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First-class classes enable programmers to abstract over patterns in the class hierarchy and to experiment
with new forms of object-oriented programming such as mixins and traits. This increase in expressive power
calls for tools to control the complexity of the software architecture. A contract system is one possible tool
that has seen much use in object-oriented programming languages, but existing contract systems cannot
cope with first-class classes. On the one hand, the typical contract language deals only with plain values
such as numbers, while classes are higher-order values. On the other hand, contract specifications are usually
contained within class definitions, while classes as values call for a separate contract language.

This paper presents the design and implementation of a contract system for first-class classes as well
as a two-pronged evaluation. The first one states and proves a “blame correctness” theorem for a model
of our language. The theorem shows that when the contract system assigns blame to a component for a
contract violation, the component is indeed responsible for providing the non-conforming value. The second
part, consisting of benchmarks and case studies, demonstrates the need for the rich contract language and
validates that our implementation approach is performant with respect to time.
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1. FIRST-CLASS CLASSES AND CONTRACTS

First-class classes enable the programmer to dynamically pick context-appropriate
base classes, to load new classes at run-time to implement a plug-in architecture, or
to describe generic extensions to class hierarchies. With first-class classes, program-
mers can experiment with new styles of program design. For example, mixins [Moon
1986; Bracha and Cook 1990] and traits [Scharli et al. 2003; Fisher and Reppy 2004]
turn into programmer-defined constructs. Many dynamically typed object-oriented lan-
guages, such as Python, Racket [Flatt and PLT 2010], Ruby [Flanagan and Matsumoto
2008], and Smalltalk [Goldberg and Robinson 1983], support classes as first-class val-
ues in some form. Research projects, such as MetaFdJig [Servetto and Zucca 2010],
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attempt to inject this same expressive power into languages like Java where classes
exist primarily as static entities.

Designs for mixins come in many flavors [Allen et al. 2003; Ancona et al. 2003; Dug-
gan and Techaubol 2001; Flatt et al. 1998; McDirmid et al. 2001]. In Racket, mixins
are simply functions from classes to classes. Traits are an alternative that address
software engineering weaknesses found in mixin-based systems. Instead of abstract-
ing over a superclass, traits bundle class features that the programmer combines in
various ways with both other traits and existing classes. Fortress [Allen et al. 2008]
comes with built-in traits, and languages with first-class classes can easily provide
them as syntactic sugar [Flatt et al. 2006].

Given the flexibility of first-class classes, we need tools to ensure that the expec-
tations between the various components of a program remain expressible and en-
forceable. Because first-class classes often appear in untyped languages, we have
chosen to explore run-time contracts. Most contract systems for object-oriented lan-
guages [Bartetzko et al. 2001; Carrillo-Castellén et al. 1996; Gomes et al. 1996; Karaor-
man et al. 1999; Kolling and Rosenberg 1997; Kramer 1998; Luckham and von Henke
1985; Lampson et al. 1977; Plosch 1997] follow the tradition pioneered by Bertrand
Meyer [Meyer 1992b]. Classes contain annotations that describe pre- and postcondi-
tions for methods as well as invariants on fields. Each annotation is a boolean expres-
sion that triggers a contract violation if it evaluates to false. The method preconditions
and class invariants are evaluated on method entry, and if the contract system detects
a contract violation, the caller is blamed. The method postconditions and class invari-
ants are run on method exit, and the contract system blames the method if a contract
violation occurs.

These existing contract systems can express only conditions that are checked im-
mediately, as shown in section 2. Put differently, these systems cannot directly ex-
press [Felleisen 1991] conditions about values with behavior, e.g., objects, classes, or
closures; instead such contracts require encodings and code duplication. In addition,
the contracts must be specified as part of the classes themselves. Two classes that
come with the same contract cannot refer to a separately-defined contract to make
the sharing explicit. Each class must reproduce the entire contract text as appropriate
annotations in its body.

In fact, because objects are also values with behavior and state, existing contract
systems cannot adequately protect objects, much less first-class classes. They provide
no direct way to describe the expected behavior of an object in terms of its behavior
instead of its class’s position in the class hierarchy. This is true even of contract sys-
tems for dynamic languages like Ruby or Python, where “duck typing,” or depending
on provided behavior instead of an object’s pedigree, is predominant. Adding first-class
classes to the mix only compounds the problem, because programmers need to specify
the behavior they expect from arbitrary superclasses and behaviors that they provide
as class extensions. The need for such specifications conflicts with the tight binding of
contracts to class forms.

In addition, Eiffel-like contract systems assume that subclasses are behavioral sub-
types [Liskov and Wing 1994] of their superclass. However, programmers often treat
classes simply as modules of reusable code. In doing so, classes that import or inherit
from a given class may exhibit different behavior than their superclasses. In languages
such as Ruby, this is taken to the extreme where classes are just modules that may also
be instantiated to create objects. Thus, the Eiffel-based assumption that subclasses
behave like their superclass may restrict the applicability of the contract system to
existing programs.

Our proposed contract system overcomes all these shortcomings. To do this, we take
inspiration from Findler and Felleisen [2002]. Their contracts for higher-order behav-
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ioral values introduce delayed checks. Instead of tightly coupling contracts and the
values they represent, separately-defined contracts are “wrapped” around values. The
programmer also specifies contract boundaries between program components, which
are the points where values are wrapped with contracts. In other words, the crossing
of values across contract boundaries determines what contracts are in effect. The fact
that classes are open, extensible values where extension may take place across these
contract boundaries raises interesting questions of which contract boundaries should
be in effect during dynamic dispatch.

In this paper,! we adapt the contract system of Findler and Felleisen to first-class
classes. We present a design together with a comprehensive evaluation. Via an op-
erational model, we prove that class contracts assign blame correctly if a contract is
violated [Dimoulas et al. 2011]. Via the annotation of a large code base, we examine
the utility of the proposed design. We benchmark the newly contracted code to deter-
mine whether the proposed implementation of class contracts is suitable for real-world
use. Since our implementation of class contracts requires changes to the existing class
system, we also provide benchmarks to evaluate the impact on the class system for
non-contracted code.

Section 2 contrasts the Eiffel contract system and the Findler and Felleisen contract
system as implemented in the Racket programming language [Flatt and PLT 2010].
Section 3 examines the Racket class system [Flatt et al. 2006] and presents a design
for contracts that protect first-class classes. Section 4 explains the design as a formal
model, section 5 extends the model with additional annotations needed to prove blame
correctness, and section 6 uses the extended model to prove that class contracts assign
blame accurately. Section 7 spells out our strategy for implementing contracts for first-
class classes. Section 8 describes the impact of our implementation on existing code as
well as an approach to adding contracts to an existing class-heavy code base to measure
the performance and utility of the new contracts. We discuss related work in section 9.

2. CONTRACTS

Behavioral software contracts provide a notation for describing the expected behavior
of components via obligations and promises. We start with a description of Eiffel’s
contracts [Meyer 1992b], with which Meyer first popularized the idea of design by
contract in the object-oriented world. We then switch to the Racket contract system
and elaborate on the attributes that shape our design of contracts for first-class classes:
contract boundaries, blame tracking, and contracts for higher-order values.

2.1. Contracts in Eiffel

Eiffel supports three kinds of class contracts: method preconditions, method postcondi-
tions, and class invariants. Method preconditions specify the conditions that must hold
when a method is called and are preceded by the require keyword. Method postcon-
ditions specify the conditions that must hold when a method returns and are preceded
by the ensure keyword. Class invariants describe conditions that must hold on every
method entry and exit and are written at the class top-level in a block that begins with
the keyword invariant. All contract features contain a sequence of boolean expres-
sions, each tagged with a label that is used when reporting contract violations.

Figure 1 sketches the class PRIME_STACK, which implements a stack of prime
numbers. It assumes a predicate is_prime on integers and a class LIST that imple-
ments a mutable list with is_empty, add and remove operations. Both add and re-
move operate on the same end of the list. The class contains a private field intlist, in

1This paper extends a preliminary version [Strickland and Felleisen 2010a] with a theoretical model, sound-
ness theorem, and a comprehensive evaluation.
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class PRIME STACK
create
make
feature
is_.empty : BOOLEAN is
do
Result := intlist.is_empty
end
push(new_item : INTEGER) is
require
item_is_prime: is_prime(new _item)
do
intlist.add(new _item)
end
pop : INTEGER is
require
stack_is_nonempty : not is_.empty
do
Result := intlist.remove
ensure
is_prime(Result)
end
feature {NONE}
make
do
create intlist
end
intlist : LIST [ INTEGER ]
invariant
intlist_not_void : intlist /= Void
end

Fig. 1. An Eiffel class for a stack of prime numbers

which the stack stores the items, and an invariant on intlist that requires it never
be the value Void, which is the equivalent of Java’s null. The constructor for the
PRIME STACK class, make, initializes the field to an newly created empty list. The
class provides three public operations: push, pop, and is_empty. The push operation
requires that its argument be a prime integer. The pop operation requires that intlist
is not empty and guarantees that the result is a prime number.

Figure 2 contains an extension to PRIME STACK that adds a stack transformation
function map. The map method takes a transformation function from prime numbers
to prime numbers, applies this function to each item in the internally stored list, stores
the results of these applications in a new list, and finally replaces the internal list with
the new one. To encode the requirement on the function argument, we create a new
abstract class PRIME_TRANSFORMER that contains an apply method. The argument
and result of any concrete implementation of the apply method are checked as being
prime numbers.

While this example demonstrates that it is in principle possible to encode Findler-
Felleisen-style higher-order contracts in Eiffel, doing so imposes a heavy burden on the
software engineer. First, it requires the creation of a new class for each higher-order
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class PRIME STACK
feature

map(f : PRIME_TRANSFORMER) is
local
new : LIST [ INTEGER ]
do
create newlist
from intlist.start until intlist.after loop
newlist.extend(fapply(intlist.item))

intlist.forth
end
intlist := newlist
end
end
deferred class PRIME TRANSFORMER
feature
apply(arg : INTEGER) is
require
arg_contains_prime : isPrime(arg)
deferred
ensure
res_is_prime : isPrime(Result)
end
end

Fig. 2. Extending PRIME _STACK to include stack transformation

check. This example needs a new class for the functional argument to map to ensure
that an integer-to-integer function maps primes to primes. Integer-to-integer functions
mapping positives numbers to positives would need another separate class, and so on
for each possible constraint on the domain or range of such functions. Second, because
of Eiffel’s nominal type system, the programmers of a large system would have to agree
on a central repository for all such classes to ensure the largest possible reuse. Finally,
the example also poses an Eiffel-specific problem. Ideally, such functions should take
advantage of Eiffel’s agent construct for creating functions and procedures from exist-
ing methods. Doing so is impossible, however, because we would not be able to impose
the desired constraints, which require a true subclass. With structural contracts a la
Findler and Felleisen, all of these issues disappear.

Another problem with Eiffel contracts concerns the checking of class invariants.
They are checked on both method entry and exit, which leads to problems due to
re-entrance [Szyperski 1997, p.66]. Any method that needs to temporarily break an
invariant must perform all the actions necessary to restore the invariant locally, call
the desired method, and undo its actions.

Recent object-oriented languages with contracts, such as Spec# [Barnett et al. 20041,
provide the programmer with a mechanism to state that during the execution of a
particular block of code, invariants may be broken. After the block is executed, the
invariants are checked to ensure that they have been properly re-established. Spec#’s
mechanism to relax contract checking is orthogonal from where contracts are placed.
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In contrast, Racket relaxes contract checking when values do not cross any contract
boundaries.

#lang racket ;; name: stack-impl

(define empty-stack null)

(define (empty? s) (null? s))

(define (push s i) (cons i s))

(define (pop s) (values (car s) (cdr s)))
(define (map-prime s f) (map f s))
(define (stack/c elem/c) (listof elem/c))

#lang racket ;; name: stack
(require stack-impl)

(provide/contract
[empty-stack (stack/c any/c)]
[empty? (— (stack/c any/e) boolean?)]
[push (— (stack/c any/c) any/c (stack/c any/c))]
[pop (— (and/c (stack/c any/e) (X (s) (not (empty? s))))
(values any/c (stack/c any/c)))]
[map-prime (— (stack/c any/c) (— any/c any/c) (stack/c any/c))])

#lang racket ;; name: prime-stack
(require stack-impl)
(define (prime? n)...)

(provide/contract
[empty-stack (stack/c prime?)]
[empty? (— (stack/c prime?) boolean?)]
[push (— (stack/c prime?) any/c (stack/c prime?))]
[pop (— (and/c (stack/c prime?) () (s) (not (empty? s))))
(values prime? (stack /c prime?)))]
[map-prime (— (stack/c prime?) (— prime? prime?) (stack/c prime?))])

Fig. 3. Racket modules for a stack implementation

2.2. Contracts in Racket

Figure 3 illustrates the use of Findler and Felleisen’s contracts in Racket. It contains
code that implements the above Eiffel class as a stateless, functional module, dubbed
stack-impl. Here, each operation also takes the stack on which to operate, and the
pop function must return both the popped value and the changed stack. The stack/c
contract combinator is also provided. This combinator takes a contract that describes
the elements in the stack and returns a contract that can be applied to appropriate
stacks. In addition, there are two modules that re-export the implementation with
different contracts on the implementation’s behavior. The first module, dubbed stack,
exports a stack that contain any type of value. The second one, dubbed prime-stack,
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contains a predicate on numbers called prime? and checks that the values in the stack
adhere to that predicate.

The prefix — operator creates contracts for functions. The initial arguments to —
describe the arguments to the function, and the final argument describes the result.
The values form can be used within the last argument to — to describe multiple return
values. Both modules provide push and pop operations on the stack. In addition to the
expected contracts, we also check that the stack argument to pop is both the expected
type of stack and that the stack is non-empty. To do this, we use the and/c contract
combinator, which applies multiple contracts to the same value. To check for a non-
empty stack, we write an ordinary Racket predicate, to illustrate that any predicate in
Racket is a valid contract.

2.2.1. Contract Boundaries. Contracts in Racket are checked only when values cross
a contract boundary—in this case, a module boundary. For our running example, a
boundary crossing occurs when a value flows into or out of the stack or prime-stack
module via function calls. Since the contracts are only checked on these module bound-
aries and do not alter the original implementation, this allows us to export the common
stack implementation with two different sets of contracts without duplicating code.

From a run-time verification perspective, contract checking at boundaries is as ef-
fective as contract checking for all method calls. First, programmers tend to write
small modules or classes. Within these components, they tend to trust their method
and function calls. Even if a component breaks a contract, the guilty component tends
to be small, effectively restricting the search for errors. For large components, Racket
provides define/contract and with-contract [Strickland and Felleisen 2010b], i.e.,
constructs for breaking down a module into nested contract regions. With these, a pro-
grammer can control every unit of code, regardless of its size. Second, the boundary-
oriented monitoring mechanism ensures that contract checking does not interfere with
the proper implementation of tail calls. We consider the latter a critical element of
proper program design, especially for object-oriented programming in the spirit of
popular design patterns. Finally, boundary-oriented contracts eliminate the above-
mentioned re-entrance problem in a pragmatic manner.

2.2.2. Blame Tracking. Every module that imports prime-stack enters into an agree-
ment with the prime-stack module. If a contract violation occurs, the appropriate con-
tract party is blamed. For example, if a client calls the push function with a composite
number, the contract monitoring system blames the client. If the client calls the pop
function and a composite number were returned, a contract violation would be signaled
that blames prime-stack.

Our notion of blame pinpoints whether a party to the contract—the server or the
client—violates its contractual obligations. Upon a violation detection, the blame in-
formation narrows down the search space for a fix to just two possible sources:

— the blamed component, for the case that the contract describes a desirable property
of the component or,

— the contract itself, for the case that the expectations that the contract imposes are
undesirably strict for the blamed component.

In the first case, the programmer needs to fix the blamed component to uphold the
contract. In the latter case, the programmer needs to revise the contract to match the
desired expectations.

When we discuss blame, we call the server the positive party and the client the
negative party. These terms are analogous to the uses of the terms positive and negative
to describe positions in implications in logic or in function types in type systems.
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2.2.3. Contracts for Higher-Order Values. Since Racket is a functional language, functions
are first-class values. Of course, it is impossible to check contracts on functions, say
(— prime? prime?), at the point where the function crosses the contract boundary.
Instead, the contract system must delay checking until the function is applied. Then
the contract system can check that the contracts on the arguments hold and that the
results satisfy their contracts. Wrapper objects are the natural way to implement this
form of checking. The key is to equip the wrapper with enough information so that it
can blame the guilty party in case of contract violations.

As seen with push and pop, the negative party is responsible for the contracts on the
arguments to exported functions and the positive party is responsible for the contracts
on values returned from exported functions. The reasoning behind this becomes clear
when we consider functions as opening channels across the contract boundary, where
arguments flow from the client module to the server and then the result from the
server module to the client.

This reasoning generalizes to cases where the arguments provided by the client are
functions, as in the argument f to the map-prime function. The arguments to those
functions originate in the server, i.e., the positive party, and thus it is responsible for
these arguments of arguments, while the negative party is responsible for the result.
Indeed, the roles are swapped again if any of the doubly-nested arguments are func-
tions. So higher-order function contracts require swapping the positive and negative
parties for each nested function contract. For details, see the work by Findler and
Felleisen [2002].

3. CONTRACTS FOR FIRST-CLASS CLASSES

Racket includes a class system [Flatt et al. 2006] loosely related to those found in lan-
guages such as Java or C#. In Racket, however, classes are first-class values, enabling
the programmer to abstract over classes and patterns in the class hierarchy.

We begin our survey of the Racket class system by considering several classes from
a hypothetical windowing library inspired by Racket’s GUI toolkit. This sample class
definition shows a class for modal dialogs:

(define dialog%
(class window%
(super-new)
(init-field label)
(field [min-width 300]
[min-height 300])
(init-field [width min-width]
[height min-height])
(define/public (undersize? [w width] [h height])
(or (< w min-width) (< h min-height)))
(define/override (draw-widget)
(super draw-widget)
(draw-label label))
(define/private (draw-label label)
)

The first expression in a class form specifies the superclass. In this case, the super-
class is a built-in class window% of the GUI library.2 The call to super-new initializes
the superclass. The field clause contains the names of other public fields and their ini-
tialization expressions. The init-field clause lists expected initialization arguments,

2Class names in Racket are suffixed with % by convention
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here a label, initial width, and initial height of the dialog, and also creates public
fields for the provided values. The width and height initialization arguments are op-
tional and are set to the minimum width and height fields by default. The keywords
define/public, define/override, and define/private respectively designate a public
method, an overriding method, and a private method.

Of particular note, fields or methods defined by the class may be accessed within the
class body as if they were local value or function definitions. For example, the draw-
label private method is called from draw-widget as if it were a local function. Within
an overriding method form, the super keyword is used to call the corresponding su-
perclass method. In dialog%, the draw-widget method relies on the window% widget’s
drawing method.

Method definitions support features such as optional and keyword-based arguments.
For example, the undersize? method takes two optional arguments, w and A, that are
respectively set to the values of the width and height fields by default.

Here is a subclass of dialog% that represents a dialog for opening files:

(define path-dialog%
(class dialog%
(super-new)
(init-field path)
(inherit-field label)
(define/public (get-path) path)
(define/public (set-path! new-path)
(set! path new-path))
(define/public (get-file-size)
(file-size path))
(define/override (draw-widget)
(super draw-widget)
(draw-path path))
(define/private (draw-path)
)]

The inherit-field clauses require the superclass to have the listed fields and allow the
subclass to use those fields as if they were defined locally.

The path-dialog% class overrides the definition of draw-widget to draw a new label
that displays the current path shown in the dialog. Like in C#, a Racket class must
explicitly override a public method. In Racket, the superclass may not be statically
determinable; the override specification helps the class system check at runtime that
the superclass contains this public method when path-dialog% is evaluated. Likewise,
super calls may designate only methods that the current class overrides.

The superclass of the class form allows arbitrary expressions. Thus, we represent a
mixin as a function that creates a new subclass of its argument:

(define (make-resizable base-class)
(class base-class
(super-new)
(inherit undersize)
(inherit-field width height)
(define/public (resize w h)
(set! width w)
(set! height h))
(define/public (halve)
(resize (/ width 2) (x height 2)))))
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(define resizable-dialog (make-resizable dialog%))
(define resizable-path-dialog (make-resizable path-dialog%))

The second definition applies the make-resizable mixin from the first definition to

the dialog% class, and the third one uses it on path-dialog%. Like the inherit-field

clauses introduced earlier, an inherit clause ensures the superclass contains the listed

methods and allows the subclass to use those methods as if they were defined locally.
To create objects from classes, we use the new form:

(define d1 (new dialog% [label "D1"] [width 400] [height 500]))
(define d2 (new path-dialog% [label "D2"] [path "/usr/bin/racket"]))
(define d3 (new (make-resizable dialog%) [label "D3"] [width 400]))

Names and values for initialization arguments are paired. Recall that the width and
height initialization arguments are optional, and they are omitted in several cases.
Here, we create a regular dialog d1 and a path dialog d2. To illustrate the flexibility
of new, we also create an object from the result of mixing the resize method into the
dialog% class and label it d3.

In addition to conventional inheritance, Racket also provides Beta-style inheri-
tance [Lehrmann Madsen et al. 1993; Ernst 1999]. Definitions of new augmentable
methods use define/pubment instead of define/public. Calls to augmentable meth-
ods access the first definition in the class hierarchy, which may choose to access aug-
menting behavior in subclasses via the inner form. Such augmenting behavior is de-
fined using the define/augment keyword, the analogue to define/override. Goldberg
et al. [2004] describe how conventional and Beta-style inheritance coexist in the Racket
class system.

3.1. Contracts on Classes
Let us illustrate the language for class contracts with a contract for dialog%:

(define dialog%/c
(class/c
(init-field [label (string-len/c 256)])
(field [min-weight (> /c 0)] [min-height (> /c 0)])
(init-field [width (> /c 0)] [height (> /c 0)])
[draw-widget (& #:pre (not (send this undersize?)) void?)]

[undersize? (nl; 0 ((=/c0) (=/c0)) boolean?)]))

The & and ™ contract combinators are the method equivalents of the — and —* con-
tract combinators. The —* contract combinator has two sequences of domain contracts:
one for required arguments and one for optional arguments.

According to this contract, a dialog has three important features. First, a dialog
has labels that are provided at instantiation. Second, a dialog has a pre-set minimum
width and height. Third, a dialog can be drawn and report whether it is undersized.

In general, the class/c combinator takes a series of (tagged) clauses of names and
contracts. Contract clauses without a tag, such as those for draw-widget or undersize?,
describe how object clients may use methods. Clauses tagged by init check the ar-
guments needed for constructing new objects. Clauses tagged by field protect public
fields. Clauses tagged by inherit guard the use of a method by subclasses. Methods
may also have preconditions, which use this to access the target object. For example,
calls to draw-widget via send must occur only on dialogs that are not undersized.

One important point to note here concerns the intent of our class contracts. In an
untyped world, classes tend to serve as vessels of reusable code. Hence inheritance
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just mimics module import, as programmers expect in many dynamic languages, and
classes are free to act differently than their superclasses. Consequently, our class con-
tracts check the behavior of the protected class, but place no restrictions on overridden
behavior in subclasses. In particular, if a subclass later extends a contracted dialog by
overriding the draw-widget method, the contract is not enforced on the new overriding
implementation. If control flow reaches the implementation in the contracted dialog
via a call from its subclass, however, it is checked appropriately.
Class contracts can be part of a function contract:

(define make-resizable/c
(— (class/c (inherit-field [width (> /c 0)] [height (> /c 0)])

(inherit [undersize? (™ () ((>/c0) (>/c0)) boolean?)]))

(class/c [resize (d—7>n [w (>/cO)][h(>/c0)]
#:pre (not (send this undersize? w h))
void?)]
(override [resize (5 (> /c 0) (> /c 0) void?)]))))

Here, the domain contract specifies that the superclass must contain the public method
undersize? and fields width and height. It also contains contracts that check uses of
these methods and fields in the subclass. The range contract includes an ordinary
method specification. As this contract illustrates, a class contract differentiates the
object interface from the specification interface [Lamping 1993]. That is, the contract
may impose distinct constraints on the behavior of object clients and subclasses.

At first glance, a programmer might question the practicality of contracts for mixins.
After all, contracts could simply be applied to the concrete classes that result from a
mixin application. However, mixins are used in situations where truly dynamic class
creation is required. Consider this function header for a function open-file that queries
the user for a file via a dialog:

(define (open-file message dialog-mixin) ...)

The open-file function takes a message and a mixin that allows the client programmer
to customize the query dialog (via subclassing) before it is shown to the user. Since
open-file is provided by an opaque library, the client programmer needs assurance that
methods inherited from the base class provided by open-file behave correctly. Clauses
like inherit-field from the domain of the mixin contract from earlier ensure this. In
short, the mixin contract can protect the mixin from unknown parent classes.

Both inherit and override clauses deal with dynamic dispatch inside the class
hierarchy, but they specify different clients and servers for a given method implemen-
tation. Contracts in inherit clauses take effect when the contracted class provides a
method implementation that is called within a subclass. That is, the contracted class
is the server and the subclass is the client. With override contracts, the information
flow is reversed; the subclass provides the method implementation while the protected
class contains the call site. Thus, the subclass is the server and the protected class is
the client. In other words, override clauses are particularly useful in the context of
the template-and-hook pattern.

If class contracts allowed only access to listed class features, then the range contract
above would restrict clients of the subclass to one method: resize. Instead, class con-
tracts are translucent, i.e., they allow unlisted class features to be used or extended
without constraints. For example, the undersize? and draw-widget methods of the re-
sult, inherited from the superclass, are still accessible even though they are not men-
tioned in the range contract.
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So far our contracts describe the available features of a class, but we must also
have a method for describing which features are lacking or should be absent. For ex-
ample, defining a method that already exists in a superclass is an error in Racket’s
class system. This error is triggered if a mixin is erroneously applied to a class that
already defines the mixin’s new functionality. For example, we want to keep the make-
resizable mixin from being applied to a dialog% subclass that already contains the
resize method, and we wish to express this constraint in class contracts [Bracha 1992].

In response, we add an absent clause to our system of class contracts that lists fields
and methods that should not be present in the contracted class. For example, here is a
revised contract for make-resizable:

(define make-resizable/c

(— (class/c (absent resize)
(inherit-field [width (> /c 0)] [height (> /c 0)])

(inherit [undersize? (@ 0 ((>/c0) (>/c0)) boolean?)]))

(class/c [resize (di>n [w (>/cO)][h(>/c0)]
#:pre (not (send this undersize? w h))
void?)]
(override [resize (5 (> /c 0) (> /c 0) void?)]))))

The absent clause specifies that the argument must not define a public method resize.
If it does, the contract system signals a violation as soon as the mixin is applied.

Because Racket’s class system supports augmentable methods, our contract sys-
tem describes those too. An augment contract clause checks that the method is aug-
mentable in the class and describes how subclasses may call the original implemen-
tation via dynamic dispatch. Restrictions on augmenting behavior in subclasses are
specified using the inner contract clause. That is, the augment and inner clauses
are analogues to the inherit and override clauses for traditional inheritance.

3.2. Contracts, Blame, and Dynamic Dispatch

In our system, only those contracts added to the class hierarchy between the use of
a method and the accessed implementation take effect. Given dynamic dispatch, we
cannot determine which method implementation is accessed until the call takes place.
Furthermore, a method implementation may originate from a class defined in a sepa-
rate module across a contract boundary. Therefore, determining which contracts apply,
and thus which parties to blame, cannot be done statically in our system.

To illustrate this issue, we first define checked-resizable, which is the same as make-
resizable but checked with the make-resizable /c contract:

(define/contract checked-resizable make-resizable /| c make-resizable)

(define resizable% (checked-resizable dialog%))

We also create a subclass of resizable% that overrides the definition of resize:
(define loose%
(class resizable%
(super-new)
(inherit undersize?)
(inherit-field width height min-width min-height)
(define/override (resize w h)
(cond [(not (undersize? w h)) (super resize)]
[else (set! width min-width)
(set! height min-height)]))))

(define d4 (mew loose% [label "D4"] [width 500]))
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A call to resize on loose% resizes the dialog to its minimum size when an invalid size is
given, taking advantage of the relaxed contract as described in the override clause.

Let dom be the domain contract of make-resizable/c and rng be the range contract.
Assuming that the three class definitions exist in distinct contract regions, the contract
boundaries between dialog%, resizable%, and loose% are as follows:

dialog% resizable% loose%

dom rng

That is, dom mediates interactions between dialog% and its subclasses, and rng me-
diates interactions between loose% and its superclasses. Since d4 instantiates loose%,
method calls on it may trigger the contract checks in the class hierarchy of loose%.

If we call resize on d4:

(send d4 resize 200 200)

then the call to undersize? inside loose% uses the implementation from the superclass
dialog%. The call is therefore checked according to the inherit clause in dom, because
the call crosses the contract boundary between dialog% and resizable%. If we instead
call halve on d4:

(send d4 halve)

then the resize method in loose% is called from resizable%. This call is checked accord-
ing to the override clause in rng, since the call crosses the contract boundary between
resizable% and loose%. In short, we get two different contract stories, depending on the
path a method call takes through the dynamically constructed class hierarchy.

Since we do not know which implementation is invoked from a call due to dynamic
dispatch, we cannot know which contracts are enforced until runtime. In turn, we
cannot statically determine the parties to blame for a given method call. Thus, blame
assignment for contract violations within the class hierarchy is even more complex
than that for higher-order functions, and getting it right calls for a mathematical model
and its careful analysis.

4. THE MODEL

The class contract system introduces a complex strategy for retrieving and attaching
contracts to method implementations upon method invocation. In particular, this strat-
egy treats method calls differently depending on the relative position of the sender ob-
ject in the class hierarchy and the invoked method. Furthermore, the method retrieval
process affects the assignment of blame for contract violations. To clarify these points,
we present a formal semantics for our contract system.

CPCF [Dimoulas and Felleisen 2011] is the starting point for our formalization. It ex-
tends Plotkin’s call-by-value PCF [Plotkin 1977] with contracts for higher-order func-
tions. We gradually add classes and other constructs to approximate the essence of
Racket’s contract system for first-class classes.

4.1. Adding First-Class Classes to CPCF

Figure 4 presents the syntax of CPCF. The language comes with three kinds of con-
tracts x: any, which never fails; flat(e), first-order checks on base values; or x; ... —
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k., higher-order contracts on functions. A programmer can protect a term e with a con-

tract x with the monitor construct monf’l(n, e). Such a monitor divides the program

into two components: the term e, dubbed the server, and the context of mon?’l(n, e),

dubbed the client. The monitor regulates the interaction of the two components, which
are also called the parties of the contract. The labels & and [ on the monitor are iden-
tifiers for the server and client, respectively. As Dimoulas et al. [2011] explain, a con-
tract in a higher-order world deserves its own label; we use j for this purpose. Since
such contracts call unknown code with unforeseeable consequences, a contract itself
may break invariants and deserve blame. The three identifiers are used to report vi-
olations. Notice, that our version of CPCF is untyped. Thus our syntax admits mall-
formed programs that when run lead to runtime type errors. Our semantics represents
such errors as stuck states.

Contracts x = any | flat(e) | k... > &k
Terms ex=v|x|ee... |ete]|e—e|ene|eVe

| zero?(e) | ife ¢ ¢ | mon}'(x,¢) | error!
Values vue=0]1] =1] ... | Ma...)e]| tt ]| £f

Fig. 4. CPCF syntax

The result of adding first-class classes and their contracts to CPCF is CFCC; see
figure 5. CFCC comes with first-class classes and objects. These classes feature public,
inherited, and overridden methods, and CFCC offers contracts for all of these features.
However, classes do not have fields, and our model does not account for Beta-style in-
heritance. Furthermore, it does not differentiate between contracts on inherited and
public methods. These omissions, though, do not reduce the value of our theoretical
validation. Since the traditional purpose of a model is to distill the essence of a lan-
guage in order to make a concise and convincing argument about the correctness of
its design, our theoretical model is intentionally smaller than the Racket class system,
yet it includes the features of the class system that pose the greatest challenges to
contract checking and blame assignment: inheritance and overridden methods.?

In this setting, classes consist of the superclass expression, the identifiers of in-
herited methods, and the definitions of public and overridden methods. Class values
contain the superclass value and definitions for all the methods defined locally in the
class. In addition, each class value comes with a dynamically generated unique iden-
tifier .. The inclusion of the superclass inside a class value makes it easy to track the
class hierarchy in a setting with first-class classes. The root of the class hierarchy is
the class value object%. Because of the omission of fields from the model, an object of
a class is just a reference to a class value.

A method m in object ¢, can be called in one of three ways: either di-
rectly via send(e,,m,e;...); internally from the class where the call occurs via
isend’(e,,m, e; ...), which corresponds to the local use of class functions as described
in section 3; or via a super call, super*(e,, m, e; ...). The latter two forms are annotated
with the unique identifier . of the class value where the call occurs. The identifier is
used to locate the class from which the call is performed, starting from the class of
the object e, and proceeding through the class hierarchy via superclasses. We keep
the unique identifier of a class value inaccessible to the programmer, but equip all

30ne may argue that our contract system could be derived through an encoding in an even smaller object
calculus, but doing so would obscure the relation between blame and component boundaries in the model.
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super and local method calls in the source code the default class identifier  to keep
the syntax uniform. As we show further on, the reduction semantics of CFCC employs
a class identifier substitution meta-function to update class identifiers on super and
local method calls once the enclosing class value is created.

CFCC features a special form of contracts for classes and objects:

class/c{ public [m,, (s}, &1"...— &2V)]...
override [m,, (k;}, k7' ...—=K&2)]...}

Public method contracts aggregate the public and inherited method contracts de-
scribed in section 3. Contracts for overridden methods, though, are client side con-
tracts. They differ significantly from public and inherited contracts, and thus the model
keeps them separate from public method specifications.

In order to keep track of the contracts imposed on a class or an object, we wrap them
in guards. A guard contains the protected class or object, the contracts, and the labels
for the server, client and contract. Guards are a specialized form of monitor but, in
contrast to monitors, are treated as values.*

Contracts k == ... | class/e{ public [m (k k...~ K)]...
override [m (k k... — K)]...}

Terms e u=... | ¢c| new(e) | send(e,m,e...)
| isend’(e,m,e...) | super‘(e,m,ec...)
Values vou=... |y
Class Values  cv := object% | class/v'{ v methods [m(this z...) €]...}
Classes ¢ == class{ e
inherit m ...
public [m(this z...) €]...
override [m(thisz...)e]...}
Objects o ::= object(y)
Guards vyu=o| | G{v
public [m (r k... — &) ..
override [m (k r...+— )]}

Fig. 5. CFCC syntax

4.2. CFCC Semantics

We next equip CFCC with a reduction semantics [Felleisen et al. 2009]. Each reduction
rule deterministically decomposes a program into an evaluation context and a redex.
The single-step reduction relation, <, specifies how a redex is transformed in a single
computation step. The closure of the single-step reduction over evaluation contexts
gives us the compatible closure. The transitive-reflexive closure of this relation is the
reduction relation of the language, which defines the evaluator of the language.

The first step towards defining the reduction relation for CFCC is to equip the lan-
guage with evaluation contexts; see figure 6.

Figure 7 presents the reduction rules for CFCC. The reduction relation consists of
three groups of rules: the PCF standard declarative reductions, contract related reduc-
tions and object oriented reductions. There is also a program-global rule for handling
programs that produce error? and return the error as the answer of the program.

4Guards correspond to chaperones and impersonators in the Racket implementation [Strickland et al. 2012].
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E:=Fe|vE|E+4e|v+E | E—-e|v—E | Ene | vAE | EVe | vVE
| zero?(E) | if E e ¢ | mon’*(x,E) | new(E) | send(E,m,e...)
| send(v,m,v...Fe...) | isend'(E,m,e...) | isend'(v,m,v...Ee...)
| super‘(E,m,e...) | super‘(v,m,v...Fe...) | class{ E
inherit m ...
public [m(this z...) ¢]...
override [m(this z...)e]...}

Fig. 6. Evaluation contexts

Contract checking in CFCC proceeds along the lines of Findler and Felleisen [2002].
Monitors of flat contracts, flat(e), are expanded to if-expressions that check the pred-
icate e on the guarded value. If the test succeeds, the value is returned. Otherwise, a
contract error is raised indicating that the server party [ broke contract j. Monitors
of contracts for functions «; ...k, — k, are expanded into a function that first wraps
each argument with a monitor of the corresponding precondition contract «; and then
applies the monitored arguments to the original function. The result of the application
is guarded with the post-condition contract x,. The monitors for the arguments flip
the labels for server and client, as the client is responsible for the positive pieces of
the contract on the argument. This process delays contract checking until there are
witnesses to check all the flat pieces of a function contract.

Monitoring contracts for classes and objects is also delayed. Attaching a contract to a
class value or an object results in a corresponding guard that wraps the value and con-
tains the method contract. Moreover, each guard is annotated with the server, client
and contract labels of the monitor. For the public method contracts, the labels are used
as-is while the server and client labels are flipped for the overridden method contracts.
This reflects that the latter are client-side contracts rather than server-side ones. For
inherited and public method contracts, the server is the superclass that provides the
method, and the clients are the subclasses that use the method. For overridden meth-
ods the situation is reversed. An override contract is a request from the superclass that
uses a method to the subclasses that implement it.

The object-oriented reductions are the core of our model and we dedicate the follow-
ing sub-section to examine each reduction rule separately.

4.3. Object-Oriented Reductions for CFCC

The reductions for the object-oriented constructs of the language depend on a number
of meta-functions (figure 8). In the following paragraphs we briefly discuss them as we
describe the rules, but here we provide only the definitions of the major meta-functions
to keep the presentation concise. The interested reader can find the definitions of all
the remaining meta-functions in appendix A.

A new object of a class can be created using the new(e) construct if the argument
evaluates to a class value. The CV meta-function (appendix A.1) traverses its argu-
ment, ignoring any guard layers, until it finds a class value. If it runs into another
kind of value than a class value or a guard, it rejects the argument.

If the superclass expression of a class has been evaluated to a class value, we can re-
duce the class expression to a class value—assuming that the inherited and overridden
methods of the class are implemented in the class hierarchy to which the class belongs
and that public methods are not implemented in a superclass. The Methods meta-
function (appendix A.2) collects all the method names in a class hierarchy starting
from the given class value or object. The reduction rule produces a fresh class identi-

ACM Transactions on Programming Languages and Systems, Vol. V, No. N, Article A, Publication date: January YYYY.



Contracts for First-Class Classes A7

Bl-] < B[]
n1 + no -n where nqy +ns=n
ny —ng -n where ny —ny =n
zero?(0) - tt
zero?(n) - ff ifn#0
V1 AUy - v where v; Avg = v
v1 Vg ) where v1 V vy =0
if tt e; e - ep
if ff e; ey
AMzy...xp).evr .. v, < Avr.coop/ar L coante
mon?’l(m L) Mz xp)-
mon?’l(nr,

N v mon*(k1, 1) ... mon}" (k,, z,))
mon’’ (any,v) )
mon""(flat(e), v) . if (e v) v error

N

mon’! (1, 7) . Gly

. k,l
public [m,, (K}, &7 = K2
override [m,, (k};. K]'...+— K2 )é M.
where k = class/c{ public [m,, (k7. &7"...— &EV)]...
override [m,, (ky,, k7' ... = K2)]...}

new(vy) . object(~) if CV[~]

class{ v . class/v'{ v
inherit m;, ... methods
public [m,,, (this,, =i ...) ep,]... [my, (thisy, o} ...) {t/"1}ep] . ..
override [m,, (this,, 7' ...) €o,] ...} (Mo, (thise, ' ...) {1/ }eo,] ... }

where ¢ fresh (does not occur in the eval. context filled with the entire redex)
if CV[v], Vj my;, mo, € Methods[v], V; my, & Methods[v]

send(y,m,v...) evyuv.

where e = Pullﬂ% m] and if Object[y], m € /\/lethods ]

super‘ (v, m,v...) ey v

where e = Pullﬂcv m], cv = GetS[y, (] and if Ob]ect[[’yﬂ Zs[y, ], m € Methods[cv, ]
isend’(y,m,v...) evyu.

where e = ]:md[['y, t,m] and if Object[[’y]] Zs[, L]] m € Methods[Get[, ]]

E'[error* 7] »—>errorj

Fig. 7. Reduction semantics for CFCC

fier for the new class value. The special substitution function {:/*{}e (appendix A.3)
replaces all occurrences of { annotations on super and local method calls in e with .
The send(e,, m, ¢; . ..) expression performs a method send to an object if ¢, evaluates
to an object v and m is a method defined in the class hierarchy that v specifies. A value
v is an object if it is constructed using the object(cv) constructor and cv is a class
value or if v is a guard around an object. The reduction uses the meta-functions Object
(appendix A.4) and Methods to determine if the method call is valid. Then it employs
the meta-function Pull from figure 9. This meta-function traverses the class value of
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Major Meta-functions

yXm—e

traverses v, retrieves the first implementation of m and brings the
implementation back to the starting point of the traversal while
attaching all the contracts for m along the way

yXexXLXm—e

Push traverses v until it retrieves class value . and attaches to e any contracts
for m along the way

YXLXMm—e

performs method retrieval for local method calls of m; traverses v until

Pull

Find it either finds an implementation for m or class value ¢, then it delegates
method retrieval to Push or Pull respectively
Helper Meta-functions
cv v — True or False
checks if v is a class value
Methods | 177 {m}

returns the set of methods of
(—/id_y— LXLXe—e
substitutes the first id for the second in e respecting class scoping

v — True or False

Object checks if v is an object
Ts v Xt — True or False
checks if v implements or extends class ¢
GetS Y Xt —cv
returns the super class of class ¢ after traversing ~
Get Y Xt —cv

returns class ¢ after traversing v

Fig. 8. Meta-functions summary

the object until it discovers the first definition of m. It then pulls m back to the surface,
wrapping it with any contracts for m between the definition and the call site.

A super call super‘(e,,m,e; ...) is performed if ¢, evaluates to an object o and m is
implemented in the class hierarchy that starts from the class value cv, the superclass
of the class where the call site occurs. We use the GetS meta-function (appendix A.6)
to obtain cv. This meta-function traverses o until it runs into a class value with class
identifier . and extract its superclass cv. To make sure that such a class value exists
when the reduction fires, the side-conditions of the rule employs the meta-function Zs
(appendix A.5) that checks if a given object implements a class with identifier (. After
obtaining cv, the rule applies Pull on cv to get the contracted implementation of m.

Local method calls have the shape isend’(e,,m, e; ...) and must satisfy similar con-
straints as super calls. The difference is that m must be accessible from the class value
cv where the call site occurs, instead of from its superclass. The meta-function Get re-
trieves cv (figure A.7), and the meta-function Find (figure 10) constructs the result of
the reduction. The latter ascends the class hierarchy starting from the given object
until it finds either cv or the first implementation of m. If it finds cv, it returns the
result of using Pull on cv and m. Otherwise, it delegates the task to Push (figure 11).
This last meta-function pushes the implementation of m up the class hierarchy until it
reaches cv and then returns the result. The initially detected implementation of m is
an overridden implementation of the one reachable from cv. Thus, the implementation
of m is wrapped with any override contracts encountered en route to cv.
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Pully, m] = Pullly', m]
ifm & {mq,...}
where v = class/v'{ v/
methods
[mq(thisy z1...) e1]...}
Pull]y, m] = A(this x1...).e

if[m(this x1...) €] € {[m1(thisy z1...) e1],...}
where v = class/v'{ v/
methods
[mq(thisy z1...) e1]...}

Pull[object(),m] = Pull]y, m]

Pulllly, m] — Pullly,m]
ifm & {mp,,...}
wherey = G{ +/
public [m,, (k7L K. K )f;=l]l.k..
override [m,, (k7;, £7' ... k2170 }
Pully, m] = mon?’l(ﬁzt;m K1... > Kp, Pully', m])
if[m (Kenis K1 = 15,)5"] € {[mp, (KDL, 65 w20

wherey = G{ +/
public [m,, (k5 k7. k2P

override [mo, (k7. k7. k2)5F] )

Fig. 9. The Pull meta-function
Before concluding this section, we demonstrate how our model works through the

checked-resizable example from section 3. To reduce the clutter in the example, which
involves a series of class definitions, we represent only the important elements:

d/ = new(loose%)
loose% = class{ resizable%

inherit undersize?

override resize (this w h) ...isend*(this, undersize?, w,h) ...}
resizable% = checked-resizable dialog%

checked-resizable = monl;’l”(mak’e-resizable/e, make-resizable)
make-resizable/ c dom + rng
make-resizable A(base).class{ base

inherit undersize?

public
resize (this w h) ... halve (this) ...
isendi(this7 resize,w, h) . .. }
dom = class/c{ public undersize? (...~ ...)}
rng = class/c{ public resize (...+— ...)

override resize (... +— ...)}
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Find[y,t,m] = Pullly, m]
where v = class/v'{ +/
methods
[mq(thisy z1...) e1]...}
Find[y,t,m] = Push[y', Nthis; 1 ...).ej,1,m]

if[m(this x1...) €] € {[myi(thisy z}...) e1],...}
wherey = class/v' { 7/
methods
[mq(thisy x1...) e1]...}
and: # //

Find[y,t,m] = Find[v',t,m]
ifm ¢ {ml, .. }
wherey = class/v' { v/
methods
[ml(thisl I’% .. ) 61] .. }
and . # //

Find[object(v),t,m] = Find[y,t, m]

Find[y,t,m] = Find[y',¢,m]
wherey = G{
. kol
public [m,, (k},;, &7" ... &)
override [m,, (ky, . K{'...— /@21)?’“] .

Fig. 10. The Find meta-function

We first create an object df of class loose%. Class loose% is a subclass of class
resizable%. In turn the latter class is the result of applying the contract protected mixin
checked-resizable to dialog%. As in section 3, the pieces of the mixin contract regulate
the flow of values in the class hierarchy behind d/. More specifically, dom monitors in-
teractions between dialog% and its subclasses, while rng monitors interactions between
loose% and its superclasses:

m0n§’1° (rng, class/v'{ monéf”k(dom, dialog%)
methods
resize (this w h) ...
halve (this) ...isend'(this, resize,w,h)...})

In this setting, the term send(d/, resize, 200, 200) delegates the retrieval of the im-
plementation of resize to Pull which returns the body of resize from loose%. No contract
boundary crossing takes place, thus the meta-function wraps no contract around the
implementation. The evaluation of the body of the method leads to the evaluation of
the local method call isend’(d/, undersize?, w, h) where ¢ is the class identifier for class
loose% . The meta-function Find is responsible for delivering the correct implementa-
tion of undersize?. It does so by traversing the class hierarchy starting from loose% and
looking either for an implementation of undersize? or for a class value with class id «. It
runs into the latter first, so this is the case of an inherited method. Hence, it delegates
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e
where v = class/v'{ +/
methods
[my(thisy z1...) e1]...}

Push[vy,e,t,m]

Push[y,e,t,m] = Push[y',e,t,m]
wherey = class/v' { 7/
methods
[mq(thisy x1...) e1]...}

and . # //
Push[y,e,t,m] = Push[y',e,t,m]
ifm & {m,,,...}
wherey = G{ +/
public [m,, (K5}, &7 k2B

override [m,, (k};. k{'...— K2 )é’k] ..

Push[y,e,t,m] = Push[[’y’,monf’l(mthis Kl...— Kpy€),L,m]
if[m (Kinis K1...— /ﬁr)?’l} € {[mo, (Kih;s KT* .. — nﬁl)?’l], ...}
wherey = G{
. Lk
public [my,, (7, &7 ... = &21);]

override [m,, (kg £7' ... — k)5

Fig. 11. The Push meta-function

the method implementation retrieval to Pull. This meta-function starts from the class
resizable% and ascends the class hierarchy up to dialog% where it locates the closest
implementation of the method. It then pulls the implementation back to the call site.
The meta-function also wraps the implementation with all the inherit contracts for the
method it encounters along the way. In this case, there is only one such contract; the
one in dom. It is worth mentioning finally that the monitor for this contract has [, as
the server label and k as the client one due to the label shuffling of the mixin contract
decomposition.

The second term of the example, send(d/, halve), behaves in a different way. Again
Pull locates directly the implementation of halve. The evaluation proceeds with the
local method call isend"! (d4, resize,w, h), where ¢; is the class id for resizeable%. The
call uses Find to discover the right implementation of resize. However, Find locates the
implementation of the method in loose% before finding a class with class id 1. Thus,
this is an overridden method scenario and Find passes the task of attaching contracts
to the implementation to Push. The meta-function pushes the implementation until
the class value of resizable% and wraps it with the appropriate contract, the override
contract from rng. Again, the monitor that surfaces at the call has [, as the server label
and k as the client one. This time, however, the label assignment is due to the way the
class contract reduction rule picks the labels for contracts on overridden methods.
Note: As mentioned at the beginning of this section, our model has only a subset of the
features of the Racket class and contract systems. However, the missing features do
not undermine the value of the model. Our model adequately expresses all the issues
with contract checking and blame assignment for first-class classes. In particular, the
main discrepancies between the Racket implementation and the model are the lack of
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fields, Beta-style inheritance, and inheritance contracts in the model. In our model we
merge inheritance and public contracts because the contract system treats them in a
similar manner. The only difference is a set of trivial first-order checks upon contract
application that guarantee that inherit contracts are applied to methods that a class
inherits and does not re-implement.

5. CORRECT BLAME: THE BUILD-UP

The most fundamental question about a higher-order contract system is whether it as-
signs blame correctly. To give a satisfying answer, we must formally define and prove
blame correctness [Dimoulas et al. 2011]. The idea is that a contract specifies con-
straints on the interaction between a server and its clients. Each party involved in a
contract, the server or a client, is responsible for meeting only some parts of the con-
tract, dubbed its obligations. When a party exchanges values with its partners, the
values are checked against the obligations of the party. If the values do not meet the
specifications, the party is blamed for violating the contract.

INFORMAL DEF. 5.1 (BLAME CORRECTNESS). A contract system assigns blame
correctly for a contract violation if it blames the party that provides the value that
falsifies one of the party’s obligations.

CFCC is the starting point for our formalization of of blame correctness but it does
not carry enough information. We therefore decorate the syntax of our model with two
kinds of annotations: obligations and ownership. These extra bits of information are
sufficient to state the definition of blame correctness and to prove our design blame
correct.

5.1. CFCC with Obligations and Ownership Annotations

The obligations of each party are a subset of its flat pieces of the contract, i.e. the
predicates that the party’s flat values must satisfy. The server obligations consist of the
flat pieces in positive positions in the contract while the client obligations correspond
to those in negative positions. The any contract does not impose any obligations.

We also say that each party owns the terms and values it contains. As the two parties
interact and exchange values, the values change ownership status. Tracing ownership
is necessary to state and prove that contract monitors blame only parties that send
values into the corresponding contract. CFCC uses ownership annotations |e||' to des-
ignate that a party [ owns a term e, and obligation annotations |flat(e.) |’ to mark that
a party [ is responsible for a flat contract flat(e.).

Contracts x == ... | [flat(e)]|’
Terms e = ... | el
Values v o= )

Fig. 12. CPCF syntax with Ownership and Obligations

Not all annotations are meaningful in the source code, however. Specifically, owner-
ship annotations must coincide with component boundaries. Contract monitors also in-
dicate component boundaries. Hence, in the source code, ownership annotations must
agree with the labels on monitors. We express these constraints using the judgment
[+ e. It states that term e is well-formed under owner /. A well-formed program e is
a closed term such that [, I e where [, denotes ownership for the complete program.
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Figure 13 lists the complete set of rules. The most interesting rule concerns monitor
expressions:

ke EklLj>k

k,l k
|+ mon; (&, |lell®)

A monitor term is well-formed if the owner of the term is the client party of the contract
and the server party is the owner of the guarded term. In addition, the contract must
be well-formed according to the judgment k;1;j > k.

The rules for well-formed contracts in figure 14 check whether the client and server
labels on the monitor sit on the appropriate negative and positive flat parts of a con-
tract. Furthermore, the rules demand that the owner of the predicates in all the flat
contracts of x is the contract j. The rule for the any contract has no premises as the
any contract imposes no obligations on the contract parties. The rule for class con-
tracts flips the client and server labels to check the overridden method contracts. The
reason for flipping the labels is that override contracts are client side contracts.

Also, note that the rules for well-formed terms exclude intermediate terms such as
errors, guards, class values, and objects and force all class identifiers on local method
calls and super calls to be the default class identifier 1.

n € Integers lF e
lFn [Ftt [-ff [+ zero?(e;)
lFe Ilhes lFe IlFeq lFer IFeq lFe Ilhes
l|_€1+62 l|_61762 l"@l/\eg l}_el\/€2
ke lFef lFe ke kil; 5>k
lFx IEXz1...)e IFefper... ll—mon?’l(/@, llel|%)
lFer ke Ilhes lFe, IlFe
l-ife; ey e3 [ object% | - supert(e,,m,e; ...)
ke lFe, IlFe lFe, IlFe
I+ new(e) I+ send(e,,m,e;...) I +isend(e,,m,er...)
lFes ey ... ke

[ F class{ e,
inherit m;, ...
public [m,,, (this,, =" ...) ep,]...
override [m,, (this,, z7'...) €o]...}

Fig. 13. Ownership coincides with contract monitors

5.2. Semantics for CFCC with Annotations

In CFCC with annotations, the reduction relation, —, is the means not only for eval-
uating terms but also for propagating ownership annotations as values flow from one
component to another.

The first step to achieve ownership propagation is to modify the evaluation contexts
of the language. The grammar of evaluation contexts in figure 15 is similar to that for
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Lkij>orr ... Lkj> k. klij> ke
kil; D> Ri...kn &> Ky
JjFe
k;l;j > any k;l;j o> [flat(|le]/)]”

N P P1 D1
kils g D Ry Ky e > /P
el g o o
Lk j> ke K95 > K}

k;l;j > class/e{ public [m,, (k7. &7"...— &EV)]...
override [m,, (K}, £7" ... — &)}

Fig. 14. Obligations coincide with labels on monitors
E' := Ele |vE' | E'+e | v+ E Elo :=[]| Eloe|vE | Eote | v+El

E'—e | v—E'| E'Ne | vAE! Elo —e | v—E'% | Elope | vAEb
E've | vWE' | zero?(E') Elove | vWE'" | zero?(E'")

if B! ¢ e | moné-’k(/@ElO) if Elo ¢ e
mon?’k(n,El), 1#1, new(E'") | send(E'", m,e...)

isend' (Bl m,e...)
isend’(v,m,v... Ele...)
super‘(El>,m,e...)
super‘(v,m,v... Ee...)
class{ El°

inherit m ...

public [m(this z...) ¢]...

override [m(this x...) e]...}

|
|
|
|
|
| new(E') | send(E!,m,e...)
| send(v,m,v...E'e...)
| isend’'(E!,m,e...)
| isend’(v,m,v...E'...)
| super'(E' m.e...)
| super‘(v,m,v...Ele...)
| class{ '
inherit m ...
public [m(this xz...) ¢]...
override [m(this x...) e]...}

|
|
|
|
Elefl! | |EYY, 141, | send(e,m,v...Ebe...)
|
|
|
|
|

Fig. 15. Parameterized evaluation contexts

CFCC but it is parameterized over the owner of the hole. In particular, in an evaluation
context E', label | corresponds to the ownership annotation or the server label of the
monitor closest to the hole. Given certain initial conditions, we prove in section 6 that
the two always coincide. We use E'> to indicate an evaluation context that contains
no ownership annotations or monitors on the path to the hole. In this case, the hole
belongs to the owner of the entire program, /,. The label parameter plays a key role in
keeping track of ownership during reduction.

Figure 16 presents the reduction rules for CFCC with annotations. Each rule corre-
sponds to a rule for CFCC without annotations (figure 7). The corresponding rules are
morphologically identical, modulo ownership annotations, and have the same compu-
tational content. However, the rules for CFCC with annotations come with an addi-
tional level of ownership label manipulation and propagation. The latter do not affect
computation per se; from the perspective of program evaluation they play a purely
decorative role as we prove at the end of this section. Nevertheless, the ownership
propagation within the semantics allows us to reason about the flow of values between
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— —
Incll® + [Ina] ¢ -n where n; +no, =n
— —
[ =z ! - n where ny —ny =n
—
zero?(]|0]| ) - tt
—
zero?(||n||*) - ff ifn#0
— —
o[l * Allva]l ¢ -V where vi Avs = v
— —
lo1 ]| * V]|va|| ! - v where v, V vy = v
—
if ||tt)| ! e e - el
—
if [[ff]| ! e eo e
T 17 17 7
[A(@1...2n)€]|t vi...0p oI o)t Jxy . e
mon?’l(m...nn = Ky, 0) C My .. my).
mon;‘f’l(m,
v mong’k(m, 1) ... moné’k(nn, ZTn))
mon’i’l(anym) .U
mon,"'(|flat(e)|",v) . if (e v) v errort
k,l 7 7
mon} (s, /1) -G ) y
public [m,, (K}, &7 = k2T

override [m,, (k}; . k]'...— K2 )g’k] .
where x = class/c{ public [m,, (i} &"...— KPV)]...
override [m,, (k7 k7' ...— K1)}

new(||y||") - object(||v] ') if CVIIv*]
class{ || . class/v'{ ]|
inherit m;, ... methods
public [m,,, (this,, 7" ...) ep,]... [myp, (thisy, 2§ ...) {t/"}ep]. ..
override [m,, (this,, z7'...) €o,]...} [Mo, (this,, x5*...) {t/"}es,] ... }

where ¢ fresh (does not occur in the eval. context filled with the entire redex)
ifCV|IvI| L], Y5 ma,, mo, € Methods[||y|| 1 ],V; my, & Methods[|v]|*]

send(Hle,m,v...L . i|\7||l V... -
where e = Pull[||y|| * ,m] and if Object[||v]| ! ], m € Methods[[||v||* ]

super* (|||t ,m,v...) e vt v...
where e = Pull[v',m],v" = GetS[||v|| ¢, ¢, 1]

andif Object[||7]| L 1, Zs[l|v]| ¢, ], m € Methods[v]
isend’(||v|| ¢, m,v...) eyt v...

wheree = find[[||7||7 L Lmy ]
andif Object[|2]l |1, Zsl7 1, m € Methods[GetTlv] " 1, 1]

E'lerror}] ~—error?

Fig. 16. Reduction semantics for annotated CFCC
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program components. It enables a formal examination of the behavior of the contract
system independently of contract monitors and their label shuffling.

Before delving into the semantics of ownership propagation, we first introduce some
useful notation for ownership labels handling. As values pass from one component to
another during evaluation, they collect stacks of ownership annotations:

L ! 1
lefl™ = 1[...[lelI™ ... I
_
lell™ = [I...flel'~... "

We drop the subscript n when the height of the stack is irrelevant. Furthermore, we
define the following operations on ownership stacks, which we use in the ownership
propagating revision of the meta-functions:

I, if l,=lils...1, wheren # 0
k  otherwise
I, if I,=1il5...1, wheren # 0
k  otherwise

k@l =

kol =

Like for CFCC without annotations, we divide the reduction rules into three groups:
declarative rules, contract monitor rules and object-oriented rules. The rules from the
first and second group are a superset of the rules for CPCF with annotations [Dimoulas
et al. 2011]; the one extra rule is the one concerning class contracts monitors.

The most important rule in these two groups is the rule for function application. The
B, reduction — and its method-based relatives — is the primary means for values to
migrate from one component to another, and thus it is the most intriguing rule with
respect to ownership:

El[H)\(xl cooxp)e|lt v vg] El[||{||v1||l Lo ||vn||l Viwy . xntel ]

The owner [ of the hole is also the owner of the arguments v; ... v,. The function may

have a different set of owners |. Thus the arguments are first tagged as properties of
the context, ||v1]|’...||v.|/', and are then passed to the function; this means they also
pick up ownership tags from all the owners of the function. The order of the labels is
the order in which the arguments encounter the owners of the function. Finally, the
arguments are substituted for the function parameters in the body of the function. The
resulting term has the same owners as the function.

Rules that create new values, such as those for primitives, do not add an ownership
annotation around their result. Instead, they let the context absorb the result.

Rules for monitors do not manipulate ownership at all because these annotations are
merely proof tools. Thus when the rules decompose a contract monitor into its monitors
for its sub-contracts or when the rules discharge a monitor, these action should happen
in accordance with the component boundaries that ownership annotations specify and
should not affect the flow of values between components or any ownership status. To
that end, we leave ownership annotations and monitors independent from each other
and then we demonstrate that they agree.

Object-oriented rules seem to have the least changes under the annotated seman-
tics. However, the involvement of ownership is hidden in the definitions of the meta-
functions. Figure 17 summarizes the modifications in the definitions of the meta-
functions. Here we discuss and provide the full definitions of the major meta-functions.
The rest can be found in appendix B.

ACM Transactions on Programming Languages and Systems, Vol. V, No. N, Article A, Publication date: January YYYY.



Contracts for First-Class Classes A:27

Major Meta-functions

vXm—e

Pull same purpose as before except that along with contracts it collects
ownership annotations

yXexitXmXxl—e

same purpose as before except that along with contracts it collects
Push ownership annotations; the [ argument serves as an accumulator

for keeping track of the owner of the level of class hierarchy the
meta-function explores

yXitXmxl—e

same purpose as before; the [ argument plays the same role as in Push

Helper Meta-functions
v — True or False
same purpose as before
¥ —={m
Methods same{pljrpose as before
id LXLXe—e
=/} same purpose as before
v — True or False
same purpose as before
v x ¢ — True or False
same purpose as before
YXLxXl—cv
GetS same purpose as before; returns the super class with its owner’s
annotation; the [ argument plays the same role as in Push
YXLxXl—cv
Get same purpose as before; returns the class with its owner’s annotation;
the | argument plays the same role as in Push

Find

cv

Object

Is

Fig. 17. Meta-functions summary revisited

As terms are pulled or pushed, they pick up any ownership tags they meet. For
instance in the definition of Pull in figure 18, the method implementation records the
migration path of its journey. It collects any ownership annotations it runs into until
it surfaces in the calling context. This way it manages to stay well-formed.

For the definitions of Find in figure 19, we use an accumulator to keep track of
the migration of method implementations. As Find ascends the class hierarchy and
runs into the target method implementation first, the direction of the movement of the
method implementation is towards the superclass. Thus, the method gets further away
from the calling context. When it locates the superclass, it installs the method back in
the calling context. To make sure that the method has the ownership annotation from
the level of the class hierarchy from which it is retrieved, 7ind has an argument that
accumulates the owners of the class tables. When the meta-function moves to the next
level in the class hierarchy, it updates the accumulator. Upon retrieval of the method
implementation, the meta-function tags it with the owner label before passing it to the
superclass. Since the method is well-formed, the ownership annotation ensures that
it remains so in any context. The extra label argument serves a similar purpose for
GetS (appendix B.6) and Get (appendix B.7). Finally, the definition of Pull in figure 20
employs an accumulator to keep track of the owner of the current recursion level. This
accumulator does not play any role in ownership propagation but it is only useful for
proving that the implementation remains well-formed as it ascends the class hierarchy.
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Pull[|ly[1*,m] [Pty [1*, m][*

ifm & {m4,...

where y = class/v'{ ||7/|| ¢
methods
[my(thisy x1...) e1]...}

Pull]||y||* ,m] — |A\(this z1...)e||*
if[m(this x1...) €] € {[mi(this; z1...) e1],...}
wherey = class/v'{ ||7/|
methods

[my(thisy x1...) e1]...}
Pull[[|object(|[y[ )] *,m] = [Pull[[l7]*,m]||*

Pullllly[[*,m] = [[Pull[Ilv[I*,m] I *
ifm & {mp,,... .
where v = G{ [|7|| !
public [m,, (k7. K" ,@gl);?vl}l -
override [m,, (k7 K7 ... = K&71);0] .}
Pulll|ly]| ¥, m] = |mon’" (kinis k1. = ki, Pull[|[y[| 1, m])|| *
if [m (Kipis K1 ... — /{r)f’l] €
{[mp, (5L, &5 k2SN
where = G{ ||7/||?
. k,l
public [m,, (k) k7" ... = KE1)j ]l.k..
override [m,, (k;, k7' ... K1)}
Fig. 18. The Pull meta-function revisited

The addition of ownership and obligations annotations slightly changes the appear-
ance of our running example from section 4:

a4 = new(loose%)
loose% = class{ resizable%

inherit undersize?

override resize (this w h) ...isend* (this, undersize?,w, h)...}
resizable% = checked—resizable dialog%

checked-resizable = mon?f’l"(make-resz'zable/c7 | make-resizable||*)

make-resizable/ ¢ dom — rng
make-resizable A(base).class{ base
inherit undersize?
public
resize (this w h) ...
halve (this) ...isend* (this, resize, w, h)... }
class/c{ public undersize? (... — ...)}
class/c{ public resize (... — ...)
override resize (... — ...)}

dom
rng
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Find[||y|| ¥, e;m, 1] —Pull[|y]'®* ,m]
where v = class/v'{ ||7/|| ¢
methods

[my(thisy z1...) e1]...}

Find[||y||* e, m, 1] —Push[[|7'|| L, || A(this z1..)e| 0T L mio k]
if [m(this x1...) e] € {[my(this; z1...) e1],...}
where v = class/v' { ||7/|| !

methods
[mq(thisy z}...) e1]...}

Find[|y|* 1. m, 1] =Find[|[y'| T, com. 1 k|
ifm & {m4,...}
where y = class/v' { ||7/]|
methods
[my(thisy x1...) e1]...}

Find[||lobject(||y[| )| ¥, m, ([=Find[|~]| " ,e,m,1 ® & |

Find[||[*,1,m, 1] =Find[|[y'|| 7,0, m,1 @ K |
wherey = G{ [7/|
public [m,, (s, 5. sP)

override [m,, (k}; . K]'...— K2 );’k] ...}
Fig. 19. The Find meta-function revisited

Evaluation in the annotated example proceeds the same way as in the example with-
out annotations. Nevertheless, now the reductions and the meta-functions propagate
the extra ownership information. From this perspective the first important reduction
is the mixin application that results in loose%. The application embeds the contract
protected dialog% in the body of the mixin. Ownership annotations mark this value
migration:

mon?’”(rng, ||class/v'{ moné»"’k(dom, | dialog%||**)
methods
resize (this w h) ...
halve (this) ...isend" (this, resize,w, h)... }||¥)

The program owner [, owns the contracted term. However, the result of the mixin itself
is property of the owner of the mixin k. Finally the superclass dialog% comes with the
ownership tag for [,, the whole program, which provides the class as an argument to
the mixin.

In general, method calls and especially their use of Pull, Find and Push are the in-
teresting pieces with respect to ownership. For instance, the call ||send(d/, halve, ||)'°
uses Pull to locate the implementation of halve. The implementation of the method
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Push[[1]| ¥, e,e,m, 1] = e

where v = class/v'{ |7/ H7
methods
[mq(thisy z1...) e1]...}

PushlIlv| *,e,e,m, 1] = Push[|7/| 1, el T, e;m.1® R ]
where v = class/v' { ||7/]| !
methods
[my(thisy z1...) e1]...}

Push[||*, e,cm, 1] = Push[|7/|| T, llel| e, m, 1 © & |
ifm ¢ {m,,,...
wherey = G{ [[7/||/
public [m,, (x5}, &} k205
override [m,, (kj}, K{'...+— ngl)é’k] .}
Push[||7]| %, e, ¢,m, 1] = Push[||¥']| L, Hmonfvl(%s Kieos B )| Ly ml @ k]
i€
{[mo, (ghsy KT w201,
wherey = G{ |||/
public [m,, (K5}, &7 e k20

override [mo, (kg £7' ... — k251

if [m (Ktnis K1 ... — Kr)

Fig. 20. The Push meta-function revisited

resides in loose% that has the same owner [, as the caller object d/ and the call site.
Thus, Pull does not decorate the implementation with any ownership annotations.
However, things are different when the evaluation trace reaches the local method call

isend" (||d/||*", resize, w, h). First we observe that due to the call to halve the object d/
migrates inside the class where the local method call resides. The S-reduction makes
sure that this migration is recorded in the ownership annotation of the object. Second,
as we have already explained in section 4, this local method call concerns an overrid-
den method. Thus, Find delegates the method implementation contract wrapping to
Push. To help Push attach the right ownership information to the method implementa-
tion, Find uses its accumulator to keep track of the owner of the class hierarchy level it
traverses. Since loose% contains the method implementation and loose% belongs to [,
Find passes the method implementation, \(this w h)...., to Push as ||\(this w h)....||'.
Push guides the implementation deeper into the class hierarchy collecting contracts
and ownership annotations. Finally, the term that emerges at the call site has the form
||mon§°’k(... ..., [|A(this w h)....||")||*. Notice that ownership gives a flow-oriented jus-
tification for the label flipping for override contracts. The meta-function collects over-
ride contracts while ascending the class hierarchy as it moves the implementation from
subclasses to superclasses. Thus the subclasses play the role of the server for these con-
tracts and the superclasses the role of the client. This is the opposite order compared
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to how the contracts are attached to classes, so switching the labels is necessary for
correct blame assignment.

In summary, the creator of a value is its initial owner, but values accumulate owners

as they cross component boundaries through function application or method invoca-
tion. This accumulation requires machinery to keep track of the flow of inherited or
overridden methods. As the definition of our meta-functions demonstrate, however,
this machinery can be set up in an intuitive way while unearthing insights about the
migration of method implementations between classes and objects. The key is that
ownership tracking and contract checking are not intertwined, which allows us to dis-
cuss the correctness of blame assignment in a way that circumvents the implementa-
tion of contract monitors for higher-order features. That is, when the system checks
a base value against a flat contract, the owner of the value (ownership) should be
the component responsible for the flat contract (obligation) and the component that is
blamed if the contract fails (blame label bookkeeping by the contract system).
Note: CFCC from section 4 and CFCC with annotations from this section are equiva-
lent. The annotations do not interfere or affect computation in any way. We prove this
conjecture by relating plain terms and contracts to their annotated counterparts. We
define this relation as the compatible closure, ~;., of the following two rules:

e~e

e et el flat(c) ~|flat(c)|’

We show, then, that ~;,, is a lock-step bisimulation between non-annotated and
annotated terms.

PROPOSITION 5.2. Ife~c then e <> viffe = v and v~v'.

In short, we establish that the two languages define the same behavior for related
programs.

6. BLAME CORRECT: THE PROOF

With ownership and obligation annotations we can formulate our blame correctness
criterion.

Definition 6.1 (Blame Correctness). A contract system is blame correct if for all
terms e such that I, - ¢y and ey —— ET[mon?’T(Lﬂat(el)jl,vl)}, we have v; = |[v||*
and k € I. Note: The identity of the f labels is irrelevant.

That is, a contract system is defined to be correct if every time we check a value
against a flat contract, the server label & on the monitor is the owner of the value
and the flat contract is the server’s obligation. This implies that if the contract check
fails, the blamed party is the one that contributed the invalid value and the one that
is also responsible for meeting the violated contract. This formal definition translates
the informal definition 5.1 into a logical statement about reduction systems.

The proof of blame correctness for a contract system uses a variant of the standard
subject reduction strategy. The first step is to develop the appropriate subject. We
observe that the well-formedness judgments | - ¢ and k;l;j > « imply the desired
property for monitors of flat contracts. Unfortunately, the reduction process generates
expressions that do not preserve these judgments. Fortunately, this mismatch is only
temporary; after a few reduction steps, the expression becomes well-formed again. To
cope with this detour, we devise a generalization of the well-formedness judgments for
terms and contracts that is loose enough to describe a program at each point in the
reduction trace and tight enough to imply blame correctness.
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The reduction that is responsible for deviating from well-formed terms is the evalu-
ation of function contract monitors:

E'lmon}! (k1 ... Ky — Ky, v)]

— E'\a1...2,).mon’"(

Koy U mong-’k(nl, x1) .. .monéﬁk(mn, Zn))]

This rule injects variables and applications into monitors without wrapping them with
appropriate ownership annotations as the judgment for well-formed monitors requires.
We can observe, though, that the variables are going to be substituted with values that
have the appropriate owner because they are bound to parameters of a function whose
owner is the server of the monitors around the variables. In addition, the operator of
the ill-formed application has the appropriate owner if the term is well-formed before
the reduction. Thus, the monitor becomes well-formed again after application.

To express the desired loose invariants, we equip the two judgments with an envi-
ronment that keeps track of the owner of bound variables: ;T - e and k;[;j;T > «.5
In most cases, the rules for terms and contracts remain the same as before except that
the environment is passed around. However, the rules for terms that introduce bound
variables and for monitors do change significantly. We also add new rules for interme-
diate expressions like guards and class values. In figures 21 and 22, we provide the
rules of the generalized judgment for well- formed terms and contracts.

According to figure 21, the rule for mon !(k,e) delegates checking of the monitor
expression to the auxiliary judgment ;T I+ e These additional rules allow for expres-
sions in monitors to be either a term or a variable with the appropriate owner or an
application where the operator term has the appropriate owner (figure 23).

Finally, we add an extra rule for terms with ownership annotations, ||¢|*. These
terms mark an ownership change and thus they are well-formed iff e is well-formed
under k. This rule is not necessary for source code as we restrict ownership annotations
to monitors. However, as the evaluation proceeds ownership annotations may show up
in other places too and so we need rules for these cases. Before we move to the proof
that CFCC is blame correct, we first show that the new judgment for well-formed terms
generalizes the initial one.

PROPOSITION 6.2. Ifl+cthenl; o F e

PROOF. We proceed by induction on the height of the derivation of [ - e.1
Now, with [;T" I e, we can prove the central subject reduction lemma of the blame
correctness proof.

MAIN LEMMA 6.3. Ifl,; @ F eand e — e, then l,; @ F ey.

PROOF. We proceed by case analysis on the reduction of e. The cases for functional
CFCC are identical to the proof of theorem 5 of Dimoulas et al. [2011].

— E'lma|l* +In2ll ] — E'[n]

By assumption [,; @ e, for which lemma 6.5 implies that /; & I— ||n1 | [ a2l 7. We
can use the same label to check n, i.e., ;& - n. Hence, I,; @ L E
— The cases for other primitive operations are similar to the first.

5Following the type systems tradition, we could have added the environment as early as in the rules for
well-formed source programs. However variables are not a problem at that level as, even when they show
up in monitors, they come with the appropriate ownership annotations due to well-formedness. We have
therefore delayed the introduction of the environment until it is really necessary.
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LFer LikFer ... LT e
Z;F |—€f e1... l;I‘I—errork Z;F erro?(el)
l;FF@l Z;FF(?Q Z;FF€3 l;FF@l Z;FF(?Q l;I‘Fel l;FFGQ
LT Fife; ey e3 LT e +es LT Ee—es
I;TFer L Tkes ;TFer [;TEeg
;T FejNes ;T FeiVes ;T Ftt I; T+ ff
LTW{z,:}W...Fe kETIFe KLk
LT LT kEn LT EXzy...)e Z;Fl—monf’l(/i,e)
kI'kFe I;Tke I;iTke
LT F et I;T + object% I;T + object(e) I;T Fnew(e)

LTkFe, ©LiTFe
I;T+ send(e,,m,e;...)

LLTFe, 6L TkFe ... ;TkFe, LTEe
I;T +isend‘(e,, m,e1...) I;T + super‘(e,,m,e1 ...)

LTF e,
LT W {thisy, : 1} W{al' : 1} W... Fep
LT W {thisy, : 1} w{a* : 1} W...F ey
;T F class{ e;
inherit m;, ...
public [m,,, (this,, ="' ...) ep,]...
override [m,, (this,, ' ...) €o,] ...}

kT Eo
kil 3T > ki, &Y. BB
Lk jsT > ki K7 = KO
LT EG{ |v]*
public [m,, (K5}, &} k)5

override [m,, (ki) k7' ... — 521);’]“] ..

LDF T 6D w {this, : w{zl : Jw... Fe
I;T + class/v'{ ny||7 methods [m;(this; =1...) e1]...}

Fig. 21. Ownership coincides with contract monitors (2)
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kil ;0> K

Lk Tk o0 Lk ke, kLT D> ke
kil; ;0> Ry vv o R V> Ky
53T ke
kil 7; T o> [flat([le]7)]"
kil ;T > ki, kYo KEY
Lk gsT > ke, 67— KO
k;l;5;T > class/e{
public
[mp, gnfﬁis R S
override
[y (Gh £ > w2}

Fig. 22. Obligations coincide with labels on monitors (2)

k;Tke [(z)=1 L'Fer LTEe
LTI |le||* LT IFx LTI [leg]ler ...

Fig. 23. Ownership is preserved for monitored expressions

— BNy - )0l * v1 . vn] — EY[{ o1 |I'F o JonllPE /o s Yeol| * ]
Again by assumption and lemma 6.5, we conclude that I; & F | A\(z).eo|| * v; ... v, and,

therefore, we deduce that I; & - || A(z1 . .. xn).eoll7C> and for all i, [; & + v;.

Next we distinguish two cases, depending on the length of J. First assume the vec-
tor is empty. In that case, the rules imply /;{z; : I} W... W {x, : I} F ¢p. Combining
this judgment with /; @ - v, we may conclude that I; @ F {|jvi]|... |lva|'/21 ... 2. }eo
via lemma 6.6. Finally from here it is easy to get the desired conclusion, [,;@ +
E'{|Jvy ... v]|'/x1 ... 20 }eo]. Second, let k; be the first element of %. In that case,
the rules imply ki;{z; : kit W ... W {z, : k1} F ep. Since [;& + v still holds,

we conclude again via lemma 6.6 that ki; o + {||v1le an||l;/x1 ... Ty }eo. Since
k, is the outermost element of %, we finally get the desired result, [,;@ F
E'{lloall® .. JJoa]'* fa1 . . znYeol F].

— E'lnew(v)] — E'|object(v)]
By assumption [,; @ F e, for which lemma 6.5 implies that /; & - new(v). The rules
imply /; @ F v. We can use the same label to establish that /; & F object(v). Hence,
lo; @ - E'[object(v))].
— ElYc] — E'cv]
where ¢ = class{ v;
inherit m;, ...
public [m,,, (thisy, 7" ...) ey ]...
override [m,, (this,, 7' ...) €o,] ...}
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and cv = class/v'{ vy
methods
[mpl (thispl 'r;ll)1 o ) {L/%di}el)l] e
[mo, (this,, x5*...) {1/i}es,] ... }

Using the assumptions and lemma 6.5, we get [; & I c. Thus, by the rules, [; @ F v,
I {thisp, : L,al* i 1,...} F ey, ... and [; {this,, : [,z7* : [,...} F ey, .... By lemma 6.8,
we get [; {this,, : L,y o 1,...} F {¢/"}ep,, .. and [; {this,, : L, 2 1,...} F {t/"}e,,,
.... With an application of the rules for well-formed expressions, we obtain [; & - cv
and [,; @ - E'[cv)].

— Ellsend(v,,m,v...)] — E'[Pull[v,, m] ve vy ... vy]
By the assumptions and lemma 6.5, we conclude /; & + send(v,,m,v...). Thus, by
the rules, ;@ + vy, ..., ;@ F v,, and [; @ F v, and by lemma 6.9, I; & - Pull[v,, m].
Finally by the rules, we get I;& = Pull[v,,m] v, vi...v, and we obtain [,; @ +
E'Pullve, m] vy vy - .. vy].

— El[super*(v,,m,v1 ... v,)| — E{Pull[GetSvo, ¢, 1], m] vo v1 ... v,]
By the usual argument, we obtain I;& - vy, ..., ;& F v,, and ;& + v,. Lem-
mas 6.9 and 6.10 give us ;@ = Pull[GetS[vo,t,1], m]. Applying the rules for well-
formed expressions, we conclude I; @ F Pull[GetS[v,, ¢, 1], m] v, v1...v, and l,; & +
E'Pull[GetSve, t, 1], m] vo v1 - .. vy].

— Ellisend’ (v,, m, vy ... v,)] — EYFind[ve, t,m, 1] v, vy ... v,]
As in the previous cases, we get the following: [; & - vy, ..., ;@ v,,and [; & - v,. By
lemma 6.12, we obtain [; @ - Find[v,, ¢, m,l]. We put all the pieces together with the
rules for well-formed expressions to get I; & - Find[v,, ¢, m,l] v, v1 ...v, and finally,
lo; @ F EYFind[ve, v, m, 1] vo vy ...v,].

— E'[mon’}(|flat(e.)|",v)] — E'[if (e. v) v error*]
The assumptions imply [; @ mon?’l(tﬂat(ec)jl/,v) via lemma 6.5 and hence, e, =

lleL||” with j; @ F e.. Furthermore, the same reasoning yields v = |jv||* and k; @ - vo.
Since the rules for well-formed expressions imply /; @  if (e. v) v error® is well-
formed, the desired conclusion follows immediately.

—E! [mon?’l(m b = B, 0)] > EY A (2 wn).mon?’l(m, v moné’k(m7 x1)...)]
With the usual reasoning, we conclude that v = |[vw|*, k;@ F vy, and I +
mon?’l (K1...En+— Kr,v). The contract check yields n + 1 pieces of knowledge:
Lik; j; @ > Ky
Lik; J; 2 > kn
and
kil; 3,9 > Ky,

From an additional application of well-formedness we get k;{z; : [} W... W {x, : I} IF
v mon?k(m, x1) ... and, with lemma 6.7, we conclude the that /;{z; : [} W... W {x, :
I} + monf’l(/fg, v mon;’k(m, x1)...). Finally from a last application of the rules for
well-formedness we get [; & - A\(zq . .. xn).monf’l(n% v monz’k(m, x)...).

— E'[mon’" (r,v)] — E'[/]
where k = class/c{ public [m,, (k7. &7"...— &EV)]...

override [m,, (ky;. k7' ...—k2)]...}

and
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v=G{w
public [m,, (kb &7 k2B
override [m,, (k}}. KJ'...— nﬁl)é’k] ..
Similar to the previous case, we deduce that v = |u|*, ;@ F v, and ;5 F

monf’l (k,v). From the contract well-formedness rules we acquire the following:

Lk ji@ D ks k10 .o k2
and
. A o o
Eiliji@ > ko k7Y oo KDY

We combine the above pieces of information with the well-formedness rules and get
the desired conclusion, T';1 - v'.
l k,l l
— E'[mon;” (any, v)] — E'[v]
As usual, we deduce that v = ||vg||*, k; @ - vg, and [; @ mon;?’l(any, v). We combine
the above pieces of information with the well-formedness rules and get the desired

conclusion, I'; [ - v. 1

The proof of the main lemma 6.3 requires several lemmas regarding properties of the
evaluation contexts, substitution and the meta-functions with respect to the judgment
for well-formed terms. We list them and their central proof ideas.

LEMMA 6.4. For all terms e there are unique evaluation context E' and redex r such
that e = E'[r] or e = v.

PROOF. By induction on the structure of e. 1
LEMMA 6.5. Ifl; @\~ E¥[e] then k; @ I e.
PROOF. By induction on the size of E*.1

LEMMA 6.6. Ifl;Tw{x :ki}W...w{x, :k,} e forall i, v; = ||v}||* and k;;T - v/
then

LT EA{vr...on/21 .. 2nte.
PROOF. By induction on the height of ;T W {z1 : k1} W.. . W {x, : k,} e
LEMMA 6.7. If;T F eand for all i, x; ¢ dom (T"), then
LTW{z kW, Wiz, ky} e
PRrROOF. By induction on the height of [;T'F e. 1
LEMMA 6.8. IfI;T e, then I;T F {t/%1}e.
PRrROOF. By induction on the height of £;T" - e.1

LEMMA 6.9. Ifk:2 F |||, m € Methods[||+]| '], and CV||ly|| L] or Object[|~] ],
then

ks o - Pulllly]| L, m].
PROOF. By induction on the height of k; @ - [|v]| .1
LEMMA 6.10. If1;2+ ||| L, Zs[|lvl| L, ], and V|| L] or Object[||+]| L ], then
forall k, k: @+ GetS[||| L, ¢, 1] and CV[GetSTIv| ¥, ¢, 1]].
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PROOF. By induction on the height of [; & - ||fy||7 1

LEMMA 6.11. If ;@ HV”T’ IS[[HV”TM]], CV[[H’VHT]], m € Methods[[get[[\|fy||7,b]]]],
v=v,]['®!, and | ® 7;@ F v,, then

forall k, k; o+ 'PUShHH’YHT,’U,L,m,lH.
PROOF. By induction on the height of [; & - ||q/||7 1

LEMMA 6.12. If o - |y|l, m € Methods[Get[|4]|%,d], Zs[lNl' ., and
CVIIvlt] or Object[||v[| '], then

for all k, k; @+ Find[||| |, e, m, 1.

PROOF. By induction on the height of [; & I H7||7 using lemmas 6.9 and 6.11 for
the two base cases. 1
The main lemma 6.3 is all we need to show that CFCC is blame correct.

THEOREM 6.13. —— is blame correct.

PROOF. From the proof of the subject reduction theorem, we know that the subject
implies

lo; @ b E'[monj (|flat(cc)|*, [v]*)]

The owner of the hole of the context is the same as the client label, and the owner of
the monitored value v is the same as the server label. In addition, the term in the hole
is well-formed. Hence, by lemma 6.5 the contract is part of the obligations of the server
and carries the server’s label. 1

7. IMPLEMENTATION

While our formal model communicates the basic design and helps us prove basic prop-
erties, it does not explain how to implement contracts for first-class classes. Follow-
ing Findler and Blume [2006], we explain our implementation of contracts as pairs of
mathematical projection functions, one for each contract party. For first-order values,
these projections return the value or signal an error; for values with behavior, they
return similar values restricted to good behavior from the client/server perspective.

Thus, class/c denotes a function that maps the two contract parties into a pair of
projections from classes to classes. At contract boundaries, the run-time system applies
these projections to exported classes to obtain classes equipped with run-time moni-
tors. One way to understand this idea is to compare the two diagrams in figure 24.
The first diagram presents a source configuration complete with classes, objects, con-
tracts, and boundaries. In the second diagram, the dotted squares represent classes
created from applying projections to classes. The inheritance arrows connect the de-
rived classes to the originals.

This section consists of two parts. The first one explains how classes and objects are
implemented and equipped with basic contracts. The second part revises this imple-
mentation for internal dynamic dispatches.

7.1. Basics

Both classes and objects are implemented [Flatt et al. 2006] as heterogeneous and
opaque structures. Opaqueness guarantees safety. The structure contains all the nec-
essary information for constructing objects and accessing methods and fields. Object
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Source configuration
ml
#lang racket

(define animal (class object% ...))| ™2

(define fish (class animal ...)) #lang racket
(define nemo (new fish ...))

(require m1)
(provide/contract [fish c1])

(define dory (new fish ...))
m3 (define greedy (class fish ...))
(define monstro (new greedy ...))

#lang racket

(provide/contract [greedy c2])

(require m2)

(define ursula (new greedy ...))

ml m2 m3

animal K fish K greedy

(fish, cI) (greedy, c2)

After contract application

ml m2 ma3

animal KH fish K+ fish' < greedy K< greedy’

(fish, c1) (greedy, c2)

Fig. 24. Classes, objects, and contract boundaries
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construction is handled by functions that create structural representations of objects
using the initialization arguments and the initialization expressions of the class.

original first revision
hash —» ..., m—k, ... hash —» ..., m—k, ...
meth% ‘ A ‘ ‘ meth —» - A
k
smeth —» --- A
imeth —» --- ?
k

Fig. 25. Method table organization for contracts

The class representation contains a vector of methods and a hash table that maps
a method name into a vector index. Fields are represented in the same fashion. The
class compiler transforms both a field access and a method call into computations that
use the appropriate vector slots. It can compute the vector index for local uses of fields
and methods statically, whereas the index must be computed at runtime for external
references. Field assignments are converted into vector assignments. Calls to super
methods index into the method table of the super class.

In short, all method calls access the same method vector, whether they are local
method calls, method sends, or super calls. Each kind of contract clause affects a dif-
ferent kind of call, however. Applying contract projections can be a costly operation,
so we do not store the different projections and apply the correct projection for a par-
ticular call. Instead, our implementation trades space for run-time speed; that is, it
separates out the method vector into three vectors, illustrated by figure 25. Method
sends via send use the meth vector, super calls access smeth, and local method calls go
through imeth. The revised compiler converts each operation into an indexed access to
the appropriate vector. This separation works for methods sends and super calls; local
method calls require additional changes, which we describe in section 7.2.

For mutable fields, our compiler stores two pairs of setters and getters for each field
in the class value. One pair protects external uses of the field through objects, and the
other pair protects accesses within the class hierarchy. When a contract with a field-
related clause is applied to a class, the appropriate pair of functions is replaced with
a new pair. The new getter applies the appropriate projection with covariant blame to
the result of the old getter. The new setter applies the projection with contravariant
blame to the incoming value and then passes the result to the old setter.

To protect initialization arguments, the compiler creates a contracted initialization
function. The new initializer first applies the appropriate projection to each argument
and passes the contracted arguments to the original initializer.
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hash —» ...,m—k, ...
meth —» --- A
smeth —» - - A
\A
imeth —
k
\A
iproj —p|
k

Fig. 26. Second revision of class method tables for contracts

7.2. Internal Dynamic Dispatch

Thus far, our object organization cannot support contracts on method calls within the
class hierarchy. Only certain contracts should affect such calls, namely those at con-
tract boundaries between the class with the call site and the class that contains the
method definition. We therefore employ a vector for local method calls where each en-
try maps to a vector of method implementations; see figure 26. The separation of vector
entries based on contract boundaries means that contract projections for local dynamic
dispatch can be applied eagerly when creating the contracted class value, and that we
can apply different contracts on different sides of the boundary.

In addition, figure 26 shows that the class representation contains a table with over-
ride contracts labelled iproj. These are needed so that a future extension of the class
can enforce the override contract clauses of this class.

Figure 27 contains a class hierarchy where one of the classes, fish, is contracted with
inherit and override clauses for the method eat. Its bottom half depicts the method
and projection vectors used for local method calls to eat in each class. The source class
fish turns into two target classes: fish denotes the class without contracts, and fish’
depicts the class with contracts applied. The different method implementations are
differentiated using subscripts, and primed method names denote contracted methods.

The vectors for a method contains an entry for each contract boundary between its
class and the first class that defined the method in the class hierarchy. In our example,
animal and fish both use a one-element vector for method eat since there are no con-
tract boundaries between them and animal, the first class to define eat. In contrast, the
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Source configuration

ml m2
#lang racket #lang racket
(define animal
(class object% . .. (require m1I)
(define/public (eat x) ...)
(define/public (hunt)
... (eat...)...)) (define greedy
(class fish ... (inherit eat)
(define fish (define/public (eat-until-full)
(class animal ... ... (eat...)...))

(define/override (eat x) ...)))

(provide/contract (define gobbler
[fish (class/c ... (class greedy ...
(inherit [eat c;]) (define/override (eat x) ...)
(override [eat c,])]) (define/public (gulp) (eat . ..))))

Dispatch tables after contract application

animal fish fish'
imeth(eat) » eat: imeth(eat) ¥ eats imeth(eat) ¥ eats | eat)
0 0 0 1
iproj(eat) » id iprojleat) ®» id iproj(eat) $ Po id
0 0 0 1
greedy gobbler
imeth(eat) ®| eats | eat) imeth(eat) »{ eat) | eats
0 1 0 1
iproj(eat) ¥ Po id iproj(eat) ¥ Po id
0 1 0 1

Fig. 27. Classes with override and inherit contracts

contract region introduced by provide/contract separates greedy and gobbler from
fish, meaning the two classes use a vector of two elements for the eat method.

The compiler turns a local method call into an access into the internal method table
of this where the secondary index takes into account the number of contract bound-
aries between the current class and the first class to define the targeted method. Con-
sider an instance of gobbler. If code using that instance calls hunt, the call from animal
crosses the contract boundary to use the overridden method in greedy. Since the call in
animal is compiled to retrieve the method from index 0, it uses the contracted method
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eat),. If the code calls gulp, the local method call from greedy uses index 1. Thus, it
retrieves eat,, i.e., the uncontracted method.

As for the translation of method definitions, the compiler proceeds as follows. If a
class includes a new public method, the compiler creates two one-slot vectors. The
method vector contains the method code, and the projection vector contains the identity
projection id. See the diagram for method eat in animal in figure 27.

If a subclass does not override a method, as in greedy, its method and projection
vectors are those from its superclass. If it does, as in fish and gobbler, then the projec-
tion vector remains the same but the method vector is the result of applying the new
method implementation to each projection from the corresponding entry in the projec-
tion vector. In gobbler, the method at index 0 is eat/, the result of composing eat, with
the projection p,, the implementation of contract c,. The method at index 1 is just eat,,
since index 1 of the projection vector still contains the identity projection.

Finally, the application of a class contract to a class yields a new class that contains
extended method and projection vectors. In particular, an inherit clause for a method
means that the compiler wraps high-indexed entries in the method vector with appro-
priate contract checks until that method is overridden. Similarly, an override clause
means the compiler stores the appropriate projection in low-indexed entries of the
projection vector, so that they are available for creating the method vector for an over-
riding subclass. The creation of the method and projection vectors for fish’ from those
in fish follows these rules. The method in index 0 has been copied, while the method
eat’, at index 1 is the result of applying the contract projection for ¢; (from the class
contract for fish) to eats. The projection pg is the result of composing the new projection
for ¢, to the identity projection, and the projection at index 1 is the identity.

8. EVALUATING CLASS CONTRACTS

Our next task is to show that our proposed language extension is both practical and
requires an acceptable overhead. Since our implementation strategy requires signifi-
cant changes to the class system, we must also ensure that existing code is not unduly
affected. Hence we provide three evaluations of our system. The first describes the
performance impact of the class system changes on existing uncontracted code. The
second examines the utility of our design via an investigation of large libraries in our
code base. The third shows that the running time of a large application that makes
heavy use of the newly contracted libraries is barely affected by the new contracts.

8.1. Evaluating the Performance Impact on Existing Code

Our addition of class contracts involves significant changes to both the representation
of classes and operations on them. As such, our implementation affects not only the
performance of code that uses our contract system but also pre-existing code. To un-
derstand these performance effects, we measure the time needed to execute operations
on classes and objects and the memory used to represent classes.

We measure time efficiency with microbenchmarks that determine the time taken
for particular operations: field access, method access, instantiation, and subclassing.
The experiments separate field and method access into multiple microbenchmarks
where the access is either within the same class, between a class and its subclass,
or by an external client via an object. For subclassing, we measure the effect of adding
fields and methods separately. Each benchmark is run one hundred times, and we
report the average, minimum, and maximum running times.

Table I presents the results. Its third column lists the number of times a microbench-
mark uses its particular class feature in a single run. Its last column provides a nor-
malization of the average running time to the original class system, which gives a
percentage for the performance penalty in running time.
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Table I. Micro-benchmark results (times in milliseconds)

rev reps min avg max norm
External field access port 2.5%107 1928 2016.88 2140 1
External field access class/c 2.5%107 1696 1897.16 2248 0.94
Internal (same class) field access port 2.5%10% 3588 3665.84 4176 1
Internal (same class) field access class/c 2.5%10% 3584 3632.12 3692 0.99
Internal (super class) field access port 2.5% 108 3588 3665.60 4184 1
Internal (super class) field access class/c 2.5%10% 3584 3636.44 4252 0.99
External method access port 2.5%107 1948 2076.28 3060 1
External method access class/c 2.5%107 1964 207420 2196 1.00
Internal (same class) method access  port 2.5 %107 852 889.72 936 1
Internal (same class) method access  class/c 2.5 % 107 916 950.56 1000 1.07
Internal (super class) method access port 2.5 % 107 856 890.12 956 1
Internal (super class) method access class/c 2.5 % 107 924 952.40 988 1.07
Object creation port 2.5%107 5229 5457.52 6461 1
Object creation class/c 2.5%107 5317 5488.08 7377 1.01
Subclassing (no methods/fields) port 2.5%10° 3832 4020.08 4328 1
Subclassing (no methods/fields) class/c 2.5%10° 3916 4077.16 4284 1.01
Subclassing (no fields) port 2.5%10° 4176 4377.04 4685 1
Subclassing (no fields) class/c 2.5%10° 4493 4650.04 4905 1.06
Subclassing (no methods) port 2.5%10° 4040 4230.04 4604 1
Subclassing (no methods) class/c 2.5%10° 4484 4660.04 4976 1.10
Subclassing (methods/fields) port 2.5%10° 4449 464440 5052 1
Subclassing (methods/fields) class/c 2.5%10° 4948 5141.12 5444 1.11

All microbenchmarks were executed one hundred times on an Intel Core i7 860 (2.8GHz) with 8
GB of DDR3-1333 memory running Ubuntu 11.10. The “rev” column contains “port” for the old
class system and “class/c” for the new class system.

In our first attempt at adding contracts for first-class classes to Racket [Strickland
and Felleisen 2010a], we imposed overheads of greater than 300% to some opera-
tions due to a hand-rolled proxying solution. This inefficiency sparked the creation
of Racket’s new system of proxies, dubbed chaperones and impersonators [Strickland
et al. 2012], which is inspired by work in the Javascript community [Van Cutsem and
Miller 2010; Austin et al. 2010]. Now, many class and object operations have negligible
overhead, and external field access is faster in the new class system due to optimiza-
tions uncovered by our refactoring of classes.

Local method calls have an additional overhead of 7% because local method lookup
requires one level of indirection for vector indexing. The worst overhead is seen in
subclassing operations, where the performance penalty can be as much as 11%. This
increase in execution time is due to the need to maintain all of the vectors associated
with the field and method tables. However, we expect that subclassing happens much
less frequently than other class operations and certainly not in inner loops. In short,
we do not consider the additional overhead detrimental to the workings of the system.

We measure space efficiency by examining the space needed to represent classes and
how that changes when adding fields or methods. We measure the space needed by a
direct subclass of object% with no fields or methods and direct subclasses of object%
that add varying numbers of either fields or methods.

Because Racket does not provide exact memory accounting, our benchmark first
queries the garbage collector for an estimate of memory use, creates a number of sim-
ilar class values, and then asks for a new estimate. Dividing the difference in the
estimates by the number of values created yields an estimate of the space needed for
each class. We run each benchmark ten times, but in practice the variance for each run
is much less than a single byte.
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Difference in space benchmarks for pre- and post-contracts
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Fig. 28. Space benchmarks for classes

Figure 28 contains a graph of the resulting measurements. Each point represents
the proportion of additional space required by adding contracts to classes. Our data
shows that this increase in space is generally constant per additional feature, whether
method or field. The only place where this increase is not constant is the change from
a class with no methods to one that contains methods. The large bump for the first
added method represents parts of the class representation allocated when a given class
contains methods.

On the other hand, the proportion of memory used by a class with contracts grows as
more class features are added. This is expected, since the overhead of the contracts is
outweighed by the other portions of the class representation when only a few methods
or fields are present. Unfortunately, this also means that the addition of contracts for
all methods can double the space used by a class with about 10 methods. For some
applications, this may be unacceptable. We intend to investigate how to reduce the
memory use of class contracts in future work.

8.2. Evaluating Class Contract Features

At first glance, our contract language for first-class classes is large. It comes with many
more contract forms than the contract languages for conventional object-oriented pro-
gramming languages. To evaluate the usefulness of our contract language, we add
simple, type-like® contracts to both Racket’s base GUI library and an extended GUI
framework. These contracts are derived from the documentation for both libraries. In
the GUI library, these contracts replace existing dynamic type checks. In contrast, the
GUI framework did not use any dynamic checks to begin with.

Table II provides a breakdown of what kind of contracts we supply and the number
of lines of code of both the original libraries and the changes we made. It ignores all
contracts for non-OO features. The majority of these contracts protect classes and de-
scribe how a client should interact with instances and how a subclass should specialize
behavior. Others apply to interfaces and mixins.

6A type-like contract uses type predicates such as number? to check arguments, results, and fields.
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Table Il. Classes, Interfaces, and Mixin Counts

Category GUI  Framework Total
Class 78 55 133
Interface 18 52 70
Mixin 0 47 47
All 96 154 250
Size 30,000 loc 20,000 loc 50,000 loc
Addition 2,700 loc 2,000 loc 4,700 loc
Subtraction 460 loc n/a 460 loc

As seen in section 3, mixins in Racket are just functions that map a class to a differ-
ent class. Here is a typical mixin contract from our revised code base:

(define text:line-numbers-mixin/c
(— (and/e (subclass?/c text%)
(class/c (augment after-insert ...)
(inherit [last-line (2 natural?)] ...))))
;; a contract for the text:line-numbers(%) interface:
(and/c text%/c
(class/c [show-line-numbers! (X5 boolean? void?)]
[show-line-numbers? (X3 boolean?)]
[set-line-numbers-color (= string? void?)]))))

The domain contract combines two class contracts via and/e. The first part ensures
that the argument class is a subclass of the text% class. The second part uses augment
and inherit to ensure that the given class defines two methods: after-insert and last-
line; the former must be augmentable and the latter must return a natural number
when called in the result class. The range contract ensures that the result satisfies
the text%/c contract and implements three contracted methods. The text%/c contract
adds method contracts to protect instances of the result class with the same method
contracts as an ordinary text editor. The method contracts in the class/c form protect
instances of the mixin’s result; for example, if a client program creates an instance of
the result class and calls the set-line-numabers-color method, then this method expects
a string as an argument.

This example shows the typical obligations that a mixin contract imposes on its
argument classes and on its result classes: methods that must exist in the argument
class and allowed uses of the result class by client code. Examples of the former include
inherit and super clauses while examples of the latter include ordinary method con-
tracts, override, and inner clauses.

While our contract system does not directly support the specification of behavioral
subtyping on interfaces, it can approximate such relationships. In our GUI hierarchy,
the area(%) interface is at the root, with window (%) immediately below. The expecta-
tion is that windows behave like graphical areas and support additional functionality.
The following contracts check this expectation:

(define area(%)/c
(class/c [get-parent (%3 (or/c (is-a?/c area-container(%)) false/c)]
[get-top-level-window (= (or/c (is-a?/c frame%) (is-a?/c dialog%)))] ...))
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(define window(%)/c
(and/c area{%)/c

(class/c [has-focus? (5 boolean?)]
[on-focus (&3 any/c void?)]
(override [on-focus (%3 any/c void?)]) ...)))

The contract for window(%) uses the and/c combinator to add new method clauses
that check the methods not already included in area(%). Also, the on-focus method
is included a second time in an override clause with the same contract. This idiom—
where an event handling method is supposed to be overridden in subclasses and where
constraints are specified in the base class—is commonly used in the design of the GUI
library and is the main motivation for override contracts in our system. When an
interface adds no additional methods of its own, we write contracts that are just the
conjunction of two or more contracts, e.g.:

(define subwindow(%)/c (and/c subarea(%)/c window{%)/c))

Table III contains the number of times we use each feature of the contract system.
The table confirms that the expressiveness of our system is needed, but unsurprisingly,
ordinary method contracts constitute the vast majority of contract clauses.

Table lll. Use of Contract Forms

GUI  Framework Total
method 1197 462 1659
init 390 0 390
absent 0 205 205
override 135 147 282
augment 0 59 59
inner 53 6 59
inherit 0 292 292
super 0 8 8
Size 30,000 loc 20,000 loc 50,000 loc
Addition 2,700 loc 2,000 loc 4,700 loc
Subtraction 460 loc n/a 460 loc

Another insight concerns the use of specialization interfaces [Lamping 1993], espe-
cially in the GUI libraries. Recall from section 3 that Racket supports Beta-style inher-
itance. Methods can be specialized by either overriding or augmenting at a particular
point in the class hierarchy. A single class cannot have a subclass that augments a
given method and another subclass that overrides it. Thus, whether a method may be
overridden or augmented is an important part of the specification interface. To check
such specifications, we add contract clauses that, like the documentation, specify which
extension mechanism is in effect for a given method. This explains why we see many
uses of inner and override contracts in the two GUI libraries, which heavily rely on
both kinds of client-defined refinements.

Adding class contracts to our code base exposed several inconsistencies between the
documentation and the implementation of the GUI libraries.” For example, a method
that should have returned menu widgets—and was used by existing client code with
that expectation—was documented as returning void instead.

The contracts also uncovered bugs in mixins. In one particular case, the documenta-
tion described a mixin as adding a particular interface declaration to the result class.

7Tt also revealed the need for the absent clause, discussed in section 3.
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Instead, the mixin added a different, incorrect interface. Since the added contracts
checked that both the argument and result classes in a mixin implement the correct
interfaces, running the IDE test suite caught this error.

Finally, our contracts found cases where behavioral subtyping is intended yet vio-
lated. In one case, a class in a test driver was subclassed from an editor class that
defined override contracts for its methods. The superclass defined a method with op-
tional arguments, but the test driver’s class overrode this method with only mandatory
arguments. This change, in turn, broke the expectation of client code, which expected
a method specification with optional arguments.

8.3. Performance Evaluation

To evaluate the performance of the contract system, we use the DrRacket [Findler
et al. 2002] test suite—a comprehensive set of tests that simulates interactions with
the IDE. The test suite utilizes both the base GUI library and the extended GUI frame-
work. It sends simulated keyboard and mouse events to the DrRacket UI.

Table IV. Contract performance (times in milliseconds)

run max mean min  norm
No Checks or Contracts 747847 728874 722926 0.97
No Contracts 788179 749939 741486 1.00
Only GUI Contracts 809095 796642 792165 1.06

GUI and Framework Contracts 900266 821175 807671 1:09

Because the original GUI library uses dynamic checks in lieu of contracts, we also
measure the amount of overhead introduced by these original checks. Table IV con-
tains the results from running the test suite with no dynamic checks or contracts,
with just dynamic checks, with contracts added to the GUI library, and with contracts
added to both the GUI and framework libraries. The tests were executed ten times on
an AMD Phenom II X2 with 4GB of RAM running Debian GNU/Linux. The results
show that the contracts on the GUI library add around 6% overhead compared to the
original dynamic checks. Because the added contracts are stronger than the original
dynamic checks, part of this additional overhead is due to the strengthened checking.
The contracts on the framework library—which had no dynamic checking built-in to
begin with—add an additional 3% overhead. Since the Racket IDE is a highly interac-
tive program, we consider this runtime cost acceptable in exchange for more precise
checks and better error reporting.

To provide a more fine-grained account for the overhead, figure 29 reports the num-
ber of times that particular portions of the method contracts were executed. The flat
checks guarantee properties that can be checked immediately when applying the con-
tract to the class. As with normal function contracts, the domain and range checks are
performed at each method call site. Note that the execution counts in the figure are
scaled differently for each component. As expected, method domain and range checks
occur much more frequently than flat checks because these checks occur at every invo-
cation. An unusual aspect of the distribution is that range checks appear much more
frequently than domain checks. A code inspection suggests that this imbalance is due
to the frequent use of nullary methods in object-oriented style code.

9. RELATED WORK

Parnas [1972] introduced the idea of describing expected behavior between differ-
ent software components via specifications. Meyer [1992a] named these specifications
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Fig. 29. Frequency of contract execution in test components

“contracts” and added them to his language Eiffel [Meyer 1992b]. He also coined the
slogan “design by contract” to refer to the practice of writing contracts first.

Leavens et al. [2005] present JML, which goes beyond normal contract systems to in-
clude specification-only declarations and frame conditions. Leavens [2006] then shows
how JML forces subtypes to inherit an appropriate combination of their supertypes’
specifications in a way that enforces behavioral subtyping. Since behavioral subtyping
is enforced, the information known about a value’s static type can be used to provide
modular reasoning about its behavior. As in Eiffel, however, specifications of higher-
order behavior must be encoded by adding new interfaces to the type hierarchy.

Findler and Felleisen [2002] described a contract system for higher-order values,
needed to protect higher-order functions and introduced the notions of contract bound-
aries and blame. Findler and Felleisen [2001] also discuss contract soundness for an
object-oriented system, but their contract system, like Eiffel, provides only first-order
checks on method entry and exit that are tightly coupled with the protected class.

Gray et al. [2005] use mirrors [Bracha and Ungar 2004] and contracts to enable in-
teroperability between Java and Scheme by interposing dynamic checks on the bound-
aries between the two languages. Gray [2008] refines the idea of mirrors into guards
and mimics to fix errors in blame allocation during cross-language inheritance in the
previous work. Classes are not values that can flow between the languages in either
system and the class hierarchy for a given program is static, but both systems provide
behavior-based checking. Gray [2010] then uses guards and mimics to provide inter-
operability between Java and JavaScript. In this system, JavaScript objects defined at
the top-level can be used as superclasses for Java classes and Java objects as proto-
types for JavaScript objects. This means that the resulting class hierarchy is flexible
but at the cost of expensive inter-language boundary crossings. In addition, all three
pieces of work contain no efficiency or utility evaluation for the proposed systems.

Adding specifications for fields or methods that should not be present in a contracted
class is inspired by Bracha’s work on Jigsaw [Bracha 1992]. The idea to track negative
information about labels is also inspired by research on type systems with extensible
polymorphic records [Wand 1994; Cardelli and Mitchell 1991; Harper and Pierce 1991;
Gaster and Jones 1996].
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10. CONCLUSION

This paper presents a contract system for languages with first-class classes and pro-
vides both theoretic and practical validation. Our contract system can describe con-
straints on the behavior and state of objects and class values that cannot be checked
immediately. To describe functions on classes, our contract system decouples contracts
from classes. This separation allows the same contract to be shared between multi-
ple classes or the same class to be protected with multiple different contracts. Most
importantly, it empowers programmers to write contracts on class abstractions such
as mixins. Finally, our contracts can express different restrictions on object interfaces
and specialization interfaces.

Our contract system does not attempt to enforce behavioral subtyping in the class
and interface hierarchies. While we consider this focus appropriate for a dynamically
typed language, we plan to add facilities for the specification of behavioral subtyping,
especially in the context of a typed language. In addition, the overhead incurred by our
changes to the class system may be unacceptable for some uses. Developing alternative
implementation strategies that reduce this overhead and make this contract design
space-efficient is an open problem.

We validate our design by proving that our contracts assign correct blame for con-
tract violations. Our proof of blame correctness is the first for a contract system for an
object-oriented language. We validate our implementation by both measuring the run-
time impact of our contracts and identifying the errors they reveal in our codebase by
equipping a large code base with contracts. Last but not least, our use of class contracts
pinpoints numerous inconsistencies between our code base and its documentation.
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A. META-FUNCTIONS FOR CFCC
A.1. The CV Meta-Function

CV]object%] = True
gkl = CVI[v]
wherey = class/v'{ 7/
methods
[mq(thisy x1...) e1]...}
gkl = CVI[Y]
wherey = G{ «/
public
[y (Rfhgg 61 2T
override
[0y (Kghis 3" w25}
CVv] = False 1in any other case
A.2. The Methods Meta-Function
Methods[7] = {my ...} UMethods[y]
wherey = class/v'{ 7/
methods
[my(thisy x1...) e1]...}
Methods[object(v)] = Methods[7]
Methods[7] = Methods[y']
wherey = G{ v/
public
mp (553, K20 2]
override
Mo, (R5hyo 150 w2)4])
Methods[v] =g

in any other case

A.3. The Class Identifier Substitution Meta-Function

{/ /") e =e
where e = class{ ¢’
inherit m,, ...
public
[my, (thisy, o' ...) ep,]...
override
(i) [Mo, (thise, xT'...) €oy] ...}
/" te =e
where ¢ = class/v'{ v
methods
/ [my(thisy x1...) e1]...}
{// /4 }isend" (e,, m,e1...) = isend’ ({V'/}e,, m, {//"}e;...)
{V /i \supert(e,, m,e;...) = super’ ({//"@}e,,m,{i//"}e; ...)
for the remaining elements of e and x the meta-function is a homomorphism
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A.4. The Object Meta-Function

Object]object(y)] = True
ifCV[~]
Object[] = Object[v']
wherey = G{ v/
public
[mpl (Hfflu’s 1#1)1 s Hgl )?l] e
override
Moy (Ghy £ = 12)5H]. )
Object]v] = False in any other case
A.5. The Zs Meta-Function
Zs[y, 1] = True
wherey = class/v'{ 7/
methods
[mq(thisy z1...) e1]...}
Zs[y, ] = Is[y',4]
wherey = class/v' { v/
methods
[mq(thisy z1...) e1]...}
and . # ./
Zs[object(v),:] = Zs[y,]
Zs[y, ] = Is[v',4]
wherey = G{ v/
public
[mp, .(lfféis O /@fl)?’l] .
override

10, (RGhe K51 o> 2]
Zs[object%,.] = False

A.6. The GetS Meta-Function

GetS[y,] =7
wherey = class/v'{ 7/
methods
[my(thisy z1...) e1]...}
GetS[, ] = GetS[vy,]
where y = class/v' { +/
methods
[my(thisy z1...) e1]...}
and . # ./
GetS[object(y),:] = GetS[y, (]
GetS[y, ] = GetS[v', ]
wherey = G{ v/
public
G LU
override

Lk
Mo, (Kipis K" oo nﬁl)j l..-}
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A.7. The Get Meta-Function

Getly, ] =7
wherey = class/v'{ 7/
methods
[mq(thisy x1...) e1]...}
Get[v, ] = Get[y,] ,
wherey = class/v' { v/
methods
[mq(thisy x1...) e1]...}
and . # ./
Get[object(y),:] = Get[y,.]
get[[’yv L]] - getﬂ’ylv L]]
wherey = G{ +/
public
i (e s 2
override
(Mo, (K55 K-> K2V
B. MINOR META-FUNCTIONS FOR CFCC WITH ANNOTATIONS
B.1. The CV Meta-Function
cV[|object%| '] = True
CVIII*] = CVIIIVI‘I .
where~y = class/v'{ ||7/| !
methods
. . [my(thisy z1...) e1]...}
CVIIIF*] = CVIIVI'I .
wherey = G{ |||
public
b (o8]
override
(Mo, (Kipis KT ... > KO )ék] .
CV[v] = False

in any other case
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B.2. The Methods Meta-Function

Methods[||7]|*] = {m1...}UMethods[|l|| /]
where v = class/v'{ ||7/|| !
methods

L [Tl(thisl ri. ) e]. ..}
Methods[lobject(hl| )IF] = Methods[|] 7]

—

Methods[||7]|¥] = Methods[||7']| ']

wherey = G{ |}7/||’
public
iy (R W7 D)
override
Moy (KO, KSE .. w2EF )
Methods[[v] = @ in any other case

B.3. The Class Identifier Substitution Meta-Function

{i/ /i }e =e
where e = class{ ¢’
inherit m,, ...

public
[myp, (thisp, 28" ...) ep,] ...
override
| [Mmo, (thise, 1 ...) €o,] ...}
{L//ZdL}e = €
where e = class/v'{ ||¥'||

methods
/ [mq(thisy x1...) e1]...}
{// /i }isend" (e,, m, ey ...) = isend’ ({t'/“i}e,,m, {t//"%i}e; .. )
{V /1 \super:(e,, m,e;...) = super’ ({//@}e,,m,{i'/i%}e; ...)
for the remaining elements of e and « the meta-function is a homomorphism

B.4. The Object Meta-Function

Object[|[object(|y]| D)||F] = True
itV ]

Object[Ily'I']
wherey = G{ |||

Object ]|l *]

public
kil
by (o0
override
[0, (KGhis R3" - w2)5])
Object[v] = False in any other case
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B.5. The Zs Meta-Function

o2 (TR = True
wherey = elass/v'{ |7/
methods
. . [mq(thisy x1...) e1]...}
Zslivll* .l = Is[|lv[I*, ] , -
wherey = class/v' { ||/ !
methods
[my(thisy z1...) e1]...}
and . # ./
Zs[llobject(|y[[ 1) *,e] = Zs[lv ‘]
Zs[lvl* .l = Is[|lv[I*, ] .
wherey = G{ |||
public
[mp, -(/ifﬁis Ry e mfr’l)?’l] ..
override
. (Mo, (Kghiy K- 5255}
Zs[|lobject%|| ! , ] = False

B.6. The GetS Meta-Function

GetS[lvII*, 1] = |y[I'e! .
where v = class/v'{ ||¥/| !
methods
[m1(thisy =i ...) e1]...}
GetS[lvlI*, e, 1] = GetS[|I'[I1, 1 ® k|
wherey = class/v' { ||| ¢
methods
[mq(thisy x1...) e1]...}
and: # ./
GetS[|object(|[]| )%, 1,1 = GetS[Iv| !, 1@ k]
GetS[vlI* e, 1] = GetS[lI'[|1 6,1 ® k |
wherey = G{ |||
public
[mp, (K K" /@fl)?’l] ..
override

Lk
Mo, (Kipis K" oo H;’l)j l...}
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B.7. The Get Meta-Function

e[|Vl *, e, 1] = [y[**

wherey = class/v'{ ||/ ||7
methods
[mq(thisy x1...) e1]...}

Get[|VIIV 1@ k]

where v = classv' { |7/||
methods
[m1 (thzsl SC% .. ) 61} .. }

Get[lIvl1*, e, 1]

and: # ./
Get[|lobject(||y[| )%, e 1] = Get[|V] ", e 1@ k1]
Get[|yI1*, ¢, 1] = Get[|lv|I" 1@k ]
wherey = G{ /|| !
public
[Mpy (Kipss Y- KD
override

[0y (RS KSE . w0EE] L

k.l
il
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