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Solving Constraints on Object
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1. Introduction

Constraints occur in a variety of application domains relevant to computer science.
Constraints are declarative: they specify a desired relation that should hold, but
not how to achieve this. Constraint programming is the paradigm that allows
developers to express constraints directly and have a constraint solver take care of
how to reach and then maintain the desired state. Constraint programming thus
provides flexibility in the solving approach, and avoids scattered code to ensure
that constraints are observed throughout the execution of the program.

Domains where constraints are relevant include graphics, physical simulations,
planning, or interactive puzzles. Some examples for these are: that two graphical
objects keep a minimum distance when moved or change their appearance when
the mouse moves over them; that a piston stays at a constant distance to a crank or
that a resistor obey Ohm’s law; that a video streaming service adjust the quality
of the stream to play smoothly based on the load on the network; or that a game
of Sudoku may only be solved according to the rules. In these domains, it is often
easier to state what the rules are than how to achieve them. In the example of a
Sudoku, constraints allow to fully define the possible inputs simply by adding
constraints on the cells that their input be between one and nine, and that each
number must appear exactly once in each row, column, and sub-block.

Declarative constraints offer advantages over an imperative, object-oriented
programming style. The solving strategy may be exchanged without having to
adapt the constraint declarations. Some problems can be naturally expressed using
constraints, and the code is thus a close to the problem domain. Finally, constraint
solvers have a clean semantics when it comes to combining multiple and possibly
competing constraints. Due to these advantages, many constraint-programming
systems have been proposed over the years, notable systems include Sketchpad

[sutherland-ifips-1963 | in 1963, ThingLab [borning-toplas-1981 ] in 1981, and (—

There have been numerous attempts to provide these advantages as part of

general purpose object-oriented programming languages. These attempts usu- (cite

ally chose one of two main alternatives for incorporating constraints into object-
oriented programs: The most common way is as a library, which has the advantage
that no changes are required to the underlying programming language and that
the ways in which the solving process can affect the imperative runtime are triv-
ially known. However, this kind of integration leaves it up to the programmer to
translate the relations between objects into constraints for the solver and back at
appropriate times in the program. The alternative technique is to integrate con-
straints directly into the underlying programming language, and provide either
an extended syntax or a Domain-specific Language (DSL) for specifying them. In
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1. Introduction

this case, there is the cost of having to support a new or extended programming
fix this argument, | language.

its stupid, we Despite these advantages, we see multiple reasons why constraints have failed to
have the same become a commonly used tool in the utility belt of object-oriented programming
problem languages. Even where constraints may be applied directly, purely imperative

programming is still the norm. We believe this is in part due to performance
considerations, the lack of integration with existing, imperative code, as well as
inexperience of the programmers with the features and limits of constraint solvers.

First, although very efficient solving strategies such as incremental solving or
(cite J edit constraints exist, these often have to be applied explicitly or performance
will suffer. In contrast, modern imperative language runtimes apply a number of
optimizations automatically — either at compile-time or using Just-in-Time (JIT)
compilation techniques — so that even unoptimized code provides good perfor-
mance. A goal of this work is thus to use applicable techniques to improve the
performance of the solving process in general, and make solver specific features
to improve performance, such as incremental resolving, more accessible.

Second, previous integration attempts of constraints into object-oriented lan-
guages did not unify the constructs for encapsulation and abstraction from both
paradigms, making it hard to re-use code written in one style within code written
in the other. Prior work on constraint DSLs or fully integrated languages requires
programmers to essentially learn two languages. Abstraction mechanisms in the
object-oriented language — i.e., methods and classes — are not available in the
constraint-oriented code, which uses its own abstractions. When crossing the bor-
der from imperative to constraint code, constraints can break encapsulation to
access fields of objects directly, and thus limit the re-usability of constraint code
across objects with similar interfaces, but different internal structure. Another goal
of this work is thus to unify the abstraction mechanisms in a way that respects
encapsulation and makes code re-use easier in semantically clean way.

Third, while it may be easy to formulate a problem as a constraint, it is some-
times very hard to formulate it in a way that a solver can efficiently find a solution.
In general, it is much easier to state constraints than to solve them — some prob-
lems are extremely difficult, and others are undecidable. For example, while it is
easy to ask that a” + b" = " for three integers, a solver can only conclude that
(cite J this is unsatisfiable . Constraint satisfaction is an NP-hard Boolean Satisfiability
Problem (SAT), but if we restrict the classes of constraints to a useful subset in
a particular domain, quite efficient solvers are available. Many practical solvers
impose such restrictions on the kinds of constraints they can solve, for example,
by supporting only floats and not integers or requiring numeric equalities and
inequalities to be linear. For example, the Cassowary solver [badros-tochi-2001
] can efficiently solve multi-way linear equations on floats using the simplex
method; Z3 [de2008z3 ] is an satisfiability modulo theories (SMT) can numer-
ically solve for reals, integers, booleans, as well as record data types; Kodkod
[torlak2oo7kodkod ], Z3, and Ilog [pugeti994c++, ilogmanual | can enumerate
solutions; and DeltaBlue [freeman-benson-phoenix-1989 | can solve multi-way
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constraints using local propagation. An even more restricted approach is to only
consider one-way constraints that can compute an output value given new inputs,
but not vice versa (e.g., [hudson-uist-1996, myers-ieee-computer-199o ). A third
goal of this work is thus to allow multiple solvers to cooperate to find a solution
to a given problem, thus making efficient constraints solving applicable to a wider
range of practical applications.

soft constraints?

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHI

We observe a shift in how new programming languages are positioned in the
last decades of computer science. While the major paradigms, such as OO, FP,
or declarative stay the same, more recently, compund paradigms were proposed,
such as CIP CLP, that attempt to combine the benefits of different paradigms. The
reason is obvious: there is not one paradigm that works well for all use cases.

Think of natural programming — we have many techniques that work well
for specific use-case, like oo for models of the real world, constraints to express
problems and invariants, stepping to let the computer to integration for us, pattern
matching to let it find a needle in a haystack or decide on the matching reaction
to an input,... However, looking at the statistics, one might argue that OO has
won, for its benefits in modelling the real world and interactive processes, but
with the drawbacks that when another paradigm may be more appropriate, we
revert to using it through libraries or as an entirely separate language or DSL. This
discourages their use, and as a consequence, workarounds and “best practices”
proliferate that attempt to express something imperatively that may be more easily
expressed, for example, in constraints. All to avoid adding yet another library or
DSL.

We argue that there are two areas where this line of research must move for-
ward. On the one hand, we need new programming systems that are interactive,
explorable, and acknowledge that programming is about more than writing and
compiling strings into an executable form. The other is, how we can take the ad-
vantages and lessons we learned in the past decades and combine them to create
not new, but integrated programming languages, where the choice of paradigm is
not inherent in the language, but different paradigms are available and integrated
in a way so programmers can move between paradigms as they see fit. We are
already on the way for both of these paths. This work is a modest step on the
latter path.

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHI

1.1. Challenges

The aforementioned goals of this work present a number of challenges.
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Constraint Solvers are Non-deterministic “Magic”

A major challenge for constraint systems has been to find functions to choose
200d solutions. The theoryis that using constraint programming is the holy grail:
the user states a problem, and the computer solves it. In practice, humans use a
lot more implicit context when searching for solutions to problems. This context
is not only implicit, it is in parts not even consciously known. Thus, when the
problem is put to the computer, many implicit constraints are omitted, allowing
the system to come up with surprising and undesirable solutions.

The fact that constraint solvers are often provided as black boxes without good
debugging support exacerbates this problem. While imperative execution encodes
the order of operations in its semantics, declarative programming semantics is
more or less independent of the actual order of execution. While this has a number
of advantages (for example, declarative languages can generally more easily make
scale to use multiple threads of execution), if something does not work as intended
the gap between actual execution and user code is vast.

Specialized constraint systems are used for type checking and inference, or
checking of models of object-oriented systems against the execution of their im-
plementation. These system can infer many interesting properties and notify the
programmer when an assumption cannot be proven. However, use cases such as
acceptability oriented computingor input fuzzingnot only check, but also attempt
to correct execution of programs when assumptions fail.

When a constraint solver is allowed to change the execution state to satisfy a
set of constraints, implicit preferences need to be weighed: should the solver be
allowed to change the types of variables or even the semantics of the language
to satisfy the constraint? Is the identity of an object important, or can the solver
substitute another that satisfies the constraints? Which constraints should lead
to a run-time error when they are violated, and which constraints can be safely
ignored?

Object-oriented Imperative Programming is the Norm

1

Considering the most popular languages according to , object-orientation has
arguably won. At the very least, we can infer from such data that a large num-
ber of developers are at least familiar with object-oriented programming style.
Furthermore, since a large number of useful code is written in object-oriented
languages, any new language has to consider how to interface with existing work.
If the conceptual distance to object-like modules and imperative operation is too
far, abstractions do not match, and it is hard to interface with existing code, and
even harder to understand how systems are working together. This deters from
using constraints when it makes sense, because they may make the system harder
to understand and maintain.

Many problems indeed are more naturally expressed with a step-wise definition
in an imperative style. Constraint languages have no notion of mutable state
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or sequences of events, and problems involving user interaction are thus hard
to express in a purely constraint-declarative style. However, when a problem
naturally lends itself to constraints, using a solver can reduce the size of the user
program significantly and make the code more flexible and understandable. Thus,
we argue, there is a benefit to be gained from integrating the two paradigms and
making both options available to a larger number of programmers.

For many languages, foreign-function interfaces (FFIs) exist to interface with the
underlying system and other libraries, and many constraint solving libraries use
such a mechanism to offer constraint solving in general purpose programming
languages. However, these libraries are often restricted to the lowest common [cite, at least Z3PYJ
denominator, which are the primitive values for which a simple mapping between
the solver and the language exists. (Cit@ J

In this work we aim towards a deeper integration of these two paradigms, to
enable constraints in a wide variety of existing OO applications, by re-using the
same abstractions that exist in Object-oriented Programming (OOP). An issue
here is how to integrate the declarative nature of constraints with the step-wise
execution and mutable state of OOP. To make the resulting system more usable,
it should be fully backwards compatible with an existing object-oriented system,
inherently object-oriented in its use of abstraction mechanisms, and have a minimal
impact on the host language, as to not require learning a new, separate language
to use constraints.

Solvers Are Highly Specialized

Although general constraint solving is NP-hard, most constraint solvers find
good solutions in reasonable time when used in the right way for the right kinds
of problems. However, to require programmers to learn the special features for
each solver is undesirable. For example, some solvers including Cassowary and
DeltaBlue have support for incremental resolving. Incremental resolving splits the
work of the solvers into two distinct phases, and, if only a subset of the variables
is known to change frequently, optimizes the solving process for cases when these
change. Besides such specific features, most solvers are optimized for specific
domains of problems, such as linear or non-linear equations of reals or integers or
boolean logic.

In OOP, developers do not usually have to consider the lookup process itself or
the way objects are laid out in memory. Similarily, Object-Constraint Programming
(OCP) programmers should not in general have to deal with the choice of solver.
An OCP language should, as much as possible, relieve the developer from having
to answer the following questions: Which solver is the right one for my problem,
i.e., which solver provides the best results or the best performance? If none of the
available solvers can solve my problem, why? How might I change the constraints
to allow a solver to find a solution? Can I split the constraints and hand them to
different solvers which each find part of the solution? If the solvers come up with
a surprising solution, which constraints allow them to do so? Thus, to solve wide
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variety of problems effectively, a combination of different solvers is desirable, and,
in addition, the language should aid the programmer in choosing the right solver
and the correct way to invoke it to achieve optimal performance.

Practical Performance Requires Trade-Offs

A general design for an OCP language can be implemented in different ways,
with different trade-offs regarding symbiosis, performance, and applicability. An
implementation with virtual machine (VM) support can provide very good per-
formance, but is not always feasible. For example, an application server can run a
modified VM to make use of OCP in server code. On the other hand, code that is
written in a language with multiple VM implementations and that is meant to be
executed on many heterogeneous clients cannot rely on a modified VM to be avail-
able on each client. To make use of OCP in that context, it must be implemented
as a user-level library. In that case, the choice of host language determines how
easy syntactic extensions are and if semantic extensions can still be reasonably
debugged and accessed on a meta-level.

Dynamic, object-oriented languages achieve good performance mostly due to
advanced JIT techniques. Most VMs abstract from the underlying system stack
and implement an abstraction for stack frames and execute everything, from local
variable access to message sends, on top of this abstraction, rather than re-using
the fast system stack. One feature of JIT compilers is to lower these abstractions
onto the underlying system and thus achieve near-native performance for things
like stack frame creation and local variable access. This works well because local
variables in most OOP languages simply store pointers to objects on the heap,
and thus can be directly represented by a machine word on the stack.

Variables in constraint solvers behave differently, and imperative code that
interacts with libraries of constraint solvers often has to copy variables (which
the JIT meticulously mapped to the stack for performance) into a solver-specific
structure on the heap. The inefficiency my thus deter from using a constraint
(cite J solver in the first place. Languages such as Kaleidoscopeor Turtle, which integrate
the constraints directly into the language to avoid the explicit copying, have only
a cosmetic effect, but cannot improve performance. To the contrary, when every
variable can potentially be used in a constraint, they need more structure and are
thus further removed from a machine friendly representation that the JIT can map
to the stack.

[cite

1.2. Contributions

Babelsberg, a Language Design and Formal Semantics for Object-Constraint
Programming We present a concrete design for a family of OCP languages
called Babelsberg that supports a useful and expressive language for constraints,
integrated with a host object-oriented language in a clean way. A heuristic for its
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design is that when there is a choice, we favor simplicity over power, if that power
has not proven useful in practice or would make it difficult to know what the
outcome of a particular operation may be. This comes at the cost of omitting some
interesting, but little used features of constraint programming, but makes the
interactions between constraints and objects clearer. This heuristic also makes the
Babelsberg design more independent of the particular host language and solvers
used in implementing it, because only a small set of key operations have to be
adapted.

For our design, we provide a formal semantics that incrementally adds OCP
features to an object-oriented host language. Of particular interest here is the way
we translate constraints involving methods to the solver and our rules for restrict-
ing side effects in constraint expressions. The only restrictions are: a) an expression
that is used as a constraint must evaluate to a boolean (the constraint is that it
evaluate to true) and b) the expression should return the same result on repeated
evaluation (so that, for example, a random number generator would not qualify).
Our semantics clarifies important design decision to guide language implemen-
tations, and omits details that are inherited from the underlying host language.
This makes flexible enough to apply to a variety of object-oriented languages.
In particular, our semantics specify: First, the interactions among constraints on
identity, types, and values. Second, the addition of a novel kind of structural
type-checking combined with soft constraints to tame the power of the solver with
respect to changing object structure and type to satisfy constraints. Third, The
addition of value classes, which create immutable objects for which identity is not
significant. And fourth, a set of restrictions on constraints that make it easier to
reason about which solutions are acceptable with respect to object identity, type,
and directionality.

We also present an executable version of our semantics to automatically verify a
suite of example programs that illustrate the problems we address. Our executable
semantics includes framework to generate language test suites from our suite
of example programs written in the executable semantics language, so concrete
implementations of our design can be automatically tested for conformance to this
semantics, and the test suite can be kept up-to-date as the semantics evolves.

Linguistic and Meta-Level Symbiosis with an Object-Oriented Host Language
Our syntax and semantics are true extensions and thus backwards compatible
with the existing object-oriented paradigm. Our syntax extensions merely inte-
grate constraint definitions into the host language, and the semantic model for
Babelsberg behaves like an ordinary object-oriented language in the absence of
constraints. On the syntactic level, our additions are relatively minor, for exam-
ple, to add syntactic sugar to annotate variables and expressions as read-only for
the solver, or to pass various arguments to the solver if desired. Our syntactic
integration ensures that constraint expressions very closely resemble assertions
(with the difference that they are actually solved, rather than just tested), making
it easy for the programmer to write and read constraints and object-oriented code.
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Our modifications to the object-oriented semantics of the host language include
dynamic typing, object encapsulation, classes and instances or prototypes with
methods, and message sends. Our design supports placing constraints on the
results of message sends rather than just on object attributes — thus, we argue,
being more compatible with object-oriented encapsulation and abstraction than
prior approaches in Constraint-Imperative Programming (CIP).

Additionally, Babelsberg defines meta-level facilities that allow libraries to con-
struct soft as well as hard constraints, and constraints that support incremental
solving. These meta-level facilities allow access to solver-specific features, provide
ways to dynamically activate and deactivate constraints, and allow developers
to build their own abstractions on top of the constraint extensions. Again, we
believe this makes our design more compatible with the spirit of dynamic, purely
object-oriented languages in which the meta-level is readily accessible.

An Architecture for Adding and Using Multiple Cooperating Solvers Babels-
berg provides an architecture that supports multiple constraint solvers, which
makes it straightforward to add new solvers, and which does not privilege the
solvers provided with the basic implementation. To solve more complex problems
involving different types of constraint, we present an architecture to let multiple
solvers cooperate. Our architecture works with and without VM support and
supports incremental constraint satisfaction across solvers.

Performant Implementation Techniques and Possible Applications for OCP
We describe three working prototype systems. The first implements a VM-extension]j
to support OCP, and is integrated with a state of the art Ruby virtual machine and
JIT compiler. In the absence of constraints, the performance of a program written
in Ruby is only modestly impacted. Two more prototypes implement the library-
based design in the LivelyKernel JavaScript environment and in Squeak /Smalltalk,
including additional language support to write constraints conveniently. We use
these prototypes to evaluate how practical language might follow the semantics
while still being practical and to explore where deviations from the semantics may
be worth to explore. We also evaluate the performance of our implementations to
show that OCP is practical.

Our VM-based technique for implementing object constraint languages adds
a primitive to switch the interpreter between imperative evaluation, constraint
construction, and constraint solving modes. The first operates the interpreter in
the standard fashion, except that the instructions to load and store variables check
for constraints, and if present, obtain the variable’s value from the constraint
solver or send the new value to the solver (which may trigger a cascade of other
changes to satisfy the constraints). In constraint construction mode, the expression
that defines the constraint is evaluated, not for its value, but rather to build
up a network of primitive constraints that represent the constraint being added.
The interpreter keeps track of dependencies in the process, so that, as needed,
the solver can be activated or the code to construct the constraint can be re-

10
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1.3. Outline

evaluated. With our technique we allow JIT compilers to optimize variables that
do not participate constraints on them in the normal fashion, and thus restrict the
overhead of explicitly creating variable structures on the heap to those variables
that need to be manipulated by the solver.

When a VM extension with a primitive is not feasible, our library-based design
includes principled restrictions that allow OCP to be implemented as user-level
code without VM support. We demonstrate that our restrictions are minimal, and
that practical applications can be written within these restrictions.

Finally, we present techniques for applications to interact with constraints, and
report our experiences regarding the use of constraints in conjunction with existing
applications, libraries, and frameworks. For interactive use, we use applications
using the Morphic framework in the Squeak and LivelyKernel. We also show
non-interactive, server-style applications and compare how constraint use differs
between those two types of applications.

1.3. Outline

1 page

11
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2. State of the Art

This chapter first gives an overview of the current state of the art in using con-
straints from imperative languages, and we elaborate on relevant theory. Our work
address a number of problems which arise from previous work in the area from
the dichotomy between constraints and imperative programs.

2.1. Objects and Determinism in Constraints

Object-oriented, imperative code usually mutates state explicitly over time. Any
changes to objects and their structure is triggered by explicit programmer action.
In contrast, constraints model a set of desirable states and and state changes arise
from the solving of those constraints. The concrete changes are not necessarily
deterministic: when multiple equally valid solutions are possible, different solvers
may return any one or all of them. From the point of view of an object-oriented
developer using constraints, this uncertainty about the selected solution may
sometimes appear unintuitive when the solver picks a solution that the human
programmer did not even consider.

Using constraints in conjunction with imperative code often requires program-
mers to consider the solving process in order to use constraints effectively; even
small examples contain the potential for surprising solutions. As an example,
consider a bank account application in which we want to prevent changes that
would make the account balance drop below a certain threshold. Additionally, we
want to track the daily interest, but not allow it to rise above 10 euros. We add a
constraint to ensure this:

account.balance < minimalBalance N\ dailyInterest < 10
We use another constraint to relate the dailyInterest to the account balance:
dailyInterest = (account.balance x 0.01)/365.0

This second constraint can conflict with the first when the account’s balance
becomes large—we define it so that the second constraint can be disregarded by
the solver in that case. Already, this example contains the potential for surprising
solutions. The programmer expects the constraints to affect the bank’s balance as
well as the daily interest. However, in the absence of other restrictions, the solver
is also allowed to change the minimalBalance, or set every variable to o.

Another issue arises from the fact that in this example, we assume that the solver
knows how to access the balance property on the account. But if another variable

13
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with a balance field is known to the solver, can it change the value of the account
variable to point to it? And what if no such field exists? Some systems, such as
Kaleidoscope or Turtle, would allow the solver to invent the field or change the
account variable in that case. While one might argue that such behavior is desirable
in this case, it is a slippery slope. For example, consider a constraint of the form
p.x > 0V p.y > 0 on a point object p. There is inherent non-determinism here—the
solver can choose which property to update if the constraint does not hold. But if p
lacks both properties which one should be invented? The Kaleidoscope language,
particularly the early versions, was arguably too powerful in ways like this that
were interesting, but not useful in practice. This made it difficult to understand
(cite J what the result of a program might be and also difficult to implement efficiently.

Read-only Annotations We can remove the first case of non-determinism from
the above example using the concept of read-only annotations[borning-lisp-symbolic-computatic
]. Specifically, as minimalBalance is supposed to be a constant in this case, we
want a way to prevent the solver from changing the value of the variable to satisfy
the constraint. borning-lisp-symbolic-computation-1992 present a declarative
specification of read-only annotations, adapted from formalizations of read-only
annotations in committed-choice logic languages [maher-iclp-1987 |—we review
here its intuition for reference.

Intuitively, read-only annotations in a constraint mean that information can
flow out of a variable, but not into it during the solving process. This is also the
case, for example, in many one-way data-flow systems, including a spreadsheet.
A formula to add two values in a spreadsheet can be represented as constraints
using read-only annotations. Here, the solver can only set z to be the sum of x
and y:

required x?+y? =z

Read-only annotations are per constraint, and they interact with constraint
hierarchies. They are not, however, integrated into the error functions or the
comparators—for example, it is not possible to ignore the annotation, even if that
meant satisfying a higher-priority constraint. Consider the following constraints:

required x?+5=y
medium vy = 20
low x=0

The solution is {x +— 0,y — 5}—the read-only annotation on the x in the required
constraint prevents the solver from satisfying the y = 20 constraint instead of the
x = 0 one.

Stay Constraints Stay constraints can remove the surprising solutions in which
the solver sets all variables to 0. When using constraints in interactive applications
including mutable objects, the state of which can change over time, it is important
to consider such change in the solving process. In particular, we want to express
to the solver that, if left undisturbed, the system state should not change over time
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and if it is disturbed, the changes should be minimal. lopezi9g94kaleidoscope
argue that it is important in such cases to provide the constraint equivalent of
“frame axioms” to specify that parts retain their old values as the system changes.
The mechanism they propose builds on the theory of constraint hierarchies which
allows the solver to disregard some constraints in preference to others (we discuss
this concept in more detail in Section 2.3). These “frame axioms” work by adding
implicit, low-priority stay constraints on every variable in the system. As far as
the theory of non-required constraints is concerned, a stay constraint is simply
an equality constraint v = ¢ for variable v and constant ¢ with a low priority.
Operationally, ¢ will be the value of v at the time step just before calling the solver.

Stay constraints are important in an integration of constraints into an imperative
language, because a developer used to imperative programming does not expect
values to change if there is not reason for them to do so—without them, we
would often get counter-intuitive behavior. For example, many constraints on a
quad-literal—such as that opposite sides should be parallel or that each side be
perpendicular to its neighbors—can be trivially satisfied if we allow the figure to
collapse to a single point. This, however, is not usually be what we expect, but a
result of an under-constrained system. Stay constraints alleviate this problem by
guiding the solver to find solutions that are close to the current state when the
system is under-constrained.

Identity Constraints Kaleidoscope’93 introduced the concept of identity con-
straints[lopez-ecoop-1994 ], which take into account a variables identity and, in
conjunction with stay constraints, allow us to specify that the system is not allowed
to change the value of the account variable above. While this addresses this par-
ticular complication, the concept alone is insufficient to prevent non-determinism.
As an example, suppose we add the following constraint to the constraints above:

account = account?2

This constraint requires two variables to point to the same object. Here it is not
clear whether the solution will require them both to point to the object stored
in account or that stored in account2. Further, if these objects have different
structures that can lead to non-deterministic behavior in subsequent constraints
that access their structure. Finally, the solver can also satisfy the identity constraint
by assigning both variables to yet a third object.

2.2. Uniformity for Imperative and Declarative Code

Approaches to integrating constraints with imperative code require trade-offs
between the declarative and imperative programming worlds. If the constraints
are expressed explicitly in imperative code, the solving may be brittle; when using
a constraint solver library, objects have to be converted to certain special types
to be passed to the solver; in DSLs, constraints may refer to object state directly,
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violating the uniform access principle; and in CIP languages, constraints use
special behavior definitions separate from methods, which violates the uniform
access principle. These lead to problems as programs grow and implementations
of objects change, because the constraints have to be kept up-to-date regarding
the internal state of the domain objects.

Consider a graphical application that draws a window on a virtual desktop. The
window is rectangular, and implemented as a pair of points origin and extent.
Suppose furthermore, that the window is implemented in Ruby, and has methods
to calculate the visible area and to check whether the window is on screen. The
code may look as follows:

class Window
attr _accessor :origin, :extent

def visible?
origin.x >= 0 and origin.y >= 0
end

def area
extent.x * extent.y
end
end

Suppose that this window is showing some important information that should
remain visible on the screen and fit within the area of the window. The constraints
may be that the area of the window should be > 100, and the predicate method
visible? should return true.

Imperative Solving In a standard imperative language without constraint solv-
ing, the standard approach to dealing with this is to leave it up to the programmer
to find some means to maintain the constraints. This may involve determining
through which code-paths the constraints may become invalidated and instru-
menting those paths. The programmer may have to re-define the setters for origin
and extent to check that the newly assigned points do not violate the constraints.
If there are any other methods in the window that manipulate origin and extent
without going through the instrumented setters, or if the points themselves are
mutable, this quickly becomes cumbersome and error-prone. If the code-base
is sufficiently large, a future developer may add a method that invalidates the
constraints without realizing.

To satisfy constraints imperatively, we can use, for example, aspects to satisfy
these constraints explicitly whenever the rectangle changes:

class WindowAspect < Aspect
def ensure constraints(method, window, status, *args)
window.origin.x = 0 if window.origin.x <= 0
window.origin.y = 0 if window.origin.y <= 0
window.extent.x 100.0 / window.extent.y if window.area <= 100
end
end
RectAspect.new.wrap(Rectangle, :postAdvice, /(origin|extent)=/)
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This aspect defines the method ensure_constraints to execute after each assign-
ment to either origin or extent (line 8). In the method body, the x and y values of
the origin are set to o if they are negative (lines 3—4) and the window’s horizontal
size is changed if the window’s area is less than 1-00 square pixels (line 5). While
this achieves the desired effect using the same object-oriented language as the
rest of the system, the programmer has to ensure that all possible code-paths are
covered by the aspect. Second, the original constraints are expressed in a form
that requires the programmer to infer what they are designed to do. The validity
of the constraints must be checked through conditional statements and branches.
If there are multiple ways in which the constraints can be invalidated, nested
branching ensues, which can quickly become hard to understand. Finally, it is [cite complexity }
also not trivial to tell whether the solution for the constraints is optimal. While | measure paper

the above constraints seems fairly trivial, there are multiple ways to satisfy the
constraints. If any of the constraints were only preferential rather than strictly
required, this will be even harder. In general, without a declarative specification,
it is not clear if the code finds an optimal solution, or just a solution (for example,
a window with area 200 would also satisfy the minimum area constraint if a user
tries to resize the window to be smaller than 100 square pixels).

Constraint Libaries We may choose to use a constraint solver library to satisfy
the constraints instead of using imperative code in the aspect as follows:

class WindowAspect < Aspect
def ensure constraints(method, window, status, *args)
ctx = Z3::Context.new
ctx << Z3::Variable.new("extent x", window.extent.x)
ctx << Z3::Variable.new("extent y", window.extent.y)
ctx << Z3::Constraint.new("extent x * extent y >= 100")
# ... same for origin constraint
ctx.solve
window.extent.x
window.extent.y
end
end
# boilerplate code as for purely imperative approach

ctx["extent x"]
ctx["extent y"]

This allows us to express the constraints clearly written, however, we now need
to decompose the window to create the constraints for the solver, violating en-
capsulation, and we have to manually copy the solution back onto our window.
Programming the constraint is very different from writing ordinary code.

Domain-specific Languages For specialized domains such as user interface lay-
outing, solvers are available as separate DSLs that describe relations between
objects that can be automatically maintained by the runtime. Examples of such
DSLs are css , the Mac OS X layout specification language, and the Python GUI (cite
framework Enamel . This approach allows programmers to specify constraints and
avoid boilerplate code to trigger constraint solving and has found widespread
adoption, particularily through the Mac OS X layout system. However, these ap- (cite J

(cite
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proaches require the developer to use an additional language when programming
the system.

Data-Flow and Functional Reactive Programming Some languages have built-
in support for data flow, which allows programmers to express unidirectional con-
straints between objects and their parts. Examples of such systems are ThingLab ,
Scratch , the LivelyKernel /Webwerkstatt , or KScript . (Of these, only ThingLab
includes a planner for propagation that breaks cycles automatically. In the other
systems the programmer has to break cycles explicitely.)

Such data-flow connections can observe changes to our window’s origin and
extent. On each change, a transformation function is executed with the current
and the previous value and returns the new value for the field. Although these
systems are not constraint solvers, programmers can use constraint solvers in the
function in the same manner as they would in the above solution using aspects.
However, the power of the solving is limited to uni-directional constraints.

Constraint-Imperative Programming From the works of Borning on integrating
constraints with objects in ThinglLab , the evolution of integration lead to CIP
as materialized in the Kaleidoscope system and its various extensions . Related
languages include Siri , Turtle , and SouL . Our constraints can be expressed using
Kaleidoscope as follows:

class Rectangle
constructor area = (n: Integer)
always: extent.x * extent.y =n
end

constructor visible?

always: origin.x >= 0
always: origin.y >= 0
end
end

rect = Rectangle.new
always: rect.area = 100
always: rect.visible?

The above code states constraints clearly, and the constructors concept mod-
ularizes the calculated properties visiblity and area so they can be used in
constraint expressions. Such constructors, called user-defined constraints in Kalei-
doscope and Turtle, allow objects to decompose themselves into elements for
interpretation by a constraint solver. However, they are a separate concept from
ordinary methods, and cannot be called from imperative code and vice-versa. Con-
structors require multi-method dispatch semantics, while ordinary methods can
only be used as constants in constraint expressions. This means that developers
have to duplicate behavior definitions if an interface is needed both in constraints
and imperative code (as the area method is, above). This, in turn, requires develop-
ers to anticipate whether certain behavior may be used in constraints or imperative
code by clients. If they do not anticipate it, clients have to revert to accessing state
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directly if possible. and which concept is used depends on whether an object is
used in an imperative or a declarative context. This means that programmers have
to consider both interfaces of an object, depending on what they want to express.

2.3. General Constraint Solving

Although constraint satisfaction in general is NP-hard, there is a large number of
such libraries that restrict themselves to a particular class of problems for which
they implement optimized solving strategies. It is easy to formulate a problem that
is too hard for any one of such solvers. To mitigate this problem, most constraint

programming systems include multiple solvers, but they usually come with a (cite

fixed set that work on specific types. Developers usually choose different strategies
based on the concrete problem to get the best results or the best performance.

Constraint problems can be regarded as a graph, with n-ary operations connect-
ing variables and constraints. Solving the constraint problem can be achieved by
considering variables as inputs and outputs of the operations and traversing the
graph to manipulate them, bit also by considering the operations themselves and
solving multiple or all operations in the graph simultaneously. For the latter, the
solving process needs a built-in understanding of the operations and the types of
variables involved.

One way of classifying solvers is by the type domain of the constraints (e.g., if
they can solve for booleans, reals, finite domains of arbitrary objects, ...). Another
way is to distinguish solvers that are complete for a particular domain (whether
they can solve any constraint involving a particular class of operations in a general
way) from solvers that can only select from a given set of functions (e.g., given an
equation a 4+ b = ¢, can the solver solve only for c given a and b, or can it solve
for several variables at the same time). A third classification that is interesting
for our work is by whether the solver supports some particular feature, such as
incremental solving, constraint hierarchies, or multiple outputs.

In the rest of this section, we present and compare solvers and relevant theory
that are of particular importance to or that we have used directly with Babelsberg.
This is not a completely arbitrary selection, but for each of the presented solvers,
a number of other solvers exist with similar features that could also have been
chosen'.

Local Propagation The simplest algorithm to solve constraints is local prop-
agation. DeltaBlue [freemani1g989deltablue | is a local propagation solver with
support for cyclic constraints that uses user-defined functions to propagate values.
Local propagation is one of the simplest techniques to solve constraints, but it
is restricted in restricted in that it only handles equalities of variables in a gen-
eral way. For more complex relations, local propagation solvers require the user

'See, for example, this catalog of solvers: http://openjvm.jvmhost.net/CPSolvers/, accessed
March 9, 2015
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or library builder to supply propagation functions for each direction in which
they wish to satisfy the relation. In contrast to general solving strategies, which
suffer from increasing complexity and decreasing performance as the complexity
of the domains they handle increases, local propagation solvers like DeltaBlue
are especially useful for applications where a less general but fast algorithm is
preferable.

Local propagation solvers model constraint systems as an acyclic directed graph
of those functions that can be solved one after another. To add the constraint
a+ b = 10 to DeltaBlue, the programmer has to supply the functions a = 10 — b
and b = 10 — a. When 4 is then set to 20, the solver determines that the functions
it should execute are a := 20 and then b := 10 — a. Since the algorithm has
no cycles, this solving strategy is in linear time with respect to the number of
functions. DeltaBlue supports incremental resolving by separating the generation
of the acyclic graph of solving functions from their execution. To incrementally
supply multiple values to the same variable, the same execution graph can be
re-used, and only the initially supplied value is updated.

One restriction of local propagation solvers including DeltaBlue is that, in gen-
eral, they cannot deal with constraints that have multiple outputs, as these could
lead to cycles in the propagation graph. This case arises if we tried to model
a+b = c as a set of functions a = 10 — b, b = 10 — a, and ¢ = a + b. When just
one variable changes, DeltaBlue will refuse to decide whether to update b or ¢
in response. An extension of DeltaBlue, SkyBlue [sannella1993skyblue |, does
support multiple outputs, but at the cost of instability in the linearization of the
graph and resulting non-determinism in the solutions.

The Simplex Method Cassowary [badros2oo1cassowary ] is an efficient solver
for simultaneous linear equations using the simplex method with support for
fast incremental resolving and non-required constraints. Solvers with these fea-
tures are of particular interest in graphical applications where interactive per-
formance is important, and Cassowary was recently integrated into Mac OS X
[AppleCocoaAutoLayout ] for solving layout constraints in the user interface.
To achieve its performance Cassowary exploits the fact that a user manipulates
only very few variables in a graphical application at the same time (fo example,
dragging a window and thus manipulating its position, but not its extent) and
optimizes the solving algorithm for inputs that flow from these variables.

To solve a set of linear constraints, Cassowary uses the Simplex method, in which
the constraints are first brought into a form where each equation is an equality
between one variable and a formula and where the variable does not occur in
any other equation. To support inequalities in this scheme, Cassowary inserts a
slack variable to replace the inequality with an equality. To support non-required
constraints, Cassowary then adds error variables which take the difference from
the optimal solution. Once the constraints are in this form, called a tableau, they can
already be solved or deemed unsatisfiable. As an example, consider the constraint
x <y —>5 < 20. This is transformed first into x +s; =y — 5 and x + s, = 20, and
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then in simplex form becomes x = 20 — s, and y = 20 — s, + 51 + 5. To optimize
this solution, Cassowary incrementally minimizes the sum of the squares of the
error and slack variables. In this case, setting both s; and s to o gives the solution
x =y = 20.

For performant, incremental resolving the assumption is that the constraints
are already known, and only a limited number of variables change. This allows
the solver to re-use the existing equations in simplex form and simply replace the
constants with new values and re-optimize.

Relaxation Ivan Sutherland’s Sketchpad system [sutherland-ifips-1963 ] used
three different solving strategies — propagation of degrees of freedom, local
propagation, and relaxation. The relaxation algorithm is a fast solver for constraints
over reals. It uses an incremental approximation technique, and is thus well suited
to situations were the system is disturbed from a state in which all constraints are
satisfied and the solver is expected to find a nearby state that satisfies them again.

Constraints in Sutherland’s relaxation algorithm are expressed in terms of er-
ror functions. Each constraint has error functions for each degree of freedom it
removes, that is, one error function for each variable it will determine. The error
functions return a real value which indicates how far constraint is from being
satisfied. For example, a constraint 2x = y? would have the error function 2x — 2.
Sketchpad solves constraints by iterating over variables one by one. For each vari-
able, the errors for all its constraints are calculated. Then the variable is modified
by a small 4, and the errors are recalculated. The resulting two data points per
constraint serve to approximate the constraints as linear equations. In our example,
given that x is initially 5 and y is initially 3, the error is 1. We tweak x by, for
example, 0.001 and find the new error as 1.002. We determine the approximate
coefficient to be 2, and thus subtract from x half the error and get 4.5. Now the
error is 0 and we are finished.

When variables participate in multiple constraints, the sum of the squares of the
errors for each variable is used. In any case, the system iterates until it converges
or stops, if it does not after a number of iterations. An issue however, is that some
modification will never let the system converge, and leave it oszillating. Further-
more, Sketchpad’s relaxation will generally not find a solution that minimizes
the sum of the squares of the errors, which is desirable especially in graphical
applications. Van Overveld describes an alternative relaxation algorithm for geo-
metric constraints [van199330 | that is better suited to find such solutions at the
cost of making constraints harder to specify by using one displacement function
per variable rather than one error function per constraint.

Backtracking BackTalk [pachet1995 ]| is a finite domain constraint solving library
that uses backtracking and arc-consistency optimizations to search for solutions in
a finite set of objects. Finite domain solvers are very different from the aforemen-
tioned solvers, as they do not restrict themselves to a particular set of domains for
efficiency. The disadvantage is that they have to use general purpose techniques
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like backtracking to find solutions, which have O(N!) complexity in the worst
case. However, optimization techniques can improve the practical performance of
such solvers to make them useful in interactive applications.

In finite domain solvers, constraints are just tests, and the solver, using back-
tracking, progressively assigns each variable a value from its domain until all
constraints are satisfied or there are no more values left to try. The most widely
used technique for optimizing this process, and the one used in BackTalk, is arc-
consistency [waltzig72generating |, which reduces the domains of variables before
and during the enumeration of values [nadel1988tree, prosseri9gszhybrid ]. This
is done by considering each constraint separately and opportunistically removing
values from the domain that do not satisfy that constraint. As domains shrink this
process can be used repeatedly to converge on the set of possible solutions quickly.
As an example, consider the problem of map coloring, where the task is to assign
one of four colors to countries on a map such that no neighboring countries have
the same color. A naiive backtracking algorithm would try to assign a color to each
country in turn, and only upon finishing all assignments would it test the solution.
On the other hand, when BackTalk assigns a color to a country, it immediately
removes that color from the domains of the countries neighbors, before continuing
the selection process. This quickly reduces the tree of choices that BackTalk has to
traverse to find a valid solution.

Satisfiability Modulo Theories 73 [de2008z3 ] is a fast and comprehensive SMT
solver from Microsoft Research designed for theorem proving, and with support
for a wide range of type domains, including constraints over booleans, integers,
reals, and finite domains. In recent years, SMT solvers have seen significant use
for program analysis, verification, and testing [bjornernuz ]. Their popularity
stems from advances in the performance of the search algorithms, and the ability
to include and combine theories that are frequently used in those applications,
including theories for the aforementioned primitive types, but also theories for
containers such as arrays, sets, and bit-vectors. Though in many applications the
main purpose of SMT solvers is to check the satisfiability of a logical formula, they
also include the facility to generate a model, that is, a set of assignments for free
variables in a formula.

Roughly, Z3 solves constraints using two core modules, a congruence engine,
which determines if two formulas are equivalent and thus should be equal, and a
SAT Davis-Putnam-Logemann-Loveland (DPLL(T)) [Davis:1962:MPT:368273.3685574
] algorithm. The role of the latter is to incrementally build a model for the con-
straints by either deducing the truth value of a formula, or, if that is not possible at
any step, guessing it. The algorithm also checks if the input constraints become un-
satisfiable given the current model and backtracks if that is the case. The formulas
or their negations (depending on whether the DPLL(T) algorithm guessed them
to be true or false) are then conjugated and passed to the respective theory solvers
(based on the types in the formulas). The theory solvers determine any new facts
about variables and return them to the core. For example, consider the constraint
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(a+1=5)V(a—1=2>5). The DPLL(T) core guesses that both equalities can
be satisfied, and passes a +1 = 5Aa —1 = 5 to the real theory solver. The real
theory determines that this is unsatisfiable and returns false as a new fact. The
core adds this to the set of constraints, discovers that this fact makes the constraint
system unsatisfiable, and backtracks to make the second equality unsatisfied. The
new conjunction passed to the real solver is thusa+1 =5Aa —1 # 5. This has a
solution, and the real solver returns it. If there are any additional constraints, the
congruence engine determines if any new equalities arise (this would be the case
if a is shared between different theories), then those equalities are added to the
conjunctions and passed to all relevant theories, which again determine new facts
based on that. The process continues until a model is found, or the core exhausts
the backtracking graph.

73, through plugins, can be made to support a number of additional theories
and model finding features, such as non-required constraints and optimization
[bjornernuz ] or strings [zheng2013z3 ]. This makes Z3 useful for a wide-variety of
problems that involve multiple types with required and non-required constraints.

Constraint Hierarchies Orthogonal to the solving strategies above is the theory
for trading of competing, but non-required constraints. We noted in the intro-
duction that constraint solvers offer clear semantics when dealing with multiple
competing or contradictory constraints. When such constraints are used, they are
generally not all strictly required at the same time—if they are, the constraint
system is simply unsatisfiable. Instead, in many application domains it is useful
to introduce hierarchies of non-required or preferential constraints that declare
desirable properties, but for which it is no error condition if the solver cannot
satisfy them. For reference, we informally review the semantics for trading off
hierarchies of competing constraints, and refer to Borning et.al. for a complete
formal treatise[borning-lisp-symbolic-computation-1992 |.

In a system with constraint hierarchies, each constraint has a priority, with
a designated highest priority that is called required. Highest priority constraints
must always be satisfied, so in the absence of any lower priority constraints, a
constraint hierarchy is solved just like any constraint system. The theory allows
for an arbitrary number of different constraint priorities, but Badros et.al. note
that in practice only a few priorities are used in stylized ways [badros-tochi-2001
]. In Babelsberg, we use the priorities required, high, medium, and low.

As an example, consider the following constraints over the reals:

required x4y =10
high x =38
low y=0
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Not all constraints here can be satisfied simultaneously, but according to the theory
there is a single solution that best satisfies the constraints: {x — 8,y — 2}. This
is the only solution satisfies both the required constraint and the high-priority
constraint.

Each non-required constraint in a constraint hierarchy as an associated error
function that is specific the kind of constraint. A simple error function will just
return o if the constraint is unsatisfied and 1 if it is. However, for reals we can
give a function that increases smoothly the further a variable is from the desired
value by returning the absolute difference of the current and the desired value.
For example, the error for x = 8 is simply |x — 8|, and the error for x < 8 is x — 8
if x is larger than 8 and 0 otherwise. Thus, in our above example, the error for the
unsatisfied low priority constraint is 2.

Consider the case where two constraints at different priorities cannot be satisfied
at the same time, but would have the same error if we completely satisfy one or
the other:

high x =2
high x = -2
low x=0

Borning et.al. [borning-lisp-symbolic-computation-1992 | describe a number
of different comparators for specifying the desired solution in this case, locally-
predicate-better and weighted-sum-better.

Locally-predicate-better finds those solutions such that any other solution would
leave a currently satisfied constraint with a priority p unsatisfied, but without sat-
isfying a higher-priority constraint. Such a solution is called Pareto-optimal. In the
above example, this excludes any solution that satisfies the low-priority constraint,
because this would leave both high priority constraints unsatisfied without sat-
isfying an even higher priority constraint. There are two locally-predicate-better
solutions: {x — 2} and {x — —2}.

Weighted-sum-better finds those solutions that minimize these squared sum of
the errors, weighted according to their priority. To do so, each error functions is
multiplied with weights that are chosen such that no combination of lower priority
constraint can ever have a greater weighted error than any one higher priority
constraint. Within the same priority, the weights can differ between constraints,
however. Assuming we use the same weights to both high priority constraints
above, the optimal solution to the above constraints is {x — 0}, because the
absolute sum of the errors of both high priority constraints is minimal at 8. If we
had a constraint of the form x +y = 10 with lower priority constraints x = 0
and y = 0, the weighted-sum-better comparator will find an infinite number of
solutions with {x € [0,10],y € [0,10]}.

While both comparators find multiple solutions, in Object-Constraint Program-
ming we are interested in solvers that find a solution to a collection of constraints—
if there are multiple, the solver is permitted to select one arbitrarily. This is in
contrast to logic- and constraint-logic programming, where the programmer can
usually access all possible solutions.
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[should we provide a formal explanation or refer to the other paper? ]

2.4. Good Performance in Practical Applications

4 pages

- no unexpected drops in performance (steady-state performance)

- refer to performance of solvers and incremental solving

- refer to state of the art in JIT, and that JITing solvers is hard (PyPy)

- show charts comparing hand-written algo with solving

Kaleidoscope provides a declarative semantics for assignment, type declaration
and subclassing. However, this declarative semantics is also used if no actual
constraints are in the program. In OCP, we only use the declarative semantics
for assignments of variables that are also used in constraints. This means that the
performance of purely imperative code is the same as on a purely imperative VM.

Incremental Re-Satisfaction Some solvers explicitly support state changes with
good performance. To that end, freemani989deltablue introduce the notion of
edit constraints. As discussed in Section 2.3, constraint solving can be regarded as
creating and traversing a graph of constrained variables connected by constraint-
specific operations. If only a subset of the variables change frequently, the perfor-
mance of the solving can be improved by generating a graph that is optimized
to be traversed by starting from these few variables. Furthermore, in graphical
applications user input should often be regarded as a non-required. Consider, for
example, the desire that a graphical object stay visible even if the user tries to drag
it outside the visible screen area. In such cases, the graphical object should follow
the user interaction until it meets the border of the visible screen area. Formally,
edit constraints are again simply an equality constraint v = c for variable v and
constant c. Operationally, it is used to model changing an input value, for example
in response to the cursor position, where in this case v and ¢ would both hold
points: v would be a point in a graphical object being moved, and c would be the
cursor position. Edit constraints also have a high, but not required priority—the
system will attempt to accommodate the edit action, but may be prevented from
doing so. In the above example, if the graphical object would leave the visible area
as a result of attempting to move it too far.

Both DeltaBlue and Cassowary treat stay and edit constraints specially, allow-
ing very fast incremental re-satisfaction of a collection of constraints as new edit
values stream into the system (and the weak stay constraints provide basic stabil-
ity). For DeltaBlue, this involves pre-calculating the execution plan from the edit
variables. For Cassowary, the Simplex tableau is set up so that it can be efficiently
re-optimized given new values for the edit variables.

- discuss how this violates encapsulation

- present performance improvements

25

Draft Draft Draft May 20, 2015 Draft Draft Draft






Draft Draft Draft May 20, 2015 Draft Draft Draft

Part I1.

Object-Constraint Programming

27

Draft Draft Draft May 20, 2015 Draft Draft Draft






Draft Draft Draft May 20, 2015 Draft Draft Draft

3. Design

An overarching design goal is that in the absence of constraints, an OCP imple-
mentation such as Babelsberg should be a standard object-oriented language. We
thus focus on integrating those constraint programming features that are powerful
and integrate cleanly with the underlying object structures, at the cost of omit-
ting some possibly interesting features that have proven less relevant in practice
[freeman-benson-oopsla-1990, freeman-benson-phd, freeman-benson-iccl-1992,
freeman-benson-ecoop-1992 |.

The integration of constraints into object-oriented languages presents a number
of challenges and possibly confusing issues, especially with respect to how con-
straints interact with mutable state, method activation, inheritance, object identity,
and finite collections of objects for which identity may or may not be relevant,
depending on the modeled problem. Additional confusion arises from the gap
between the semantics of a solver and the solutions it produces and the limits of
representing that solution in an imperative runtime. For example Cassowary is
complete for linear equalities over reals, but its implementation uses float values to
represent reals, so a concrete solution may suffer from round-off errors. Similarly,
while Z3 supports non-linear operations over reals, many of these theories are
incomplete, so a way to handle solving errors is desirable that allows the program-
mer to distinguish if the constraint was simply too hard for the solver, or if it is
indeed unsatisfiable.

In this chapter, we approach these issues incrementally and describe our com-
plete design in three parts: Section 3.1 describes how constraint expressions in-
volving only objects that represent primitive types in the solver are mapped to
the solver, how the solving process interacts with these objects” values, and how
different solvers are combined to find a solution to problems involving more types
than are supported by any one solver. In this first part we focus only on those
objects for which identity is not relevant. In Section 3.2 we extend our design to
include standard object-oriented structures, a heap with objects for which identity
is relevant, inheritance, and polymorphism. We discuss how objects for which no
solver is available can participate in constraints, and what restrictions apply to
methods that are called in constraints. Finally, in Section 3.3, we add constraints
over collections of objects to our design. The collection protocol provided in many
languages allows for powerful abstractions, and collections can map to finite do-
mains, which are useful in a variety of constraint problems. In this third part,
we describe what types of operations on collections we support in constraints
in a generic manner that is independent of the concrete collection protocol and
implementation of any one language.
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3.1. Constraints on Primitive Types

We describe the first set of design issues using a simple language that has only
primitive types, namely booleans, integers, reals, and strings. In this first step, we
omit user-defined, structured classes, and assume the language has only classes
that map to our primitive types, i.e., Boolean, Integer, Float, and String. The
basic language we use here is object-oriented, with standard imperative evaluation
rules. The language includes methods, mutable variables, and standard imperative
control structures such as branches and loops, and operations on the variables are
executed as method sends (with possibly some primitive behavior).

3.1.1. Declaring Constraints

The first extension over the basic object-oriented language adds support for
declaring constraints. A statement starting with either the keyword once or always
declares a constraint. Constraints are immediately activated and solved. A once
constraint removed immediately after the solver finds a solution to the current set
of constraints, whereas an always constraint remains in effect for the rest of the
execution. When a constraint expression is encountered, the interpreter constructs
a closure over the expression and adds it to the constraint store. Each time the
current set of constraints must be solved, all expressions contained in this store
are translated into a form that can be passed to the solver, the solver is called, and
its results are translated back.

Constraint expressions are interpreted using an additional evaluation mode
we call constraint construction mode. In constraint construction mode, methods are
translated into the equivalent operations in the solver and objects are unboxed".
For example, the + method on Integer would expand to use the + operation on
a primitive representation of itself, and similarly for the + method for Float, the
or method for Boolean, and so forth. However, since these are full objects, the
language may include methods that have no equivalent primitive operation in any
solver. We ignore these for now, and discuss how such methods are handled in
Section 3.2.

3.1.2. Translating and Solving Constraints

TODO
3.1.3. Constraints and Mutable State

The second extension to the standard imperative model and the second op-
portunity at which constraints must be solved are assignments. Assignments are

evaluated by evaluating the right hand side as an ordinary expression. We then
add a constraint to the store that equates the variable on the left hand side to the

'This may not be required in a language that has true primitive values like Java
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evaluated result of the right hand side, and turn all constraints over to the solver.
If they can be solved, the variables are updated and the temporary assignment
constraint is removed from the store. Doing this ensures that assignment inter-
acts correctly with other constraints, and that no constraints can be violated with
assignment.

It is straightforward to extend Babelsberg/Reals with other primitive types,
such as integers and strings. When we need to refer to this language rather than
just Babelsberg/Reals we will call it Babelsberg/PrimitiveTypes. Note that all the
types in Babelsberg/PrimitiveTypes are atomic — we don’t have recursive types
or types that define values that hold other values (such as records, arrays, or sets).

4 pages

- these map to solver types like reals, integers, booleans, or strings

- different solvers with different levels of support for operations available

- solvers support a subset of the available operations of the host language

- solvers mustn’t be allowed to change object structure

- trees of objects

- what should this do: always e.p.x ==17; e.p = 1@2

- mutable objects -> we must pass all constraints to the solver all the time

3.2. Constraints on Messages

7 pages
- optimization: only re-transform the constraints for objects that have changed
- lookup must work => identities must be fixed
- we need our transformation to be sound, but not necessarily complete

3.3. Constraints on Collections of Objects

4 pages

- collection apis

- sets are a nice declarative feature

- objects usually don’t care what they are in

- need to worry about stuff like early return optimizations

- collections implemented on top of each other, but breaks down to complex
objects problem
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4. Semantics

Our formal semantics provides a complete semantics of the Babelsberg design

that can be used to guide practical implementations . It is meant to as simple as  [and have been
possible, while still encompassing the major aspects of OCP and the important | published in

design decisions in its Babelsberg form. Because Babelsberg integrates constraints
in an existing object-constraint host language, the semantics omits constructs such
as exception handling for constraint solver failures, class and method definitions,
and syntactic sugar, that are intended to be inherited from the host language. Our
semantics instead focuses on the expression of standard object-oriented constructs
that need to be modified to support the Babelsberg design. We present the se-
mantics in the same increments as we did the design: Section 4.1 presents the
semantics of a simple imperative language that has only primitive reals, integers,
and booleans. Section 4.2 adds the rules for method lookup and dispatch, identity
constraints, and the interaction with the heap. Section 4.3 presents the rules for
constraints over collections.

In addition to our semantic rules, we also present an executable form of the
complete semantics that passes a language test suite in Section 4.4. We use this
executable form to demonstrate the validity of our rules, and provide a mechanism
to generate test suites that can be run against Babelsberg implementations to assert
their compliance to the semantics.

4.1. Primitive Types

We start with a very basic language, Babelsberg/PrimitiveTypes that has only
primitive values. The boolean type is required to make meaningful Babelsberg
programs, since by definition constraint expressions must return either true or
false (with the solvers task to make them true). For this initial language, we also
add reals and integers.

4.1.1. Formalism

We present the formal semantics of Babelsberg/PrimitiveTypes.

33

Draft Draft Draft May 20, 2015 Draft Draft Draft



Draft Draft Draft May 20, 2015 Draft Draft Draft

4. Semantics

4.1.1.1. Syntax

Statement s ::= skip | x := e | always C | once C | s;s
| if e then s else s | while e do s

Constraint C ::= pe | CAC

Expression e = c|x|ledelece|leqe

Constant ¢ ::= true | false | base type constants

Variable x ::= variable names

Value v = C

The language includes a set of boolean and base type constants (e.g., reals),
ranged over by metavariable c. A finite set of operators on expressions is ranged
over by @. For booleans this set includes no operations, but it does include oper-
ations on the reals such as + and *. The symbol © ranges over a set of predicate
operators (= and # for booleans, <, <, =, and so on for reals.) These test prop-
erties of base types in the language. The symbol © ranges over a set of logical
operators for combining boolean expressions (e.g., A, V). The predicate operators
are assumed to include at least an equality operator = for each primitive type in the
language, and the logical operators are assumed to include at least conjunction A.
The syntax of this language does have some limitations as compared with that of
a practical language — for example, there are only binary operators (not unary or
ternary), and the result must have the same type as the arguments. We make these
simplifications since the purpose of Babelsberg/PrimitiveTypes is to elucidate the
semantics of such languages as a step toward Babelsberg/Objects, rather than to
specify a real language.

For constraints, the symbol p ranges over a finite and totally ordered set of
constraint priorities and is assumed to include a bottom element weak and a top
element required. While syntax requires the priority to be explicit, for simplicity
we sometimes omit it in this semantics. A constraint with no explicit priority
implicitly has the priority required. Finally, for simplicity we do not model read-
only annotations in the formal semantics.

The syntax is thus that of a simple, standard imperative language except for
the always and once statements, which declare constraints. An always constraint
must hold for the rest of the programs execution, whereas a once constraint is
satisfied by the solver and then retracted. Note that for simplicity this semantics
implicitly gets stuck whenever the solver cannot satisfy a constraint, either due to
an unsatisfiable constraint or due to the solver being unable to determine whether
the constraint is satisfiable. In a practical implementation, we would likely want to
differentiate between these cases, since it’s useful if we can inform the programmer
that the constraints are truly not satisfiable. We could also add standard exception
handling to remove the unsatisfiable or unknown constraint and continue, but
omit this here for simplicity.

4.1.1.2. Semantics
The semantics is defined by several judgments, defined below. These judgments
depend on the notion of an environment, which is a partial function from program
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variables to program values. Metavariable E ranges over environments. When
convenient we also view an environment as a set of (program variable, program
value) pairs. For each operator o in the language we assume the existence of a
corresponding semantic function denoted [o].

“Expression e evaluates to value v in the context of environment E.”

EFclc (E-ConsT)
E(x) = v
_ (E-VaR)
EFx{v

El—elllvl E"GzUVZ Vi [[@]] Vo
EFe @ ep v

Il
<

(E-Op)

El—elllvl E"EQUVZ V1 [[@]] Vo
ElFer ©@ eplv

(E-COMPARE)

El—elle Ef_eQU,VQ V1 [[@]] Vo
EFer @ e v

(E-COMBINE)

E|C

This judgment represents a call to the constraint solver, which we treat as a
black box. The proposition E |C denotes that environment E is a solution to the
constraint C (and further one that is optimal according to the solver’s semantics,
as discussed earlier).

This judgment defines how to translate an environment into a source-level “stay”
constraint.

stay(©) = true (STAYEMPTY)

E(x) =v Eo =E\{(x,v)} stay(Ep) = Co C=Co A weak x=v
stay(E) = C

(STAYONE)

‘<E|C|s>—> <E’|C’>‘
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4. Semantics

“Execution starting from configuration <E|C|s> ends in state <€’ |C’>.”

A “configuration” defining the state of an execution includes a concrete context,
represented by the environment, a symbolic context, represented by the constraint,
and a statement to be executed. The environment and statement are standard,
while the constraint is not part of the state of a computation in most languages.
Intuitively, the environment comes from constraint solving during the evaluation
of the immediately preceding statement, and the constraint records the always con-
straints that have been declared so far during execution. Note that our execution
implicitly gets stuck if the solver cannot produce a model.

EFelv stay(E) = Cs E'|(C A Cs Ax=v)

(S-AscnN)
<E|C|x := e>— <E'|C>
stay(E) = C E'[(C A C A Co)
y(E) = G | G (S-Once)
<E|C|once Co>— <E"|C>
<E|C|once Co>— <E’|C> ' =CAC
(S-ALways)
<E|C|always Cop>— <E’|C’>
<E|C|skip>— <E|C> (S-Sxi1p)
<E|C|s1>— <E’|C'> <E’|C'|sp>— <E”|C"> (5-550)
-SEQ
<E|C|s1;sp>— <E”|C">
EFel true <E|C|s1>— <E’|C'>
(S-I¥THEN)
<E|C|if e then s; else sy>— <E'|C'>
EF el false <E|C|spy>— <E’|C'>
(S-IFELSE)
<E|C|if e then si else sp;>— <E'|C'>
EFel true <E|C|s>— <E’|C’> <E’|C’|while e do s>— <E”|C">

<E|C|while e do s>— <E”|C">
(S-WuiLeEDO)

EFe | false
<E|C|while e do s>— <E|C>

(S-WHILESKIP)

4.2. Objects and Messages

The solver must now also handle records. To tame the power of the solver so that it
does not (for example) invent new fields for records, we add structural compatibility
checks on constraints. These structural compatibility checks are assertions that are
checked dynamically before sending the constraints involving records to the solver,
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for example, checking whether a variable is bound to a record, and whether
the record has the necessary fields. While these assertions are checked, unlike
constraints the system will never change anything to enforce them — if one is
violated it’s just an error. Instead, the programmer must ensure that a record with
the expected fields is first assigned to a variable used in record constraints, just as
a programmer would need to ensure that a record with the expected fields was
assigned to a record-valued variable in a standard language.
Here are a few examples of structural compatibility checks.

p := {x:2, y:5};
always p.x = 100;

The structural compatibility check is that p is a record that has an x field, which
succeeds.

The following program is OK — just as in Babelsberg/PrimitiveTypes, we can
change the type of a variable using an assignment.
{x:1};
{y:16};

However, in contrast to Babelsberg/PrimitiveTypes, the following program fails
the structural compatibility checks — only an assignment can change the type of
a variable.

a = {x:1};
once a = {y:10};

a
a

This program fails the structural compatibility checks as well:

a := {x:1};
b := {x:1};
always a=b;

a := {x:1, y:10};

Here, assigning a record with a different structure to a is OK on its own, but the
always constraint would also require b to change. It’s a bit weird that this behavior
is different from the behavior with primitive types (in which a similar program was
OK). However, once we introduce object identity, we will be able to have changes
to the types of variables ripple through the system via identity constraints (but it
will need to be via identity constraints and not value constraints).

For our semantics we use a simple language, Babelsberg/Objects, that includes
primitive types (reals, booleans, and strings), as well as mutable objects that live
on the heap and immutable objects on the stack. Its semantic rules are mostly
standard imperative rules, with the addition of rules to assert and maintain
constraints. The semantics for this language, although not object-oriented, illus-
trates our key contributions. Extending it to include all the essential features
of the actual object-constraint languages, such as support for classes, methods,
messages, and inheritance, along with constraint definitions that can include
method calls, is straightforward, and is presented in a companion technical report
[felgentreff:2014:semantics ].
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4. Semantics

In addition to the imperative semantics, after every statement execution the
current set of constraints is solved and the environment and heap are replaced
with the solution. The current set of constraints is determined as follows. For
assignments, we evaluate the right-hand side and then create a constraint that the
resulting value and the left-hand side be identical. Otherwise the statement is just
executed. In addition to any constraint resulting from an assignment statement,
each constraint in the current set of constraints (e.g, a constraint from an explicit
always statement, or from an implicit weak stay) is given to the solver. If the solver
finds a solution, the environment and heap are replaced by the model the solver
found; if the constraints have no solution (or they are too hard), the execution
halts. In practical languages, a run-time exception would be generated and the
heap and environment remain unchanged.

The semantics treats the solver as a black box, but we assume it supports
our primitive types, records, uninterpreted functions, as well as hard and soft
constraints [borning1g9g9zconstraint ] and read-only variables. The solver should
find a single best solution — if there are multiple solutions, the solver is free to
pick any one of them.

4.2.1. Syntax

The syntax is augmented to support method invocation as expressions. We
introduce syntax for the method body. Additionally, we allow creating new objects
as expressions now. We also have a form of immutable records and consider them
as “value objects,” which can respond to methods.

We use the following syntax for Babelsberg/Objects:

Statement s ::= skip | L :=e | L :=newo | always C | once C
| s;s | if e then s else s | while e do s

Constraint C ::= pe|CAC

Expression e = v|L|ede|lecoe|leell
| o | new o | e.l(eq,...,e4) | D

Identity I = L==1L

Object Literal o ::= {lj:eq,...,l,:e,}

L-Value L ::= x| L.l

Constant c ::= true | false | nil | base type constants

Variable X = variable names

Label 1 ::= record label names

Reference r ::= references to heap records

Dereference D ::= IH(e)

Method Body b ::= s; return e | return e

Value v = c|r| {lt:vy,.., vyl

Metavariable ¢ ranges over the nil value, booleans, and primitive type constants.
A finite set of arithmetic operators on expressions is ranged over by @, © ranges
over a set of predicate operators, and @ ranges over logical operators for combining

38

Draft Draft Draft May 20, 2015 Draft Draft Draft



Draft Draft Draft May 20, 2015 Draft Draft Draft
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boolean expressions. © includes at least an equality operator = for each primitive
type, and @ includes at least conjunction A. The operator == tests for identity
— for primitive values and immutable objects this is the same as =. The symbol
p ranges over constraint priorities and is assumed to include a bottom element
weak and a top element required. The syntax requires the priority to be explicit; for
simplicity we sometimes omit it in the rules and assume a priority of required.

Finally, in the syntax, we treat Has a primitive operation for dereferencing.
Source programs will not use expressions of the form H(e), but they are intro-
duced as part of constraints given to the solver, which we assume will treat Has
an uninterpreted function.

4.2.2. Operational Semantics

The semantics includes an environment Eand a heap H. The former is a function
that maps variable names to values, while the latter is a function that maps
mutable references to “objects”. When convenient, we also treat [Eand Has sets
of pairs ({(x,v),...} and {(r,0), ...}, respectively). The currently active value
constraints are kept as a compound constraint C; identity constraints are kept as
a compound constraint referred to as I.

E;HFel| v

“Expression e evaluates to value v in the context of environment E and heap
H.”

The rules for evaluation are mostly as expected in an imperative language. We
do not give rules for expressions of the form [H(e), because they are not meant
to appear in source. For each operator op in the language we assume the existence
of a corresponding semantic function denoted [op].

E;HFclc (E-ConsT)
E(x) =v
- (E-VAR)
E;-HFx{v
E;HFL{ r
H(r)={l1:vy,..., ;v 1<i<mn
() {1 1 n n} D (E-FIELD)
lE;IHI—L.liUv,-
E;HFL ={1l1:v1,...,;: 1<i<n
bv v={tiiv niVn} —— (E-VALUEFIELD)
EHEFL.YG v
E;HFrlr (E-REF)
E;:HFe vi--- E;HFe v
1& 1 nu n (E-OBIECT)
E;HF {lU:er,...,Ued U {Uiive, ..., Liivy
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E;HF e | vp E;HFE e | vy vi [®] va=v

(E-Op)
E;HFei ® e v

E;HF e | vq E;HF ey | vy vi [©] va=v
E;HFei © eo v

(E-COMPARE)

E;HF e | vp E;HF e | v Vi [[@]] Vp =V
E;HFe; @ eo v

(E-COMBINE)

]E;H"LlU,V ]E;H"LZ»UV

(E-IDENTITYTRUE)
E;HFEL; == Ly | true

EHFL | vq E;HEFLy | vy V17§V2

(E-IDENTITYFALSE)
E;HFL; == L, | false

“Expression e has type T in the context of environment [E and heap H.”

“Constraint C is well formed in the context of environment [E and heap H.”

We use a notion of typechecking to prevent undesirable non-determinism in
constraints. Specifically, we want constraint solving to preserve the structure of
the values of variables, changing only the underlying primitive data as part of a
solution, in support of the goals listed in ??. We formalize our notion of structure
through a simple syntax of types:

Type T ::= PrimitiveType | {11:T1,...,1,;: Ty}

The typechecking rules are mostly standard. We check expressions dynamically
just before constraint solving, so we typecheck in the context of a run-time envi-
ronment. Note that we do not include type rules for identities. This ensures that
constraints involving them do not typecheck, so identity checks cannot occur in
ordinary constraints.

E;HF c:PrimitiveType (T-CONSTANT)
E;HFo:{l{:T{,...,1,;:T H(r)=0
{1 1 n n} () (T-REF)
E;HEr:{1:Tq,...,4:T,}
E;HFEe:{1::T¢,...,1,:T
{L:Ty niTn} (T-DEREF)
E;HFH(e): {11:Tq1,..., L;: Ty}
E;HFe :T;--- EsHbFe,: T
LR L (T-OBJECT)

E;HF {l1:e1,..., e} {1:Tq,..., L Tu}
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E(x) =v E;HFvV:T
(T-VARIABLE)

E;HFx:T
E;HFEL:{l{:T¢,...,1,:T 1<i<n
{1 ntTnb N (T-F1ELD)
E;HFL.LG:T;
E;HF e :PrimitiveType E;H*F ep:PrimitiveType
(T-Op)

E;HFe; & er:PrimitiveType

IE;]HI—el:T E;Hl—eziT

(T-COMPARE)
E;HFe; © ep:PrimitiveType

E;H*tF e;:PrimitiveType E;H*F e : PrimitiveType

(T-COMBINE)
E;HFe; @ ep:PrimitiveType
E;HFe:T

_ (T-PRIORITY)
E;HFp e

IE;Hl_Cl ]E;Hl—CZ

(T-CONJUNCTION)
]E;]I—I F Cl VAN C2

E;HEC

This judgment represents a call to the constraint solver, which we treat as a black
box. The proposition [E;H = C denotes that environment [E and heap H are an
optimal solution to the constraint C, according to the solver’s semantics.

stay(E) = C
stay(IH) = C

i-stay(e) = C

(@]

i-stay(IE) =

i-stay(IH) = C ‘

The semantics ensure that each variable has a weak stay constraint to keep it
at its current value, if possible. To ensure that the solver cannot invent new fields
on objects, we create required stays on the heap that assert the structure of the
objects. The first two stay rules assert only weak stays on all variables and are
used for assignment, which can change object identities. The i-stay([E) = C and
i-stay(IH) = C rules use the i-stay(e) = C rule to ensure that object identities and
structures cannot be affected when solving value constraints — they create weak
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stay constraints on primitive values, but require references and the structure of
objects to remain unchanged.

To properly account for the heap in the constraint solver, we employ an uninter-
preted function IH that maps references to objects (i.e., records). The rules below
employ this function in order to define stay constraints for references.

stay(©) = true (STaAYEMPTY)

E(x) =v Eo =E\{(x,v)} stay(IEg) = Co C=Cp A weak x=v

stay(E) = C
(STAYONE)
H(r) =0 Hy =H\{(r,0)} stay(IHo) = Co
o ={lg:vg,..., Lyivy} C=weak x,0 = vog A ... A weak X,y = vy
stay(IH) = Co A weak H(r)={lp:x0,..., LyiXmn} A C
(STaAYHEAP)
i-stay(©®) = true (ISTAYEMPTY)
i-stay(x=c) = weak x=c (IStayConsT)

i-stay(xy0=vo) = Cxo - - - i-stay(Xxn=Vn) = Cxn Cy =CooA...ACyp

i-stay(x={10:vo,..., lu:vy}) = required x={1g:Xx0,..., Lu:Xxn} A Cy
(ISTaYOBJECT)
i-stay(x=r) = required x=r (ISTAYREF)

E(x) =v Eo =E\{(x,v)} i-stay(EEo) = Co i-stay(x=v) = Cs
i-stay(E) = Cop A Cs

(ISTAYONE)
H(r) =0 Hy =H\{(r,0)} i-stay(Ho) = Co
o ={lg:vg,..., Ly:vy} i-stay(x,0=vo) = Cyo - - - i-stay(x;n=v,) = Cpy
i-stay(IH) = Cop A required H(r)={lp:X,0,..., Li:xm} A Go A ... A Gy
(ISTaYHEAP)
‘]E;]H FC~ C"
E;HFE I~

We use these judgments to translate a constraint into a constraint suitable for
the solver. Specifically, each occurrence of an expression of the form L.1, where L
refers to a heap reference r, is translated into IH (L) . 1 (recursively, as required). We
do not give rules, because they are straightforward. The full Babelsberg/Objects
language includes a similar judgment that also inlines method calls, given in its
entirety in the companion technical report.

42

Draft Draft Draft May 20, 2015 Draft Draft Draft



Draft Draft Draft May 20, 2015 Draft Draft Draft

4.2. Objects and Messages

<E|H|C|I|s>— <E’'|H’|C’|I'>

“Execution starting from configuration <[E |IH|C |I| s> ends in the state <€’ |H'|C’|T'>."]]

A “configuration” defining the state of an execution includes a concrete context,
represented by the environment and heap, a symbolic context, represented by
the constraint and identity constraint stores, and a statement to be executed. The
environment, heap, and statement are standard, while the constraint stores are not
part of the state of a computation in most languages. Intuitively, the environment
and heap come from constraint solving during the evaluation of the immediately
preceding statement, and the constraint records the always constraints that have
been declared so far during execution. Note that our execution implicitly gets
stuck if the solver cannot produce a model.

The first two rules below describe the semantics of assignments. We employ a
two-phase process. First the identity constraints are solved in the context of the
new assignment. This phase propagates the effect of the assignment through the
identities, potentially changing the structures of objects as well as the relationships
among objects in the environment and heap. In the second phase, the value
constraints are typechecked against the new environment and heap resulting from
the first phase. If they are well typed, then we proceed to solve them. This phase
can change the values of primitives but will not modify the structure of any object.

Implicitly these rules get stuck if a) the identity constraints cannot be solved,
b) the value constraints do not typecheck, or c) the value constraints cannot be
solved. A practical implementation would add explicit exceptions for these cases
that the programmer could handle.

E;HFelv stay(IE) = Cg, stay(IH) = Cq,
LEZx=E,HFL:T E;HFIAL=v ~ (g E’;H' |= (C;ACE, ACh,)
i-stay(E') = Cg/, i-stay(H') = Cpy,

E;HF CAL=v ~ Cc E’;H' - Cc E";H" ‘: (Cc ANCgr, ANCh,)
<E|H|C|I|L := e>— <E”|H"|C|I>

(S-AsGN)

E;HFe vy EsHEe, | vy
H(r)T Ho=H U{(r, {Lizvi,..., Luzva})}
stay(IE) = Cg, stay(IHp) = Cpg, Chew =L=r AH(r)={l1:vq,...,L;:v,}
LEZx=E,HFL:T E;HyFIAChuew ~ C; E’;H' |= (C;ACg, ACh,)
i-stay(E') = Cg/, i-stay(H') = Cpy,
E’;H' F CAChew ~ Cc E’;H' - Cc E";H" ‘I (Cc ANCgr, NChq!,)
<E|H|C|I|L := new {li:eq,...,1,:e,}>— <E"|H"|C|I>

(S-AsGNNEW)

The next two rules describe the semantics of identity constraints. The rules
require that an identity constraint already be satisfied when it is asserted; hence
the environment and heap are unchanged.
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E;HFLy v EHFL {v
<E|H|C|I|once Ly == Li>— <[E|H|C|I>

(S-ONCEIDENTITY)

<E|H|C|I|once Ly == L1>— <E|H|C|I> I'=TALy=L4

<E|H|C|I|always Ly == Li>— <E|H|C|I'>
(S-ALWAYSIDENTITY)

The following two rules describe the semantics of value constraints. Recall that
these constraints cannot contain identity constraints in them (because identity
constraints do not typecheck). As we show later, solving value constraints cannot
change the structure of any objects on the environment and heap.

E;HF Co i-stay(IE) = Cg, i-stay(IH) = Cp, E;HFCACy~ C’
E;H' = (C' A Cg, A Cq,)
<E|H|C|I|once Co>— <E’|H’|C|I>

(S-ONCE)

<E|H|C|I|once Co>— <E’|H’|C|I> C'=C A
<E|H|C|I|always Co>— <E’|H’|C’|I>

(S-ALways)

The remaining rules are standard for imperative languages, only augmented
with constraint stores, and are only given for completeness.

<E|H|C|I|skip>— <E|H|C|I> (S-Ski1p)

<E|H|C|I|s;>— <E'|H’|C’|I'> <E’'|H'’|C'|I"|s;>— <E"|H"|C"|1">
<E|H|C|I|sq;s>— <E"|H"|C"|1">

(5-SeQ)

E;HF e | true <E|H|C|I|s1>— <E’'|H'|C’|T'>
(S-IFTHEN)

<E|H|C|I|if e then s; else sy>— <E’|H’|C’|I'>

E;HF el false <E|H|C|I|sy>— <E’'|H’|C’|T'>
(S-IFELsE)

<E|H|C|I|if e then s; else sy>— <E’|H’|C’|I'>

E;HFel true <E|C|H|I|s>— <E'|H’|C’|T'>
<E’'|H’|C’|I’|while e do s>— <E”|H"”|C"|1">
<E|H|C|I|while e do s>— <E”|H"|C"|1">

(S-WHI1LEDO)

E;HF el false
<E|H|C|I|while e do s>— <E|H|C|I>

(S-WHILESKIP)
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4.2.3. Key Properties

Here we state two key theorems about our formalism. The proofs for these
theorems can be found in the companion technical report. The first theorem
formalizes the idea that any solution to a value constraint preserves the structures
of the objects on the environment and heap:

Theorem 1. (Structure Preservation) If <E|H|C|I| (once|always) Co>— <E’|H’|C’ |15}
amd BE;HE Coand E;HE x: T, then BE'; H B x 0 T.

The second theorem formalizes the idea that all solutions to an assignment will
produce structurally equivalent environments and heaps (provided we start in a
well-formed configuration where all identity constraints are satisfied):

Theorem 2. (Structural Determinism) If <E|H|C|I|L := e>— <Eq|H;|Cq|L;1>and
<E|H|C|I|L := e>— <Ey |H,|Cy|Ip>and E;HF I trueand x in dom(IE), then
Ei;HibFx:Tand Eo;Hy - x: T.

Since we have methods with local scopes now, we introduce local environments
S as mappings from local names to globally unique names in E. Method lookup
creates new local environments, and constraints are translated to translate local
variable names to global variable names for the solver. The solver still returns a
global environment, and does not know about the local environments and their
mapping into the global environment. In addition, the constraint stores now store
constraints in pairs with the local environment they were created in.

The rest of this appendix just gives the judgments and rules for Babelsberg/Ob-

jects. A technical report is available with a more complete discussion . (CITE

‘lookup(v,l) =(x1 - xn,b)‘

“Lookup of method 1 in the object or value v returns the formal parameter
names x; through x, and the method body b”

This judgment is opaque: our semantics does not depend on how method
lookup is performed.

|enter(E,SH,C, Ly,x; -+ xye1 - ey) = (E'S,,H C' ') |

“Invoking a method on v with argument names x; through x, and arguments
e; through e, constructs the method scope S, and may update the heap and
constraint stores.”

This is a helper judgment that simplifies the definition of evaluation for method
calls (shown below).
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4. Semantics
<E|S|H|C|I|e1> § <Eq|H;|Cy [T |vi>
<E;—11S|Hp-1]Cn-1 ”In;l' |'en> U <En|Hy | Cy L | vi>
<E, |Sm|H, |Cy | L |self := vs>— <Eq|So|Hy|Cy|L>

<Eo|So|Hy |Cylly|x1 1= vi>— <E, 1|51 |1 H, |Cy | 1>

<E2;-11Sn—1|Hu|Cu | Ly | xn = vp>— <B2,|Sn | H; | Cyy | 1L,>
enter(]E/S/H/C/ ]I/erl ot X1 ot ei’l) = (]EZnISH/HVl/CH/]II’l)

(ENTER)

<E|S|H|C|I|e> |} <E'|H'|C'[I'|v>|

“Evaluating expression e produces the value v, while possibly having side-
effects on everything but the local environment.”

<E|SIH|C|I|c> | <E|H|C|I|c> (E-ConsT)

S(x) = xg E(xg) = v

(E-VAR)
<E|S|H|C|I|x> |} <E|H|C|I|v>
<E|S|H|C|I|e> | <E'|H'|C'|T'| r>

H'(r)={l1:vq,..., ;v 1<i<n
() {1 1 n n} > (E-FIELD)

<E|S|H|C|I|e.l;> | <E’'|H’|C’|I"|v;>

<E|S|H|C|I|e> | <E’'|H'|C'|T"|{l1:v1,..., Lyivy}> 1<i<mn
<E|S|H|C|I|e.l;> | <E’|H'|C'|I"|v;>

(E-VALUEFIELD)
<E|S|H|C|I|r>{ <E|H|C|I|r> (E-REF)

<E|S|H|C|I|e1> || <Eo|Ho|Co|lo|vi>
<Eo|S|Ho|Co|Tp|ex> | <E’|H'|C’|T"|vy> vi [®] va=v
<E|S|H|C|l|e; & ep> | <E/|H'|C'|I|v>

(E-Orvr)

<E[S|H|C|I|e;> || <Eq|Hg|Co|Lo|vi>
<Eo|S|Ho|Co|Tg|ex> | <E'|H'|C’ T’ |vp> vi [©] va=v
<E|S|H|C|I|e; © e;> | <E'|H'|C/[I |v>

(E-COMPARE)

<E|S|H|C|I|e;> | <Eq|Hg|Co|lp|vi>
<Eo|S|Ho|Co|Tg|ex> I} <E’|H'|C"|T'|vy> vi [@] va=v
<E|S|H|C|I|e; @ ep> | <E'|H'|C'|T'|v>

(E-COMBINE)

<E|S|H|C|I|e1> |} <Eg|Hg|Co|Io|v>
<E|S|Ho|Co|Tp|ex>d <S'|H'|C"|T"|v>
<E|S|H|C|T|e; == ex> || <E’|H’|C’|I"|true>

(E-IDENTITYTRUE)
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<E[S|H|C|I|e;> | <Eq|Hg|Co|lp|vi>
<E|S|Ho|Co|Tp|ex> I <5’ |H'|C|T"|vo> Vi £ V2
<E|S|H|C|I|e; == ex> | <E'|H’'|C’|I’|false>

(E-IDENTITYFALSE)

<E|S|H|C|I|e> | <Eq|H|Co|Lo|v>
lookup(v,1) = (X1 - -+ Xn,5; return e)
enter(IEo,S,II—IO,CO, ]I(),V,Xl s Xp,e1 00 en) = (IEl,Sm,H—Il,Cl,]Il)
<Eq1|Sx|H1|Cq |1 |s>— <]E/|S/|I[—I/|C/|]I/>
<IE/|S/|]H/|C/|]II|Q>~U«<]E//|]H//|C//|H/I|Vr>
<E|S|H|C|T|e.l(eq,...,e;)> | <E"|H"|C" 1" |v,>

(E-CaLL)

<E|S|H|C|I|e> |} <Eq|Hy|Co|To|v>
lookup(v,1) = (X1 - - - xp,return e)
enter(]Eg,S,]Ho,Co, ]Io,V,Xl s Xp,e1 0 en) = (IEl,Sm,Hl,Cl,Hl)
<Eq1|Sy|Hq|Cq|L |e> |} <E'|[H'|C'|T'|v,>
<E|S|H|C|I|e.l(eq,...,e,)> | <E'|H'|C|T"|v,>
(E-CALLSIMPLE)

<E|S|H|C|I|e;> | <Eq|H;|Cq|Ly|vi>

<E,_1|SI1H,—1|Cp1|L—1len> ) <Ey, |H,; |Cyy |1y | vi>
]I‘In(l")T ]I_I, = (H_In U {(r, {ll:vl,...,ln:Vn})})
<E|S|H|C|I|new {ly:e1,...,Li:ex}> | <E,|H'|C, || r>

(E-NEw)

<E|S|H|C|I|e;> | <Eq |H;|Cq|Ly|vi>

<E,—1|SI1Hu—1|Cp1|L—1len> | <Ey |H,; |Cyy |1y | vi>

<E|S|H|C|I|{li:e1,. .., Lien}> I <By|Hy |Cu|Li [{l:v1,. .., Luiva}>
(E-VALUE)

The typechecking rules are unchanged from Babelsberg/UID. Note that this
means that method calls do not typecheck: even though we allow method calls in
expressions and thus in constraints syntactically, our rules for creating constraints
given below inline method invocations. New (non-value) object construction also
does not typecheck, since constraints must be side-effect-free. Finally, the type-
checking rules continue to only type against the global environment, they do not
use the local variable names or scopes. The inlining rules take care of translating
local names to global names before typechecking occurs.

E;HEC
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4. Semantics

“E and H are solutions to C”

As before we assume that the solver natively supports records and uninterpreted
functions, but do not assume that the solver understands methods. Methods are
inlined using the rules further below.

stay(E) = C
stay(IH) = C

i-stay(e) = C

l

i-stay(E) =

i-stay(IH) = C ‘

The rules for stay constraints are unchanged from Babelsberg/UID.

<E,s,H,C,I,e>~ <E’,ec,e’>

“Inlining expression e from the local environment S turns into expression e’. To
connect variables across method calls, the constraint expression ec is returned.”

We use an inlining judgment to translate expressions into a representation
suitable for the solver. In particular, we translate local variables into their names in
the global environment and provide a semantics for method calls inside constraints.
Arguments to method calls are constrained to be equal to the expression that
generated them. Inlining does not allow updates to the heap, so no new heap is
returned. We do allow assignments to locals in inlined methods, however, so the
global environment can change as a result of inlining.

<E,s,H,C,I,c>~ <E, true, c> (I-ConsT)

S(x) = xg¢

(I-VAR)
<E,s,H,C,I, x>~ <IE,true,xg>

<]EISIHICrHre1> ~ <]E1:eC1,e{> tee <IEISIH71—1IC1HIen> ~ <1EnreCn,eyl1>

<E,S,H,C,I,{l1:e1,...,lyiey}> ~ <E,,ec,A--- Nec,, {lite],..., L:e,}>
(I-VALUE)

<E,S,H,C,I,e> ~ <E’,ec,e’> <E’|S|H|C|I|e> | <E"|H|C|I|r>
<E,s,H,C,I,e.1> ~ <E’,ecAe’=r,H(e’).1>

(I-F1ELD)

<E,s,H,C,I,e> ~ <E’,ec,e'>
<E’'|S|IH|C|I|e> | <E" |H|C|T|{l1:v1,..., lLui:v,}>

7 ; (I-VALUEFIELD)
<E,s,H,C,I,e.1> ~ <E’,ec,e’.1>
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<E,s,H,C,I,r>~ <E, true, r> (I-REF)

<E,s,H,C,I,e;>~ <E’,ec,,e.> <E’,s,H,C,I,e;> ~ <E" ,ec,, &>
<E,s,H,C,I,e1 & ey>~ <E",ec,Nec,,es & ep>

(I-Ovr)

<E,Ss,H,C,I,e;>~ <E’,ec,,e,> <E’,s,H,C,I,e;> ~ <E" ,ec,, &>

<E,s,H,C,I,e; © e>~»<E",ec,\ec,, e © ep>
(I-COMPARE)

<E,s,H,C,I,ey @ ey>~»<E",ec,Nec,,es © ep>
(I-COMBINE)
<E,s,H,C,I,e;>~ <E’,ec,,e.> <E’,s,H,C,I,e;> ~ <E" ,ec,, ep>

<E,Ss,H,C,I,e; == ey>~ <E",ec,Nec,, e, == &>
(I-IDENTITY)

<E,s,H,C,I,e;>~ <E’,ec,,e,> <E’,S,H,C,T,e> ~ <E” ,ec,, ep> I

<E|S|H|C|I|e> |l <E'|H|C|I|v>
lookup(v,1) = (x1 - -+ xp,5; return e)
enter(E’,5,H,C, I,v,x; -+ xu,e1 -+ e,) = (E",S,,,H,C,I)
<E”|S,, |H|C|I|s>— <E""|s'|H|C|I>
<E"”|S'"|/H|C|I|e> | <E""|H|C|I]|v,>
<E,s,H,C,I,e.1(eq,...,e;)>~ <E"", true,v,>

(I-CarL)

Methods that have any statements at all can only be used in a one-way manner.
This is ensured by evaluating the return expression and using only the value in
the constraint. Because we are retranslating all constraints on each semantic step,
this return value will get updated when its dependencies change, it just won't
work in the other direction.

When inlining a method with more than one statement, the statements are
simply executed. In particular, this means that we eagerly choose which branch of
if-statements to inline and eagerly unroll loops. Further, the I-CALL rule above and
the I-MUuLTIWAYCALL rule below ensure that methods being used in constraints
have no side effects. This is accomplished by requiring the initial heap to remain
unchanged.

Similarly, methods used in constraints cannot declare nested constraints; this is
accomplished by requiring the initial sets of ordinary and identity constraints to
remain unchanged.
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<E,s,H,C,T,ep> ~ <E’,ec,,e)> <E’|S|H|C|I|eg> | <E”|H|C|I|v>
lookup(v,1) = (x1 - - - xp,return e)
enter(E”,5S,H,C, T,v,x1 - -+ Xpe1 --- e,) = (E",S,,H,C,I)
<E"”,s,H,C,I,e;>~ <Eq,ec,,e;>-- <E,_1,5,H,C,I,e,>~ <E,,ec,,€;,>
Em(self) = Xgoois Em(x1) = Xg, - -+ Em(xn) = Xg,
€c = (ngelf=e(/) A Xg1=e{ A A Xgn=e;/q)
<E,,Sw,H,C,I,e>~ <E; ,ec,,e’>
<E,s,H,C,I,ep.1(e1,...,e,)>~ <E,ecAec, Nec,Nec, A - - - Aec, , e'>
(I-MurttWaYCALL)

For methods that only return an expression, we inline the expression and pass
it to the solver. Note that we execute the argument expressions and receiver for
their value (potentially executing through other methods), and also inline them,
potentially executing the same methods twice (once through I-CALL and once
through E-CaLL.) Although not ideal in terms of providing the cleanest possible
semantics, in practical terms this should not be a problem, because we prohibit
side-effects in these methods.

|<E,H,I,C>~ <E’,C>|

|<E,H,C,I> ~ <E’,C>|

“Re-inlining the constraint store C returns a constraint C”
“Re-inlining the constraint store I returns a constraint C”

<E,H,I,0> ~ <[, true> (I-ReiNLINEEMPTYC)
<E,H,C,?> ~ <E, true> (I-ReiNLINEEMPTYI)

CozC\{(S,pe)} <IE,]I—I,I[,C0>M—><IE0,C0>
<Eo,S,H,Cy,I,e>~ <E’,ec,,e’>

<E,H,I,C>~<E’,Co A p (e A ec)>

(I-REINLINEC)

Iy =1\ {(S, required e)} <E,H,C,Ip> ~ <Eg, Co>
<Ey,S,H,C,Iy,e> ~ <E’,ec,,e’>

<E,H,C,I>~ <E’,Cy A required (e’ A ec,)>

(I-ReEINLINE])

<E|H|C|I|I|C>= <E'|H'>|

This is a helper judgment for use in evaluating assignment statements and
identity constraints. These statements are the only ones that can cause the types of
variables to change. We handle this in two phases: in a first phase, we propagate
the new equality constraint through all existing identity constraints in order to
update other variables and fields as needed. In the second phase we solve all of
the non-identity constraints, plus any constraints C created by inlining identity
constraints.
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stay(E) = Cg, stay(IH) = Cpg, <E,H,C,I> ~ <E;, C;>
IE/;H/ ‘: (Cl' N CES N CO A CHS N er=ep)
i-stay(E’) = Cp/, i-stay(IH') = Cpy, <E’,H’,1,C> ~ <E.,C>
E.;H' ¢ E";H” = (C A Co A Cpr, A Chr, A ej=ep)
<E|H|C|I|e; == e;|Co>= <E"|H">
(TwoPHASEUPDATE)

<E|S|H|C|I|s>— <E'|S'|H'|C'|I'>]

The stepping rules are refactored to work with the local environments and the
new constraint and identity-constraint stores.

<E|S|H|C|I|skip>— <E|S|H|C|I> (S-Ski1p)

<E|E|H|C|I|s1>— <E’|E'|H’|C’|T'>
<IE/|E/|]I_I/|C/|HI|52>_> <IE//|E//|I[_I//|C//|]I//>

S-SEqQ
<E|E|/H|C|I|s1;s2>— <E”|E"|H"|C" |T1"> ( )
<E|E|H|C|I|e> || <E'|H'|C’|I"|true>
<IE/|E|]H/|CI|H/|51>—> <1EI/|E/|]H//|C/I|H//>
(S-IrTHEN)
<E|E|H|C|I|if e then s; else sy>— <E”|E'|H”|C"|1">
<E|E|H|C|I|e> | <E'|H’|C’|I’|false>
<IE/|E|]I_I/|C/|]I/|SZ>_> <1E//|E/|II_I//|C//|]I//>
(S-IFELSE)

<E|E|H|C|I|if e then s; else sy>— <E”|E'|H”|C"|1">

<E|E|H|C|I|e> | <E’'|H'|C'|I’|true>
<]E/|E|]H/|C/|]I/|S>—> <]E//|E/|]H//|C//|H//>
<1E/lIE/”H//'C//II[//lWhi'Le e dO 5> <IE///|EII|I[_I///|CIN|I[///>
<E|E|H|C|I|while e do s>— <E"”'|E”|H""|C""|1">

(S-WH1LEDO)

<E|S|H|C|I|e> | <E'|H’|C’|I’|false>
<E|S|H|C|I|while e do s>— <E’|S|H’|C’|I’>

(S-WHILESKIP)

S(x)T E(xg)T " =sU{(xx¢)}
<E|S|H|C|I|e> | <E’'|H'|C’|T'|v>
<E'|H’|C'|I"|xg==v| true>= <E" |H">

<E|S|IH|C|I|x := e>— <E”|S"|H"|C’|I'>

(S-AscNNEwLocCAL)

S(x) = xg¢
<E|S|H|C|I|e> | <E'|H'|C’|T|v>
<E’'|H’|C'|I"|xg==v|true>= <E"|H">

(S-AsgnLocarl)
<E|S|H|C|I|x := e>— <E”|S|H"|C|I>
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<E|S|H|C|I|e> | <E’'|H’|C’|T'|v>
<E’,s,H’,C’,T',e;.1> ~ <E” ,e.,e’>
<]E/I|H,|C/|H/|e/==vlec>:> <]E///|]I_I//>

(S5-AsGNLVALUE)
<E|S|H|C|I|e;.1 := e>— <E""|S|H"|C’|I'>

We do not allow updating the constraint store or heap during inlining. Thus,
the above rule can only be used in constraint-construction mode if H=H'. The
same is true for the rules below.

Cho=pe <E,s,H,C,I,e>~ <E’,ec,,e’> Co=p (e’ Nec,)

E’;H F ¢} i-stay(E’) = Cs, i-stay(H) = Cp,
<E’,H,I,C>~ <E”,C> E";H' = (C A Cs, A Ch, A C))

(S-ONCE)
<E|S|H|C|I|once Co>— <E"”|S|H'|C|I>
<E|S|H|C|TI|once Cy>— <E’|S|H’|C|I>
C'=C S, C
Ui} (S-ALways)

<E|S|H|C|I|always Co>— <E’|S|H’|C’|I>

<E|E|H|C|I|eo> | <Eo|H|C|I|v> <Eo|[E|H|C|T|e1> | <Eq [H|C|I|v>
<Eq,E,H,C,I,e0> ~ <Ey, ec,,e}> <E,,E,H,C,I,e1> ~ <E3,ec, ,e]>
1 <E|E|H|C|I|once ey == e;>— <E3|E|H|C|I>
(S-ONCEIDENTITY)

<E|E|H|C|I|once ey == e1>— <E’|E|H’|C|I>
]I/=]IU{(E,60=61)}

(S-ALWAYSIDENTITY)
<E|E|H|C|I|always ey == e;>— <E’|E|H’|C|I'>

4.3. Collections of Objects

Collections of
objects semantics

4.4. Executable Specifications

The design of a formal semantics for a programming language ideally involves,
besides creating the rules and proving that they satisfy the desired properties,
executing the semantics in some form to run example programs and to study
the details of the execution trees. A number of systems support practitioners in
this, on of which is RML[pettersson1994rml |. RML is a programming language to
generate executables from big-step semantics. It provides relations as basic building
blocks for the semantics and translates these to C. We have implemented the
semantics of Babelsberg/Objects in RML[felgentreff+:2015:babelsbergrml |; we
created a parser for Babelsberg/Objects, implemented all the judgments and their

52

Draft Draft Draft May 20, 2015 Draft Draft Draft



Draft Draft Draft May 20, 2015 Draft Draft Draft
4.4. Executable Specifications

rules as RML relations and corresponding rules, and finally created an interface to
the Z3 optimizing solver[bjornernuz ] to implement the E;H = C judgment.

But even when the semantics is in executable form, it is not trivial to check im-
plementations for conformance to the implemented semantics. This is regardless of
whether the implementation evolved before or alongside the formal semantics or
whether the implementation was created following the principles of the formaliza-
tion. In either case, language specifics and optimization add complexity and make
the conformance to the semantics harder to judge. Many languages, such as Ruby”,
Perl?, or Java3 provide an extensive test suite to check concrete implementations
for conformance to a (sometimes informal) specification. These test suites include
programs written in the implemented language and check their results. Babelsberg,
however, is not a design for a single language, but for a family of languages—of
which our semantics language Babelsberg/Objects may be seen as one. We thus
provide a framework to transform the test suite for Babelsberg/Objects into test
suites for the other implementation languages.

The tests for Babelsberg/Objects evolve alongside the semantics to clarify corner
cases and document design decisions. As the semantics of Babelsberg evolves, we
adapt and extend the suite. Given our executable semantics, we can immediately
check if a change works as intended.

To also check if the actual implementations correspond to our semantics, we
have created a framework to generate language-specific test suites. A new lan-
guage implementer only needs to provide two modules: one for scaffolding that
sets up the language specific testing environment and includes a placeholder
macro which can be replaced by the framework with the concrete test case code,
and a second module that implements source-to-source transformation. The scaf-
folding modules requires an implementation of the methods used in the semantics
test cases available for calling from the tests, in particular for testing field equal-
ity, a mechanism to create records with variable numbers of fields. The source
transformation module is highly language dependent, but straightforward. Each
evaluation rule in the basic semantics—for the entire program, for statements,
expressions, objects, and the operations on them—needs a rule that translates this
operation into the target syntax.

- we provide a set of test cases that should work on all conformant implementa-
tions

- implementers can provide a src-to-src translation to generate specific test cases

- an executable semantics in RML implements our language and allows us to
run these tests

thttp://rspec.info/, retrieved Feb 25, 2015
2http://perl6.org/specification/, retrieved Feb 25, 2015
3http://openjdk.java.net/groups/conformance/, retrieved Feb 25, 2015
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5. An Architecture For Using Multiple
Constraint Solvers

In OCP, however, all solvers use the same interface to communicate with the VM
so developers can add new solvers and replace existing ones.

Furthermore, the solvers embedded in CIP languages such as Kaleidoscope
ignore encapsulation and manipulate the contents of variable storage directly. To
include complex objects such as files in constraints, it may not be desirable to give
the solver direct access to the file system.

In OCP, we require solvers call a hook method to set a new value on an object
and only manipulate the object state directly if the object does not respond to the
hook selector.

This precludes using constraints on objects that are not simply structures of
primitive values, such as file or method objects.

- define the common interface we use for solvers

- explain in general what each solver needs to do, and how we manage variables
that occur in multiple solvers

- explain how solver selection may work automatically

- based on types

- based on encountered operations+operands

- based on use of soft constraints

- solvers define capabilities, runtime discovers needs in constraints

- then show that now we have multiple solvers, the general interface needs to
communicate

- explain why we did not choose SMT

- refer to the architecture for cooperating solvers

- we have made a change-variables are globally read-only, not just in one
constraint, regions now allow using the same solver multiple times

55

Draft Draft Draft May 20, 2015 Draft Draft Draft






Draft Draft Draft May 20, 2015 Draft Draft Draft

Part III.

Implementations of
Object-Constraint Programming
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Given the specification and test suite for the Babelsberg design, we consider dif-
ferent implementation strategies for concrete Object-Constraint Programming lan-
guages. We implemented the Babelsberg design as a prototype in the Topaz' VM
for Ruby[flanaganzo08ruby ], called Babelsberg/R. This implementation depends
on a custom VM, but provides full integration with all types of variables in Ruby,
the JIT, and the meta-object protocol. A second implementation in JavaScript,
called Babelsberg/]S, is implemented as a library. This implementation runs on
a variety of JavaScript VMs, at the cost of requiring a source transformation
and not fully supporting local variables in constraints. A third implementation
in Squeak/Smalltalk[], called Babelsberg/S, provides OCP as a library without
requiring source transformation and including debugging support.

TODO
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6. Object-Constraint Programming as
Language Extension

6.1. Goals

Performance, Full Integration

6.2. Implementation

The Ruby VM we use as a basis for Babelsberg/R is Topaz [FelgentreffTopazWroclovezo13jj
], an experimental VM built using the PyPy/RPython toolchain [rigoz006pypy |.

While Topaz is a Ruby interpreter, the RPython toolchain provides it with a fast

JIT compiler and garbage collector. We have extended the interpreter, and inherit

the JIT and garbage collector from RPython. In this section, we first provide

an overview of the key features of the implementation before plunging into the

details.

The Topaz Ruby VM is written in a restricted, object-oriented subset of Python
called RPython. Topaz executes Ruby by compiling Ruby source code into byte-
codes and interpreting the bytecodes. The interpreter is written in an object
oriented fashion, with each bytecode implemented as a method of the class
Interpreter. Topaz also represents Ruby language constructs such as references
and scopes as instances of RPython classes. As an example, local variables are
represented by Cell objects, which provide methods to access and update the
variable’s value. In Babelsberg/R, we leverage the object-oriented design of Topaz
to implement OCP.

The changes we made to the Topaz VM are two-fold. First, we modified the in-
terpreter to support a constraint construction mode (cf. Section 6.2.2) and a primitive
to enter this mode. Second, we extended the cells to support constrained variables
(cf. Section 6.2.1) by allowing the same name to refer to multiple objects, one an
object-oriented value and the other a solver object. (Note that this use of the same
name to refer to multiple objects is a feature of the implementation only — it is
not visible to the programmer.)

6.2.1. Constrained Variables

Ruby provides five types of variables: locals, instance variables, class variables,
globals, and constants. (While constants should be assigned only once, this is
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simply a convention in Ruby, and is not checked by the interpreter.) Of these
variable types, we allow three as constrained variables: locals, instance variables,
and class variables.

Ordinary variables are converted automatically to constrained variables if they
are used in a constraint expression. A constraint expression is passed to the
always primitive as an ordinary block closure. All locals referenced in the ex-
pression are stored as cell objects, which in Babelsberg/R have an additional
field to store solver objects. Instance and class variables in Topaz are stored in
maps [chambers198gefficient |. For Babelsberg/R, we have extended these to store
solver objects as well as ordinary objects, so that once the JIT has warmed up,
read access to solver objects is no slower than access to ordinary objects.

Converting ordinary variables into constrained variables has an impact on
garbage collection. Solver objects usually have more references pointing to them
than ordinary objects — besides their scope and owner (in the case of instance or
class variables), solver objects are also referenced from one or more constraints.
Because solver objects can also be implemented in the host language, this means
that they may only be garbage collected if no more active constraints refer to them.

6.2.2. Execution Contexts

To implement the different execution modes — imperative execution, and con-
straint construction — we extended the default interpreter, and added ConstraintInterpreter
as a subclass. The ConstraintInterpreter changes how locals, instance variables,
and class variables are accessed.

6.2.2.1. Imperative Execution

This is the normal execution mode, as implemented in the Topaz interpreter.
We have extended the STORE and LoaD bytecode methods with an additional
check whether a variable refers just to an ordinary object or to a solver object as
well. In the latter case, instead of reading or changing the value of the variable,
the solver object for the variable receives the messages value or suggest_value,
respectively. As long as all constraints are satisfied, this difference is not visible
to the programmer. However, while direct, destructive assignment to a normal
variable in imperative programs always succeeds, suggest_value triggers one or
more solvers. If any solver fails to satisfy its constraints using the new value, an
exception is raised. This exception is propagated by the VM, and should either
be handled by the programmer or allowed to halt execution of the program. If an
assignment fails in this way, the variable retains its original value.

As described in ??, in Babelsberg/R, if multiple variables that have constraints
on them are assigned using multi-assignment, all values are assigned before a
solver is triggered, and all assignments are undone if an exception is raised during
solving. This way, if the exception is caught, the program is not in violation of any
constraints.
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6.2.2.2. Constraint Construction

The initializer for constraint objects — usually called through always — activates
an execution context for constraint construction. In this mode, variable values are
replaced with their associated solver objects in LoAD instructions. These solver
objects are created by sending for_constraint to the current variable value. This
method should return an object that responds to value and suggest_value. The
value method extracts the value from a solver’s internal representation, while
suggest_value sends the candidate value to a solver and requests that it re-satisfy
the constraints. For values that do not respond to for_constraint, a generic solver
object is returned that removes and recalculates all constraints in which it occurs
whenever its value changes.

STORE instructions in this mode create equality constraints. This is necessary
to support constructing new objects in the predicates that connect values (for
example, a 2d point with x and y values that were constructed in the constraint.)
However, this also means that all code blocks encountered during constraint
construction must be in single assignment form (cf. ??).

To support solvers written in the host language, the VM needs a way to dis-
tinguish code that should be executed in this mode from code that should not.
To support this, solvers written in the host language should be subclasses of
ConstraintObject. This class serves as a marker to leave constraint execution
mode when we enter solver code.

Constraint Solving This mode is simply a flag that is active whenever code runs
in the dynamic extent of a method of a ConstraintObject. It prevents nested sends
of suggest_value from causing recursive calls to the solver. This is necessary to
support solvers written in Ruby, but implies that solvers themselves cannot use
constraints in their implementation.*

Constraint Construction Example

To illustrate how our implementation supports the combination of objects and
constraints, consider the rectangle example in Babelsberg from ??. The code asserts
that the area of the rectangle rect should always be greater than or equal to 100.
The assertion is expressed by sending the area method to rect, and then sending
the >= method to the result. The only variable named explicitly in the constraint
is rect, but there are other variables that play a role in it.

In constraint construction mode, the rect variable is replaced with a generic
solver object, since the class Rectangle does not implement the method for_constraint]j
This placeholder delegates the message area to the rectangle. During the execution
of the area method, the points are replaced with generic solver objects, and their
x and y values (floats) are replaced with specific solver objects (for example Z3
variables, cf. ??). In this mode, the messages to the float values return symbolic ex-
pressions rather than calculating the current area of the rectangle. The expression

If we wanted to support other cooperating paradigms in addition to constraint-oriented program-
ming, we would generalize this technique to support additional execution contexts.
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representing the area of the rectangle is then sent the message >= with 100 as its
argument and returns an inequality constraint.

The constraint construction is complete when the block passed to always returns.
The values and relations among them produced by this symbolic execution are
gathered into a Constraint object containing specific solver objects and generic
solver objects. Specific solver objects are objects that are connected in a way that
the solver can reason about (e.g., floats connected via equalities or inequalities or
arithmetic relations, or booleans connected via boolean operations). Generic solver
objects are all other objects that contribute to the constraint but about which the
solver cannot reason directly.

The constraint solvers operate on specific solver objects directly to solve the
constraint. Changes made by the solver to these objects show up in the object-
oriented (OO) view on the next access to the variables from imperative code,
at which point their values are copied to their OO counterparts. Assignments
to any variable encountered during the constraint construction will trigger the
solver to re-satisfy the constraint (and potentially raise an error if the assignment
is inconsistent with the constraint).

Generic solver objects invalidate the constraint if their OO value changes
through imperative assignment. This invalidation retracts all solver objects created
during constraint construction and re-executes the block to create new solver ob-
jects and constraints. This means that the block may be re-executed multiple times
during the run-time of the program. (This is one reason why any side-effects in
constraints should be benign, as noted in ??2.)

6.2.3. Implementing Edit Constraints

Edit constraints are used to support incremental constraint satisfaction, and
are important for achieving good performance in interactive applications. The
edit method provided as part of Babelsberg/R’s Cassowary library adds edit
constraints and repeatedly updates them with values from a stream.

Cassowary as shipped in the Babelsberg/R standard library allows the variables
and stream to hold user-defined objects as well as primitive types. The library uses
the application programming interface (API) of the Constraint class to access the
constraint values associated with variable names, creates edit constraints for them,
and feeds the stream into the resulting edit variables.

To use Cassowary as the solver, we need edit variables that are Floats (e.g., the x
and y values of a midpoint), but we also want to do this in an object-oriented way
that respects encapsulation. To support this, the client passes an array of method
names for the return values that should be updated in the edit constraint (e.g., x
and y for a point — those values may be calculated or direct accessors.) Cassowary
creates new edit variables, and adds an equality constraint to the return values
of the methods. Thus, the internal storage layout of the class is not visible to the
programmer from outside the object, because the equality constraint is simply
asserted on the results of message sends using the always primitive.
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In the following example, the mouse locations or the mouse point might store
their x and y values directly, or might be points represented using polar coor-
dinates. In either case, the edit constraints apply to the return values of their
respective x and y methods:

edit(stream: mouse.locations.each, accessors: [:Xx, :y]) { mouse point }

In a DeltaBlue-specific edit method, the edit constraints returned could be
simpler, since DeltaBlue local propagation methods can apply to user-defined
objects such as points, not just to floats. The point would be simply updated rather
than dealing with its x and y coordinates separately, and the data flow plan would
update the objects constrained to be equal to the point that represents the mouse
location.

6.2.4. Adding New Solvers

During constraint construction, the VM sends the for_constraint message to
each variable value encountered during the execution. User code can add solvers
to the system by dynamically adding a for_constraint method to those classes
for which the solver is applicable, making use of Ruby’s open classes. This method
takes the name under which the variable is accessed as an argument, and should
return an object that implements a subset of the interfaces that the solver can
reason about, as well as the methods value and suggest value (as described in cf.
Section 6.2.2.)

The Cassowary solver extends the Float class:

def for_constraint(name)
v = Cassowary::Variable.new(name: name, value: self)
Cassowary::SimplexSolver.instance.add stay(v)
%

end

This method creates a new variable, adds a low-priority stay so the solver
attempts to keep the value stable, and returns the constraint object. The VM then
sends messages to this object instead of the Float object in the context of the
constraint execution.

In the case of immutable objects (such as floats and integers), the VM directly
returns the variable value determined by the solver. However, for mutable objects,
solver libraries can provide the method assign_constraint_value to update the
ordinary object. Babelsberg/R provides a solver over numeric arrays, which uses
assign_constraint_value to update the array contents. In the for_constraint
method for arrays, it returns a NumericArrayConstraintVariable if all elements
in the array are instances of a subclass of Numeric.

class Array
def for_constraint(name)
if self.all? { |e| e.is a? Numeric }
return NumericArrayConstraintVariable.new(self)
end
end
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def assign constraint value(val)
self.replace(val)
end
end

This illustrates how the solvers provided by Babelsberg/R are simply constraint
solver libraries that extend core classes. The NumericArrayConstraintVariable,
for example, allows element access, provides the Ruby collection API (each, map,
inject, ... ), the sum method (which calculates the sum of elements) and the message
length, to solve constraints over the length of arrays.

Below is an example that asserts constraints on TWP-encoded? short strings
(represented as an array of bytes). TWP short strings are at most 110 bytes, with
the first byte giving the length of the string plus a tag. Line 3 constrains this
particular string to contain only capital letters (the ?A Ruby syntax gives the byte
value of a character).

twp str = []

always { twp str.length == twp str[0] + 17 }

always { twp str.length <= 109 }

always { twp str.each {|byte| byte >= ?A \&\& byte <= ?7Z} }

2http://www.dcl.hpi.uni-potsdam.de/teaching/mds/twp3.txt
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7. Object-Constraint Programming as a
Library

7.1. Goals

- Avoid limitations of in-VM approach
- Allow richer tools
- easier introspection support
- Available everywhere
- Toolbox approach
- Don’t pay for what you don’t use

7.2. Implementation
7.2.1. Babelsberg/JS

We have implemented Babelsberg/]JS in the Lively Kernel environment [lively-kernel-2008]
. We provide pure JavaScript implementations of DeltaBlue and Cassowary as
constraint solvers and extend the Lively Kernel JavaScript interpreter to evaluate
constraint expressions. The code is not Lively specific — we use the collection APIs
and class system of Lively, but this could be trivially changed. However, when
used in the Lively environment, we provide a source transformation that makes
writing constraints in the Object Explorer [lively-partsbin-2012 | more convenient.

7.2.2. Assignment

Assignment to objects that are constrained in Babelsberg/]S is the core concept
that binds the declarative constraints and imperative code together. Whereas in
standard imperative code an assignment writes a value to a memory location,
assignments in Babelsberg add equality constraints on constrained objects and
trigger re-satisfaction. The new equality constraint may be unsatisfiable, in which
case the assignment is not executed and a runtime exception is generated.

As in Babelsberg /R, the Babelsberg /]S runtime informs the developer of a failed
assignhment by generating a runtime exception. To support the cooperating solvers
design, assignment in Babelsberg/]S is a 3-step process:
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Set Value If the new value is the same as the old, we simply return. Otherwise,
we convert all read-only constraints on the assigned variable either to required
edit constraints (for solvers that support them) or to equality constraints.

If the assigned value has an external variable, i.e., it is constrained by a solver
that can handle its type (for example a real in Cassowary), the new value is input
into the furthest upstream solver using an equality constraint and this solver is
then called. Afterwards, the equality constraint for assignment is removed. How-
ever, if the solver cannot satisfy its constraints with the new value, an exception is
raised.

Update Downstream Variables For all external variables except the primary one
(the one in the most upstream solver), the new value is input into the solver. If
any of the solvers fail to satisfy their constraints with the new value, an exception
is generated and all read-only constraints are re-enabled as above.

All remaining constraints are in solvers that cannot handle the type of that
variable. Consequently, its value was treated as a constant in their constraint ex-
pressions. With the new value, these have to be recalculated. The old variable
value is remembered and the new value is stored. These constraints are disabled,
their expressions re-evaluated in constraint construction mode, and then the con-
straints are re-enabled. If any constraint in this set fails to run its expression or
cannot be satisfied with the new value, the old value is restored and an exception
is generated.

Update Connected Variables Finally, we have to update the variables connected
to the assigned variable. To do so, we create the transitive closure of all variables
connected to the assignee through constraints. For all these variables, a new value
has already been created for all solvers that already ran, but their downstream
read-only constraints still have to be updated. These variables have to go through
the first two steps of the assignment process, returning early if their values have
not changed.

At this point, assignment can only fail for variables that are in solvers that have
not run yet. These are only solvers that the primary assignee is not part of. If any
one of these solvers cannot satisfy their constraints with the new value, we restore
the old value, re-satisfy the constraints, and raise an exception. While this may
leave the system in a different state than it was in before assignment (depending
on the implementation of the participating solvers, they may not deterministically
find the same solution to the same set of constraints) the system will still be in a
state that satisfies all previous constraints.

Deferred Assignment of Connected Variables Babelsberg/R included an opti-
mization to defer copying the values from a solver to the object-oriented variable
location after assignment. Instead of copying the values for all affected variables
immediately, the variable’s values would be copied when they are next used in
imperative code. This optimization cannot be used with our cooperating constraint
solver architecture. Consider the following contrived example:

68

Draft Draft Draft May 20, 2015 Draft Draft Draft



Draft Draft Draft May 20, 2015 Draft Draft Draft

7.2. Implementation

var obj = {a: 10, b: 10, c: true};
always: { solver: cassowary

obj.a + obj.b == 20
}

always: { solver: deltablue
obj.c.formula([obj.b], function (b) {
if (b == 13) throw "unlucky";
return b < 10;
})

}
obj.a = 7;

When obj .a changes, Cassowary is called to resatisfy the first constraint. However,
to trigger DeltaBlue to solve the second constraint, the new value for obj.b has to
be copied immediately, rather than when obj.b is next read. Otherwise, a failure
to satisfy the second constraint is only encountered sometime later in the execution
and difficult to trace back to the assignment that caused it.

Assigning Mutable Objects So far we have described how assignment is han-
dled for atomic objects, such as integers and floats. We have not, in our design,
addressed the case of mutable objects with substructure. Consider the following
midpoint line:

var line = {start: pt(0,0), end: pt(1l,1), midpoint = pt(0,0)};
always: { solver: cassowary
var center = line.start.getPosition().
addPt(line.end.getPosition()).scaleBy(0.5);
line.midpoint.getPosition().eqPt(center);

}

line.midpoint = pt(1, 1);

There are two ways to look at such an assignment: a) the assignment asserts equal-
ity between midpoint and pt(1, 1) — both mutable objects — not their x and y
parts. So the solver could also modify the parts of the newly assigned point to sat-
isfy the constraint. This seems counter-intuitive, so presumably the right-hand side
of an assignment should be read-only to the solver. On the other hand, there are
use-cases for constraints for example in input rectification [long-rectification-2012
], where programmers may expect the system to fix the assigned object, rather
than reject the assignment.

For now, we consider the behavior in this case to be implementation defined.
Babelsberg /]S marks the assigned objects” parts with strong stay constraints. This
means that, as long as other constraints allow, the solver will not change the new
position for the midpoint. The design of a general solution is subject of further
research.

7.2.2.1. Changing the Type of Variables

Most solvers only provide support for a limited number of type domains (such
as reals or booleans). When variables are used in constraints, their current values
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determine how they are handled by the solvers. Changing the type of a variable,
although possible in a dynamic language, is a relatively uncommon operation,
so slow performance is acceptable. When it does occur, the variable is removed
from all solvers, all its constraints are disabled, and its constraint expressions
are re-executed in constraint construction mode, thus creating new solver-specific
representations.

7.2.3. Constraint Construction

When a programmer writes a function that contains a constraint expression,
this expression is evaluated using our JavaScript ConstraintInterpreter. Popular
JavaScript VMs' (Apple Safari’s SquirrelFish?, Google Chrome’s V83, Mozilla Fire-
fox’s SpiderMonkey [gal-tracejit-2009 |, or Microsoft’s Chakra*) do not provide
direct access to the native interpreter or execution context of the caller, so our
interpreter cannot look up names used in the constraint expression in the caller’s
environment. Instead, those names have to be passed explicitly.

Babelsberg/]S provides a source-to-source transformation based on Uglify]S>,
which collects names from the context and modifies the source code to pass
those names into the constraint expression. This source transformation is enabled
automatically when programmers use Babelsberg/]JS in the Lively Kernel’s Object
Editor. For other JavaScript code, they have to provide a context object explicitly.®

Given a context, a function, and a solver, the ConstraintInterpreter executes
the expressions in the function to create the constraint. The ConstraintInterpreter
subclasses a JavaScript interpreter, modifying its behavior in three main aspects:

1. Slot accesses are intercepted. For each slot accessed during the execution of
a constraint expression, property accessors are created that delegate access
to a ConstrainedVariable object. For each slot, only one ConstrainedVariable is
created on first access. ConstrainedVariables manage the communication with
the various solvers and create solver specific representations of the slot value.

2. Certain unary (! and -) and binary operations (arithmetic, equality, inequalities,
conjunction) are not interpreted as usual if an operand is a ConstrainedVari-
able or an expression involving ConstrainedVariables. Instead, the constraint
object is sent a message to construct a solver-specific expression representing
the operation and that expression is returned. For example, in Cassowary, the
expression a.value <= b.value would return a LinearInequality object.

Thttp:/ /www.w3schools.com/browsers/browsers_stats.asp

http:/ /trac.webkit.org/wiki/SquirrelFish

Shttps://code.google.com/p/v8/

4http:/ /en.wikipedia.org/wiki/Chakra (JScript engine)

Shttp:/ /lisperator.net/uglifyjs/

®Note that we cannot use eval to access the outer scope. If we only supported constraints that
access fields of objects in the scope and do not call user defined functions, we could have
rewritten the code and evaluated the constraint expression using JavaScript’s eval function,
which has access to the enclosing scope. Using a custom interpreter, however, allows us to easily
instrument the execution of most user-defined functions, so we can use normal object-oriented
methods in constraint expressions.
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7.2. Implementation

3. Functions invoked in the expression are also interpreted in the Constraint-
Interpreter by default. However, the plain JavaScript interpreter is used if the
receiver is a ConstrainedVariable. In that case, the call is executed using normal
JavaScript execution semantics. This is required to avoid creating constraints on
the state of the solvers themselves.

The responsibility of ConstrainedVariables during constraint construction is to
pass calls to the appropriate solver. To that end, a Constrained Variable lazily builds
a mapping from solvers to solver-specific representations of its value. During
construction, if the programmer has explicitly selected a solver, this solver is asked
to provide a value representation by sending the message constraintVariableFor
with the value as argument. If no solver was provided, the value is sent the
constraintSolver message. Solver libraries may override this message for types
that they can operate on. If the value responds with a solver instance, this solver
becomes the active solver for the currently constructed constraint and is asked to
provide a representation, again by sending constraintVariableFor.

Whenever a new representation is created in this manner, the solvers are sorted
to determine which region the variable belongs to. Only the solver responsible for
this region may write to the variable; as far as all other solvers are concerned it is
read-only.

7.2.4. Determining Cooperating Solver Regions

The architecture for cooperating constraint solvers requires that each variable
must be read-only in all but one of the regions that it occurs in. Furthermore, the
regions and associated solvers must form an acyclic graph.

In Babelsberg/JS, when a variable appears in a new solver, we gather the solvers
for the variable and sort them into regions. The region information is stored as
a property of a solver instance. This allows, for example, the use of multiple
instances of the same solver in different regions.

The variable is marked read-only for all solvers except the one in the furthest
upstream region, the defining solver. This means that new values are assigned
by calling suggestValue on the defining solver, and that all other solvers are
triggered (in descending order of regions) once the defining solver has resatisfied
its constraints, as described in Section 7.2.2.

7.2.5. Edit Constraints

Since the original Babelsberg design did not include language-level support for
edit constraints, these were supplied by the solver libraries. In Babelsberg/R, the
meta-level protocol for inspecting constraints was used to support edit constraints
in Cassowary and DeltaBlue. The programmer called the appropriate edit method
with the objects to be edited and a stream that would provide new values. The
Constraint meta-protocol was used to create edit variables, constrain them to be
equal to the supplied variables, and update them from the stream.
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7. Object-Constraint Programming as a Library

To support cooperating incremental re-solving (cf. ??), in Babelsberg/]S there
are two changes to this scheme. First, to support edit constraints within a single
thread, the edit method returns a callback to input new values into the solvers,
rather than taking a stream of values. Second, since the language design now
supports edit constraints explicitly, the solvers have to provide a specific edit
constraint API.

Upon calling the edit method, the following methods are called on the solvers
and the supplied variables, in order:

PREPAREEDIT is called on each solver variable. In this method, variables can
prepare themselves for editing. In Cassowary, for example, this would call the
addEditVar method on the solver with the variable as argument. For DeltaBlue,
this creates an EditConstraint on the variable and adds it to the list of con-
straints.

BEGINEDIT is called once for each solver participating in the edit before the
callback is returned. In Cassowary, this initializes the edit constants array and
prepares the solver for fast re-solving when these constants change. In DeltaBlue,
the solver generates an execution plan to solve the constraints starting with the
EditConstraints as input.

Now the callback can be used to input new values into the system and trigger
re-solving. The callback will call resolveArray on each solver with the new values
and update the object’s storage (so other observers and hooks around the values
still work). Because the solver’s execution plan is fixed for the duration of an edit,
we disallow creating new edit callbacks before the current edit has finished. When
new constraints are created, the execution plan may also become invalid, but we
do not enforce invalidating the edit callback in this case.

To finish editing, the callback is simply called without supplying new values.

FINISHEDIT is sent to each solver variable. Cassowary variables do nothing here,
DeltaBlue variables remove their EditConstraints from the solver.
ENDEDIT is called once for each solver to reset the solver state.

Compared to Babelsberg/R, this makes the interface for edit constraints uniform
across solvers and also allows it to work with cooperating solvers. However, each
solver now has to provide some support for this, so more work is required to
enable the feature.

7.2.6. Babelsberg/S
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8. Discussion of Implementation
Approaches

8.1. Complexity of the Design
- Host Language requirements (intercession)
- in-language interpreter+parser

- custom vm
- limitations on syntax (?)

8.2. Performance Analysis

- comparison against in-language solutions
- benchmarks when using/not-using

Draft Draft Draft May 20, 2015
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Part IV.

Applications with
Object-Constraint Programming
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9. Writing Constraint Code

Using our prototype implementations of this design, we have written a number of
applications, including some from the domains of load balancing, electrical and
mechanical simulation, puzzle solving, temperature conversion, and layouting.

9.1. Idioms

in-initializer-constraints, constraint-manager-class, local variables/readonly

9.2. Control Structures
9.2.1. Scoped Constraints
9.2.2. Constraint Layers

9.2.3. Constraint Triggers
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10. Understanding Constraint Code

10.1. Debugging

Debugger

10.2. Introspection

Inspector, Highlighter, Constraint-Graph
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Part V.

Discussion and Conclusion
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11. Related Work

Structured as a sort of “History of constraint programming”

11.1. Constraint Programming Systems

11.2. Constraint Logic Programming

11.3. Constraint Imperative Programming

11.4. Constraint Programming Libraries and DSLs

11.5. Constraints in General Purpose Programming
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12. Summary and Outlook

12.1. Discussion

12.2. Future Work

We consider the work presented here to be a useful tool in a general purpose
programming language. Many avenues for future research present itself, both
small and large. Among the smaller issues left for future work are questions
around debugging, comprehension, and the choice of solvers.

For debugging and visualization of the constraint interpretation and solving
process, we have presented a debugger that shows information about how con-
straints are constructed and satisfied. This integration treats the solver as a black
box, but shows which objects are affected by constraints, which constraints are
relevant in a given scope, and how value changes are triggered by constraint
satisfaction. While this can help in understanding when and how the solver affects
the system, it does not explain why. In future work we will explore options to
visualize the solving process itself, step through the decisions of the solver, and
allow the programmer to explore alternative solutions.

Our semantics provides clear rules as to what does and does not work in
a constraint expression, however, additional guidance may be desirable during
development to show where these rules are violated. This includes checking of
constraint expressions and, if they are invalid, information about how it may need
to change to work as part of a constraint. We currently provide error messages if
some operations cannot be translated to the solver, and try to offer alternatives —
for example, Cassowary does not support true inequality relations like <, but it
may be possible to express the problem using <. Future work should could these
messages to offer additional alternatives or the solver.

Our current implementations mostly leave the choice of solver up to the devel-
oper, and the semantics ignore the choice of solver completely. In cases where the
developer does not know or care about which solver to choose, we use a simple
scheme that tries all available solvers and chooses the first that returns a solution.
More research is required to find better ways to automatically choose the right
combination of solvers based on a variety of metrics such as solution quality or
performance. The metrics itself are not clear as of this point, and might vary based
on the needs of the developer, suggesting that an interactive dialog between the
development environment and the developer might be required to choose the
right solver.
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12. Summary and Outlook

We feel that a number of questions remain that are less clearly defined. In
this work we position constraints as a tool in the utility belt of general pur-
pose programming, and provide several control structures and patterns to scope
constraints, their integration with existing module systems is not clear. Other
questions concern constraints over time. It would be interesting to be able to ex-
press constraints over the relation of different subsequent system states. These
are useful, for example, to express simulations in terms of differential equations,
and have the solver ensure that the system changes at the right rate. Another idea
is to express constraints over distributed systems, where synchronous solving is
not feasible. Finally, constraints provide the potential to encode properties of the
system that the developer implicitly assumes. It may be interesting to explore
how an interactive environment can, through observation of direct manipulation
or a form of interactive dialog with the developer, derive new or refine existing
constraints, and thus help generalizing a concrete example into a general program.

12.3. Conclusions
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Part VI.

Appendix
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13. First Unimportant stuff.

Hello, here is some text without a meaning. This text should show what a printed
text will look like at this place. If you read this text, you will get no information.
Really? Is there no information? Is there a difference between this text and some
nonsense like “Huardest gefburn”? Kjift — not at all! A blind text like this gives you
information about the selected font, how the letters are written and an impression
of the look. This text should contain all letters of the alphabet and it should be
written in of the original language. There is no need for special content, but the
length of words should match the language.
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14. Curriculum Vitee
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Todo list
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Dlcite. . ... 19

[ all types get a comparison for some set of features and use-cases, with
special mention of their utilization (as libraries or DSLs) in imperative
languages . . ... ... ... 23
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