Likea life, conformance with a contract
is only possible if a contract party can read a contract's before executing it and extract its
obligations.

In CPCF, contracts are trees with flat contracts at the le&ash of these leaves applies to either
the server or the client component of a contract monitoriogrialary, but not both. To tease out
the server or client obligations from a contract, it suffiteéeave the tree structure intact and to
replace the inapplicable flat contracts with predicatesabeept all values. The following definition
expresses this idea as a meta-functibi?[[ - - - ] from contracts to contracts.

Definition 4.1 (Contract Splittingpb!P[---]))
Pl = { oo

where  obIB![Ky — Ka] = oblE[Ka]] — oblB[Kz]
obIBL K1 (AX.K2)] L Kall % (Ax.obIBL[[K2])
obIE[[flat(e)]] = flat(e)
obls[flat(e)] = flat(Ax.tt)
p e {s,c}
The converse is to take two homologous contract trees angeserthem.
Definition 4.2 (Contract compositior)
flat(e)oflat(€) = flat((AX.(€ X)A(e X))
K1+ Kj0K2+— Kb = K10Kp — Kj oK)
K1rS (AXK]) oKk (AXKy) = KpoKarh (AX.K] oK)
Special care is taken to make sure that the dependent \e@siabthe two parts are identical.

The composition of the server and client obligations of ai@mt is observationally equivalent to
the contract.

PROPOSITION 4.3. mon' (K, €) ~ mon' (obIP[K] o obIP[K],€)

PROOF SKETCH. The proof proceeds along the lines of the proof of propwsid.8.
Here is a binary relatioR that expresses our proposition:

KRk eR™e
mon' (K, €) Rmon' (oblP[[k'] o obIP[K'], &)
KRk eR™¢

mon', (K, €) Rmon!, (obl? [[<'] o obl® '] €)

We use again the proof obligation:

P(k): if for all i <k, if eRF™*¢ ande— a, then there exista’ such tha¥’ —— & and
aR™ad.
However, due to the bidirectional nature of observatiogahealence, we need to prove tH(k)

holds for allk both forR and its inverse relatioR .
We show the most interesting case of the inductive step of gheof for the sec-

ond clause of 3.5. We focus on terms with dependent contm%,(Kl»i>()\x.K2),e) and
mon!, (obl [k} =% (Ax.K5)[ o obll [k} +* (Ax.K5)], €) that are related under the above relatin

mon! (Kp % (AX K), &) Rmonl (0bl?} [K; % (Ax.K})] 0 0blF [k % (AX.K))]., €).
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Based on the antecedent of the second clause of theorem 8.Fjick v, and Vv, such
that vaR®V, and then we proceed by calculating terrfmon'p,(m&()\xxz),eo) va) and

(momiy (0bIf} [K] v (AX.K))] oob|g,[[K1 (Ax.K5)],€,) vi) and showing that either the two terms di-

verge or they both converge to answers related uRg&r
We split the proof into two cases, one per direction:

—From left to right, we pick the sub-case wheeg "~ v, and proceed by calculating
(monly (K1 (AX.K2), €) Va):

(monlp,(Klti> (AX.K2),€) Va) ~= monlp,({va/x}Kz, (Vo monlﬁ(Kl,va)))

By the definition of R, we know that since the two terrrnson'p,(Kl&()\x.Kz),eo) and
p,(oblp[[K&&(AX.K’Z)]]ooblp[[ < (A\xKb)],€,) are related undeR, we can infer that

e R*™ €. By applying the induction hypothesis on terssande),, we conclude that i€ —— Vo
thene), —— v, andvoR™V,.
Now, we can calculaténon' (oblg,[[Kl (AX. K’Z)]]ooblg,[[Kl (AX.K5)], &) Vy):

mon

(mon (ob1® Ky % (Ax.K4) 0 0bI?, [k} % <Ax 5)].) v)
— (Ax. mon'ry(obIB[[K’z]] 0 0bl [K5]], (Vo mon's; (bl [k ]ooblp [K1].%))) Va)
— mony ({V4 /x}(oblp [V ]]ooblp[ D,
(Vy mon (oblg [k 20b13 41, v,))
({\/a/x}oblp k3] o{\/a/x}oblp k2],
(Vo monly (oblp [k ]]ooblp [k ]] a)))
(oblp [[{\/a/x}Kz]] ooblP [[{\/a/X}K B
(Vo mon'>; (obl 5 K ]]ooblp [K1],va)))
The two syntactic equalities are derived by two simple lemmegarding substitution and the
obligation separation and compaosition functions. Bothrteas can be easily proved by structural

induction on contracts.
Now, the desired conclusion that ifion, ({Va/X}Kz2, (Vo mon'p (K1,Va))) | a then also
monl (obI% [{Va/x}K5] o 0blfy [{Va/x}K5], (Vo monﬂ(oblﬁ;[[ 1 oobl 5K Va))
returns answea§ anda, R®a,, and similarly for divergence, foIIows from another use lof t
induction hypothesis.
— The right to left direction follows an analogous argumant.

mon
o

— mon
o

The idea of separating contracts into obligations for saread clients is implicit in Meyer’s
writing and is adapted to a higher-order setting by Blume lslicé\llester [2006] and Findler and
Blume [2006]. The latter treat obligations as error praget and attempts to compose them are
defined in terms of function composition. This approach dusswork for dependent contracts,
however. More specifically Findler et al. [2004] show thabeledent contracts and their obligations
are not error projections.

Function composition of our obllgatlons also does not glve éxpected outcome In more
deta|l we can demonstrate thabn' (K, €) 2 mon' (obl®[[K]|,mon' (obI°[[K]],€)) and mon'(k,e) %

mon' (obl°[[K],mon' (obI*[[k],e)). Consider the following composition whekg = (f1at(PZ?) —
flat(PZ?)) (M f.£lat(Ax.(f 0) < 0)):
SerM K CliM

AM(f2) ko ([JT(yy-1))
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In this case,obl®[ko] = (flat(PZ?) — Any):: (A f.flat(Ax.(f 0) < 0)) and obl[ko] =

(Any — flat(PZ?))+% (Af.Any). Calculating (mon'(ko, (Af.(f 2))) (\y.y — 1)) returns the
value 1 while (mon'(obl®[[Ko],mon'(obl®[Ko], (A f.(f 2)))) (Ay.y — 1)) raises 'error, and
(mon' (obl®[[Ko]],mon' (obl*[Ko]l, A f.(f 2)))) (A\y.y— 1)) raises'error..

In contrast, ouapproachto treat separation and composition of obligationswastacticoper-
ations on contracts handles all kinds of contracts, as itipo 4.3 shows. We therefore choose
this syntactic approach over the semantic one of Findlek §@04] and Blume and McAllester
[20086].

Before we end the section, let us prove two useful lemmastatidigations. First, the client-side
and server-side obligations of a contract have fewer effgxintract errors or divergence) than the
complete contract when used to monitor a component.

LEMMA 4.4. mon'(K,€) <mon' (obIP[K],€)
PROOF SKETCH. Here is a relation that brings together the critical eletsien
KRk’  eRYX¢ KRk eR%¢
mon' (K, €) Rmon' (oblIP[K']],€) monlp,(K, e) Rmonlp,(oblg, K], €)

The rest of the proof is a standard application from theegain subsection 3.3.

Second, using only a client-side or server-side contrgaidoe of the full contract imposes fewer
restrictions. Technically, imposing just the server-sifiigations means client-side errors cannot
show up and vice versa.

LEMMA 4.5. For all program contexts C, @on' (oblP[K]}, V)] I{'errorp.

PROOF SKETCH. Recall that programs have unique labels on all contraalsearors. The proof
uses a Curry-Feys subject reduction strategy to provéélnabrg doesn’t show up as a redex. The
core of the subject iS:

|errorp €S
mon' (oblP[].€) €S if ke € Si¥
monp(obIP[k].€) €S if k,e € S
monlﬁ(oblp[[K]],e) €Sifk,ee S?}X
if ((Ax.tt)V) thenVelse'errory € Sifve Sﬂx
if tt thenVelse'errory € Sifve S/:fx
for p, | from theorem’s statement

The subject itself is the “mostly compatible” closureﬁpﬁubbecsﬂx, which we define a€[€e] €
87}" if e e Sandl does not occur ii€. The subject reduction step shows that the standard reducti
relation preserves membershipsﬁx.l

5. TIGHT CONTRACT SATISFACTION

Recent research efforts have focused on the verificatioaraponents independent of their deploy-
ment context [Flanagan et al. 2002; Barnett et al. 2004]cipally their efforts aim to prove that
a component lives up to its behavioral software contraate Way to formulate this notion of con-
tract satisfaction is to say that connecting the verifielesetomponent wittany client component
never triggers a contract error that blames the server. BREF notationy satisfiex if and only
if for all contextsC, Clmon' (k,Vv)] does not evaluate terrors.

Exactly along these lines, we propose a definition of cohsatisfaction that uses only CPCF’s
notion of observational equivalence. Specifically, we $&t & server componewsatisfies a con-
tractk if the server’s part of the contracibl®[]], is never observable for any client. Conversely,
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a client component satisfies a contract if the client's part of the contractbl®[k]], is never
observable for any server.

Definition 5.1 (Tight Contract Satisfaction)

— v, K if mon' (K, V) =~ mon' (obl°[[K],V)
—CF, K if Cmon! (K, X)] ~ C[mon' (obl*[[K],X)]

In a world of first-order functions, a world where functiorpgs look likeo — ... — 0o, a pro-
grammer can ensure tight contract satisfaction with a @rfpexpression. Assume we are given

K*=flat(e;) — flat(es): con(o— 0)
Then for a functiorv: 0 — o, the following alternative*
(Ax.let y=(VX) in if (esy) thenyelse'error;)

tightly guarantees the contrakt, as a straightforward calculation shows. First observethés
equivalent to

(Ax.(\y:mony (£1at(es),y)) (VX))
which is indistinguishable from
(Ax.mon, (f1at(es), (VX))

For the rest of the development of our argument we use theg tattm when we refer to the definition
of v*.

Second, we can show for CPCF that>-C~. This allows us to consider terms produced by
reduction steps as observationally equivalent.

Third, it is easy to prove, now, that

monj(flat(AX.tt),€)~e  [ttinro]
and
monlp(flat()\x.ec),e):monlp(f1at()\X.ec)7monlp(flat()\x.ec),e)) [flatelim]
Fourth, we know that
((A.F[x]) e) ~Fl¢ [Ba] [Sabry and Felleisen 1993]
Finally, the above imply* =, k* as follows:

mon' (K*,Vv*)
~ mon!, (k*,v*) [red. rulemor
~ (Axmon! (flat(es), (V* mon <(flat(eg), )))) [red. rulehq]
~ (Axmon! (flat(es),mon! (f1lat(es),(Vmon! (flat(e),x))))) [v* def.,Bq]
~ (AX. monls(flat(es),(Vmon (flat(eg),X))) [flatelim]
~ (Axmon! (flat(Ax.tt), mon| | (f1at(es), (vmon! (flat(ec),X))))) [ttintro]
~ ()\Xmons(flat()\x tt),mon! (flat(es), (vmon! (flat(e;),x))))) [v* def.,Bq]
~ mon' (flat(AX.tt) — flat(e5)7v*) [red. rulehd]
~ mon' (obl°[[K*]],v*) [K*, obl* def]

The simplicity ofv* may explain why contract satisfaction is easily dismissettigial even though
the higher-order version is surprisingly complex and dagsatiow such trivial protection.

For a higher-order world, tight contract satisfaction potes a stringent and basically pes-
simistic view. In a sense, it forces component creators ferdkagainst all possible—malicious
and unintentional—problems in the clients with which thmmponents might collaborate. While
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section 3 already spells out an example that illustrateséherity of this notion of contract satis-
faction, let us explore another example as a reminder. @en#iese pieces:

C' = letg=|[]inlet f=(Axx—1)in (g f)
vl = (A f.(f2)—1)
k' = (f1at(PZ?) — flat(PZ?)) — flat(PZ?)
wherePZ? checks whether a number is greater or equal to 0.
Connecting the two components via the contract produceaia @PCF program:
let g=mon' ((flat(PZ?) — flat(PZ?)) — flat(PZ?),(Af.(f 2) 1))
inlet f=(Axx—1)in(g f)

According to the semantics of CPCF, this program evaluaid, ti.e., the contract monitoring
process does not observe any contract violation. It isggitiorward to see, however, thd”ti;fT KT,
To prove this point, we exhibit the context

Cl=1letg=[]inlet f=(Ax.0)in (g f)

as a witness for distinguishing the behaviomef' (kT,v") andmon' (obl°[[k]},v"). Specifically, the
program

Clmon' (kT V")
reduces tderror, , while
Cl[mon' (oblI°[[k],v")]
produces-1 becausebl°[k] is
(flat((Ax.tt)) — flat(PZ?)) — flat((AX.tt))

and checks only that the client sends numbers greater oteqito the server while the latter may
send any value to the former.

In short, tight contract satisfaction expects componemigrovide universal guarantees about
their behavior. This idea shows up in both the work of Blume EitAllester [2006] as well as Xu
et al. [2009]. We can also characterize tight contract feation via two theorems that are similar
to the result of their piece of research.

THEOREM 5.2. If v, K then there exists C such that
Clmon' (K, V)] 2 C[mon' (obl®[[k],v)] and for all V, Clmon' (k,V)] Jf V.

PrROOF First, by definition of tight contract satisfaction we kntivat there is at least one whole
program context such thaClmon' (k, V)] % Clmon' (obl°[[K]],v)]. Second, we proceed with proof by
contradiction. By lemma 4.4, we show thaGifnon' (k, V)] |} V, thenC[mon' (obl®[K]},v)] |} V". Since
Cis awhole program’ andv”’ are values of base types and this- V’. Based on that we conclude
that for allV/, Clmon' (k,V)] Y/ V. 1

THEOREM 5.3. If v, K, then Gmon' (k,V)] |/ 'error; for all contexts C.

PrROOFE By definition of tight contract satisfaction and lemma 4.5.

Blume and McAllester [2006, p. 3] start their investigatiohcontract satisfaction from the
implied notion of the Findler-Felleisen contracts. Moregifically, they define that a server satisfies
its contract if the composition with any client never triggea contract error that blames the server,
just like we did at the opening paragraph of this section.yTdiee an alternative definition of this
notion of contract satisfaction based on set theory andepifoe equivalence of the two definitions
via soundness and completeness theorems. Taken togeghtretbrems of this section establish
that tight contract satisfaction defines a relationship thanalogous to the one of Blume and
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McAllester [2006]. Any remaining differences are due to lgiter’s requirements that contracts do
not signal errors on their own while our contracts are uniast, allowing errors and divergence.

6. LOOSE CONTRACT SATISFACTION

Although tight contract satisfaction establishes uniabgsiarantees, many component programmers
will happily accept the less ambitious standard of corretiaboration between apecificserver
component and som&pecificclient components. Put differently, it often suffices tcklia client
with a server via some contract and to merely monitor theeslthat flow across the boundary
whenever the program is run.

Following de Alfaro and Henzinger [2001], we refer to thigpamach as “optimistic” and charac-
terize it in the following definition with a ternary relatidretween a server, a client, and a contract.

Definition 6.1 (Loose Contract Satisfaction)

—C,vE K iff Clmon' (, V)] ~ Clmon' (obl®[[K], V)]
—C,vES Kk iff Clmon' (, V)] ~ Clmon' (obl®[[K], V)]

Note thatC represents only the clierptthe entire program context.

One way to ascertain loose contract satisfaction is to ntakeltent context so large that the rest
of the program cannot possibly interfere with or observeflihe of values between the server and
the client. A different—and practical—way is to bake enogbkcks into the client and the server
so that the rest of the program cannot observe problems hétlcantracts between the two. That
is, the creators of the client module and the server “com$io that the combination of the two
appears to be a single coherent component. In practice itidsof reasoning motivates nested or
hierarchical component systems.

The next two theorems confirm that this definition coincidéth whe implied Findler-Felleisen
notion of contract satisfaction. First, if a component casipon that forms a whole program does
not loosely satisfy its contract, it either diverges oreaian error.

THEOREM 6.2. Let I Clmon'(k,V)] : 0. If C V7 K, Clmon' (k, V)] 1} or Clmon' (K, V)] |} error.

IfC,vZ K, then Gmon' (K, V)] 4t or C[mon' (k, V)] |} error. (The label and subscript on the resulting
error are not necessarily related to the components.)

PrROOFE By definition of loose contract satisfaction and lemma#.4.
Second, if a component composition loosely satisfies itdraoty an execution never blames
either of the two parties.

THEOREM 6.3. If C,vES K, then for all contexts € C'[Clmon' (k,V)]]  'error,. Similarly, if
C,vE¢ K, then for all contexts GC'[Clmon' (k,V)]] § 'error..

PrROOFE By definition of loose contract satisfaction and lemma#.5.

The introduction of a second notion of contract satisfactmises the natural question whether
one implies the other. Given the names “tight” and “looses,skiould expect that the former implies
the later but not necessarily the inverse. The followingtkeen formalizes this expectation.

THEOREM 6.4. Tight contract satisfaction implies loose contract satisfon for all possible
contexts, but the converse doesn't hold:

— Vi, Kimplies GV k for all C; C =, k implies Cv ¥ k for all v.
— There existg, v, and C such that (' k does notimply ¥ k and such that Qv ¢ k does not
imply CE; K.
PROOFE The first statement follows from the definitions of contettequivalence, tight contract
satisfaction, and loose contract satisfaction.
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For the second statement, consider the exa@fleon' (kT,v")] of section 5. In this example the
server and the client satisfy their contract under loosdraohsatisfaction but they don't satisfy it
under tight contract satisfaction.

7. SHY CONTRACT SATISFACTION

A higher-order function consumes objects with infinite beba In practice, a higher-order function
may consume streams or a method may consume objects in $eeafan object-oriented language.
In CPCF, only functions have infinite behavior, so highetesrfunctions are function-consuming
functions.

As Chitil et al. [2003] observe, assertions for a highereorfilinctionG may explore a larger
portion of the argument thanG does. The last concrete example in section 3.2 demonsthages
observation, repeated here for convenience:

SerM K CliM
(As.(fst 9)) K1 (TTi.=1))

wherek; = (Any— Any) S As.f1at((PZ? (£st 8))A(PZ? (fst (rst 8))))
andfst isAs.(s0) andrst isAsAi.(s(i+1))

In turn, Chitil et al. [2003] argue that the run-time systeandlazylanguage should ignore overly
eager assertions. More concretely, the very moment antassevaluates more of an argument than
the function itself, assertion checking is abandoned aa@dsisertion is considered satisfied. We call
this notion “shy” contract satisfaction and apply it to the\mlue language CPCF.

In this section, we explore the relationship of shy checkantight and loose contract satisfaction.
At least at first glance, a shy notion of contract satisfactioeven looser than loose contract satis-
faction but a moment's reflection shows that this conclusaoverly simplistic. To start with, the
preceding sections should clarify that we can add shyndssttdight and loose contract checking.
Furthermore, we can apply the idea to individual contraetckls for each evaluation of a server
or, following Chitil et al. [2003], we can check all the adsamsat the end of the program execu-
tion when it is absolutely clear which part of every higher-oraigrument is explored. Yet another
alternative would be to consider overly eager contractsrasse

Here we choose to focus on the combination of shy checkiny lviise and tight contract satis-
faction on a per contract basis to demonstrate the flexilwfibur idea, though, it could also be used
to investigate the alternatives. We start from the obsemadhat a terminating function application
(f v) explores only a finite part of its argument, i.e., a finite ealtithat is “below” the given value
v such that(f v*) is still observationally equivalent tcf v) with respect to the given program. The
goal is to change the contract satisfaction criteria so ttey notice when a contract explores
beyond the extent of. Inspired by Chitil et al. [2003], we create value€sthat raise exceptions
when the contract over-explores the argument, and we tu@ptons into approval.

The formal development of our idea requires two steps. Thedirbsection introduces an exten-
sion of CPCF with exceptions and exception handling, dulitR@F. This language is only useful
in describing the mechanisms of shy contract satisfactaneptions and exception handlers are
not added to the surface syntax. The second subsectionhesagmantic framework of the first
subsection to define two additional notions of contact feation on CPCF: shy tight and shy loose
contract satisfaction. The last two subsections deal wighirplications of the new notions.

7.1. CPCF with Exceptions and Exception Handlers
The set of terms and answers of CP@Fe extensions of the corresponding sets of CPCF.

Terms e = ... | exn | catch(e)
Answers a = ... | exn
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Like errors,exn has all possible types. Exception handlers, though, wolkfon boolean-typed
sub-terms:
I e: bool
Ik catch(e) : bool
As for the semantics of CPCFwe formulate it via—y, an extension of the reduction seman-

tics for CPCF. In the context of a reduction semantics, etiapp erase portions of the evaluation
context:

Ev. Ctxt. F = ... | catch(F)
Exn. Ctxt. E ::= all of F except forcatch(F)

Thatis, the set of evaluation contexts from CPCF is extemd#ta catch(- - - ) construction so that
evaluation may happen in the sub-term of an exception harieteeption contexts, however, are
all evaluation contextaithoutthe catch(---) construction and it is those contexts that exceptions
erase:

F[E[exn]] —yx F[exn]

Flcatch(v)] +——x F[V|

Flcatch(exn)] ——x F[tt]

The exception handler doesn’t react when its body reducagtioolean) value; otherwise its body
reduces to an exception, and it is turned intccavalue.

Also, we modify the reduction relation for monitoring flatrdeacts so that it can exploit excep-
tions handlers:

F [monlp(flat(e),v)] +—x F[let Xx=catch((e V) in if X thenVelse errorp] [lax

That is, flat contract checking now runs predicates withim élxtent of an exception handler. If
checking the value for a property raises an exception, th&@ct check is abandoned and consid-
ered successful.

CPCF, like CPCEF, is an eager language and we only use it as a tamgudge for CPCF. None
of its extra constructs are available or visible to the paogmer.

Note that since CPCF terms do not contain or raisg, CPCF does not change the behavior of
CPCF programs. More concretely, Bt the compatible closure of a relati@on CPCF terms
restricted to CPCF contexts. Consider the following refateScatch(€’) wheree $5-¢€, which
brings together CPCF terms that are identical modulo thexfign ofcatch frames. It is easy to
prove the following theorem.

THEOREM 7.1. Let e in CPCF. If g} a then ely & and a $'¥-ra'.

PROOF SKETCH.The proof proceeds with a standard simulation argumeng&lX as the simu-
lation relations

From the above theorem and theorems 6.2 and 6.3, we can alslude that, despite the extra
infrastructure, CPCHmplements loose contract checking.

Finally, the additions to CPCF affect the notion of obsdpradl equivalence. We introduce a new
definition of observational equivalence for CFCF

Definition 7.2 (Observational Equivalence in CPEEz,) Two terms,e; andey, are observa-
tionally equivalent in CPCE writtene; ~ e, if for all contextsC,

—Cleq] Ix'errory if and only if Cley] Il 'errorp, and
—Cle1] {x exn if and only ifC[ey] |x exn, and
— otherwise: if both programs diverge or both converge.

Similar modifications are also required for the definitiortte value approximation.

Definition 7.3. (Value Approximation in CPCHK =y). A termey is bellow a terme;, in the term
value-termination preorder in CPERvrittene; <y &, if for all program contextg,
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—if Cle1] {x exn thenC[ey] |x exn, and
—if Cleq] Yx vthenCley] |x V.

The proof method of subsection 3.3 cannot be adapted to ERCPBlace of the shortcut, we
must manually build a bi-simulation. We demonstrate howdapd the proof of proposition 3.8 of
CPCF in this manner. Proofs of the all theorems about CPCledifted to CPCFin an analogous
manner.

PROPOSITION 7.4. For k and e in CPCFE, mon' (k,e) <xe

PROOF SKETCH. The proposition can be proved by applying the following teanto the pair of
terms of theC[mon' (k,e)] andC[€]. 1

LEMMA 7.5. Let R a binary relation of pairs of terms of the formon'(k,e,)R€, and
mon'p(K,a,) Ré€, if e, R*™ &, where R™ is the compatible closure of R. If 8¢, if e ||x exn, then
€ | exn, and if el}x v; then é | v/ and v R°™XV/.

PROOF SKETCH. We proceed by induction using the following hypothesis:

IH (k): for all i <k, if e X and if e ——y exn thene’ —— exn and ife ——y v; then
€ "y V. andv, RV,

The most interesting case is wher- F[monlp(K,Vr)] and€ = F'[v/]. By the reduction relation
we know that

F[monlp(flat(ec),vr)]
+—x F[if catch((e; ) then vy else 'errory)

The result of this term depends on the evaluatiofegf ). There are five case&: vi) 1, (€ Vr) Ix
error, (e Vr) Ux £, (e W) Ix tt and(e; V) |x exn. The first three are not possible cases since by
assumptiore ||x exn or e |} v. For the last two cases, by the reduction rulesifbandcatch, we
conclude that

F[if catch((e; Vr)) then Vr else'errorp] sy F[v]

Sincee R*¢, we conclude thaF [v/] R*™F’[v/]. The desired result is obtained by applying the
induction hypothesis.
The compilation of CPCF terms to CPTE trivial; programs are simply taken as-is.

7.2. Shy Contract Satisfaction: The Definition

The introduction of CPCfenables us to define a notion of shy contract satisfactioaciSgally,
the machinery allows us to describe the “finite” value thdtkis v, in a terminating application
(vt va) but raises exceptions if it is explored beyond the porticat W explores. First, we order
values according to the exceptions that they can raisdtilrgly a valuev; exception approximates
valuev, if v1 behaves liker; in any context except that in some case it cavsago be raised while
Vo does not.

Definition 7.6. (Exception Approximation) A CPCRvaluev; of typet exception approximates
v, of the same type-w <qy, Vo—iff:

—for T a base typey; ~x vo;
— for a function typer — T/, for all v,, Vi, such that, <X v,
—if (v1 Va) {x exn then(va V) |xa or (v2 V) {x, and
—if (v Va) |x awherea # exn then(v, V,) |x @ anda<%* &, and

—if (v1 Va) fix then(va V) fix o

where<% is the compatible closure 6f.,..

—exn
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Second, we use the exception approximation to describedt®p of an argument that is ex-
plored during a terminating function application.

Definition 7.7. (Weakened Argument) For functisn and argument,, theweakened argument
W(vt,Val, is @ minimal element idVv*|V* <¢yn Va and(vs Va) ~ (vi V¥)}, i.e., there is nav in the
set such thatv <., W[vs,Va] andw 2y W{vs,Vy].

The weakened argument is required to be minimal in order iy the minimum necessary infor-
mation that is needed so that the corresponding applicétioat affected by the weakening. This
implies that the weakened argument captures only the p#reairiginal argument that the function
explored.

In general, finding the weakened argument is not comput#bdecomes computable in some
cases, like for functions that return flat values. Furthe@emeven in these cases, the weakened
argument cannot be expressed in CPCGklditional features like reflection or support baked into
the runtime system is required to calculate it. For examateexecution environment could keep
track of arguments and results with a hash table and feeditethble approximation to the contract
instead of the actual argument. Since the definition of thede@eed argument does not interfere with
the semantics of CPCRnd the question of computability is irrelevant for a speatiion of contract
satisfaction, we ignore it here.

Note: As mentioned before, Chitil et al. [2003] do not just weakie® argument with respect to
a function application but with respect to the evaluationtest of the application. Thus, if

Fl(vi va)] —x F[V]
the weakened argument would be
WIAX.F[(vi X)]), val

according to our notation.

Their design choice makes the weakened argument alwaysutabie since they restrict them-
selves to functions that return base values. However, irgdneral case, they consider a bigger
context than we do. Thus the weakened argument they produttaias much more information
than our weakened argumennt.

Now we are ready to develop a shy notion of contract satisfaciThe key is to replace

all arguments to a monitored function with a weakened argument. kK = Kl|i>()\x.K2) then

mon' (K, v¢) is equivalent toq Ax.mon, (k2, (v¢ mon! (k1,x)))), assuming is not free invs. We then

use (Ax.mon!, ({W]v¢,mon! (k1,X)]/X}K2, (V¢ mon! (K1,X)))) to weaken the argument visible to the
post-condition contraat,. Doing so guarantees that gets to see everything it needs from the
argument and that, cannot inspect anything else. Since this form of weakersraythogonal to
contract satisfaction, we apply it to both notions of coctteatisfaction.

Definition 7.8. (Shy-Tight Contract Satisfaction) LetC andk be in CPCF. Lev be a function
of typet; — 12 and letk = Kp % (AX.K2) be its contract.

— Vg Kifand only if

monls({W[V,mon'c(Kl,X)]/X}Kz, (Vmon'c(Kl,X)))

mon}, ({W[v, mong (obl k1], X)] /X}obI5 [K2], (vmon}, (obl¢ 1], X))
—C kg, kifand only if

C[(Ax.mon!, ({W]z mon!. (k1,X)]/X}K2, (zmon!. (k1,X))))]

i

C/(Ax. mon, ({Wz.monl (oblZK1] . X)]/y}obl2 2], )]
(zmon! (oblZ k1] )
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Definition 7.9. (Shy-Loose Contract Satisfaction) hetC andk be in CPCF. Lev be a function

of typet; — 12 and letk = Kprs (AX.K2) be its contract.

—C,vig kifandonly if

C[(Ax.mon!, ({W[v,mon
C[(Ax.mon!, ({W[v,mon

—C,vig kifand only if

(k1,%)] /x}Kz, (Vmon, (K1,X))))] =x
(oblg[ka], X)]/x}obI¢[[kz]], (vmon (obl¢[[K],X))))]

o—a—

C[(Ax.mon
C[(Ax.mon

({W|v,mon|
({W|v,mon|

(K1,X)]/x} Kz, (vmon (K1, X))))] =x
(obIg[[a]l,x)]/x}obl[[Kz]], (v monk (oblZ[[K4], X))))]

7.3. Shy Contract Satisfaction: The Implications

While loose contract satisfaction is already permissig;leose contract satisfaction captures a yet
more permissive contract interpretation than Findler aglibisen’s method of “execute and check.”
The two following components and their contract demonstaatase where this is true:

0w —n —
o —ao—

C® = letg=[]inlet f = (\x.if X=1thenlelse —1)in (g f)
Vv = (Af.(f D)

kK8 = ki (A fkp)

wherek; = flat(PZ?) — flat(PZ?) andky = flat(Ax.(f —3) > 0)

On the one hand® andCS satisfy k® under shy-loose contract satisfaction. For the three given
applicationggmon! (k1,V8)), (gmon! (obl¢[[K1]],V8)), and(gmon. (obl*[K1],V8)), the weakened ar-
gumentis

w8 = (A\x.if X=1then 1else exn).

because? is only explored at 1. No matter which part of the contractésitnalized—server or
client—the flat contract checking succeeds due to the exreptaised byv® and the composition
itself runs to successful completion. As a result, the cositfom satisfies the contract according
to shy-loose contract satisfaction. Also, note that theesein the above composition satisfies its
contract according even to shy-tight contract satisfactio

On the other hand, if the component composi@Sfmon' (k8,v8)] is run, the execution ends with
lerror,. Hence, the above composition is a counter-example forrtagues of theorems 5.3 and
6.3 for shy-tight contract satisfaction and shy-loose @unttsatisfaction respectively.

In addition, as stated before, CPCinplements loose contract checking. Because of that the
server of the above composition fails to satisfy the rangereatk, of g according to loose contract
satisfaction.

A second implication of our examples is that shy-loose @mttsatisfaction does not imply loose
contract satisfaction and shy-tight contract satisfactioes not imply tight contract satisfaction.

It is possible, though, to re-establish the analogues ajrdras 5.2 and 6.2 for shy contract
satisfaction. First, if the composition of a server with afignt through a contract always reduces
to a value then the server satisfies the contract accordisigytdight contract satisfaction.

THEOREM 7.10. Letv,k1+% (Ax.Kz) and C be in CPCF. If ¥, K1+% (Ax.K2), then there exists
C such that

C[()\X.monls({W[v, mon'c(Kl,X)]/X}Kz, (VmonL(Kl,X))))] Py
C[(Axmon}, ({W[v,mon{ (oblE [K1],X)] /x}obl¢ [Ka]l, (v mon{ (oblIE k1], X))))]

and Cmon' (k1 +S (Ax.K2),V)] ¥x V .

PROOF SKETCH. We proceed with a proof by contradiction. The proof is based tedious but
uninteresting simulation between a CPGérme and a CPC¥Fterm¢€ that differs frome in that
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some valuew in contracts have been replaced with valwesuch that/' <., v. We express that
using a binary relatio:
mon' (K,€) S mon'(k',¢€)
; t t
if KTSpepK' ande Fi-€
monlp(K,e) S monl(K',€)
; t t
if KTERopK ande Fi €
let X=catch((eV)) in if xthenVelse'errorp, S
let X=catch((¢ V)) in if X thenVelse'errorp
if e YSBr€ andv XV
VTV
if \/jexnv
let X=catch((eV)) in if X thenVelse'errors Y
let X=catch((€ V)) inif XthenVelse'errors
if e TSR andv TSRSV
V'Y exn
VY V
if V<exaV

The simulation itself is the closure &over CPCF contexts, dubb&f5--. We prove, first, that
if eE¥-r€ ande |x Vo thene |x v, andvo ¥ -rVi,. Second, we show with a simple subject re-
duction that for all CPCF termsg, e Jx exn. Third, by the properties oKy, we conclude that if

Clmon' (k1% (AX.K2),V)] Ix Vo thenC[mon' (obl®[[k1 % (Ax.K2)],V)] {ix V. A consequence of this is
that if

Co[(Ax.monl, ({W[v,mon (K1, X)] /X}K2, (VmonL, (K1,X))))] Ix Vy
then

Co[(Axmon, ({W[Vv,mong (obl¢[K1],X)] /X}oblg [K2], (v monl, (oblE [Ka],X))))] Ix Vo
Fourth, based on the first step we prove the following:
if Clmon' (k1+% (Ax.K2),V)] ix Vo then

C[(Ax.mon!, ({W]v,mon. (k1,X)] /X}K2, (vmonl. (K1,X))))] 4x V,

C

and ifClmon' (obI°[k1 % (AX.K2)]|,V)] Ix V/ then
Cl(Axmong ({W/[v,mong (obl¢[[Ka]}, )] /x}obl [K]), (Vmony (oblg [Ka], X))))] Ix Vg

Fifth by the definition of shy-tight contract satisfactiome know that there is at least

a whole program contex€, S.t. Co[(Ax.mon! ({W[v,mon! (k1,X)]/y}K2, (Vmon! (K1,X))))] 2«

Col(Mxmony ({W/[v,mont (oblg [Ka]l,X)]/x}oblIS [K2]l, (vmong (bl [Ka],X))))].
Sixth, for the program contefi, we assume than[mon' (Kl»i> (AX.K2),V)] Ix Vo.
Seventh, based on our assumption and by the second, thifdantld step we prove that

if Co[mon! (K1+% (AX.K2),V)] {Ix Vo then
Co[(Ax.mon!, ({W][v,mon!, (K1, X)] /X}Kz, (Vmon!, (K1,X))))] {x Vi
and
Co[(Axmon, ({W[v,mon (obIZ[[K1]], X)] /X}obl¢ [K2]], (vmon, (obIE[K1],X))))] {x Vo

SinceC, is a whole programy, andvj, are value of base types and thgs= vi;. But this conclusion
contradicts the fact drawn by the theorem statement aneldsiatthe fifth step of our proof. Thus,

we conclude that our assumption was invalid and becaus@tEgnon' (k1% (AX.K2),V)] Jx V .1

ACM Transactions on Programming Languages and SystemsyMib. N, Article A, Publication date: January YYYY.



A:24 C. Dimoulas and M. Felleisen

THEOREM 7.11. Let v, C andk be in CPCF. Lett Clmon'(k,v)] : 0. If C,v I K,
then Qmon' (K, V)] fx or Clmon'(k,V)] x error. Similarly, if C,v 7e, K, then mon' (K, V) fix or

Clmon' (k, V)] {|x error. (The label and subscript on the resulting error are not reseeily related
to the components.)

PROOF SKETCH. We proceed with a proof by contradiction and we re-use timeilsition S from

the proof of theorem 7.10. The first four steps are identiwahé first four steps of theorem 7.10.

For the fifth step, we assume th@jmon' (k, V)] {/x Vo. Sixth, based on our assumption and by the

second, third and fourth step we prove thatlfifion' (k, V)] |x Vo thenC,v 5, K. But this contradicts

the theorem’s statement that assul@est7 k. Similarly for the second part of the theorem.
Finally, the tight notion of shy contract satisfaction ineslthe loose one.

THEOREM 7.12. Let v, C andk be in CPCF. Shy tight contract checking implies shy-loose
contract checking but not vice versa.

— VEg; Kimplies Cv S « for all contexts C; C=; k implies Gv =S K for all values v.
— There existg, v, and C such that Qg K butvEg K does not hold and neither does=GC; k.

PROOF SKETCH. The first part follows from the definitions of contextual @@lence and tight and
loose shy contract satisfaction.

For the second part, consider the example of section 5. Wehesereakened argument’ =
(AX.if x = 2then 1lelseexn). In this example the server and the client satisfy their i@t
in terms of shy-loose contract satisfaction but there anerotlients and servers that can trigger
violations of the contract. For instance consider the casitjpm of the server™ with the client
Cl=1etg=[]in1let f =(Ax.0) in (g f). Thus the composition does not satisfy the contract ac-
cording to shy-tight contract satisfactian.

7.4. The Landscape

The sheer existence of four notions of contract satisfadtiothe same language raises the question
of how they relate to each other. We know from sections 6 anth? tight contract satisfaction
implies loose contract satisfaction in pure CPCF and thgdttigfint satisfaction implies shy-loose
satisfaction. In this subsection, we shed some light onghwining relationships.

We can show that the relationship between shy-loose sdisfiaand loose satisfaction is not
straightforward. For some examples—e.g., the one in se&iethe two notions coincide. Also
shy-loose contract satisfaction doesn’t imply loose &att®on as we demonstrate in section 7.3.
Unfortunately, the expected converse doesn't hold eifffee. problem is that contracts may have
computational effects of their own: they may signal errtrey may raise exceptions, and they may
diverge. Here is an example that uses effects to show howe lomstract satisfaction does not imply
shy-loose contract satisfaction:

Ct = letg=|[]inlet f=(AxX)in (g f)
Vi = (Af.(f 1))
k¥ = (£1at(PZ?) — £lat((A.Qpoo)))) *> (Af.£1at (AX.((f 3) + Qnum) = 0)))

While both the client and the server loosely satisfy the i@att only the client satisfies it in the
sense of shy-loose satisfaction; the server, howeves, fall

As for loose contract satisfaction, we argue that the relegampositions are observationally
equivalent because they always diverge. The complete pnodiverges when the contract monitor
tries to check the postcondition on the argumeng.oA divergent computation is also triggered
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when the client’s or server’s portions of the contract asablied:

obl°[k*] = (flat((Ax.tt)) — £lat((AX.Qbool))) 4, (A f.flat((Axtt)))
obl*[k¥] = (flat(PZ?) — flat((Ax.tt))) g, (Af.£1lat((AX.((f 3)+ Qnum) > 0)))

As for shy-loose contract satisfaction, the weakened eterioe the application(g f) is w# =
(AX.if x = 1then 1else exn). Under this setting, botiC*[mon' (k¥,w¥)] and the client variant
C*mon' (obl°[[k¥],w*)] diverge, meaning the client satisfies the contract. In eshtithe server-
protected variantC*[mon' (obl®[[k*]],w*)], returns 1 because the postconditiongofver-eagerly

tries to inspectv* at 3. In short, even the empty context can differentiatewedompositions and
therefore the server fails to satisfy the contract in thelsloge sense.

8. OTHER RELATED WORK

Concurrency researchers have been investigating the usehalvioral pre-order for a long time
[Hennessy 1988]. Most recently, this idea has been appietttine satisfaction for contracts for
web services [Carpineti et al. 2006; Bravetti and Zavat207; Castagna et al. 2008; Castagna
and Padovani 2009].

Contracts for web services are abstract traces of proceBlseyg are extracted from the source
code of a process with the help of type annotations or a tyfezeénce algorithm. As such they
are constructed in isolation for each component and theyaaeanteed to meet the behavior of
the process. When two processes that broadcast their ctsnéir@ brought together, their contracts
are checked statically for compatibility using variousnfisrof test pre-ordering, which implies the
behavioral compatibility of the two processes.

In contrast, our software contracts are a possibly indepeinspecification of the interaction
of two components. It is not guaranteed that either comptomeets the contract. In this setting,
contract satisfaction has to do with deciding if each of #hhe tomponents meets its obligations
with respect to the shared contract. In case one of the coempeffails to satisfy its obligation, a
blame error is signaled.

The two views are dual. The first checks for compatibilitywbtcomponents with separate and
verified interfaces using the two interfaces. The secondicghfr conformance of each component
with a common agreed-upon interface that regulates thesictien of the two components.

9. CONCLUSION

This paper introduces a unified framework for understanteftavioral software contract satisfac-
tion. Instead of relying on a particular model or semantaenptational, operational), the frame-
work exploits observational equivalence, meaning thatelsalts hold for all possible functionally-
equivalent (adequate) semantics. Most importantly, amé&work teases out the primary notions of
contract satisfaction—tight and loose—and establishedationship between them. Additionally,
the framework provides an opportunity to explore a “shy” @@gh to contract checking and to
compare it with the basic notions.

Concerning the different incarnations of the Findler-&isktn system, our framework classifies
the approaches to contract satisfaction as shown in figuB®lmns correspond to the instantia-
tion of our framework that each system uses. Rows corresjocthé primary purpose of the system.
Section 7 explains the placement of Chitil et al. [2003], ettis too low here. Hinze et al. [2006]
are placed close to the border-line between loose and sisglbecause their contract system for
Haskell adds a little bit of shyness to contract checkindois not check if the argument of a func-
tion guarded by a contract satisfies the precondition of treract unless the argument is “used”
by the function. The SAGE system [Knowles et al. 2006] corabidynamic contract checking with
extended static checking and thus it resides between tagittarct satisfaction and loose contract
satisfaction on the horizontal axis and between run-tinezkimg and static analysis on the vertical
axis. Degen et al. [2010] develop an eager contract systeamfeager language and an eager and a
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satisfaction
monitoring tight loose shy-loose shy-tight
static analysis [1] b1
=1
run-time checking [31.[5] [41,[5] [51,[6]

1:[Xuetal. 2009], 2: [Knowles et al. 2006], 3: [Findler andllgisen 2002]
4: [Hinze et al. 2006], 5: [Degen et al. 2010], 6: [Chitil et 2003]

Fig. 1. Classification of Higher-Order Contract Systems

delayed contract checking system for a lazy language argittt®y appear three times in the table.
Their eager contract system for the lazy language is sintvlahat of Hinze et al. [2006]. Their
delayed contract checking system for the lazy languagesiscan the same notion of contract sat-
isfaction as Chitil et al. [2003], but its implementatiofifelis significantly. The classification points
out that certain places remain unexplored, which may bei@dpke with different approaches to
software engineering.

Concerning the software engineering of contracts, thdtsesuggest three different conclusions.
Loose contract satisfaction is a recursively enumeraldélpm for whole programs. As such the
Findler-Felleisen approach is a perfectly adequate basistfecking contacts. Logically the ap-
proach is iz}, making it somewhat simpler than tight contract satistagtivhich demands a for-all

quantifier and which is thus iﬁé. Of course, if a software tool or a software engineer can oonfi
that a higher-order function or a first-class object tigktyisfies some behavioral contract, the guar-
antees are universally useful for the working programmiealfy, our framework suggests that the
addition of shy contract checking to a language is a comphebertaking with a large design space;
the community needs additional evidence that investingisform of contracts is worthwhile.
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